
Biochar as Soil 
Amendment
Impact on Soil Properties 
and Sustainable 
Resource Management

Printed Edition of the Special Issue Published in Agronomy

www.mdpi.com/journal/agronomy

José María De la Rosa
Edited by

Biochar as Soil Am
endm

ent    •   José M
aría De la Rosa



Biochar as Soil Amendment





Biochar as Soil Amendment

Impact on Soil Properties and Sustainable
Resource Management

Special Issue Editor
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José Marı́a De la Rosa, (Dr.), is a researcher at The Institute of Natural Resources and

Agrobiology of Seville (IRNAS) from the Spanish National Research Council (Consejo Superior de

Investigaciones Cientı́ficas, CSIC). He obtained his B.S. and a Ph.D. degrees in Chemistry, both from

the University of Seville, receiving the best Ph.D. thesis award (2007) from the same university. He

is an expert in soil chemistry, focusing on the properties and mechanisms of stable forms of organic

matter. His research on the application of biochar and other forms of pyrogenic organic matter as

soil amendment is widely recognized. In the past, he held a postdoctoral position at the Technical

University of Munich (TUM, Germany) and at the Instituto Superior Técnico of the University

of Lisbon (IST-ITN, Portugal). Since 2012, he has worked in the Biogeochemistry Department at

IRNAS-CSIC, where he has been a principal researcher in 7 projects and created a research line

dedicated to the design and application of novel organic amendments for the improvement of

agricultural soils and carbon stabilization. Dr. De la Rosa has published over 65 scientific papers,

25 book chapters, and 4 books and has given numerous presentations at international conferences

and meetings. He has received several awards for his research on sustainable agriculture and on the

mechanisms of C and N stabilization in pyrogenic organic matter.

vii





Preface to ”Biochar as Soil Amendment”

The role of biochar in improving soil fertility is increasingly being recognized and is leading to

recommendations of biochar amendment of degraded soils. In addition, biochars offer a sustainable

tool for managing organic wastes and to produce added-value products. The benefits of biochar

use in agriculture and forestry can span enhanced plant productivity, an increase in soil C stocks,

and a reduction of nutrient losses from soil and non-CO2 greenhouse gas emissions. Nevertheless,

biochar composition and properties and, therefore, its performance as a soil amendment are highly

dependent on the feedstock and pyrolysis conditions. In addition, due to its characteristics, such as

high porosity, water retention, and adsorption capacity, there are other applications for biochar that

still need to be properly tested. Thus, the 16 original articles contained in this book, which were

selected and evaluated for this Special Issue, provide a comprehensive overview of the biological,

chemicophysical, biochemical, and environmental aspects of the application of biochar as soil

amendment. Specifically, they address the applicability of biochar for nursery growth, its effects

on the productivity of various food crops under contrasting conditions, biochar capacity for pesticide

retention, assessment of greenhouse gas emissions, and soil carbon dynamics. I would like to thank

the contributors, reviewers, and the support of the Agronomy editorial staff, whose professionalism

and dedication have made this issue possible.

José Marı́a De la Rosa

Special Issue Editor
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Response of Ancient and Modern Wheat Varieties to
Biochar Application: Effect on Hormone and Gene
Expression Involved in Germination and Growth
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Abstract: Agriculture has changed dramatically due to mechanization, new technologies, and the
increased use of chemical fertilizers. These factors maximize production and reduce food prices,
but may also enhance soil degradation. Sustainable agricultural practices include altering crop
varieties and the use of soil amendments to increase production, improve irrigation, and more
effectively use fertilizers. Ancient and modern durum wheat varieties have been shown to be tolerant
to conditions caused by climate change and increase production. Biochar soil amendments have been
reported to increase crop yields, soil fertility, and to promote plant growth. However, results are
variable depending on biomass source, application conditions, and crop species. This study evaluates
the crop response of two contrasting durum wheat varieties on an Eutric Cambisol amended with
beech wood biochar. Wheat varieties used are Saragolla, an ancient variety traditionally used in
Southern Italy, and Svevo, a widely used commercial variety. The effect of biochar soil amendment on
the expression of genes involved in the germination of these two varieties of wheat was determined
using RT-PCR. The content of hormones such as gibberellins (GAs), auxins (IAA), and abscisic acid
(ABA) was determined. Results demonstrate that biochar had a stimulatory effect on the growth
performances of Svevo and Saragolla cultivars at the molecular level. This correlated to the promoted
transcription of genes involved in the control of plant development. Overall, the presence of biochar
as soil amendment improved the germination rates of both varieties, but the ancient wheat cultivar
was better suited to the Eutric Cambisol than the commercial variety. This trend was also observed in
un-amended pots, which may indicate better adaptability of the ancient wheat cultivar to withstand
environmental stress than the commercial variety.

Keywords: wheat; biochar; germination; hormone; gene expression

1. Introduction

Cereals are one of the most popular sources of food for humans and animals. According to
FAOStat, the global wheat production reached 715.9 million tons in 2013 [1], and durum wheat (Triticum
durum) is the most widespread crop in the Mediterranean area. It is the exclusive raw material used
for pasta production, and a basic product of the Mediterranean diet. The area cultivated with durum
wheat in Italy remained on an annual average of 1.6–1.8 million hectares [1], but the increased risk of
land degradation due to unsustainable land practices and climate change could affect productivity [2].

Agronomy 2020, 10, 5; doi:10.3390/agronomy10010005 www.mdpi.com/journal/agronomy1
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The high yields of “modern” wheat cultivars, such as Svevo, require the use of a large amount
of mineral fertilizers, chemical herbicides, and fungicides, leading to a greater risk of environmental
pollution [3,4]. Increased public interest in this problem and growing consumer demand for healthier
products, have led to a greater emphasis on crops grown under an integrated farm management
approach to sustainable agricultural systems. Although ancient wheat cultivars provide high quality
semolina, they have been progressively abandoned in favour of genetically uniform high-yield
commercial varieties, as they do not adapt to intensive cultivation parameters. This reduction in
biodiversity of modern varieties may enhance susceptibility to pathogens and disease; and decrease
grain quality and productivity under adverse environmental conditions [4]. Traditional wheat cultivars,
such as Saragolla, are expected to demonstrate greater adaptability and resilience as a result of better
tolerance to diseases and more efficient capacity for using soil resources [3]. Therefore, ancient varieties
could be the best choice to low-input and organic growing systems.

There is a need to develop more sustainable agricultural practices to avoid a decrease in soil fertility
and organic carbon contents, and an increase in soil erosion [4]. Soil degradation in Mediterranean
regions is particularly critical due to the climatic peculiarities of these areas, which can lead to
permanent and irreversible degradation of soil quality and productivity. In restoration processes,
the application of organic amendments is used for the creation of soil substrates with incipient structure
and stable aggregates and to improve the biological functionality of the soil [5]. The use of biochar
as soil amendment has been proposed as a sustainable strategy to improve crop productivity [6,7],
control soil salinity [8], and mitigate global warming of degraded soils. Biochar has been reported
to enhance plant physiological response [9] and improve plant adaptation to dry periods in biochar
amended soils [6].

Biochar is rich in stable forms of C that decompose in soil at slower rate than untreated biomass
residues [10]. The composition and properties of biochars are largely dependent on pyrolysis
conditions and on the nature of the feedstock [11]. In general, the addition of biochar to a degraded
soil improves its structure, increases porosity, decreases bulk density and enhances aggregation and
water retention, reducing irrigation demand [12]. The biochar effect on soil properties influences crop
growth [13], being more effective in degraded soils than in healthy ones [14]. For this reason, there
is an increased interest in biochar applications for ecological restoration and carbon sequestration
in nutrient-poor soils. Land management adaptations to enhance crop production in response to
land degradation and potential climate change include the use of varieties resistant to heat shock
and drought [7]. Crop germination, growth and yield depend on both genetic and environmental
factors [15]. The balance of plant hormones is of fundamental importance in germination. There is
evidence that biochar application can stimulate gibberellin, auxin, and brassinosteroid regulation,
promoting plant growth [16]. Gibberellins are growth hormones that stimulate plant elongation,
germination and flowering in cereal grains. French and Yyer-Pascuzzi [16] observed that biochar
promotes growth partially through stimulation of the Gibberellins (GA) pathway. Although these is
some evidence of the impact of biochar on crop production, the impact of biochar on plant growth and on
the activity of enzymes and hormones involved in plant growth has not been fully investigated [17,18].
The mechanism of whether and how biochar soil amendment influences hormones and gene expression
involved in crop germination remains largely unknown. Therefore, further research is needed to
understand the signaling pathways on different plant species and cultivars within species [19]. The aim
of this study is to investigate the effect of beech-wood biochar on germination performances, hormone
level variations, and transcription of growth-related genes of a commercial (Svevo) and an ancient
(Saragolla) wheat cultivar from Southern Italy in an irrigated soil from the Campania region in
Italy. We hypothesized that biochar may play a key role on the stimulation of gibberellins in wheat.
This knowledge is crucial for optimizing the use of biochar in wheat production and for breeding
biochar-responsive wheat varieties.
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2. Materials and Methods

2.1. Description and Analysis of Samples

Surface samples (0–25 cm depth) were collected from a traditional agricultural soil in Avellino
province, within the Campania region (Southern Italy) classified as Eutric Cambisol (FAO classification).
After decades of intensive cultivation of cereal crops the land was fallowed for a ten-year period (with
no cultivation or fertilizer treatment). Wheat cultivation was recently reintroduced at this area under
organic management practices. Soil samples were dried at 40 ◦C for 24 h and sieved (<2 mm) to remove
roots, small branches and mosses. The biochar used in this experiment was produced by Verforfood
(GREEN BIOCHAR S.C.A.R.L., Turin, Italy). It is a fine grain char (<0.251 mm) produced from hard
beech (Fagus sylvatica) wood at a pyrolysis temperature of 550 ◦C. Soil and biochar pH was measured in
triplicate in H2O (1/2.5 v/v) using a pH meter (MM40 CRISON S.A, Barcelona, Spain)) after shaking for
60 min and overnight sedimentation as reported by Obia et al. [19]. Total carbon (C) and nitrogen (N)
concentrations of soil and biochar samples were determined in triplicate by dry combustion (1000 ◦C)
using a Perkin-Elmer 2400 series 2 elemental analyzer. Water Holding Capacity (WHC) and ash content
of soil, biochar and 5% biochar amended soils were measured following the procedure described
by De la Rosa et al. [20]. Briefly, samples were dried at 105 ◦C and subsequently heated in a muffle
furnace (750 ◦C for 5 h). The ash percentage is the proportional weight of the remaining ash from the
oven-dried weight sample. Soil, biochar, and biochar amended soils properties are shown in Table 1.

Table 1. Properties of biochar, soil and 5% biochar amended soils.

Sample pH % C % N % WHC % Ash

Soil 5.62 3.1 0.16 35.9 88.0

Biochar 8.21 81.1 0.91 364.4 7.7

Soil + Biochar (5%) 7.10 n.a. n.a. 53.4 n.a.

C: Total Carbon content (%); N: Total Nitrogen content (%); WHC: Water holding capacity (%); Ash: Ash content
(%); n.a. = not analysed.

2.2. Seed Germination

Seeds of the T. durum cultivars Svevo (Agrisemi Minicozzi, Benevento, Italy) and Saragolla
(SYNGENTA, Milan, Italy) were sterilized in 1% w/v sodium hypochlorite for 30 min and rinsed in
distilled water to remove the excess of chemicals.

Svevo Control (SVC), Saragolla Control (SRC), and biochar amended soil treatments (SVB and
SRB) were prepared by placing 100 seeds of Svevo and Saragolla seeds in 1 kg soil (dry weight and
1 kg soil mixed with 50 g biochar in pots (23 cm diameter and 20 cm height), respectively. The dose of
biochar applied was 5% w/w, equivalent to about 25 t ha−1, and within the range used for pot biochar
studies [21]. Three pots per treatment were prepared, randomly placed, wetted with deionized water
to 50% water holding capacity (WHC) [22], and kept at 4 ◦C for 24 h. Germination was monitored and
recorded every 24 h for 7 days (after 24, 48, 72, 96, 120, 144 and 168 h) at a controlled environment
chamber at 30 ◦C [23]. Seeds were rewetted and water content maintained at 50% WHC during the
7-day germination experiment.

2.3. Hormone Extraction and Analysis

In order to correlate the hormone content of the Svevo and Saragolla varieties with the effect of
biochar treatment on their germination performances, seedlings of the two wheat cultivars, grown in
control soils and soils amended with 5% biochar were collected three days after sowing. Abscisic acid
(ABA), indoleacetic acid (IAA) and gibberellin A3 and A4 (GA) content in wheat seedlings was
measured by HPLC [24]. Five wheat seedlings were collected from each pot and frozen at −80 ◦C.
Wheat samples (2 g) were grinded to a fine powder and diluted in methanol (2.5 mL g−1 of fresh

3
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tissue). Each extract was centrifuged (16,000 rpm for 10 min at 4 ◦C). The supernatant was concentrated
under vacuum, a volume of deionized water was added to each sample and extracted with an equal
volume of ethyl acetate. Aqueous and organic phases were separated by centrifugation (16,000 rpm
for 2 min). The lower aqueous phase was transferred to a new tube, and then the pH of the solution
was adjusted below 3 to keep all the hormones in protonated form. The upper organic phase was
recovered, dried under vacuum and dissolved in 30 μL of methanol before analysis by reversed
phase-HPLC. HPLC analysis was performed on a LC-20 Prominence HPLC system (Shimadzu, Kyoto,
Japan) equipped with LC-20AT quaternary gradient pump, SPD-M20A photo diode array detector
(PDAD) and SIL-20 AH autosampler (20 μL injection vol). Plant hormones were separated on a
Gemini-NX C18 column (250 × 4.5 mm, 5 μm; Phenomenex, Torrance, CA, USA), which was assembled
with a Security Guard® (Phenomenex) pre-column and eluted with a gradient of acetonitrile (ACN)
containing 0.1% v/v trifluoroacetic acid (TFA) in aqueous 0.1% v/v TFA at 45 ◦C; ACN ramped from 15%
to 30% in 5 min, from 30% to 50% in 5 min, from 50% to 80% in 2 min, with a flow rate of 1.5 mL min−1.
Separated compounds were identified through their retention times, UV spectra and literature data
by comparison with IAA (12886, Sigma-Aldrich, St Louis, MO, USA), GA3 (G7645, Sigma-Aldrich)
and GA4 (G7276, Sigma-Aldrich) standards. These standard compounds were also used to build up
calibration curves (in the range 5–200 μg/mL) at specific wavelengths (λIAA = 254 nm; λGAs = 205 nm;
λABA = 254 nm). Gibberellin concentrations are reported as the sum of GA3 and GA4 content and
results are shown as μg of hormone per gram of fresh tissue.

2.4. Data Analysis

The results of germination assay and HPLC-based hormone analysis are expressed as means ±S.D.
The identification of significant differences was performed by analysis of variance (ANOVA), followed
by the Student-Newman-Keulus test with a minimum level of significance of p < 0.05.

2.5. RNA Extraction, cDNAs Synthesis and Reverse Transcription-Quantitative PCR (RT-qPCR)

The effect of biochar addition over especific key enzymes of the biosynthetic pathway of GAs
was analyzed through their expression in three-days germinated wheat seedlings of the Svevo and
Saragolla varieties, by RT-qPCR.

A Sigma mirPremier microRNA isolation Kit was used to extract RNA from wheat leaf samples.
RNeasy/QIamp columns and RNase-Free DNase set (QUIAGEN) were used to degrade genomic
DNA and obtain an eluate of pure RNA. The extracted RNA was retrotranscribed to cDNA and
stored at −20 ◦C. “ImProm-II Reverse Transcription System Kit” (Promega) and the “Mj mini thermal
cycler” (BioRad) were used for retrotranscription, and samples were stored at −20 ◦C. The expression
of some genes involved in germination, gibberellins biosynthesis, cell expansion and growth were
analyzed by RT-qPCR. Gene primers (as shown in Table 2) were designed using the NCBI Primer Blast
tool. “EvaGreen 2X qPCR MasterMix-R” (Applied Biological Materials) kit was used for RT-qPCR.
The thermal cycler used “7300 Real-Time PCR System” was set to perform an initial denaturation at
95 ◦C for 1 min, an annealing phase of 9 min at 95 ◦C and 40 successive cycles of denaturation (95 ◦C for
30 s), annealing (58 ◦C for 30 s) and extension (72 ◦C for 30 s). Experiments were carried out in triplicate
and the relative quantification in gene expression was determined using the 2−ΔΔCt method [25].

4
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Table 2. List of primers used for real time PCR.

Primers Sequences

β-ACTIN
F: TGGACTCTGGTGATGGTGTC
R: CCTCCAATCCAAACACTGTA

BIN2
F: GAGATCTAAAGCCTCAAAATCTT

R: TGGCTTCACCTTTAACGAGCT

PIN1
F: ATCATCTGGTACACGCTCAT
R: GGGAACTGCTCGGTTGAT

TIP2
F: GATGACTCCTTCAGCTTGG
R: GGCGAAGACGAAGATGAG

XTH
F:GCCCTTCGTCGCCTCCTAC

R: CGGCACAACAACAACTAGTGGTAG

EXP A2
F: CCACCATGATGTGTTGTTCC

R: AGTAGGAGTGGCCGTTGATG

TaCPS
F: GTATGCAAGCTTACCGCGTG
R: ACCCCCACAAGAATGTCCTC

TaKS
F: CAGGCCGGGGAGAAATCTT

R: TGAGACAGCTCATCTGGGGA

TaKO
F: CCGGCACCGAGATAGTCATC
R: GAGCAAATCCAGCACCTCAT

TaGA20ox1a
F: CCATCCTCCACCAGGACAAC
R: GAGCTCCATCCTCTGTCTGG

3. Results and Discussion

3.1. Effect of Biochar on the Germination of Svevo and Saragolla Seeds

Figure 1 shows germination results for Svevo and Saragolla seeds measured every 24 h during
a period of 7 days at 30 ◦C. The application of 5% biochar in soil improved and accelerated the
germination rate of both Svevo and Saragolla wheat varieties. The ancient cultivar, Saragolla, exhibited
better germination rates than Svevo, both in germination percentage and precocity. The addition of
biochar influenced the soil properties of this Eutric Cambisol from the Campania region of Italy by
increasing its pH from 5.6 to 7.1 and the water retention from 35.9% to 53.4% (Table 1). The latter
was probably due to biochar high WHC, porosity and organic carbon content. The liming effect of
biochar probably facilitated the germination and development of wheat seedlings. This is in agreement
with reported literature on biochar promotion of plant growth [16]. Therefore, biochar amendment
on this agricultural Campanian soil could be associated with an improvement in soil structure, water
retention, nutrient availability [12], and facilitated root development of wheat varieties.
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Figure 1. Effect of biochar on the germination of Svevo and Saragolla seeds. The histograms indicate
the germination percentage for each sample; the vertical bars represent the standard deviation of mean
of three replicates Svevo Control (SVC), Saragolla Control (SRC), Svevo Biochar (SVB) and Saragolla
Biochar (SRB). Bars labeled with dissimilar letters are significantly different (p < 0.05).

3.2. Effect of Biochar on the Hormone Content of Svevo and Saragolla Seedlings

Figure 2 shows that the two varieties grown in soil without biochar (SVC and SRC) contained
similar amounts of ABA while levels of 3-IAA increased significantly due to biochar addition.
A significant increase of the GA content was also observed in biochar amended soils for both varieties.
Overall, the total amount of GA was higher in Saragolla than Svevo cultivars, under both control and
biochar amendment conditions. Germination and hormonal differences between the Saragolla and
Svevo varieties support a model in which biochar application stimulates the GAs pathway in wheat,
especially in Saragolla variety.

Figure 2. Hormone content of three-days germinated Svevo and Saragolla from sowing grown in soil
amended with biochar. Histograms represent abscisic acid (ABA), auxins (3-IAA), and gibberellins
(GA) contents (μg g−1 fresh weight) for each sample. Vertical bars represent the standard deviation
of mean of three replicates. Svevo Control (SVC), Saragolla Control (SRC), Svevo Biochar (SVB) and
Saragolla Biochar (SRB). Bars labeled with dissimilar letters are significantly different (p < 0.05).

ABA and 3-IAA concentrations were significantly lower than those of GA. It is known that the
stimulatory role of gibberellins (GA) in cereal grain have an interactive inhibitory effect on ABA
transactivation activity, while the same does not affect GA activity [26,27]. These results demonstrate
that, at a molecular level, the biochar soil amendment was able to markedly improve GA content of
wheat seeds, thereby increasing their germination ability.
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3.3. Effect of Biochar on Gene Transcription

GA Biosynthesis Genes

Figure 3 shows a higher expression of ent-copalyl diphosphate synthase (TaCPS), ent-kaurene
synthase (TaKS), ent-kaurene oxidase (TaKO) and GA 20-oxidase (TaGA20ox1a) in Saragolla than Svevo
varieties. Moreover, the application of 5% wood biochar significantly increased the transcription of these
genes in both varieties. In general, results confirm that the positive effect of biochar on the germination
performance of wheat varieties is due to an increase in GA synthesis, which in turn depends on the
stimulation of transcription of GA biosynthetic enzymes. Furthermore, the higher germination ability
of the “ancient” Saragolla breed than the “modern” Svevo can be attributed to constitutively higher
expression levels of GA biosynthesis enzymes. These results are in agreement with those from French
and Iyer-Pascuzzi [16]. Using the ga3ox1-3 Arabidopsis mutant for GA biosynthesis, they demonstrated
that the GA pathway is involved in biochar-mediated plant growth promotion and hypothesized that
the occurrence of hormone-like substances, such as karrikins, stimulate the GA pathway and stressed
the importance of measuring GA levels in biochar-treated plants [28]. Our investigation demonstrates
that biochar treatment stimulates wheat growth by increasing endogenous GAs concentration rather
than by the release of hormone-like compounds. Figure 3 shows that biochar stimulates GA pathway by
increasing endogenous gibberellins concentration, The increase of GA concentration (Figure 2), and GA
biosynthetic enzymes (Figure 3); and accelerated germination (Figure 1) observed in biochar treated
crops, provides conclusive evidence of the functional role of the GA pathway in biochar-induced plant
growth promotion.

 
Figure 3. RT-qPCR analysis of the expression of the GA biosynthesis genes in Svevo and
Saragolla cultivars upon biochar administration. (A) ent-copalyl diphosphate synthase (TaCPS);
(B) ent-kaurene synthase (TaKS); (C) ent-kaurene oxidase (TaKO) and (D) GA 20-oxidase (TaGA20ox1a)
for each treatment: Svevo Control (SVC), Saragolla Control (SRC), Svevo Biochar (SVB) and
Saragolla Biochar (SRB). Bars labeled with dissimilar letters are significantly different (p < 0.05).3.3.2.
Growth-Related Genes.
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Viger et al. (2015) [29] reported the stimulation of the growth-promoting hormones auxin
and brassinosteroid in Arabidopsis in plants treated with biochar. In order to determine whether
the growth-promoting effect of biochar on Saragolla and Svevo cultivars could trigger auxin
and/or brassinosteroid regulation, the expression of some key growth-related genes were analysed.
Expansine A2 (EXP A2), xyloglucan endotransglicosylase (XTH), aquaporin 2 (TIP2), auxin efflux carrier
(PIN 1) and brassinosteroid-insensitive 2 (BIN 2) gene expressions proteins were analysed by RT-qPCR
on three-day old germinated samples. EXP A2, TIP2 and PIN 1 and XTH proteins participate at
different levels of the growth-promoting pathway regulated by auxin; such as plant cell wall weakening
(EXP A2), water transport (TIP2), auxin transport (PIN 1) and cell wall remodeling (XTH) [16,30].
Figure 4 shows that transcript levels of all of these proteins increased in both wheat cultivars in biochar
amended soil treatments. This suggests that activation of the auxin responsive growth-promoting
pathway can contribute to the stimulation of germination and growth observed in the wheat cultivars
with biochar treatment. Both in dicot and monocot XTHs are encoded by a multigene family and
the expression of the individual XTH genes is differentially regulated by environmental stimuli [31]
and growth-promoting hormones such as GAs and IAA [32]. XTHs are involved in the control of
cell wall extensibility during growth stimulated by GAs and IAA [33] and the observed increase
for XTH gene expression in the Saragolla cultivar upon biochar treatment is in accordance with the
reported stimulation of growth and enhanced GAs biosynthesis of the cultivar after biochar treatment.
Reasons for the absence of a similar increase in the Svevo cultivar are unclear. The BIN 2 gene
encodes for a negative regulator of the brassinosteroid (BR) pathway which in plant regulates growth
and development [34], interacting with other hormone pathways such as that activated by IAA [35].
Remarkably, levels of BIN 2 transcripts greatly decreased in both wheat cultivars after biochar soil
amendment and particularly in the Saragolla cultivar, which showed the best germination and growth
performance. This finding strongly suggests that the brassinosteroid-responsive pathway becomes
activated upon biochar treatment and cooperates with GA and possibly IAA pathways to stimulate
growth and development. Viger et al. [29] proposed that pH modification and increased K+ supply
and availability in biochar-amended soil could activate Ca2+ and ROS-mediated cell signaling, leading
in turn to the stimulation of IAA and BR growth-promoting pathways. Our results show increased
levels of endogenous GAs and suggest the activation of IAA and BR pathways, which are in line with
the hypothesis of Viger et al. [29]. This provides mechanistic evidence of how biochar soil amendment
influences gene expression involved in wheat germination.

This study reports that the amendment of a typical agricultural Cambisol with 5% wood biochar
enhanced seed germination and growth-hormone content of an “ancient” (Saragolla) and a commercial
(Svevo) durum wheat variety. Biochar soil amendment had an effect on soil properties which could
have facilitated wheat germination and root development. Agronomic data, hormone and gene
expression analyses provided evidence of the growth performances and the stimulatory effect of
biochar application on both varieties. At the molecular level, growth stimulation could be associated
with an increase in GA levels and in transcripts of GAs biosynthesis genes. RT-qPCR results suggested
that IAA and BRs pathways become activated upon biochar treatment, interacting with the GA pathway
in the stimulation of growth and development of wheat cultivars. Although, the application of a 5%
biochar soil amendment improved the germination and selected hormone content of both varieties,
the “ancient” wheat cultivar achieved better results than the commercial variety for both untreated
and to biochar amended cambisol. This study suggests that the use of biochar as a soil amendment
and the use of traditional wheat varieties could improve wheat productivity in a sustainable way.
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Figure 4. RT-qPCR analysis of the expression of growth-related genes in Svevo and Saragolla varieties
upon biochar administration (A) xyloglucan endotransglicosylase (XTH), (B) brassinosteroid-insensitive
2 (BIN2), (C) auxin efflux carrier (PIN1); (D) expansine A2 (EXP A2), and (E) aquaporin 2 (TIP2) for the
treatments Svevo Control (SVC), Saragolla Control (SRC), Svevo Biochar (SVB) and Saragolla Biochar
(SRB). Bars labeled with dissimilar letters are significantly different (p < 0.05).4. Conclusions.
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Abstract: Biochar can improve soil health and crop productivity. We studied the response of soil
properties and wheat growth to four rates of wood biochar (0, 11.2, 22.4, and 44.8 Mg ha−1) and two
fertilizer rates [no fertilizer and fertilizer (90 kg N ha−1, 45 kg P ha−1, and 20 kg S ha−1)]. Biochar
application increased soil organic matter (SOM), soil pH, phosphorus (P), potassium (K), sulfur (S)
contents, and the shoot and root biomass of wheat. However, these responses were observed at
biochar rates below 22.4 Mg ha−1, particularly in treatments without fertilizer. In fertilizer-applied
treatments, soil nitrate levels decreased with an increase in biochar rates, mainly due to better crop
growth and high nitrate uptake. However, without N addition, the high C:N ratio (500:1) possibly
increased nutrient tie-up, reduced plant biomass, and SOM buildup at the highest biochar rate.
Based on these results, we recommend biochar rates of about 22.4 Mg ha−1 and below for Walla Walla
silt loams.

Keywords: nutrient cycling; soil health; soil organic matter

1. Introduction

Approximately 64 million dry tons of forest harvest residues are produced annually in the US,
and an additional 87 million dry tons of wood remain as milling residues [1]. These residues are
a potential feedstock for the production of biochar. Biochar is a charcoal-like product of thermal
degradation of biomass in limited presence or absence of oxygen (pyrolysis) that could be used as a soil
amendment to improve soil health and crop productivity [2]. However, biochar is not a uniform product.
A characteristic of the feedstock type and pyrolysis conditions determines its structure, nutrient content,
pH, and other properties [3–5]. Biochar has between 40% to 90% carbon (C) and, depending on the
pyrolysis temperature, it could be either acidic or alkaline. Low-temperature pyrolysis (<400 ◦C)
usually produces acidic biochar while high-temperature pyrolysis (>600 ◦C) produces alkaline biochar.

In the inland Pacific Northwest (iPNW) of the USA, there is growing interest in biochar to remedy
deteriorating soil conditions particularly in regions where winter wheat-summer fallow (WW-SF) has
been practiced for the last 80 to 100 years. Soils under the WW-SF system have lost more than 60% of
soil organic matter (SOM) in the top 0–30 cm depth profile. In this system, only one crop is grown
in two years, and the resultant crop residues are inadequate to maintain or increase SOC. Growing
cover crops or annual cropping could restore SOC, which is rather challenging for low precipitation
zones of iPNW where WW-SF is practiced. In addition, the soils in iPNW acidified over time due to
the continual use of ammoniacal N fertilizers with some soils now showing pH values as low as 4.6 to
4.8 in the top 30-cm depth [6,7].

The presence of biochemically recalcitrant and predominantly aromatic carbon in biochar is often
attributed to its long-term C storage potential [8]. Therefore, applying biochar can quickly increase
th total C pool in iPNW soils. In addition, biochar amendments supply phosphorus (P), potassium
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(K), sulfur (S), and other trace minerals to the soil. Adding lime (CaCO3) to the soil is the most
recommended method to reduce soil acidity. However, the application of agricultural lime results
in carbon dioxide (CO2) emissions that contribute to global warming. For example, in 2001, about
20–30 Tg of lime was applied to soils in the US, resulting in net CO2 emissions of 4.4–6.6 Tg [9]. Alkaline
biochar with high liming value can be a substitute for lime in reducing soil acidity observed in iPNW
soils without releasing excess CO2. Liming reduces soil acidity and alleviates aluminum (Al) and iron
(Fe) toxicity [10]. Amending acidic and low SOM soils of iPNW with alkaline biochar can increase total
C, reduce soil acidity, improve soil health, and contribute to climate change mitigation [11].

Studies of biochar impacts on soil health and crop productivity have shown varied responses
across soil types and management systems. Biochar application rates from 0.5 to 135 t ha−1 have
produced plant growth responses ranging from −29% to 324% [12]. Plant and soil responses of biochar
application also varied with agricultural systems, crop type, climatic conditions [13,14], and fertilization
status [15]. Lone et al. [16] showed that biochar could affect soil N cycling and several transformation
mechanisms, such as reduced inorganic N leaching by increasing nutrient retention due to cation
and anion exchange reactions and immobilization of inorganic N due to labile C fractions of biochar.
Biochar could also prevent nitrification and denitrification losses by increasing adsorption of NH4

+

and NO3
−. Especially, in fertilized systems with biochar amendments, there is a greater reduction in

N loss and consequently, higher fertilizer use efficiency [16]. Yet, biochar and fertilizer interactions
on plant production and soil health are inconclusive. Some authors have reported that treatments
receiving both biochar and fertilizer increased fertilizer use efficiency by enhancing plant growth and
soil N mineralization than in treatments receiving either [17–19]. However, a recent meta-analysis
using 371 independent studies indicated no additive or synergistic relation between biochar and
fertilizer [20]. The study also reported differences in the efficiency of fertilizer with varying rates of
biochar, and reduced efficiency, especially at higher doses [15]. Besides, information on application
rates for different crops and soils is lacking [2]. Clearly, site-specific research on the effects of biochar
on soil properties and crop production are needed. Studies conducted under diverse soil nutrient
management practices will assist producers to find optimal biochar rates for their soils to improve
agricultural sustainability [16,21].

A greenhouse experiment was conducted with the objective of investigating the effect of different
rates of wood biochar on soil properties and winter wheat growth in an iPNW soil. We evaluated
(1) soil chemical and biochemical properties, and (2) winter wheat shoot and root growth using different
biochar application rates in the presence and absence of chemical fertilizers.

2. Materials and Methods

2.1. Experimental Setup

A Walla Walla silt loam soil (coarse-silty, mixed, superactive, mesic Typic Haploxerolls) [22] with
18% Clay, 70% silt, and 12% fine sand was collected from the top 20 cm depth of a WW-SF field at
the Columbia Basin Agriculture Center (CBARC) near Pendleton, Oregon (45◦42′ N, 118◦36′ W, Elev.
438 m) for the study. A factorial randomized block design experiment with four replications consisting
of four biochar rates (0, 11.2, 22.4, 44.8 Mg ha−1) with and without fertilizer was established in the
greenhouse at CBARC. Fertilizer treatments were equivalent to 90 kg N ha−1, 45kg P ha−1 and 20 kg
S ha−1, the rate typically used for winter wheat production in the region. Air-dried soil, fertilizers
and biochar were evenly mixed in a custom-build portable rotary cement mixer for 5 min and packed
into 4 L capacity plastic pots (14 cm i.d. by 14 cm tall). Soil moisture was measured using Stevens
Hydra probe (Stevens Water Monitoring Systems Inc., Portland, OR, USA) and soil water content was
adjusted by adding deionized water in pots when the moisture was below 70% of the field capacity.

The biochar used in this study was a co-product of energy production in Philomath, OR (Biological
Carbon, LLC, Philomath, Oregon, USA). The pyrolysis temperature was about 900 ◦C, and Douglas
fir (Pseudotsuga menziesii) was the main feedstock for the biochar production. Biochar chemical
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characteristics were determined using the standard method for wood charcoal analysis [23] at Control
Laboratories Inc. (Watsonville, CA, USA). Soil samples collected for the experiment were also analyzed
for basic soil properties in the AgSource Laboratory (Umatilla, OR, USA). Analyses of biochar and soil
properties are reported in Table 1.

Table 1. Physiochemical characteristics of Douglas fir biochar and soil used in the study.

Characteristics Biochar Soil

C 900 g kg−1 6.4 g kg−1

N 1.8 g kg−1 0.6 g kg−1

C:N 500:1 11:1
pH 10.6 4.8

Volatile matter 51 g kg−1 -
Ash content 188 g kg−1 -

Moisture 48 g kg−1 -
EC - 2.8 dS m−1

CEC - 3.5 cmol kg−1

NO3-N - 271 mg kg−1

NH4-N - 28.0 mg kg−1

P - 40.3 mg kg−1

K - 1105 mg kg−1

S - 30.5 mg kg−1

Wheat seeds were pre-germinated in Petri-dishes on moistened paper towels in growth champers
set at 4 ◦C for 48 h, and six pre-germinated seeds were sown in each pot. Seedlings were thinned
to four per pot two weeks after sowing. The pots were placed in shallow trays and watered with
deionized water to maintain field capacity throughout the 10 weeks of the experiment.

2.2. Plant and Soil Analysis

The whole wheat shoot biomass was harvested by cutting shoots at the soil surface using stainless
steel scissors and weight to determine fresh weight and dried at 70 ◦C for 72 h to estimate dry matter
content. Roots in the bulk soil were separated by passing soil through a 2 mm sieve. Roots passing
through 2 mm sieves were separated by wet sieving 500 g sub-sample through 250 μm sieves for
20 min [24] and dried for 24 h at 70 ◦C to estimate dry mass.

Soil from each pot was homogenized, passed through a 2 mm sieve to separate the root and shoot
residue and a 500 g sub-sample was collected and stored at 4 ◦C until analysis. Soil inorganic N [sum
of NO3

− and NH4
+] was determined by extracting 10 g soil sub-samples in 50 mL 1 M potassium

chloride solution and analyzed in an Astoria Analyzer with micro-segmented flow analysis system
(Astoria-Pacific Inc., Clackamas, OR, USA). Soil pH and electrical conductivity (EC) were determined
in 1:2 soil to deionized water ratio (w/v) using a pH/Conductivity meter (Thermo Scientific™ Orion™
Star A215 pH and Conductivity Benchtop Meter). The rest of the soil sub-samples were sent to a
commercial lab (AgSource Laboratories, Umatilla, OR) for the analysis of other soil properties. Soil
total C and N concentrations were determined by combustion analysis (Flash EA 1112 series, Thermo
Finnigan, San Jose, CA, USA) of soil that had been oven-dried (60 ◦C, 72 h) and finely ground for 2 min
in Shatter 1 Box 8530 ball mill (Spex Sample Prep., Metuchen, NJ, USA). Soil pH was less than 6.5 in all
soil samples; hence total C from these samples were considered as SOC.

2.3. Statistical Analysis

Statistical significance (α = 0.05) for mean comparisons of variables was determined using a mixed
model analysis of variance (Proc. Mixed) with two-way analysis term for factorial experiments (SAS
ver. 9.4, SAS Institute, Cary, NC, USA). Plant growth parameters and soil properties were response
variables, fertilizer and biochar treatments were explanatory variables, and replication was considered
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as a random effect on the model. The relationships between soil properties were evaluated by the
Pearson Correlation (Proc CORR) procedure (SAS, ver. 9.4).

3. Results

Biochar and fertilizer application had significant effects on shoot biomass, and only biochar had
a significant effect on root biomass (Table 2). Biochar increased wheat shoot biomass by 15% to 20%
(control: 5.1 g−1 pot) when applied at the rate of 11.2 and 22.4 Mg ha−1 without fertilizer addition;
and by 17% to 18% (control: 5.5 g−1 pot) with fertilizer application (Figure 1a). The highest biochar
application rate (44.8 Mg ha−1) increased shoot biomass of wheat by 18% (6.45 g−1 pot) compared
to the control in fertilized treatments. However, without fertilizer addition, only two to three plants
survived in two out of four replications resulting in reduced shoot and root biomass in treatments with
the highest biochar rate. Root biomass increased by 39 and 45% compared to the control (1.3 g−1 pot)
without fertilizer addition, and by 19% and 24% with fertilizer application at the rate of 11.2 and
22.4 Mg ha−1 biochar application (Figure 1b).

Table 2. Analysis of variance (p value) of biochar and fertilizer effects on soil properties (pH, EC, OM,
P, K, S, NO3-N and NH4-N) and plant biomass (shoot and root).

pH EC * SOM P K S NO3-N NH4-N Shoot Root

Biochar (B) <0.0001 0.6073 0.0453 <0.0001 <0.0001 <0.0001 0.0009 0.0792 0.0204 0.0032
Fertilizer (F) 0.0004 0.0009 0.0689 0.0010 0.3876 0.0002 0.0145 0.0037 0.0067 0.96

B × F 0.0020 0.0889 0.0637 <0.0001 0.0006 0.0011 0.0326 0.0333 0.0566 0.26

* EC = electrical conductivity, SOM = soil organic matter, P = phosphorus, K = potassium, S = sulfur.

There were significant biochar and fertilizer interactions on many soil properties (Table 2). Th soil
pH, P, K, and S concentration, increased with biochar rates (Figure 2). Without fertilizer addition, the
soil pH increased by 1.1 units in the 44.8 Mg ha−1 biochar treatment compared to the control (5.3).
Soil pH increased by 1.2 units (control: 5.1) at the same biochar rate when the fertilizer was added.
There was a strong positive correlation among soil pH and P, K, and S concentrations regardless of
fertilizer application (Table 3). Soil P was 18% to 50% greater with 11.2 to 44.8 Mg ha−1 biochar rates,
respectively, than controls (33 mg P kg−1 soil) without fertilizer addition while it was 14% to 36%
greater, respectively, with biochar than control (34 mg P kg−1 soil) in fertilized treatments (Figure 2).
Sulfur was 93% to 380% greater in biochar treatments than control (18.8 mg S kg−1 soil) without
fertilizer and 66 to 297% more than control (29 mg S kg−1) with fertilizer application. Soil K was 16
to 55% greater in biochar treatments than control (888 mg K kg−1 soil) without fertilizer and 12%
to 40% greater than control (951 mg K kg−1 soil) with fertilizer addition. The soil pH and nutrients
were negatively correlated with soil NO3-N and NH4-N in treatments receiving fertilizer application,
whereas, without fertilizer, soil pH and nutrients were positively correlated with soil NO3-N and
NH4-N concentrations (Table 3).

The NO3-N and NH4-N contents decreased with increasing biochar rates in fertilized treatments
(Figure 2). Without fertilizer addition, both NO3-N and NH4-N did not respond to increasing biochar
rates except at the highest biochar rates. There was no significant biochar and fertilizer interaction
on SOM content, but increasing biochar rates significantly increased SOM compared to the control
(Table 2 and Figure 1c). The biochar application increased SOM content by 13% to 20%, and the highest
increase was observed at 22.4 Mg ha−1 biochar rate. With fertilizer application, SOM was positively
correlated with nutrients (P, K, and S) and negatively correlated with NO3-N and NH4-N whereas
without fertilizer application there was no correlation of SOM with the nutrients (Table 3).
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Table 3. Correlation among soil properties in biochar applied soils with and without fertilizer addition.

EC OM P K S NO3-N NH4-N

With Fertilizer application

pH −0.38 0.62 0.94 *** 0.93 *** 0.98 *** −0.61 * −0.51 *
EC 0.12 −0.32 −0.42 −0.38 0.06 −0.21
OM 0.62 ** 0.54 * 0.62 ** −0.61 ** −0.70 **

P 0.96 *** 0.88 *** −0.45 −0.53 *
K 0.86 *** −0.40 −0.38
S −0.64 ** −0.48

NO3-N 0.56 *

Without fertilizer application

pH −0.21 −0.02 0.96 *** 0.99 *** 0.99 *** 0.49 * 0.66 **
EC −0.21 −0.24 −0.22 −0.20 0.13 0.28
OM 0.05 −0.01 −0.06 −0.37 −0.47

P 0.96 *** 0.94 *** 0.41 0.60 **
K 0.99 *** 0.56 * 0.61 **
S 0.59 ** 0.63 **

NO3-N 0.40

*, **, and *** indicate significant correlations at the 0.05, 0.01, and 0.001 probability levels, respectively.

4. Discussion

The alkaline forest biochar increased soil pH and SOM in all treatments compared to soil with no
biochar, suggesting a potential for improving soil health with biochar application. Regardless of fertility,
soil P, K, and S increased with increasing biochar rates indicating that either biochar contributed the
nutrients or the increase in pH increased nutrient availability in the soil. Biochar is a source of several
nutrients; its complex reaction with soil releases nutrients, making them available for plant uptake
over time [20,25]. Availability of N, P, K, and S also increase with pH [12,26]. In this study, biochar
increased soil pH by more than a unit from about 5 to 6 and there was a strong positive correlation
among soil pH and P, K and S. The soil pH increase, however, was greater in treatments receiving
fertilizer application than in the corresponding treatments with no fertilizer addition indicating that
fertilizer application could enhance the biochar effect to reduce soil acidity. The increase in pH and the
nutrients probably enhanced shoot and root growth.

Unlike other nutrients, application of biochar decreased soil NO3-N and NH4-N concentration.
The reduction in NO3-N and NH4-N coincided with the increased wheat shoot and root biomass,
suggesting that the reduction of these nutrients was due to increased plant uptake. The opposite was
true when the soil was not fertilized. Soil NO3-N and NH4-N remained high at the highest biochar
rates indicating the inability of plants to take up these nutrients. Subsequently, wheat shoot and root
biomass were reduced under the highest biochar rate (44.8 Mg ha−1) when the soil was not fertilized.
Biochar used in this study had very high C:N ratio (500:1) that could have tied up some of N, thereby
limiting its availability to plants. The reduced availability of inorganic N without fertilizer addition
suggests the strong affinity of biochar for NH4-N and NO3-N [27,28]. Biochar N is mainly found in the
heterocyclic compound, which is suggested to be resistant to microbial degradation hence not easily
available for plant use [29,30]. Moreover, biochar also increases nutrient retention due to cation and
anion exchange reactions and immobilizes inorganic N due to high C:N ratio (500:1) [16]. Therefore, in
the treatment that received a high dose of biochar without fertilization, nutrient supply, especially soil
available N was likely not enough to support plant survival.

The SOM was positively correlated with soil P, K, and S concentrations, and negatively correlated
with NO3-N and NH4-N in fertilized soil; however there was no correlation in unfertilized treatments.
These findings highlight the positive role of fertilization on the effectiveness of biochar in nutrient
availability and plant uptake. Although SOM generally increased with an increase in biochar rates, it
was lower in unfertilized than in fertilized treatments at the highest biochar rate. Death of plants at the
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highest biochar rates in treatments without fertilizer resulted in reduced shoot and root biomass which
ultimately resulted in the low SOM accumulation. Barontia et al. [31] observed reduced durum wheat
productivity biochar rates above 10 Mg ha−1. Wheat death at a higher biochar rate implies that biochar
application rates greater than 22.4 Mg ha−1 may not be beneficial for wheat biomass production in
a Walla Walla silt loam soil. Overrall, the alkaline biochar was effective in ameliorating soil acidity
and increasing SOM, nutrient availability and uptake by plants, and plant shoot and root biomass.
Further on-farm studies will enhance our understanding of the agronomic and environmental benefits
of biochar on soil health and plant productivity.

5. Conclusions

Biochar amendment improved the soil chemical environment of the Walla Walla silt loam and
wheat growth and has the potential to enhance agricultural sustainability in iPNW. Applying biochar
at rates up to 22.4 Mg ha−1, with and without fertilizer addition, increased wheat shoot and root
biomass. However, at the highest rate of (44.8 Mg ha−1), wheat biomass was reduced, especially when
no fertilizer was added. Biochar positively influenced on soil properties, which ultimately affected
plant production. Increasing biochar application rates significantly increased SOM, soil pH, availability
of P, K, and S content; all factors critical for improving soil health. The increase in SOM was not
solely due to C additions from the biochar but also from root biomass as indicated by the lowering of
SOM at the highest biochar application rate without fertilization where plants died. It appears that
the optimum biochar application rate for the Walla Walla silt loam is 22.4 Mg ha−1. The reduction
in soil NO3-N with increase in biochar application rates was attributed to plant uptake under the
fertilized treatment. Our study suggested that the addition of biochar could enhance soil health
and wheat production. The biochar application can reduce soil acidity and improve wheat yield.
However, because of the high C:N ratio, we recommend the addition of adequate fertilizer when
amending the soil with biochar, particularly in low-fertility soil and at high biochar rates of application.
Our greenhouse study generated positive preliminary results on soil and wheat responses to biochar
application. However, field experiments are needed to measure and quantify long-term agronomic
and environmental benefits of biochar on agricultural soils in the iPNW.
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Abstract: Activation treatments are often used as a means of increasing a biochar’s sorption capacity
for agrochemical compounds but can also provide valuable insight into sorption mechanisms.
This work investigates the effects of H2O2 activation on a low-temperature (350 ◦C) grape wood
biochar, evaluates subsequent changes to the removal efficiency (RE) of cyhalofop and clomazone,
and elucidates potential sorption mechanisms. Activation by H2O2 decreased the biochar pH, ash
content, and C content. Additionally, the biochar O content and surface area increased following
activation, and Fourier transform infrared spectroscopy (FTIR) data suggested a slight increase in
surface O groups and a decrease in aliphatic C. Cyhalofop RE significantly increased following
activation, while clomazone RE was unchanged. The increased sorption of cyhalofop was attributed
to pH effects and charge-based interactions with biochar O moieties. Results from this study suggest
that H2O2 activation treatments on low-temperature biochars may improve the removal of organic
acid herbicides but are of little value in optimizing the removal of polar, non-ionizable herbicides.

Keywords: activated charcoal; aging; pesticides

1. Introduction

There is a growing interest in biochar as sustainable soil amendment due to the agronomical
benefits derived from its use. Lately, biochar has attracted attention for showing sorbent properties
towards a wide variety of agrochemical compounds. By binding chemicals such as pesticides, biochar
can help prevent and remediate contamination in soil and water [1,2] acting, among others, as a soil
ameliorant tool. To further enhance the sorption capacity of biochars, activation processes akin to those
used in the production of activated charcoal are increasingly being adopted [3,4]. These activation
treatments may be particularly useful for improving herbicide sorption capacities of low-temperature
biochar (< 400 ◦C), which are favored for soil fertility applications, but have relatively low sorption
capacities. However, for biochar activation to be effective, it is necessary to understand which biochar
physicochemical properties are affected, and whether or not these changes influence the binding of the
target compound.

Activation treatments can be physical, chemical, or thermal in nature. For example, biochars can be
activated through grinding or ball milling (physical activation), treating with acids, bases, and oxidizers
[e.g., hydrogen peroxide (H2O2)] (chemical activation), or re-pyrolyzing at a higher temperature
than the production temperature (thermal activation). Typically, the goal of these post-production
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treatments is to increase biochar’s specific surface area (SSA) and introduce reactive functional groups
which can increase the material’s adsorption capacity [5].

Generally, changes in biochar SSA and O functionality are credited for the increases in adsorption
following activation [6]. However, to predict whether such changes will increase sorption, it is key to
understand which adsorption mechanisms dominate. A variety of adsorption mechanisms have been
proposed to describe interactions between biochar and organic compounds including hydrophobic
interactions, electrostatic surface complexation, ion exchange, hydrogen bonding, π–π interactions,
co-precipitation, inner-sphere complexation, and the formation of charge-transfer metal complexes [7,8].
The degree of adsorption, as well as the mechanisms involved, depends on the interactions between the
properties of the biochar, the chemical involved, as well as the solution chemistry. Biochar properties
cited to influence the binding of organic chemicals, include porosity, SSA, pH, and the presence of
specialized functional groups [2]. With regard to the sorbate, molecular size, solubility, and its potential
to ionize are a few of the well-known influential characteristics [9].

Adsorption mechanisms are often inferred from correlations between biochar physicochemical
properties (e.g., SSA; aromaticity; O:C; ash content) and sorption capacity. Many studies rely on
the variability in the biochar physicochemical properties that arises from differences in feedstock
materials or changes in pyrolysis temperatures [10]. However, it is difficult to discern the importance
of individual parameters by this method, since each pyrolysis system possesses its own thermal
transfer properties and thereby confers differential chemical and sorptive properties to the biochar [11].
Additionally, it is challenging to ascertain the influence of biochar surface moieties when the bulk
chemical composition and physical structure differ (e.g., such as differential dissolution of carbonate/ash
material from biochar). However, some activation treatments can function as an improved strategy
to deduce adsorption mechanisms by altering limited properties of a single biochar and creating a
more direct comparison [12]. Furthermore, few studies have used modified low-temperature biochars
as a tool to elucidate biochar-herbicide binding mechanisms [13], and useful insight may be gained
through the application of a chemical activation-based approach. Although many works have reported
the sorption mechanisms of biochar prepared at low temperature, compared to high-temperature
biochars, the effects of activation on low-temperature materials are less clearly defined. Changes to
the biochar properties depend largely on what activation treatment is used, as well as the original
biochar material. To our knowledge, little has been reported dealing with the activation of biochars
produced at low temperature, i.e., 350 ◦C, with H2O2, since other authors studied different activation
(chemical or physical) methods and other pyrolysis temperatures. For instance, Liu et al. [14] observed
an increase in the SSA of a rice husk biochar (500 ◦C) following potassium hydroxide, KOH, activation
at 65 ◦C, with π–π interactions responsible of the adsorption mechanism of tetracycline on biochar.
More recently, Xiao and Pignatello [12] reported an increase in SSA with thermal air oxidation of a
maple wood biochar (400 ◦C), together with an increase in carboxyl and phenolic groups, reporting that
the main adsorption mechanisms for some ionizable compounds on activated chars were H-bonding
and pore filling.

Finally, the activation has also been used to simulate and predict the long-term behavior of
biochars when they are added to soil, since their surfaces undergo changes that can modify their
sorption properties and H2O2 has been proposed to this aim [15]. Mia et al. [16] proposed the activation
of a biochar prepared at 550 ◦C with H2O2 to predict the long-term behavior of biochars to sorb
nutrients, phosphate, and ammonium. Coadsorption and pore filling were the mechanisms proposed
after the chemical activation. Regarding pesticides, this knowledge is still inconsistent; in a previous
work, we found that three highly persistent ionizable pesticides had a completely different sorption
behavior over time on the same aged biochar and differences were attributed to the water-soluble
fraction [17].

In this work, the activation of a grape biochar produced at 350 ◦C was performed by its treatment
with H2O2. H2O2 is a desirable means of activation because it is relatively inexpensive, decomposes
to H2O and O2, is effective at ambient temperatures, and does not introduce foreign elements into
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the biochar structure. We hypothesized that the activation of the biochar prepared at 350 ◦C with
H2O2 could modify its surface affecting differently to its adsorption capacity towards ionizable and
polar herbicides. Data reported here would be useful to prepare customized biochars to optimize the
behavior of pesticides in agricultural soils, which is the critical step for the wide-spread use of biochar
as soil amendment. Hence, the objectives of this study were to (1) assess the effects of H2O2 activation
on a low-temperature grape wood biochar, (2) evaluate the impact of activation on the sorption of two
herbicides, one anionic, cyhalofop, and other neutral and polar, clomazone, and (3) elucidate potential
sorption mechanisms.

2. Materials and Methods

2.1. Chemicals and Biochars

Two herbicides with distinct chemistries were selected for comparison in this study (Figure 1).
Cyhalofop-butyl (butyl(2R)-2-[4-(4-cyano-2-fluorophenoxy) phenoxy]propionate) is a post-emergence
aryloxyphenoxy propionic acid herbicide used in dry-seeded, water-seeded, and transplanted rice [18].
In soil, cyhalofop-butyl is rapidly transformed into its acid form, which exhibits lower sorption and
higher water solubility [19]. Therefore, cyhalofop acid ((2R)-2-[4-(4-cyano-2 fluorophenoxy) phenoxy]
propanoic acid) (pKa = 3.9 at 25 ◦C) was used in this study, and is henceforth referred to simply as
cyhalofop. Clomazone [2-(2-chlorophenyl) methyl-4,4-dimethyl-3-isoxazolidinone] is a nonionizable
pre- or post-emergence isoxazolidinone herbicide used in rice production, as well as in soybean, peas,
and cotton cropping systems.

 

Figure 1. Chemical structures of clomazone and cyhalofop herbicides.

Analytical standards of cyhalofop and clomazone were purchased from Sigma-Aldrich (St. Louis,
MO) for use in the sorption experiments. Solutions were prepared at a concentration of 1 mg L−1

in deionized (DI) water for each herbicide. Two additional cyhalofop solutions were prepared at
equivalent concentrations (1 mg L−1) with 0.01 M CaCl2, and 0.01 M KCl to evaluate the influence of
different salts on the sorption of this ionic compound.

Biochars used in this study were produced from grape wood pruning waste. Pyrolysis was carried
out at temperatures of 350 ◦C (G-350), 500 ◦C (G-500), and 900 ◦C (G-900) using a Lindberg bench
furnace equipped with a gas-tight retort (Lindberg/MPH, Riverside, MI) under a constant nitrogen
inert gas flow. All biochars were held at their maximum temperature for two hours. Biochar was then
cooled in the system (still under nitrogen purge) before being exposed to the atmosphere. The biochars
were stored in sealed plastic bags until used. Biochar properties appear in Table 1.
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Table 1. Biochars properties.

Feedstock
Pyrolysis

Temperature
(◦C)

Moisture
%

Ash % VM 1 % C % H % N % O %
SSA 2

(m2 g−1)

Grape
wood 350 3.5 10.9 39.5 66.6 4.0 1.1 17.5 < 1

Grape
wood 500 4.0 16.8 19.3 70.4 2.3 0.9 9.6 < 1

Grape
wood 900 1.3 22.2 6.6 71.6 0.1 1.0 4.9 124

1 Volatile matter; 2 Specific surface area determined by N2 sorption.

Activation of the G-350 biochar was carried out by treatment with H2O2. Approximately 10 g of
G-350 biochar was immersed in 50 mL of a 3% H2O2 solution and allowed to react for a period of 24 h
at room temperature (22 ◦C). This biochar was selected for being prepared at low temperature, which
was expected to maintain the agronomic benefits described for these types of biochars as compared to
those prepared at higher pyrolysis temperature [20]. The 3% H2O2 solution was used to minimize the
amount of oxidizing agent while the properties of the biochar are modified, according to previously
published data [21]. The biochar was then rinsed with DI water and oven dried (110 ◦C) prior to
use. Activation was carried out shortly after the biochar was received (<2 weeks after production).
Henceforth, the activated material will be referred to as the G-350 H2O2.

2.2. Biochar Characterization-G-350 Versus G-350 H2O2

Bulk biochar properties including C, N, H, and ash content were analyzed by Micro-analysis, Inc.
(Wilmington, DE). All values were reported on a % dry weight, ash-free basis. Oxygen content was
calculated by difference (O=100–C–N–H–ash).

Biochars were imaged using a Hitachi S3500N Variable Pressure Scanning Electron Microscope
(SEM) (Toyko, Japan) to visually inspect their physical structure. To reduce sample charging and
improve image resolution, biochar samples were coated with a 2 nm layer of metal (60% Au, 40% Pd)
using a Cressington 108 Auto Sputter Coater (Watford, England).

Fourier transform infrared spectroscopy (FTIR) was used to assess the biochar surface functional
groups. FTIR was performed using a Jasco FT/IR 6300 spectrometer (Jasco Europe s.r.l.) equipped with
Mercury-cadmium-telluride (MCT) detector fitted with an attenuated total reflection (ATR) accessory
(MIRacle™ Single Reflection ATR from Pike Technologies, WI, USA). The spectral range used ranges
between 4000 and 580 cm−1, with nominal resolution of 2 cm−1 and 15–20 numbers of scans. Biochar
samples were oven dried and ground prior to analysis.

Zeta potential was measured to evaluate electrostatic characteristics of biochar particles suspended
in solution. Analysis was performed on G350 biochar with and without activation in suspensions of DI
water and 0.01 M CaCl2 (40 mg: 8 mL) by dynamic light scattering using a Zetasizer Nano ZS Analyzer
(Malvern Instrument, Malvern, United Kingdom).

2.3. Water Vapor and Herbicide Sorption

Water vapor sorption on biochars was measured following the methods of McDermot and
Arnell [22] and Medic et al. [23] to evaluate the accessible surface area and surface energy. Biochars were
placed in sealed chambers held at different relative humidities using salt solutions [24]. The biochars
were periodically removed and weighed until equilibrium was established, then total water sorption was
determined by mass difference. Water vapor sorption data were fit to a linear Brunauer-Emmett-Teller
(BET) model from which SSA [1] and the isoteric heat of adsorption (Ea) [2] were calculated.
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The specific surface area, SSA; is estimated from the following relationship:

SSA =
(nmNσ

m

)
(1)

where nm = moles H2O in monolayer, N = Avogadro’s number (6.02 × 1023), σ = surface area per
H2O molecule (10.8 × 10−20 m2), and m =mass of sorbent (g). The isoteric heat of adsorption (Ea) is
calculated by the following:

Ea = ln(c)RT (2)

where c = BET constant, R = gas constant (8.314 × 10−3 kJ K−1 mol−1), and T = temperature (K).
Herbicide sorption measurements were performed in triplicate using the batch equilibration

method [25]. Biochar (40 mg) and 1 mg L−1 herbicide solution (8 mL) were combined in glass centrifuge
tubes with Teflon lined caps (preliminary studies showed neither herbicide sorbed on the centrifuge
tubes) [26,27]. After shaking in an end-over-end shaker (30 r.p.m.) at 20 ± 2 ◦C for 24 h, samples
were centrifuged (5000 rpm, 10 min), and 4 mL of supernatant were removed and filtered (0.45 μm),
discarding the first 2 mL. The remaining 2 mL of filtered solution were transferred to 2 mL amber
screw top vials for analysis by high performance liquid chromatography (HPLC), as detailed below.

Herbicide sorption on the biochar materials was evaluated based on removal efficiency (RE),
calculated as:

RE =
Ci −Ce

Ci
× 100 (3)

where Ci = initial herbicide solution concentration (mg L−1) and Ce = solution concentration at
equilibrium (mg L−1). The pH of the supernatant was measured directly in the sample tube at the
end of the experiment. The solution pH was not adjusted or buffered during sorption measurements
to fully account for the effects of activation and avoid further changes to the surface chemistries of
the materials.

The sorption-desorption isotherms were also obtained for clomazone and cyhalofop on untreated
and H2O2 activated G-350 biochar. For this purpose, in triplicate, 40 mg of each biochar were
equilibrated with 8 mL of different solution of each herbicide with initial concentration ranging
between 0.2 and 5 mg/L for 24 h at 20 ± 2 ◦C. Then, the suspensions were centrifuged and the
supernatants were removed, filtered, and analyzed by HPLC. Sorption isotherms were fitted to the
Freundlich equation:

Cs = Kf CeN
f (4)

where Cs = amount of herbicide sorbed (mg kg−1) and Ce = solution concentration at equilibrium
(mg L−1). Kf and Nf are the empirical Freundlich constants calculated from its linearized form.

2.4. HPLC Analysis

Both cyhalofop and clomazone were measured by HPLC using a C-18 column (Kinetex C-18) in a
Waters 600E chromatograph (Milford, MA) coupled to a diode array detector (Waters 996). The UV
absorbance was monitored at 233 and 230 nm for cyhalofop and clomazone, respectively. The mobile
phase was 50:50 (v/v) acetonitrile/water adjusted to pH 2.0 with phosphoric acid (H3PO4) for cyhalofop,
and 35:65 (v/v) methanol/water for clomazone, with a 1 mL min−1 flow and 25 μL injection volume.
Instrumental limit of detection (LOD) was calculated as the lowest observable concentration giving a
signal-to-noise (S/N) ratio of 3:1, while instrumental limit of quantification (LOQ) was calculated as the
concentration resulting in an S/N ratio of 10:1. The LOD and LOQ were 0.01 mg L−1 and 0.03 mg L−1,
respectively, for both herbicides.

2.5. Statistical Analyses

Statistical evaluations of sorption based on RE values are detailed below for the various
comparisons. All data are the means of triplicate samples with the exception of cyhalofop sorption in
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0.01 M KCl which was conducted in duplicate. The effects of H2O2 activation on RE were evaluated
for each herbicide using t-tests (p < 0.05) comparing individual herbicide-solution pairs (e.g., RE
of cyhalofop on G350 versus G-350 H2O2 in H2O). The effects of variable background solutions on
cyhalofop RE were evaluated by analysis of), variance (ANOVA and means were compared using
Tukey’s honest significant difference (HSD) test (p< 0.05). The effects of biochar production temperature
on sorption for each herbicide were also evaluated based on ANOVA, and if statistically significant
differences existed, the means were further compared using Tukey’s HSD test (p < 0.05). Additionally,
mean RE values of the two herbicides were analyzed pair-wise for each temperature using a series of
t-tests to determine statistically significant differences (p < 0.05). All statistical analyses were performed
in R (Version 3.3.2). Figures were plotted using Sigma Plot® (Version 13.0 for Windows, 2014, Systat
Software Inc., Point Richmond, CA, USA).

3. Results and Discussion

3.1. Biochar Activation Observations

Vigorous, rapid bubbling was observed upon the addition of H2O2 to the biochar, consistent with
observations of effervescence by Lawrinenko et al. [21]. It is unclear whether the bubbling was due to
reactions with the carbon structure of the material [28], or simply the decomposition of H2O2 catalyzed
by metal oxides in the biochar ash component [29], or a combination of the two mechanisms. A variety
of reactions have been reported following the exposure of biochar to H2O2, depending on the biochar
properties [30] and activation conditions (e.g., pH, presence of ferrous salts [31]).

Once dry, the H2O2 activated G-350 biochar was noticeably lighter in color, shifting from a dark
gray to a brownish hue (not shown). Alkaline H2O2 is commonly used in the bleaching of wood pulp
and appears to have similar effects on low-temperature biochar. The bleaching effects of H2O2 on wood
pulp have been attributed to the removal of chromophores and the breakdown of lignin [32]. However,
the presence of transition metal ions is known to diminish the bleaching process by directly degrading
the H2O2. Because bleaching effects are curtailed by metal-catalyzed degradation of H2O2 [32], the
observed lightening of the biochar itself suggests that the H2O2 was not solely degraded by metals
associated with the ash component.

The bulk composition of the G-350 biochar showed the following changes with activation: carbon
content decreased from 62.7% to 59.2%, whereas nitrogen content increased from 1.06% to 1.15%, and
oxygen content increased from 32.4% to 36.6% following H2O2 activation. The ash content of the
biochar decreased from 10.5% to 3.5% following H2O2 activation. While other studies have observed a
similar decrease in biochar carbon content with H2O2 treatments [16,30], changes may be affected by
the source material. Huff and Lee [21] reported no changes in the bulk structure of a pinewood biochar
(400 ◦C) with H2O2 treatments ranging from 1% to 30% H2O2. In the present study, the measured
decrease in carbon could be due to either a loss of inorganic carbonates or organic carbon in the form of
labile aliphatic groups. The loss of carbon can lead to the concentration of other elements. Because no
new nitrogen atoms should be directly introduced by the H2O2 treatment, the increase in N suggests
some degree of concentration due to mass loss. Furthermore, the reduction in the ash content could
contribute to the concentration of N. In contrast, external O may be introduced on the biochar by
activation, and the loss of ash may decrease the O content through the loss of oxides and carbonates.
Therefore, bulk elemental analyses alone are not enough to confirm changes in the oxygen functionality
of the material.

SEM images of G-350 (a and b) and G-350 H2O2 (c and d) are shown in Figure 2. Compared to the
untreated biochar, the G-350 H2O2 has more open pores. The uncovering or opening of these pores
likely resulted from the degradation of the more labile carbon (i.e., aliphatic groups) at the biochar
surface by the H2O2. The oxidative degradation of carbon structures by H2O2 is a well-known reaction;
for example, soils are often treated with H2O2 to remove organic matter [33]. The opening of pores via
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the removal of labile C is also supported by the decrease in C content following activation (62.7% to
59.2%).

 
Figure 2. Scanning Electron Microscope (SEM) images of (a) the untreated G-350 (250×); (b) the
untreated G-350 (1.5k×); (c) G-350 H2O2 (250×); (d) G-350 H2O2 (1.5k×.) biochars.

ATR-FTIR spectra of H2O2 activated G-350 biochar, G-350, G-500 and G-900 are shown in Figure 3.
The following peak identifications correspond with those reported by Li et al. [34]. The broad band
between 3200 and 3600 cm−1 represents the O–H stretch from adsorbed water, while the peaks at 2921,
2855, and 1419 cm−1 result from aliphatic C–H. The presence of C=C and C=O stretching in aromatic
rings are responsible for the peak at 1616 cm−1, and the peak at 1317 cm−1 was attributed to aromatic
CO– and phenolic –OH groups. The peaks at 1018, 872, and 777 cm−1 likely result from the presence of
silicate minerals (Si–O–Si) in the biochar samples, which is not surprising given that the G-350 biochar
is over 10% ash. Alternatively, the peak at 777 cm−1 has been attributed to aromatic C–H stretching in
biochar samples [21], and the peak at 872 cm−1 has been attributed to aromatic C–H as well as C–O
from carbonates [35].

While the overall differences between the G-350 spectra before and after activation appear to be
minor, slight changes in O functionality and aliphatic groups are evident. The G350 H2O2 spectrum
suggests an increase in O-containing functional groups, most notably at 1310 and 1616 cm−1. A similar
increase in O-groups was reported by Huff and Lee [27] following H2O2 activation of a 400 ◦C
pinewood biochar at room temperature, as was an increase in the 775 cm−1 peak. Huff and Lee [27]
proposed that the increase at 775 cm−1 represented an increase in C–H stretching, possibly resulting
from the opening of aromatic rings. In contrast, the decreased intensity of the aliphatic bands near
2900 cm−1 observed in the present data suggests a decrease in aliphatic functional groups, which is
consistent with their degradation by reactions with H2O2. Regarding the biochars prepared at 500 ◦C
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and 900 ◦C, there was a decreased in the intensity of the O–H stretching of the hydroxyl groups at
3424 cm−1, due to the loss of hydration, and the C–H stretching of the aliphatic vibration groups
(2921–2855 cm−1). The disappearance of the phenolic –OH and aromatic CO also suggest a loss of
functionality in these materials, as has been published previously [36,37], which would explain the
observed sorption behavior.

Figure 3. Fourier transform infrared spectroscopy (FTIR)-attenuated total reflection (ATR) spectra of
H2O2 activated G-350 biochar, G-350, G-500, and G-900.

Biochar produced at low temperatures generally have a variety of surface functional groups
compared to high-temperature biochars, which more closely resemble aromatic graphitic carbon [35].
Limited decarbonylation and decarboxylation reactions take place below 350 ◦C, resulting in the
presence of more polar surface groups, aliphatic groups, and a more amorphous character [10].
Typically, oxidative activation treatments add O to higher temperature biochars or charcoals in the case
of activated carbon, which have limited functionality (i.e., flat FTIR spectra); therefore, the increase
in O is clearly observable. However, it is unclear whether or not a similar oxygenation process is
taking place on this low-temperature material with many pre-existing O groups. The FTIR data do not
provide adequate evidence to determine whether the observed increase in the O-group peaks is from
the addition of O (i.e., chemisorption of O on defect sites [30]), or if these peaks sharpen due to the
removal of the aliphatic C groups (i.e., uncovering pre-existing atoms or concentrating their signal).

A key challenge in interpreting biochar FTIR spectra is that the peaks are the sum of interactions
of difference groups, and the information is not often quantitative [38]; the magnitude of changes to
biochar that were observed are not known. Furthermore, bands of mineral components can overlap the
typical C–O and C–H peaks associated with the organic phase [39], which can lead to misinterpretations
of the data. This may be particularly problematic for biochars with high ash contents, and in comparing
biochars with different ash content or composition.

Biochar pH was strongly influenced by the treatment with H2O2, decreasing from 7.9 to 4.8 in
H2O (7.5 to 4.5 in 0.01 M CaCl2). The pH decrease may be related to the changes in functionality
(i.e., increased surface acidity) [21,40]. However, given the drastic nature of this decrease, it is likely
other factors also play a role and the importance of metal oxides in the ash cannot be ruled out.
In comparison, Huff and Lee [27] reported a 1.5 unit decrease in pH with 30% H2O2 treatment, but
only a 0.1 unit decrease with 3% H2O2 for different wood biochars. The decrease in ash content with
H2O2 treatment likely facilitated the observed decrease in pH.

Chemical activation had no measurable effect on the zeta potential of the G-350 biochar in DI water.
The original G-350 and its activated counterpart had measured zeta potential values of −27.4 ± 2.2 mV
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and −26.4 ± 1.2 mV, respectively, in DI water, indicating a net negative surface charge. The biochar
zeta potentials were less negative when measured in 0.01 M CaCl2 from the screening effects of the
ions in solution (−10.4 ± 1.7 mV and −14.2 ± 1.6 mV for G-350 and G-350 H2O2, respectively), and
G-350 H2O2 was significantly less negative than G-350 (t-test, p = 0.04).

The zeta potential was measured at the natural pH level of each biochar. Because zeta potential
correlates with pH, if the variable-charge surface groups were unaltered, the lower pH of G-350 H2O2

would be expected to have a more positive zeta potential value. However, the unchanged value in DI
water suggests more charge groups are present on the activated biochar, which is in agreement with
the FTIR data.

H2O2 activation increased the water vapor SSA of G-350 by nearly 3-fold, from 47 to 140 m2 g−1.
The increase in SSA with activation is consistent with the opening of pores visible in the SEM images
(Figure 2). Though only macropores are clearly distinguishable on the scale imaged, the opening of
additional micropores may have also contributed to the rise in SSA.

Isoteric heats of adsorption of water vapor (Ea values) were 23 and −43 kJ mol−1 for G-350 and
G350 H2O2 biochars, respectively. Values that are more negative indicate more energetically favorable
adsorption. Activation of G-350 by H2O2 increased the biochar surface’s affinity for water vapor,
based on the large decrease in Ea. Water is a polar molecule; therefore, Ea values can be influenced by
site-specific electrostatic interactions. It is possible that the newly developed (or uncovered) O-group
nucleation sites are responsible for the observed decreased Ea with chemical activation. The decrease in
aliphatic C-H observed in the FTIR spectra following activation, also supports this observed decrease
in the G-350 biochar’s hydrophobicity [41].

3.2. Herbicide Sorption

Activation of the G-350 biochar by H2O2 increased cyhalofop RE but did not significantly change
clomazone RE as compared to unactivated biochar (Figure 4). In H2O, cyhalofop RE increased from
6.3% to 35.4%, while clomazone RE did not significantly increase (65.0% to 70.3%). Though a different
activation method was employed (i.e., post-pyrolysis air oxidation), Xiao and Pignatello [12] similarly
found that activation had a greater effect on organic acid adsorption than on neutral compounds.

Figure 4. Removal efficiency (RE) of G-350 biochar with and without H2O2 activation for cyhalofop
and clomazone. Error bars represent the standard error of the mean (n = 3). Lowercase letters indicate
significant differences between RE means with and without activation for individual chemical/solution
pairs (p < 0.05). Uppercase letters indicate significant differences among background solutions for each
biochar (p < 0.05).
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Clomazone RE was greater than cyhalofop RE on both the G-350 (65.0% versus 6.3%) and G-350
H2O2 (70.3% versus 35.4%) biochars. This finding is consistent with the sorptive behavior of clomazone
versus cyhalofop in soil, where average distribution coefficient normalized to total organic carbon,
Koc, values are 300 and 186, respectively [42]. In previous work, clomazone was also sorbed greater
than other anionic pesticide, byspiribac sodium, when the soil was amended with biochars prepared
at 350 ◦C [27]. This was attributed to the presence of more amorphous organic matter within the
carbonaceous matrix in biochar and further abundance of surface functional groups, according to
higher O/C ratios, could favor specific chemical interactions, as reported for others polar organic
compounds [27]. The scarce sorption of cyhalofop can be explained by its low pKa (3.9) which favors
the predominance of the anionic form at most biochar pH levels (pH > 7). In its anionic form there
would be reduced attraction to negatively charged surfaces. This electrostatic repulsion along with its
low SSA values (<1 m2/g) has been the key factors cited for the low sorption of anionic pesticides on
biochars [27].

The sorption isotherms were well-fitted to the Freudlich equation with R2 > 0.970 for all cases
(Table 2) and they confirmed the trend observed for the RE (Figure 5). That is, the activation was
only satisfactory for cyhalofop whereas no changes were registered for clomazone after the treatment
of of G-350 with H2O2 (Figure 5). The Nf values < 1 registered for the activated biochar was an
indication of the limited availability of sorption sites whereas for G350 closer to 1 suggesting more
partitioning medium (Table 2). This fact has been associated with adsorption mechanism for others
organic compounds in biochars [27].

Table 2. Freundlich Coefficients for cyhalofop and clomazone sorption isotherms on G-350 and
G-350-H2O2.

G-350 G-350-H2O2

Herbicide Kf Nf R2 Kf Nf R2

Cyhalofop 13.9 (12.6–15.4) 1 0.92 ± 0.09 2 0.970 48.3 (44.6–52.4) 0.75 ± 0.07 0.976
Clomazone 284 (264–306) 0.81 ± 0.05 0.990 284 (265–305) 0.74 ± 0.04 0.990

1 Values in parentheses correspond to the range in the values of the Freundlich coefficient; 2 values ± standard error.

Figure 5. Sorption isotherms for cyhalofop and clomazone on G-350 and activated G-350 with H2O2.

To compare the effects of chemical activation to as opposed to thermal activation, REs of the
untreated grape wood biochars (350, 500, and 900 ◦C) are shown in Figure 6. As seen with the activated
biochar, clomazone sorption was significantly greater than cyhalofop sorption on both G-350 and
G-500. Within the temperature series, the G-900 biochar had the greatest affinity for both herbicides,
removing > 99% from solution, while the REs of G-350 and G-500 did not significantly differ from
one another for either compound. The high RE of G-900 is consistent with the commonly reported
trend of increased sorption with biochar production temperature, which is often attributed to increase
in aromaticity and SSA with temperature (e.g., Chen et al. [10]). While the H2O2 activation of G-350
increased the RE of cyhalofop, the REs for both cyhalofop and clomazone remained much lower than
with the G-900 biochar and were likely controlled by different sorption mechanisms.
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Figure 6. Removal efficiency (RE) of grape wood biochars for cyhalofop and clomazone in deionized
(DI) water. Error bars represent the standard error of the mean (n = 3). Different lowercase letters
indicate significant differences among temperatures for individual herbicides (p < 0.05). Uppercase
letters indicate a significant difference between cyhalofop and clomazone REs for each biochar (p < 0.05).

The background solution had a significant impact on cyhalofop removal by both the untreated and
H2O2 activated biochars; however, the effects were not consistent across the two materials (Figure 4). It
is anticipated that adsorption will vary with solution ionic strength [9], consistent with that observed for
cyhalofop on untreated G-350. Previous studies of aromatic acid sorption on carbonized sorbents have
reported similar trends of increasing sorption with ionic strength [43], suggesting electrostatic-based
mechanisms; however, other studies have reported no effect of ionic strength on organic acid sorption
on biochar [44]. In contrast, cyhalofop sorption on G-350 H2O2 did not increase with ionic strength
or follow any clear trend. The lower pH of the G-350 H2O2 biochar may have also dampened the
screening or bridging effect of cations, as suggested by the lower magnitude of RE variability.

The effects of activation on G-350 biochar could be the results of a variety of mechanisms,
i.e., changes in ash/mineral fraction, O functionality, aliphatic carbon, SSA, pH, zeta potential,
π-interactions, or combinations thereof. If the mineral fraction of the biochar were actively involved in
adsorption, we would expect to see a decrease in RE correlating to the decrease in % ash; however, this
was not the case for either herbicide. Clomazone RE did not change, suggesting that the ash content
has no effect. Cyhalofop RE increased, suggesting that the ash may have been blocking active binding
sites [9], or otherwise altering properties that impact cyhalofop adsorption, specifically pH [45].

Both the bulk analysis and FTIR data suggest a slight increase in O functionality of the biochar
surface following chemical activation. Because clomazone RE did not change with activation, there
is no evidence to support direct interactions with these newly formed O groups. In contrast, the
increase in cyhalofop RE on G-350 H2O2 suggests the new, or newly accessible, groups were influential;
therefore, site-specific mechanisms such as charge-assisted hydrogen bonding (CAHB) may be critical
for cyhalofop sorption.

The change in aliphatic C with activation can help in discerning the role of hydrophobic interactions.
Unlike activated charcoals and high-temperature biochars where hydrophobicity is related to its large
aromatic C structure, the hydrophobicity of low-temperature biochars arises from the presence of
hydrophobic aliphatic functionalities [46,47]. The H2O2 activation appears to have degraded some of
the aliphatic groups present on the original G-350 biochar, which should theoretically decrease the
hydrophobicity of a low-temperature biochar surface. This was confirmed in our study by the decrease
in water vapor Ea. Therefore, if the labile hydrophobic C were responsible for the removal of the
herbicides, we would expect to see a decrease in RE. The unchanged RE of clomazone instead does not
support hydrophobic effects with these non-aromatic groups. Similarly, the aliphatic groups did not
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appear to contribute to the removal of cyhalofop, and instead may have been preventing site-specific
interactions with O groups.

The decrease in water vapor Ea with activation supports the decrease in biochar surface
hydrophobicity; therefore, if hydrophobic effects were key in the sorption of either herbicide, decreased
REs should have been observed. Water vapor adsorption data also identified an increase in SSA with
activation. The increase in SSA corresponded to an increase in cyhalofop RE, but not clomazone
RE, suggesting the newly exposed surfaces favored interactions with the ionizable compounds, or a
removal of pore size restrictions for the slightly larger cyhalofop molecule.

Though porosity was not explicitly measured in this study, the increased SSA and SEM images
suggest an increase in porosity with activation. While the SSA measurable by water vapor indicates
a large increase, it is important to keep in mind that the larger clomazone and cyhalofop molecules
cannot necessarily enter newly developed micropores accessible to the smaller water molecules. For all
porous materials, pore filling is a potential removal mechanism; however, the data in this study do
not support it as the dominant mechanism controlling adsorption on biochar. If pore filling were a
dominant mechanism, we would expect to see both cyhalofop and clomazone adsorption increase
following the H2O2 treatment, as both molecules are of similar size. Instead, only an increase in
cyhalofop adsorption was observed. The treatment with 3% H2O2 at room temperature was relatively
mild compared to other activation methods, such as thermal oxidation, where porosity has been shown
to play a larger role in the increased organic chemical sorption (e.g., [7]).

Changes in pH arise from changes in the previously discussed biochar properties (i.e., ash content
and surface functionality), but their effects must also be considered independently. Because pH
influences the relative abundance of charged species for ionizable compounds such as cyhalofop, it is
crucial to take into account changes in this distribution. As previously stated, pH was not adjusted in
this experiment in order to fully account for the effect of activation and prevent further changes to the
material. Based on the solution pH of the untreated G-350 biochar (pH 7.9), 100% of the cyhalofop
would be present in its anionic form, while 89% is expected in the anionic form with the activated
biochar (pH 4.8). Though important to note, this shift in species distribution does not appear to fully
account for the >450% increase in cyhalofop RE with activation. Similarly, the slightly lower pH of the
biochars in 0.01 M CaCl2 may contribute in part to the higher cyhalofop RE (compared to H2O), but
other mechanisms such as cation bridging are also likely influential [48].

Zeta potential, likewise, is related to the aforementioned changes in biochar properties, as well as
pH. For a negatively charged biochar surface, the general trend is for zeta potential to become less
negative as pH decreases. Therefore, if we assume no change to the biochar surface with activation, the
three-unit decrease in pH would be expected to result in a more positive zeta potential. However, we
observed either no change (H2O) or a more negative (0.01 M CaCl2) zeta potential following activation,
which is in agreement with the observed changes to the biochar surface chemistry. Because the net
charge did not become more positive, non-site-specific electrostatic forces of the material would not be
expected to favor a greater attraction of the anionic cyhalofop, again suggesting the importance of
mechanisms such as CAHB with selected functional groups [44,49].

π–interactions (e.g., π–π overlap, polar –π) are often cited as adsorption mechanisms for the
removal of organic compounds by biochar (e.g., antibiotics [48,50]), but most often are associated with
high temperature biochars and activated charcoals. While many aromatic π-orbitals are present in the
G-350 biochar, only small ring clusters exist within biochars produced at these low temperatures, and
the structure is more amorphous than high temperature biochars [36]. Additionally, the presence of
many functional groups, such as long aliphatic side chains, as have been registered by FTIR (Figure 3),
can sterically hinder these interactions and influence the distribution of delocalized electrons.

Sorption mechanisms for organic compounds are often cited to shift from partitioning in
the noncarbonized organic fraction to adsorption on the carbonized material as biochar pyrolysis
temperatures increase [10]. However, partitioning is not specific mechanism that can be determined,
but rather describes the removal of a sorbate from solution that follows a linear isotherm. Theoretically,
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the sorbate is dissolving into the organic matter; in the case of biochar, the noncarbonized (amorphous)
fraction. Because partitioning is not a clearly defined mechanism, it is challenging to comment on its
importance from the data in this study. However, if partitioning were occurring in the labile C fraction
of the original biochar, we would have expected to see a decrease in RE with activation.

Numerous other mechanisms appear in the biochar literature (e.g., Van der Waals forces, hydrogen
bonding, etc.); however, we cannot elucidate the individual contributions of each specific mechanism.
It is also important to recall that multiple mechanisms simultaneously contribute to the observed net
sorption. We can, however, begin to prioritize the mechanisms.

4. Conclusions

Characterization of a low temperature grape wood biochar before and after activation revealed
that 3% H2O2 at room temperature, a relatively mild treatment, was sufficient to alter the surface
chemistry of the biochar as well as the bulk composition. The activation induced changes improved
the sorption of cyhalofop, but not clomazone, which suggests that H2O2 activation treatments may
be of use for sorbing organic acid herbicides but is of little value in optimizing the removal of polar,
non-ionizable compounds. However, the ability to target weak acid herbicides is particularly beneficial,
as their anionic nature makes them particularly susceptible to leaching and contaminating groundwater.
Furthermore, the demonstrated ability to improve sorption on a low temperature biochar is promising
for agricultural use.

With regard to sorption mechanisms, it was found that neither ash, nor labile C (aliphatic groups)
were key in the removal of cyhalofop and clomazone. Instead, cyhalofop removal appeared to
be favored by the decreased pH with activation and the availability of O functionality; therefore,
charge-based mechanisms such as CAHB are hypothesized to dominate its sorption by biochar.
In contrast, the activation effects in this study suggest hydrophobic effects did not appear to be the
driving mechanism. However, whether the similar mechanisms persist in the soil environment will
need to be examined in future work. In particular, the localized effects of the H2O2-induced pH
decrease should be studied to determine if this sorption-enhancing property remains effective in case
of the other weak acid herbicides.
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Abstract: In Taiwan, farmers often apply excessive compost to ensure adequate crop yield in frequent
tillage, highly weathered, and lower fertility soils. The potential of biochar (BC) to decrease soil C
mineralization and improve soil nutrient availability in excessive compost application soil is promising,
but under-examined. To test this, a 434-day incubation experiment of in vitro C mineralization kinetics
was conducted. We added 0%, 0.5%, 1.0%, and 2.0% (w/w) woody BC composed of lead tree (Leucaena
leucocephala (Lam.) de. Wit) to one Oxisol and two Inceptisols in Taiwan. In each treatment, 5% swine
manure compost was added to serve as excessive application. The results indicated that soil type
strongly influences the impact of BC addition on soil carbon mineralization potential. Respiration per
unit of total organic carbon (total mineralization coefficient) of the three studied soils significantly
decreased with increase in BC addition. Principal component analysis suggested that to retain more
plant nutrients in addition to the effects of carbon sequestration, farmers could use locally produced
biochars and composts in highly weathered and highly frequent tillage soil. Adding 0.5% woody BC
to Taiwan rural soils should be reasonable and appropriate.

Keywords: biochar; soil carbon dynamics; soil fertility; excessive compost application; Ultisols

1. Introduction

Soil degradation due to erosion, salinization, depletion of soil organic matter (SOM), and nutrient
imbalance is the most serious bio-physical constraint limiting agricultural productivity in many parts
of the world [1]. Maintaining an appropriate level of SOM and ensuring the efficient biological cycling
of nutrients are crucial to the success of soil management and agricultural productivity strategies [2,3],
including the application of organic and inorganic fertilizers, combined with the knowledge of how to
adapt these practices to local conditions, aiming to maximize the agronomic use efficiency of the applied
nutrients and thus crop productivity [3]. In soils with low nutrient retention capacity, strong rains rapidly
and easily leach available and mobile nutrients into the subsoil, where they are unavailable for most
crops [4], rendering conventional fertilization highly inefficient [5]. SOM has been reduced in the arable
lands of Taiwan over the last several decades due to highly frequent tillage, in association with high air
temperature and rainfall; in addition, farmers often apply excess compost to ensure adequate crop yield.

Depending on the mineralization rate, organic fertilizers, such as compost, mulch, or manure,
release nutrients in a gradual manner [6], and may therefore be more appropriate than inorganic
fertilizers for nutrient retention under high-leaching conditions. Due to the relatively low levels of
nutrients (10–20 g N/kg and less than 10 g P/kg) in compost, compared to a complete fertilizer, as well as
the low plant availability of compost N and P, a large amount of compost is needed to meet the N and P
crop requirements [7], and farmers often apply excess compost to ensure adequate crop yield, leading to
excessive N and P loading into the environment. In the tropics, however, natural rapid mineralization
of SOM is a limitation of the practical application of organic fertilizers; in addition to repeated
application at high doses and the cost of application of organic materials, their rapid decomposition and
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mineralization may significantly contribute to global warming [8–10]. Excessive manure application
often causes heavy metal accumulation (Cu, Pb, Zn, etc.) in the soil, and the soluble fraction of these
metals tends to increase due to desorption and remobilization of metals previously bound to the soil
matrix, leading to enhanced crop uptake of heavy metals [11]. In acidic and highly-weathered tropical
soils, the application of organic fertilizers and charcoal increases nutrient stocks in the rooting zone
of crops, reduces nutrient leaching, and thus improves crop production [5]. Biochar could be a key
input in raising and sustaining production and simultaneously reducing pollution and dependence
on fertilizers, and could also improve soil moisture availability and sequester carbon [12]. Biochar
(BC) studies have mainly focused on the effects of pure BC addition or artificial fertilizers; however,
pure BC does not provide a high amount of nutrients in most cases [13]. Incorporation of BC-compost
into poor soil is considered a promising approach to produce a substrate like terra preta; the study
demonstrated a synergistic positive effect of compost and BC mixtures on soil organic matter content,
nutrients levels, and water-storage capacity of sandy soil under field conditions [13]. BC either helped
stabilize manure C, or the presence of manure reduced the effect of BC on the mineralization of soil
organic carbon (SOC) [14]. Trupiano et al. [15] showed that both BC amendment (65 g/kg) and compost
(50 g/kg) addition to a moderately subalkaline (pH 7.1) and clayey soil poor in nutrients had a positive
effect on lettuce plant growth and physiology, and on soil chemical and microbiological characteristics;
however, no positive synergic or summative effects exerted by compost and BC in combination were
observed compared to compost treatment alone. BC, compost, and the BC-compost blend have fewer
environmental impacts than mineral fertilizer from a systems perspective [16].

In Taiwan, annual precipitation is about 2500 mm (ranging from 1500 mm to 4500 mm) and
annual mean air temperature is about 23 ◦C (28~29 ◦C in summer, 16–19 ◦C in winter). Higher
precipitation always results in enormous soil erosion and nutrient leaching, and warm temperatures
cause rapid decomposition of soil organic matter. In addition, intensive and highly frequent tillage has
resulted in obvious decrease of soil organic matter. These are major setbacks to Taiwan’s agricultural
soils. Harris et al. [17] suggested that proper soil organic carbon (SOC) content should be 4% to 6%.
Wang et al. [18] indicated that the addition of 37 tons/ha organic fertilizer (carbon content was 58%)
per year in rural Taiwan is necessary, and soil organic carbon can be maintained within an appropriate
range. This is equivalent to 2% compost in general rural soil, considering 1800 Mg of soil per hectare
(soil bulk density equal to 1.2 Mg/m and an arable soil layer of 15 cm). The carbon content of swine
manure compost in this study is only 23.3%, much lower than the 58% mentioned above (Table 1).
This suggests that [18] farmers should add at least 5% compost/ha/year to maintain appropriate soil
organic carbon content. The 5% addition rate means adding 90 tons/ha compost to soil, as well as a
large amount of 1800 kg N/ha and 900 kg P/ha to the soil. Taking into consideration economic viability,
the doses of manure compost in Taiwan are recommended as 1% to 2%; however, some farmers apply
more than 2% to 5% in intensive cultivation periods for short-term leafy crops, in an effort to add
more N. However, in excessive compost application soils, little is known about the impact of BC
application rates on the carbon mineralization and soil fertility of mixed-soils (BC, compost, and soil)
in highly frequent tillage soil systems. The in vitro C mineralization kinetics of various BC addition
rates in three selected soils were examined in this study. We hypothesized that the addition of BC may
stabilize compost organic matter, diminish mixed-soil C mineralization, and improve soil nutrient
status. Farmers can gradually reduce the addition of compost over the next few years by adding
biochar to maintain appropriate SOC, reduce N, and prevent loss of nutrients. The aims of our research
were: (1) to quantify the effects of woody BC additions on C mineralization and soil fertility, and (2)
to evaluate the sustainability of woody BC additions in terms of maintaining high SOM content and
nutrient availability.
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Table 1. Characteristics of biochar, compost, and three studied soils.

Characteristics Biochar Compost Pc Soil Eh Soil An Soil

(BC) (SAO) (MAI) (SAI)

pH 9.9 1 8.41 1 6.1/5.0 3 7.5/7.2 3 6.5/6.2 3

EC (dS/m) 0.77 1/1.36 2 3.79 1 0.45 2.21 0.81
Sand (%) 11 24 33
Silt (%) 30 36 33

Clay (%) 59 39 34
Soil Texture Clay Clay loam Clay loam
Total C (%) 82.5 23.3 2.03 1.11 (0.81) 4 0.94

Total N (g/kg) 6.99 22.6 2.71 2.32 1.58
Total P (g/kg) 0.55 10.2 1.16 0.98 0.77

Ex. K (cmol(+)/kg soil) 1.91 6.43 0.32 0.29 0.21
Ex. Na (cmol(+)/kg soil) 1.26 1.09 0.31 0.26 0.37
Ex. Ca (cmol(+)/kg soil) 3.62 2.70 4.85 2.94 2.24
Ex. Mg (cmol(+)/kg soil) 0.40 2.72 0.64 0.80 0.36

CEC (cmol(+)/kg soil) 5.20 19.7 8.58 11.5 14.2
BS (%) 100 69 71 37 22

M3-P (mg/kg) 96.6 6874 163 236 94.0
M3-K (mg/kg) 616 8911 68.4 108 94.1
M3-Ca (g/kg) 4.09 14.5 2.03 8.22 2.99

M3-Mg (mg/kg) 278 3972 143 344 401
M3-Fe (mg/kg) 65.5 396 524 589 1199
M3-Mn (mg/kg) 20.9 188 29.0 213 185
M3-Cu (mg/kg) 0.02 6.22 9.77 9.95 3.17
M3-Pb (mg/kg) ND 5 1.23 10.8 11.7 1.54
M3-Zn (mg/kg) 0.35 62.4 20.4 7.98 5.28

1 The pH and electrical conductivity (EC) of biochar and compost were measured using 1:5 solid: solution ratio after
shaking for 30 min in deionized water; 2 Biochar EC was measured after shaking biochar-water mixtures (1:5 solid:
solution ratio) for 24 h; 3 Soil pH was determined in soil-to-deionized water ratio of 1:1 (g mL−1) and in soil-to-1N
KCl ratio of 1:1 (g mL−1); 4 carbonate content; 5 ND = not detected.

2. Materials and Methods

2.1. Soil Characterization

Three representative rural soils derived from different parent material in Taiwan were selected for
the incubation experiment. The Pingchen (Pc) soil series is a relict tertiary Oxisol (slightly acidic Oxisol,
SAO) in Northern Taiwan [19]. The Erhlin (Eh) soil series is an Inceptisol (mildly alkaline Inceptisol,
MAI) developed from calcareous slate old alluvial parent material in Central Taiwan. The Annei (An)
soil series is also an Inceptisol (slightly acid Inceptisol, SAI) developed from calcareous sandstone-shale
new alluvial parent material in Southern Taiwan. Rice is the commonly grown crop in the sampled
fields. Soil samples were collected in spring 2011 from the upper layers (0–15 cm) of three fields
in Taiwan. Field moist soil samples were air-dried at room temperature (25–28 ◦C), gently crushed
and passed through a 2-mm sieve, and then stored at room temperature for physiochemical analysis.
The physical and chemical characteristics of the top soils (15 cm depth) are presented in Table 1.

Soil pH was determined in a soil-to-deionized water ratio of 1:1 (g/mL) and in soil-to-1 N KCl
ratio of 1:1 (g/mL) [20], and electrical conductivity (EC) was determined by saturation extract of
the soil sample [21]. Soil particle size was determined using the pipette method [22]. Soil total C
(TC) content was determined by dry combustion [23], using an O.I. Analytical Solid Total Organic
Carbon (TOC) (O.I. Corporation/Xylem, Inc., College Station, TX, USA). Soil TC was assumed to be
organic in nature because the low or neutral soil pH precludes carbonates. Soil total nitrogen (TN)
content was extracted by digesting a 1.0 g dried and powdered sample using concentrated H2SO4 in a
Kjeldahl flask using K2SO4, CuSO4, and Se powder as catalysts. TN concentration was determined
via O.I. Analytical Aurora Model 1030W (O.I. Corporation/Xylem, Inc., College Station, TX, USA);
content of soil total phosphorus (TP) in the digested solution was determined with inductively coupled
plasma optical emission spectrometry (ICP-OES) (PerkinElmer, Inc., Optima 2100DV, Waltham, MA,
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USA). The exchangeable bases (Ex-K, Na, Ca, and Mg), cation exchangeable capacity (CEC), and
base saturation percentage (BS%) were measured using the ammonium acetate method at pH 7 [24].
Mehlich-3 extraction [25] was used for analysis of plant available nutrients. Mehlich-3 extractable
(M3-) K, Na, Ca, Mg, Fe, Mn, Cu, Pb, Zn, and P values were measured with ICP-OES.

2.2. Studied BC

BC produced from lead tree (Leucaena leucocephala (Lam.) de. Wit) in an earth kiln was
constructed by the Forest Utilization Division, Taiwan Forestry Research Institute, Taipei, Taiwan [26,27].
The charring for earth kilns typically requires several days and reaches temperatures of 500 ◦C to
700 ◦C. The highest temperature in the kiln at the end of carbonization was above 750 ◦C. The BCs
were homogenized and ground to <2 mm mesh for analyses. The characterization of the studied BC
was described in previous studies [28,29] (Table 1).

2.3. Incubation Experiment

To investigate the effect of biochar on C mineralization of compost excessive application soils,
in this study, 5% commercially available swine manure compost was added as a soil fertilizer, which is
twice the recommended amount of organic fertilizer in Taiwan. The economic viability of 5% manure
compost is highly unlikely for most farmers, but that is not the objective of the present work.

In amended soils, laboratory incubation is generally used to obtain accurate information about
C-mineralization dynamics [30], and the data can then be fitted to or with kinetic models to obtain
complementary information, such as C-mineralization rates and the potentially mineralizable C.
Therefore, a laboratory aerobic incubation experiment was conducted over 434 days to study and
evaluate C-mineralization kinetics in a non-amended (no BC addition) soil sample (i.e., the control)
and in three soils amended with three BC application rates. A total of 12 treatments were used in
this study, and each treatment was set in five replicates. The application rate of BC, 0%, 0.5%, 1.0%,
and 2.0% (w/w), equated to field applications of approximately 0, 9, 18, and 36 tons/ha, respectively,
considering 1800 Mg of soil per hectare (soil bulk density equal to 1.2 Mg/m3 and an arable soil layer of
15 cm). Twenty-five grams of mixed soil sample was placed in 30-mL plastic containers, which were
subsequently put into 500-mL plastic jars containing a vessel with 10 mL of distilled water to avoid
soil desiccation, and a vessel with 10 mL of 1 M NaOH solution to trap evolved CO2. The jars were
sealed and incubated at 25 ◦C. Soil moisture content was adjusted to 60% of field capacity before the
incubation and was maintained throughout the experiment using repeated weighing. The incubation
experiment was run for 434 days with 23 samples taken after 1, 3, 7, 14, 21, 28, 35, 42, 49, 56, 63, 77,
91, 105, 119, 133, 161, 189, 217, 245, 308, 371, and 434 days. After sampling, the vessel with 10 mL of
1 M NaOH solution was removed, resealed, and stored until analysis for CO2 and replaced with fresh
NaOH. A titrimetric determination method was used to quantify the evolved CO2 [31]. The cumulative
CO2 released and C mineralization kinetics were calculated based on the amount of CO2–C released
during different intervals of time in each treatment. In addition, total mineralization coefficient (TMC)
was calculated according to Díez et al. [32] and Méndez et al. [33], as follows:

TMC (mg CO2-C/g C) = CO2-C evolved/initial TOC (1)

where CO2-C evolved is expressed as mg CO2-C/100 g soil and initial total organic carbon (TOC) is
expressed as g C/100 g soil.
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Samples of the BC-treated soil were collected after incubation for 434 days or analysis of plant
available nutrients using Mehlich-3 extraction (M3-) [25]. M3-K, Na, Ca, Mg, Fe, Mn, Cu, Pb, Zn, and P
values were measured with ICP-OES. To compare the changes and quantify the impacts of soil BC
amendments on nutrients, soil pH, TC, TN, TP, exchangeable bases (Ex-K, Na, Ca, Mg), and CEC of the
BC-treated soil on day 434 were also measured.

2.4. Statistical Analysis

The statistical analyses (calculation of means and standard deviations, differences of means)
were performed using SAS 9.4 package (SAS Institute, Inc., SAS Campus Drive, Cary, NC, USA).
The results were analyzed by analysis of variance (one-way ANOVA) to test the effects of each treatment.
The statistical significance of the mean differences was determined using least-significant-difference
(LSD) tests based on a t-test at a 0.05-probability level. The Pearson correlation coefficient (r)
was calculated and principle component analysis (PCA) was performed using SAS 9.4 software.
The multivariate statistical technique of PCA was used to investigate the most susceptible variances
and to identify the important components explaining most of the variances in a large data set.

3. Results

3.1. Carbon Mineralization

The addition of woody BC showed significantly reduced CO2 release in SAO soil, no significantly
difference in MAI soil, and a significant increase in SAI soil (Figure 1 and Table 2). In SAO soil
treatments, the CO2-C release reduced by about 8.8%, 7.0%, and 9.4% for 0.5%, 1.0%, and 2.0%
BC addition rates, respectively. No significant difference was observed in the MAI soil treatments;
the CO2-C release reduced by about 8.8%, 7.0%, and 9.4% for 0.5%, 1.0% and 2.0% BC addition rates,
respectively. In contrast, in SAI soil treatments, the CO2-C release increased by about 6.2%, 15.3%,
and 7.9% for 0.5%, 1.0%, and 2.0% BC addition rates, respectively. The results of total mineralization
coefficient (TMC) indicated a significantly reduced trend with increasing BC addition in SAO and
MAI soil treatments; however, in SAI soil, only the 2% addition showed a significantly decrease,
in comparison with the control. The value of TMC was higher in SAI soil treatments, followed by
MAI soil treatments, and much lower in SAO soil treatments. The TMC value decreased by 16.5%,
24.0%, and 37.8% for 0.5%, 1.0%, and 2.0% BC additions to SAO soil, respectively. In MAI soil, TMC
reduced by 19.6%, 20.7% and 32.5% for 0.5%, 1.0%, and 2.0% BC additions, respectively. In SAI soil,
TMC reduced by 0.7% and 19.8 for 0.5% and 2.0% BC addition, respectively, but increased by 2.0% for
1.0% BC addition. We hypothesized that woody BC addition may stabilize compost organic matter and
diminish C mineralization in soils with excessive compost application, and the results showed that
addition of woody BC to SAO soil produced a favorable effect by decreasing the cumulative amount
of CO2–C evolution, but in SAI soil, it produced an unfavorable effect by increasing the cumulative
amount of CO2–C evolution. We observed no effect in MAI soil.
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Table 2. CO2-C evolved (mg C/100 g dry weight) and total mineralization coefficient (TMC) for control
and amended soils after the incubation experiment 1.

Rate CO2 Evolved (mg C/100 g Dry Weight) TMC (mg CO2-C/g C)

SAO Soil
0% 842 ± 8.7 A 333 ± 3.4 A

0.5% 768 ± 18 B 278 ± 6.4 B
1.0% 783 ± 15 B 253 ± 4.7 C
2.0% 763 ± 21 B 207 ± 5.7 D

MAI Soil
0% 829 ± 30 A 526 ± 19 A

0.5% 782 ± 18 A 423 ± 9.6 B
1.0% 797 ± 17 A 417 ± 8.7 B
2.0% 803 ± 10 A 355 ± 4.5 C

SAI Soil
0% 692 ± 20 C 455 ± 14 A

0.5% 735 ± 18 BC 452 ± 11 A
1.0% 798 ± 24 A 464 ± 14 A
2.0% 747 ± 10 B 365 ± 4.9 B

1 Each value is the average ± standard deviation from three independent experiments. Means compared within a
column, followed by a different uppercase letter, are significantly different at p < 0.05 using a one-way ANOVA
(multiple comparisons vs. studied soil + 0% biochar as a control).

Figure 1. Cumulative CO2-C (mg CO2-C/100 g soil) from the three studied soils treated with 0%, 0.5%,
1.0%, and 2.0% woody biochar. Error bars indicated standard deviation of the mean.
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3.2. Changes in Soil Properties and Fertility Characteristics

After 434 days of incubation, all treatments were analyzed to investigate if BC addition could
result in increasing (enhancing) or decreasing (reducing) soil properties and fertility characteristics in
compost over-applicated soils (Table 3). The enhancing effect on soil fertility characteristics suggests
that adding BC can retain nutrients in compost over-applicated soils, even after one year of incubation.
The high amount of nutrients retained in the soils at the end of the study period suggests that the
farmer could apply less compost in the following year.

Table 3. Mean values of total soil carbon (TC), nitrogen (TN), and phosphorus (TP), soil pH, exchangeable
bases (K, Na, Ca, and Mg), and cation exchangeable capacity (CEC) of four treatments of three soils
after 434-day incubations 1.

Rate pH Ex-K Ex-Na Ex-Ca Ex-Mg CEC TC TN TP C/N

- - - - - - - - - - - - - -coml(+)/kg soil- - - - - - - - - - - - - - - - - - - - - - - - -g/kg- - - - - - - - - - -

SAO Soil
0% 5.66 b 2.55 b 0.72 b 14.9 a 3.58 a 16.4 a 23.9 c 4.37 ab 1.55 c 5.5 c

0.5% 5.75 b 2.87 a 0.91 a 15.0 a 3.73 a 16.4 a 28.0 b 4.43 a 1.77 b 6.3 b
1.0% 5.76 b 2.40 b 0.73 b 14.4 a 3.36 a 16.0 a 31.8 a 4.28 b 1.69 bc 7.4 a
2.0% 5.93 a 2.55 b 0.63 b 15.5 a 3.41 a 16.3 a 34.5 a 4.27 b 2.21 a 8.1 a

MAI Soil
0% 7.53 c 2.64 b 0.66 a 22.9 a 3.37 a 9.7 b 18.2 c 3.64 b 0.88 bc 5.0 c

0.5% 7.58 b 2.92 b 0.68 a 25.5 a 3.78 a 10.1 b 21.9 b 3.62 b 0.75 c 6.0 bc
1.0% 7.58 bc 2.92 ab 0.68 a 25.5 a 3.78 a 10.7 a 22.2 b 4.06 a 1.05 ab 5.5 b
2.0% 7.65 a 3.24 a 0.76 a 25.9 a 3.75 a 10.0 b 32.4 a 4.15 a 1.18 a 7.8 a

SAI Soil
0% 7.04 c 2.14 c 0.59 a 13.9 a 4.24 a 13.4 a 13.7 c 2.86 b 1.26 a 4.8 c

0.5% 7.11 b 2.30 bc 0.54 a 15.3 a 4.52 a 13.3 a 18.3 b 2.89 b 1.11 a 6.3 b
1.0% 7.14 b 2.61 a 0.62 a 15.6 a 4.56 a 13.6 a 21.4 b 3.06 a 0.88 b 7.0 b
2.0% 7.24 a 2.45 ab 0.54 a 14.9 a 4.23 a 12.8 b 26.6 a 3.07 a 0.64 c 8.7 a
1 Each value is the average of three independent experiments. Means compared within a column followed by a
different lowercase letter are significantly different at p < 0.05 using a one-way ANOVA (multiple comparisons vs.
studied soil + 0% biochar as a control).

At the end of incubation, TC significantly increased with increase of BC addition in the three
soils. The significant decreases in CO2-C evolution and TMC with BC addition increase explain the
soil carbon accumulation (sequence) in soils. That is, in this study, BC addition evidently reduced
C-mineralization and TMC, and resulted in more soil C sequestrated in soils. TN content significantly
increased with 1% and 2% BC addition in MAI and SAI soils, but slightly decreased in SAO soil.
The application of woody BC with a high C/N ratio in three soils did not obviously result in soil
nitrogen fixation, but in contrast, increased TN content. The TP content significantly increased with
0.5% and 2.0% BC addition in SAO soil and with 2.0% in MAI soil, but significantly decreased with
1.0% and 2.0% BC addition in SAI soil. The C/N ratio significantly increased with BC addition increase,
the values of which were all less than 10:1 (Table 3).

Soil pH significantly increased with 2.0% BC addition of three soils—about 0.3 pH unit for SAO
soil, 0.1 pH unit for MAI soil, and 0.2 pH unit for SAI soil (Table 3). Within the exchangeable bases, Ca
and Mg showed insignificant difference from the control in the three soils, but obviously increased
in the MAI and SAI soils. The addition of 0.5% BC resulted in a significant increase in the K and
Na contents in SAO soil but a decrease with 1.0% and 2.0% additions. The 2% BC addition in MAI,
and 1.0% and 2.0% BC additions in SAI soil significantly increased K content. CEC showed variable
changes—significant increases occurred in 1.0% BC addition to MAI soil but significant decreases
occurred with 2.0% addition to SAI soil.

In SAO soil, in terms of soil fertility characteristics, M3-P, K, Mg, Fe, and Mn content obviously
and significantly decreased with increasing BC addition (Table 4). In contrast, Ca, Cu, Pb, and Zn
content increased with increasing BC addition, especially with the 2.0% addition. The amount of Cu,
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Pb, and Zn in SAO soil was about 8–9, 10–12, and 26–30 mg/kg, respectively. These values are not very
high and cannot result in plant toxicity. However, we should pay more attention to SAO soil, to ensure
that these metals are not fixed by BC, and their availability may increase after BC addition. In MAI soil,
the amount of P, K, Ca, Mg, Fe, and Mn increased after BC addition, but only K content significantly
increased with 1.0% and 2.0% BC addition. Significant decreases of Cu, Pb, and Zn occurred with 0.5%,
1.0%, and 2.0% BC addition (except for Zn with 2.0%). The application of woody BC in MAI soil can
help retain some nutrients and significantly reduce heavy metal availability. Similar results for K, Cu
and Pb were found for SAI soil. However, P content with 1.0% BC addition and Zn content with 0.5%
and 1.0% addition was significantly increased in SAI soil. Ca, Mg, Fe, and Mn content decreased after
BC addition. Adding BC to SAI soil could result in some nutrient decrease and reduce the availability
of Cu and Pb, but we should pay attention to the risk of increased Zn availability.

Table 4. Mean values of soil fertility characteristics (Mehlich 3 extraction) (mg/kg) of four treatments of
three soils after 434-day incubations 1.

Rate P K Ca Mg Fe Mn Cu Pb Zn

SAO Soil
0% 645 a 461 a 2701 b 533 a 953 a 5.7 ab 8.64 c 10.3 b 26.8 b

0.5% 653 a 467 a 3216 a 556 a 948 a 37.2 a 9.02 bc 10.2 b 28.6 b
1.0% 486 b 408 b 3118 a 444 b 739 b 31.6 c 9.36 ab 11.0 b 27.8 b
2.0% 537 b 457 a 3188 a 474 ab 777 b 3.5 bc 9.83 a 12.3 a 30.6 a

MAI Soil
0% 769 ab 474 c 7594 a 636 ab 694 ab 286 a 8.73 a 12.9 a 12.2 a

0.5% 671 b 481 bc 7799 a 611 b 621 b 271 a 7.79 b 11.4 b 10.6 b
1.0% 832 a 545 a 7142 a 712 a 739 a 310 a 7.60 b 10.7 b 10.3 b
2.0% 795 a 534 ab 7697 a 660 ab 707 ab 301 a 7.66 b 11.3 b 11.1 ab

SAI Soil
0% 476 b 384 c 3569 a 750 a 1257 a 197 a 1.70 a 0.84 a 9.48 c

0.5% 462 b 392 bc 3292 a 712 a 1147 a 186 a 1.66 a 0.67 ab 10.1 b
1.0% 564 a 474 a 3313 a 759 a 1200 a 196 a 1.54 b 0.57 bc 11.1 a
2.0% 470 b 437 ab 3648 a 726 a 1183 a 194 a 1.29 c 0.48 c 9.53 bc

1 Each value is the average of three independent experiments. Means compared within a column followed by a
different lowercase letter are significantly different at p < 0.05 using a one-way ANOVA (multiple comparisons vs.
studied soil + 0% biochar as a control).

3.3. Principal Component Analysis

The PCA described substantial differences in soil physicochemical characteristics (pH, TC, TN, TP,
M3-P, M3-K, M3-Cu, M3-Pb, and M3-Zn), and cumulative CO2–C among the BCs (Figure 2). The PCA
identified two primary components of SAO soil fertility, and PC1 and PC2 accounted for 49.1% and
21.0% of the total variance, respectively. AdditioPC1 and PC2 explained 43.0% and 19.8%, and 52.3%
and 23.3% of the total variance in the MAI and SAI soil, respectively.

PCA showed two groupings for each of the three soils. The two grouping of SAO soil were: pH,
TC, TP, M3-Pb, M3-Zn, and M3-Cu (Group 1); and TN, M3-P, M3-K, and cumulative CO2-C (Group 2).
The 2% BC addition was clustered near Group 1, whereas the 0.5% BC addition was clustered closer
to Group 2. For the MAI soil, two groupings stood out: pH, TC, TN, TP, M3-P, and M3-K (Group 1);
and M3-Cu, M3-Pb, M3-Zn, and cumulative CO2-C (Group 2). The addition of 1% BC was clustered
near Group 1. Lastly, the PCA for the SAI soil showed two main groupings: pH, TC, TN, M3-P, M3-K,
M3-Zn, and cumulative CO2-C (Group 1); and TP, M3-Cu, and M3-Pb (Group 2). Addition of 1% BC
was clustered closer to Group 1, whereas 0.5% BC addition was clustered closely to Group 2.
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Figure 2. Principal component analysis based on soil chemical characteristics and cumulative CO2-C
(mg CO2-C/100g soil) after 434-d incubation period in SAO, MAI, and SAI soils treated with 0%, 0.5%,
1.0%, and 2.0% woody BC.

4. Discussion

4.1. Effect of BC on Carbon Mineralization

While proper use of compost promotes soil productivity and improves soil quality, excess
application degrades soil and water quality, and inhibits crop growth [34]. The net decrease in CO2

emission with BC is clear, both directly through sequestration of BC-C and indirectly by altering
the soil’s physical, chemical, and microbiological properties [5,35]. The BC used in our study was a
high-temperature pyrolysis product of wood with an accumulation of black C. This property makes it
inert and resistant to microbial degradation [36]. In this study, we hypothesized that the addition of
relatively small amounts of woody BC to soils with excess swine manure compost application could
stabilize compost organic matter and decrease C mineralization. Decreasing C mineralization could
contribute to reducing the decomposition of compost organic matter, enhance C sequestration, retain
some nutrients, and may reduce the application rate of manure compost in the following year.

Carbon mineralization in each soil type was obviously greater in the initial days of incubation
(Figure 1), especially on the first day, as reported in other studies [37–39]. Swine manure compost
contains a significant amount of easily degradable organic C, and consequently, intense increases in soil
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microbial activity should occur after its application to soil, leading to high C mineralization. The BC
treatments significantly reduced C mineralization in SAO soil, and showed insignificant difference
in MAI soil (Table 2), but significantly increased C mineralization in SAI soil (1.0% and 2.0% BC
treatments). Mukome et al. [40] showed that emissions of CO2 from the interaction of BC with compost
organic matter (COM) are dependent on the BC feedstock and pyrolysis temperature; however, net
CO2 emissions were less for the BC and compost mixtures compared to compost alone, suggesting that
BC may stabilize COM and diminish C mineralization. The presence of easily metabolized organic C or
additional labile organic carbon sources has been shown to accelerate BC decomposition (or increased
soil CO2 effluxes) [41–44], suggesting that co-metabolism contributes to BC decomposition in soils.
Respiration per unit of TOC (TMC) of the three studied soils significantly decreased with increasing
BC addition. The four treatments in SAO soil had significantly lower TMC than in MAI and SAI soils.
Méndez et al. [33] suggested that a high TMC results in a more fragile humus and thus in a lower
quality soil. In contrast, the lower TMC means that organic matter is conserved more efficiently and
maintains activity of the microorganisms responsible for soil organic matter biodegradation.

BC amendments clearly have effects on soil CO2 evolution, which vary with soil type. In coastal
saline soil (pH 8.09), peanut-shell-derived BC addition increased the cumulative CO2 emissions and
the cumulative SOC mineralization due to labile C released from BC and enhanced microorganism
proliferation [37]; however, the increased mineralized C only accounted for less than 2% in the 0.1%–3%
BC treatments, indicating that BC may enhance C sequestration in saline soil. Rogovska et al. [14]
indicated that BC additions sometimes increase soil respiration and CO2 emissions, which could
partially offset C credits associated with soil BC applications, and many uncertainties are related to
estimation of mineralization rates of BC in soils. In this study, the result of CO2 evolution and TMC both
suggest that when adding excess swine manure compost to Oxisols, a higher BC application rate can
stabilize and prevent rapid mineralization of compost. BC addition in mildly alkaline Inceptisols can
stabilize compost organic matter, but only slightly decrease mineralization of the compost. In slightly
acid Inceptisols, a higher BC application rate can stabilize compost organic matter but may significantly
increase mineralization of the compost.

4.2. Effect of BC on Soil Properties and Fertility Characteristics

In the tropics, natural rapid mineralization of soil organic matter is a limitation of the practical
application of organic fertilizers, despite it enhancing soil fertility [34]. Thus, the repeated application
of organic materials at high doses can significantly contribute to global warming, plant toxicity,
accumulation of heavy metals in plants, and ground and surface water pollution due to nutrient
leaching. Some studies have indicated that the simultaneous application of BC and compost resulted
in enhanced soil fertility, water holding capacity, crop yield, and C sequestration [45–48]. Schulz and
Glaser [48] found that overall plant growth and soil fertility decreased in the order of compost > BC
+ compost > mineral fertilizer + BC > mineral fertilizer > control. The combination of BC with
mineral fertilizer further increased plant growth during one vegetation period but also accelerated
BC degradation during a second growth period. A combination of BC with compost showed the
best plant growth and C sequestration, but had no effects on N and P retention. The blending of BC
with compost has been suggested to enhance composting performance by adding more stable C and
creating a value-added product (BC-compost blend) that can offset both the potential negative effects
of the composting system and the pyrolysis BC system [16].

In addition to diminishing C mineralization in soils, we further examined the positive or negative
effects of soil nutrients and heavy metals on mineralization and availability after 434 days of incubation.
The results suggested that the effects of adding woody BC vary with soil type and element (Table 4).
Without amendment with compost, the soils used in this study had low plant available contents of
some nutrients, as well as low CEC. Soils with low CEC are often not fertile and are vulnerable to soil
acidification [47]. The CEC of the studied soils followed the order: SAI soil >MAI soil > SAO soil.
After incubation, the soil pH of the four treatments in SAO soil (Table 3) were lower than in bulk soil
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(Table 1), suggesting low soil buffering capacity, and that soil acidification occurred after adding excess
manure compost. In Dystric Cambisol with a loamy-sand texture, a maize (Zea mays L.) field trial with
five treatments (control, compost, and three BC-compost mixtures with constant compost amount
(32.5 Mg/ha) and increasing BC amount, ranging from 5–20 Mg/ha) was conducted [13]; the results
demonstrated that total organic C content could be increased by a factor of 2.5 from 0.8% to 2%
(p < 0.01) at the highest BC-compost level, compared to the control. TN content only slightly increased
and plant-available Ca, K, P, and Na content increased by factors of 2.2, 2.5, 1.2, and 2.8, respectively.
Trupiano et al. [15] indicated that, when compared to the addition of compost alone, the compost
and BC combination did not improve soil chemical characteristics, except for an increase in total C
and available P content. These increases could be related to BC capacity to enhance C accumulation
and sequestration, and to retain and exchange phosphate ions by its positively charged surface sites.
Oldfield et al. [16] suggested that BC recycles C and P; whereas compost recycles C, N, P, and K; and a
blend of both resulted in the recycling of C, N, P, and K. Regional differences were found between BC,
compost, and the BC-compost blend, and the BC-compost blend offered benefits in relation to available
nutrients and sequestered C [16].

4.3. BC Addition Rate Effects on Soil Carbon Mineralization and Soil Fertility

Deteriorating soil fertility and the concomitant decline in agricultural productivity are major
concerns in many parts of the world [46]. It is a critical problem in Taiwan. Biochar and biochar-compost
applications positively impact soil fertility, for example, through their effect on SOC, CEC, and plant
available nutrients [45]. Naeem et al. [49] suggested that the application of BC, in combination with
compost and inorganic fertilizers, could be a good management strategy to enhance crop productivity
and improve soil properties. Agegnehu et al. [46] indicated that as the plants grew, compost and
biochar additions significantly reduced leaching of nutrients; separate or combined application of
compost and biochar together with fertilizer increased soil fertility and plant growth. The application
of compost and biochar improved water and nutrient retention in the soil, and thereby the uptake
of water and nutrients by the plants [46]. The application of woody BC has potential for stabilizing
compost organic matter, diminishing soil C mineralization, and improving soil nutrient availability in
soil with excessive compost application, depending on soil type and application rate. Addition of BC
in SAO soil and MAI soil led to substantial improvements in physicochemical properties, as well as
significant and insignificant lower C mineralization, respectively (Figure 1 and Table 2). The 0.5% BC
addition reduced the content of available P and K, and 2% addition could result in the risk of Cu, Pb,
and Zn in SAO soil. In MAI soil, 1% addition increased pH and content of TC, TN, TP, M3-P, and M3-K.
In contrast, BC addition in SAI soil resulted in significant higher C mineralization. The addition of 1%
BC increased in soil pH and the contents of TC, TN, M3-P, M3-K, and M3-Zn, but 0.5% BC addition
would reduce the contents of TP, M3-Cu, and M3-Pb.

PCA of the soil properties measured by Speratti et al. [50] found that both BC feedstocks had
positive correlations between Ca, Fe, and Mn. Metals such as Fe and Mn, along with lower soil pH, can
contribute to the formation of organo-mineral and/or organo-metallic associations that decrease BC
mineralization [51]. This can increase BC-C stability in the soil, which may improve soil structure [52].
In this study, the free Fe oxide (dithionate-citrate-bicarbonate extractable) content was very high
(43.1 g/kg) in SAO soil, followed by MAI soil, and SAI soil at 8.80 g/kg and 6.96 g/kg, respectively.
Along with lower soil pH (<pH 6.0), BC, compost, and soil Fe oxide can contribute to the formation
of organo-mineral and/or organo-metallic associations that improve soil structure, stabilize compost
organic matter, and decrease mixed-soil C mineralization in SAO soil. The soil pH in MAI soil was
highest. The potential of BC to reduce C mineralization in MAI soil was insignificant between the
control and BC treatments but showed minor reductions after BC addition treatments. After BC
addition, the mixed-soil C mineralization significantly increased, which could contribute to lesser
formation of organo-mineral and/or organo-metallic associations due to the lower amount of Fe oxides
and higher soil pH (7.1–7.2). Adding two biochars at 2% (w/w) composed of lac tree wood and mixed
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wood (scrapped wood and tree trimmings), with and without vermicompost or thermocompost at
2% (w/w) in Hawaii in highly weathered soils (Ultisols and Oxisols), Berek et al. [53] indicated that
soil acidity, nutrient in the soils, plant growth, and nutrient uptake improved with the amendments
compared to the control. Nutrient increases and soil acidity reduction by additions of biochar combined
with compost were the probable cause, and the use of locally produced biochars and composts was
recommended to improve plant nutrient availability in highly weathered soils [53].

5. Conclusions

In this study, we assessed the capacity of woody BC in soils with excessive compost application to
stabilize compost organic matter, diminish C mineralization, and improve nutrient availability in three
highly frequent tillage soils in Taiwan (Oxisols, SAO; and Inceptisols, MAI and SAI). The effect of BC
addition varied strongly according to soil type. Soil carbon mineralization significantly decreased with
increasing BC addition in SAO soil, and produced insignificant changes in MAI soil, but significant
increases in SAI soil. Respiration per unit of TOC (TMC) significantly decreased with increasing BC
addition. In this study, a higher BC application rate stabilized and prevented the rapid mineralization
of swine manure compost. Soil pH, exchangeable bases, and CEC only showed minor increases with
increasing BC addition. BC addition had a positive effect on soil fertility, including TC, TN, TP, M3-P,
K, Mg, Fe, Mn, Pb, and Zn, but had slightly positive effect on exchangeable Ca and negative effect
on extractable Cu. To improve soil nutrient availability, adding BC generally increased the levels of
plant macronutrients and reduced the concentrations of micronutrients. The results of PCA, even with
low scores, indicated that adding BC has a positive impact on diminishing soil carbon mineralization
(carbon sequestration), sustaining soil fertility, and preventing heavy metals contamination in compost
over-applicated soil. In this study, 1% biochar addition corresponds to 18 tons/ha. As adding a large
amount of biochar in open fields would be unrealistic and not economically sustainable, we suggested
that adding 0.5% woody BC to three studied soils should be reasonable and appropriate.
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Abstract: Although compost and biochar received high attention as growing media, little information
is available on the potential of vineyard by-products for the production and use of composted
solid digestate (CSD) and biochar (BC). In the present study, two experiments are reported on CSD
and BC mixed with commercial peat (CP) for grapevine planting material production. Four doses
(0, 10%, 20%, 40% vol.) of CSD and BC were assessed in the first and second experiment, respectively.
CSD mixed at a dose of 10% recorded the highest values of shoot dry weight (SDW) and a fraction of
total dry biomass allocated to shoot (FTS), both cropping bench-graft and bare-rooted vine. On the
other hand, CSD mixed at a dose of 40% displayed the highest values of SDW and FTS, cropping
two-year-old vine. BC used at a dose of 10% improved SDW, root dry weight, total dry weight, FTS,
shoot diameter, and height on bare-rooted vine. The present study shows that CSD and BC, coming
from the valorization of vineyard by-products, can be used in the production of innovative growing
media suitable for nursery grapevine production. Further studies are needed to assess the combined
applications of CSD and BC in the same growing media.

Keywords: vineyard by-products; composted solid digestate; biochar; grapevine planting material

1. Introduction

The growing demand for grapevine (Vitis vinifera L.) planting materials, due to the increasing
worldwide viticulture, is promoting research studies to obtain useful guidelines for improving vineyard
sustainability [1]. In addition, the losses caused by the failures, such as poor establishment or vigor of
the vines and infection of trunk disease pathogens, are a significant but often unrecognized burden for
nurseries, farmers, and wineries [2–4].

Among several agronomic practices, soil and vineyard canopy management received particular
attention. In fact, soil and canopy management play a fundamental role on the vegetative and
reproductive development of the vines [5,6]. Soil management practices include the fertilizer
administration able to improve and/or maintain soil fertility, satisfying grapevine nutrient requests [7].

Field production and planting in the vineyard of dormant bare-rooted vines may be negatively
affected by some biotic and abiotic stresses, such as root dehydration, contamination by soil borne
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pathogens, and frost damage [8]. Thus, to overcome these problems, the production in greenhouses
of forced bench-grafts or dormant bench-grafts grown in containers is a successful alternative to
open-field propagation, allowing the transplanting of high-quality plants at any time of the year.

In greenhouse nursery, peat is the most common growing medium used by growers; however,
peat is an expensive and non-renewable material [9]. Hence, the reduction of exploitation of peatlands
received high attention by researchers, and currently different materials are investigated as substitute
growing media [10].

Growing media originated from the valorization of agro-industrial by-products might be an
alternative to the consumption of peat. Among them, compost and biochar can be an interesting
ingredient for alternative and sustainable substrates [11,12]. On the other hand, one critical point when
compost and biochar are used at high doses is ascribed to the alkalinization of growing media, causing
a reduced nutrient availability for plants [12].

Although several studies performed in a greenhouse nursery showed that compost and biochar,
used at low doses, are able to improve plant growth [9,13], few studies were performed on grapevine
planting material productions [14–16]. On the other hand, working in the open field, compost and
biochar were used in large amounts, up to 30 and 44 t ha−1, respectively [14,17]. Moreover, to expand the
range of agro-industrial by-products used as alternative substrates, the investigation of new feedstock
materials should be performed. In this framework, little attention was paid to vineyard by-products.

Vineyard biomass is characterized by underutilized by-products (such as vine pruning residues
and winery outstream, such as grape stalks) that can be valorized [18] by processing them in compost
and other products, thus reducing the vineyard carbon footprint [19,20]. Vineyard winter pruning
wood is usually destroyed by infield burning or crushing onto the soil, and the same occurs for grape
stalks. On the other hand, a better valorization of vineyard pruning and winery out stream as feedstock
for biogas plants [21–23] and pyrolysis [24] might increase vineyard sustainability providing green
energy and promising fertilizers, such as digestate and biochar [25]. Considering that little information
is reported on the use of compost and biochar coming from the valorization of vineyard by-products,
the present study aimed to close the waste cycle in vineyards via the reuse of by-products.

In a vineyard, a high correlation between the development of the belowground and aboveground
organs were demonstrated [26,27]. Thus, our objective was to assess the potential benefits of composted
solid digestate (CSD) and biochar (BC) coming from vineyard by-products on different grapevine
planting materials grown in the greenhouse. Two independent experiments were carried out. In
the first experiment, CSD was assessed on greenhouse forced bench-grafts, bare-rooted vines, and
two-year-old vines, while in the second experiment, BC was assessed on bare-rooted vines.

2. Materials and Methods

2.1. Composted Solid Digestate and Biochar Productions

Digestate containing grape stalks and coming from a biogas plant was composted with chips
(1 cm in length) of vineyard winter pruning residues. Moreover, chips of vineyard prunings were
also used in a gasifier to obtain biochar. Grape stalks and prunings derived from a vineyard of
‘Lambrusco Salamino’, grafted on ‘Kober 5 BB’ rootstock, located in the provinces of Modena and
Reggio Emilia, Italy.

CSD was produced at the University of Modena and Reggio Emilia, located at Reggio Emilia,
Italy, through a static pile on a farm composting for 105 days, turned weekly. Solid digestate (SD) was
conferred by a local biogas plant (CAT, Correggio, Italy) and composted with vineyard prunings chips,
mixed at a ratio of 15.0%–83.3% in dry weight, respectively. Feedstocks used in the anaerobic digestion
were maize (Zea mays L.) silage (43%), triticale (X Triticosecale Wittmack) silage (22%), cow slurry (27%),
and grape stalks (8%). The 1 m3 pile was wetted through an irrigation system and manually activated
on demand when the pile gravimetrically determined relative humidity (RH) was <50%. An aliquot
of 1.7% dry weight of mature compost was added to the pile as a composting starter. Composting
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temperatures were measured by thermoresistance sensors (PT100, Gandolfi, Parma, Italy), placed in
the center of the pile at 15 cm from its base. A total of 35 days of the thermophilic phase were followed
by a further 2-month curing period.

The biochar used in this study was produced in a PP20 gasifier, a commercial biomass-to-power
unit manufactured by the US company, ALL Power Labs (Berkeley, CA, USA). The gasification reactor
consists of a single throat, fixed bed, downdraft system. The reactor is coupled with a 4 cylinders
internal combustion engine capable of producing 20 kW of electrical power at 60 Hz, or 16 kW at 50 Hz.

The biochar is extracted below the reduction zone of the reactor, where temperature decreased
from the 900–950 ◦C of the combustion zone down to 650–700 ◦C of the end of the endothermic
gasification zone. The temperature in the extraction point is much higher than the average dew point
of polycyclic aromatic hydrocarbons, thus reducing the chance to find these compounds as toxic
contaminants into the char. Biomass preparation consisted in the manual chipping of the vineyard
prunings using a specifically designed rotary valve (Torex RWN05, Modena, Italy).

2.2. Compost and Biochar Characterisations

CSD and BC were analyzed according to the respective procedures indicated below. The content
of different elements (Ca, Mg, Na, Cr, Cu, Cd, Ni, Fe, Pb, and Zn) was determined after acid digestion
with a microwave oven, according to EPA 3052 (EPA 3052, 1996), with an ICP-OES (iCAP 6000 Series,
Thermo Scientific, Waltham, MA, USA) on the basis of the EPA 6010D 2014 standard. The following
parameters were detected according to the respective procedures: Total organic carbon (C) (UNI EN
13137:2002); total nitrogen (N) (UNI EN 13654–1:2001 and ISO 11261:1995); P2O5 and K2O contents (UNI
EN 13650:2002 and UNI EN ISO 11885:2009). The water content of the CSD and BC was determined
after drying at 105 ◦C for 72 h. pH and electrical conductivity (EC) were determined on wet material
(1:5 ratio) using a CRISON pH meter basic 20 (Crison Instrument, Barcelona, Spain) and CRISON
GLP 31 EC meter (Crison Instrument, Barcelona, Spain), respectively. The growing media water
capacity—the amount of water content held in the growing media after excess water has drained away
and the downward movement has stopped—was determined by the gravimetric method, with two
replicates for each control and treatment.

2.3. Phytotoxicity Characterisations of CSD and BC

CSD was evaluated for phytotoxicity, as suggested by Zucconi et al. [28]. A total of 20 seeds of
garden cress (Lepidium satibum L.) were incubated at 20 ◦C in three-replicated Petri dishes, in which 4
mL of CSD water extract (50 g L−1) was poured over sterile filter paper. At 36 h after germination, the
germination index percentage (GI%) was calculated on both roots and shoots. For roots, the following
formula was used:

GI% = 100 × (G1/G2) × (R1/R2) (1)

where G1 and G2 are germinated seeds in the sample and control and R1 and R2 are the mean root
length for the sample and for the control, respectively. For shoots, a similar formula adopted for roots,
was used:

GI% = 100 × (G1/G2) × (S1/S2) (2)

where G1 and G2 are germinated seeds in the sample and control and S1 and S2 are the mean shoot
length of the sample and control, respectively.

2.4. Microbiological and Suppressiveness Characterisations of CSD

The abundance of culturable filamentous fungi, total bacteria, and spore-forming bacteria in CSD
were evaluated by a serial 10-fold (10−1 to 10−7) dilution method in triplicate. Fungi were counted
on the potato dextrose agar (PDA, Oxoid) pH 6, supplemented with 150 mg L−1 of nalidixic acid and
150 mg L−1 of streptomycin. Total bacteria were counted on the selective medium (glucose 1 g L−1,
protease peptone 3 g L−1, yeast extract 1 g L−1, potassium phosphate buffer 1 g L−1, agar 15 g L−1)
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supplemented with 100 mg L−1 of actidione. Spore-forming bacteria were counted by plating 10-fold
dilutions of CSD on nutrient agar previously heated at 90 ◦C for 10 min. Population densities expressed
as a colony forming unit (CFU) g−1 dry weight of CSD. Coliform, Escherichia coli, and Salmonella spp.
detection were performed following the methods reported by Cekmecelioglu et al. [29].

The suppressiveness ability of CSD on two important soil-borne pathogens, such as Rhizoctonia
solani and Sclerotinia minor, was assessed testing garden cress as a host plant. Potting mixes were
done by amending commercial peat (CP) with CSD at a rate of 20% by vol. [30]. The bioassays were
performed on 10 pots per treatment, and the pots filled up only with non-amended CP were used as
the control. Pathogen inoculations and pot assessment were performed as reported by Pane et al. [31].
The bioassay was done in duplicate.

2.5. Growing Media Preparation and Characterisation

In the first experiment, four different growing media (GM) were composed by mixing ingredients
as follows (% vol.): Commercial peat (CP) (Fondolinfa® Universale, Linfa Spa, RE, Italy) 100% (GM1);
CP 90% + CSD 10% (GM2); CP 80% + CSD 20% (GM3); CP 60% + CSD 40% (GM4). In the second
experiment, four different GM were tested mixing ingredients as follows (% vol.): CP 100%; CP
90% + biochar (BC) 10% (GM2); CP 80% + BC 20% (GM3); CP 60% + BC 40% (GM4). CP exhibited
70% of organic matter, 35% of organic carbon, and 0.6% N. Fertigation was performed once a week
throughout the growth cycle, administering, in total, 6 g of N per pot. Growing media pH and EC
were determined on the wet material (1:5 ratio) using a CRISON pH meter basic 20 and a CRISON
GLP 31 EC meter, respectively.

2.6. Nursery Greenhouse Experiments

Potting experiments were performed in a nursery greenhouse, located at Reggio Emilia, Italy, with
programmed temperature ranging from 19 to 25 ◦C (day/night), relative humidity ranging from 50% to
70%, and with a natural photoperiod and solar radiation. At present, different grapevine planting
materials are available in commerce. For the planting of a new vineyard, the most used material
is the 1-year-old dormant bare-rooted vines (hereafter called ‘bare-rooted vines’). This material is
obtained by bench grafting dormant one-bud cuttings of the cultivar onto dormant hardwood cuttings
of the rootstock, followed by callusing in a greenhouse and subsequently transferring in the open
field for the development of roots and shoots. For marketability, the materials are excavated, the
roots and shoot pruned, and plants sold with the bare root. For late planting in soil with lower water
content, or to replace the dead vines in a new vineyard, nursery growers suggest the use of material
similar to bare-rooted vines, but obtained using a scion bench grafted on rooted rootstocks and potted
for callusing and hardening in a controlled greenhouse (hereafter called ‘bench-grafts’). In fact, this
material, having a preformed root-ball, could be more suitable for overcoming abiotic stresses than
bare-rooted vines. Finally, to replace adult plants (having two or more years, but affected by diseases),
the use of 2-year-old vines (obtained cropping bare-rooted vines in pots for two years, and hereafter
called ‘2-year-old vines’) is suggested by nursery growers in the vineyard. Hence, considering the
availability of different planting material, in the first experiment, the following kinds of vines were used:
(1) bench-grafts; (2) bare-rooted vines; (3) 2-year-old vines. Meanwhile, in the second experiment, only
the bare-rooted vine was assessed. The combination scion/rootstock was cultivar ‘Lambrusco Salamino’
grafted on ‘Kober 5BB’ in all the three types of grapevine planting materials and in both experiments.

Grapevine planting materials were transplanted manually (one plant per pot) in plastic pots (4.5 L
per bench-graft and bare-rooted vine and 9.0 L per 2-year-old vine) filled with the GM mixtures. Pots
were arranged in a completely randomized design with five replicates. Pots were irrigated every
night by spinner-type sprinklers in order to maintain the substrate at water capacity. Pests were
controlled according to the integrated production rules of the Emilia Romagna Region, Italy. Grapevine
planting materials were pruned, leaving one shoot that was trimmed at 120 cm at 259 day of year
(DOY) and at 289 DOY in the first and second experiments, respectively. During the growing season,
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the main phenological growth stages were recorded following the BBCH-scale (BBCH = Biologische
Bundesantalt, Bundessortenamt and CHemische Industrie, Germany) [32].

In the first and second experiments, at 177 DOY and 170 DOY, respectively, the following
parameters were measured: the leaf chlorophyll content (CHL), leaf flavonoid content (FLAV), nitrogen
balance index (NBI) (the ratio between CHL and FLAV, NBI), the leaf anthocyanin content (ANT), the
basal shoot diameter, shoot height, number of leaves and nodes, and the shoot height/shoot diameter
(H/D) ratio. CHL, FLAV, NBI, and ANT were estimated on the youngest fully expanded leaf by Dualex
4 Scientific (Dx4, FORCE-A, Orsay, France), an optical leaf-clip meter for non-destructive assessment of
the physiological status of the plants [33]. At 273 DOY in the first experiment and 275 DOY in the
second experiment, CHL, FLAV, NBI, ANT, shoot diameter, shoot height, and H/D ratio were recorded.
At 314 DOY in the first experiment and 362 DOY in the second experiment, the shoot fresh weight
(SFW), the aboveground part of the rootstock fresh weight (RSFW), the root fresh weight (RTFW), total
fresh weight (TFW), shoot dry weight (SDW), aboveground part of rootstock dry weight (RSDW), root
dry weight (RTDW), total dry weight (TDW), fraction of total dry weight allocated to shoot (FTS),
fraction of total dry weight allocated to the aboveground part of rootstock (FTRS), and fraction of total
dry weight allocated to root (FTRT), were recorded.

2.7. Data Analysis

Considering that the agronomic and physiological performance of the fruit-trees could be affected
by the plant age and by the nutrients accumulated in the previous cropping seasons, the experimental
data were analyzed separately for each grapevine planting material and experiment, using GenStat 17th
software (VSN International, Hemel Hempstead, UK) for analysis of variance (ANOVA). Significant
means were separated by Duncan’s test at p < 0.05. Experimental data were also processed for a
principal component analysis (PCA) in order to evaluate the existing relationships with original
variables and growing media for each grapevine planting material and experiment.

3. Results and Discussion

Grapevines are relatively easy to propagate in the nursery greenhouse. However, high skill and
organization are required to produce planting materials with the high standard quality requested every
year by growers for new planting or replanting uneconomic vineyards or to replace plants affected by
trunk disease pathogens [8].

Chemical and physical growing media characteristics can affect cutting establishment [34].
Growing media should be friable, free of weeds and pathogens, with good water capacity and
drainage [35,36]. Among them, peat is the most commonly used, due to its positive hydrological,
physiochemical, and agronomic characteristics [9,37]. However, to improve agricultural sustainability,
researchers are called to study alternatives to peat utilization as innovative growing media. In the
present study, vineyard winter prunings and grape stalks were valorized to obtain CSD and BC. CSD
and BC were tested in two experiments as innovative ingredients for growing media preparation, used
for the production in nursery greenhouses of grapevine planting material.

3.1. Compost, Biochar, and Growing Media Characteristics

During the composting process, CSD exceeded 60 ◦C for 16 days, achieving sanitation [38]. The
main chemical characteristics of CSD and BC are reported in Table 1.

CSD and BC showed pH values of 7.9 and 10.0 with an EC of 1.5 and 2.5 dS m−1, respectively.
Total N in CSD was more than six times compared to CP (3.2% vs. 0.6%), while BC showed a similar
value to CP. The C/N ratio was 13.2 and 80.9 for CSD and BC, respectively, suggesting that the CSD
was a suitable ingredient for growing media, since a C/N ratio less than 20.0 is required [39]. On
the other hand, a direct use of BC is not indicated, suggesting dilution with other growing media.
For organic C and total N, CSD and BC were within the framework previously reported by other
studies [7,40]. CSD and BC showed levels of heavy-metal content below the limit established for the
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commercialization of amendment in the European Community, according to the European Regulation
CE 2003/2003. According to chemical parameters, CSD and BC appeared to be suitable for growing
media preparation, although the high pH of CSD and BC and the high C/N ratio of BC encourages
their dilution in a peat-based mixture, as previously suggested by other authors [7,41]. For this reason,
in the present study, different growing media were composed by replacing CP from 10% to 40% vol.
with CSD and BC.

Table 1. Main chemical characteristics of composted solid digestate (CSD) and biochar (BC).

Parameter CSD Value BC Value

pH 7.93 10.00
EC (dS m−1) 1.51 2.45

TOC (%) 41.79 56.60
Total N (%) 3.17 0.70
P2O5 (%) 18.88 0.11
K2O (%) 27.47 19.09
Ca (%) 21.26 0.12
Mg (%) 9.81 0.31
Na (%) 0.88 0.22
C/N (–) 13.18 80.85

Cd (mg kg−1) <0.50 <0.50
Ni (mg kg−1) 7.42 10.51
Cr (mg kg−1) 14.00 4.58
Zn (mg kg−1) 152.00 82.26
Cu (mg kg−1) 35.40 59.50
Hg (mg kg−1) <0.20 <0.20
Pb (mg kg−1) 13.80 1.81
Fe (mg kg−1) 3.75 64.20

H2O (%) 77.30 71.37

Total organic carbon (TOC). All values as dry weight.

The germination assays indicated no phytotoxicity problems, both for the CSD and BC tested in
the present study. In fact, the germination index displayed values higher than 50% for both CSD and
BC, which is considered the threshold value for phytotoxicity [28]. In particular, the germination index
showed higher values for the root and shoot of the sensitive reference species ‘garden cress’ when
treated with a water extract of CSD (Table 2).

Table 2. Phytotoxicity assessment of CSD and BC and microbiological and suppressiveness characterization
of CSD.

Index Value

CSD-GI root (%) 138.00 *
CSD-GI shoot (%) 113.00 *

BC-GI root (%) 68.00 *
BC-GI shoot (%) 59.00 *
Fungi (CFU g−1) 9.63E + 06

Bacteria (CFU g−1) 3.61E + 02
Coliform bacteria (CFU g−1) 0.40E + 01

Escherichia coli (CFU g−1) Absent
Salmonella spp. (CFU g−1) Absent
Clostridia spp. (CFU g−1) Absent

Rhizoctonia solani damping-off (%) 98.47
Sclerotinia minor damping-off (%) 46.56 *

Composted solid digestate (CSD), biochar (BC), germination index (GI). * = statistically different compared to
the control.
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The microbial community within the compost was shown to be one of the major factors involved
in the biological control of soilborne disease through different antagonistic mechanisms linked to
the relationship between microbes [42]. Moreover, fungal populations were suggested as the main
contributors of biological control in organic matrices [43]. Levels of microbial populations in CSD
are shown in Table 2. Populations of total fungi, total bacteria, and Coliform bacteria were 9.6E + 06,
3.6E + 02, and 0.4E + 01 (CFU g−1), respectively (Table 2). In addition, a total absence was recorded
for Escherichia coli, Clostridia spp., and Salmonella spp., in line with the ecolabel criteria established by
Decision 2001/688/CE.

The ability of compost to suppress soil-borne disease is also an important added value when
compost is used as a component of growing media [44]. In the present study, suppressive bioassays
displayed that garden cress damping-off caused by S. minor was significantly reduced by CSD, whereas
no effects were reported on the control of R. solani (Table 2).

Growing media displayed pH and EC ranging between 7.6 and 8.5 and between 0.2 and 1.5 dS m−1,
respectively (Table 3); values which are suitable for the production of several horticultural crops [12,45].

Table 3. Growing media assayed on grapevine planting materials.

Substrates Formulation
pH EC (dS m−1) GMWC (%)

CSD BC CSD BC CSD BC

GM1 CP 7.6 7.6 0.21 0.21 85.0 85.0
GM2 CP 90% + CSD or BC 10% 7.6 7.8 0.22 0.46 83.2 81.3
GM3 CP 80% + CSD or BC 20% 7.7 8.1 0.39 0.87 84.6 79.1
GM4 CP 70% + CSD or BC 40% 7.8 8.5 0.44 1.48 84.8 77.0

Growing media (GM), commercial peat (CP), composted solid digestate (CSD), biochar (BC), electrical conductivity
(EC), growing media water capacity (GMWC).

3.2. Grapevine Planting Material Productions

In the first experiment, morpho-physiological and agronomic parameters of bench-grafts,
bare-rooted vines, and two-year-old vines were affected by CSD applications that, in general, induced
a plant growth comparable to plant crops using only CP (Tables 4–6). In particular, bench-grafts
and bare-rooted vines, when grown in amended pots with CSD at 10% (GM2), showed similar or
higher values of FLAV, NBI, shoot diameter, shoot height, number of leaves and nodes, and H/D
ratio, compared to CP at 177 DOY, corresponding to the BBCH-scale 19 “9 or more unfolded leaves”.
In addition, the same growing media (GM2) recorded the highest values of RSFW, RTFW, TFW, SDW,
and FTS at 314 DOY, corresponding to the BBCH-scale 97 “end of leaf-fall”, both on the bench-grafts
and bare-rooted vines (Tables 4 and 5).

For two-year-old vines, plants grown in amended pots with CSD at 40% (GM4) highlighted similar
or higher values of the CHL, FLAV, ANT, NBI, shoot diameter, shoot height, number of leaves and
nodes, and H/D ratio, compared to CP at 177 DOY. Moreover, GM4 recorded the highest values of
SDW, RTDW, TDW, FTS, and FTRT at 314 DOY (Table 6).
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The most likely explanation for the different behavior shown by bench-grafts and bare-rooted
vines vs. two-year-old vines could be ascribed to the different plant age and is probably linked to the
different root expansion (higher in the two-year-old vine) as already suggested by Bozzolo et al. [7].
In addition, as reported by Ericsson et al. [46] the growth dynamics of the fruit-tree depend on the
changes in the source-sink balance. The same authors reported that a competition for intensive shoot
growth can affect the root development, and a similar trend was displayed in the present study. In fact,
a higher percentage of biomass was allocated to the shoot (and lower to the root) in bench-grafts and
bare-rooted vines, grown on GM2. On the other hand, for the two-year-old vines, the highest values of
biomass allocation, both to the shoot and root, were recorded using GM4. These results support one of
the nursery grower requests, which is a planting material with a high dry matter content in the shoot.

Results about improved biomass production (using CSD) are in agreement with those of Raviv
et al. [47] and Ronga et al. [12], who reported that composts obtained from separated cow manure
with wheat straw, grape marc, orange peels, and spent coffee grounds positively affected potted
plants grown in greenhouses. Similarly, vine root development in the vineyard was stimulated by
the addition of compost from vine pruning waste supplied in the under-row of cultivar ‘Cabernet
Sauvignon’ [48]. The improved biomass was ascribed to the presence of some substances working as
growth promoters in the CSD as suggested by Bernal–Vicente et al. [49]. However, further research is
needed to validate this hypothesis. In addition, the similar or highest dry weight displayed by growing
media containing CSD is fundamental for successful transplanting as it is linked with an increase
resistance to environmental stresses [9].

In the second experiment, BC was assessed on bare-rooted vines. BC applied at 10% (GM2)
positively affected the ANT, shoot diameter, shoot height, number of leaves, and nodes at 170 DOY,
corresponding to the BBCH-scale 19 (Table 7). Moreover, GM2 also increased the FLAV, ANT, and
shoot diameter at 275 DOY, corresponding to the BBCH-scale 95 (50% of leaves fallen) and SFW, RTFW,
TFW, SDW, RTDW, TDW, FTS, and FTRT at 362 DOY, corresponding to the BBCH-scale 97 (end of
leaf-fall). Our results are in accordance with those of other authors, who reported increments in plants
aboveground and belowground biomass, applying biochar at low doses to different species [15,50,51].
In grapevine, a significant increase of fine root biomass has been observed following the application of
biochar as an amendment to the vineyard soil [52].
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Summarizing, the results of the two experiments are broadly in agreement with those of previous
works, which reported that an increase of plant biomass is one of the macroscopic effects induced
by the partial substitution of peat in the growing media with agro-industrial by-products, such as
compost, digestate, and biochar [12,22,23]. The ability of agro-industrial by-products to increase plant
biomass is probably due to an improved nutrient availability and uptake by the plant and/or to the
presence of some microorganisms and compounds able to increase the plant growth [49]. In fact, when
these substances are added in the growing media, they are able to improve the biochemical activity of
the plants, similar to plant hormone-like promoters [53].

From a physiological point of view, the addition of CSD and BC reduced the CHL values, apart
from bare-rooted vine grown on GM2 and GM4 containing CSD and BC, respectively, which recorded
higher values compared to GM1. However, the lower values of CHL did not affect the biomass
production and its distribution to shoot in each grapevine planting material. These results are in
accordance with those reported by Bozzolo et al. [7].

Chlorophyll, flavonoid, and anthocyanin leaf contents are indices of leaf photosynthetic capacity
and plant vigor status, which are linked to the N uptake [33]. In particular, high levels of anthocyanins
in the leaf might allow the plant to increase resistance to abiotic and biotic stresses [54]. Thus, our
results suggest that CSD and BC applied at 10% may increase plant resistance to stress on bare-rooted
vines cropped in a pot in a greenhouse.

CSD and BC used at doses higher than 10% negatively affected the biomass production of
bench-grafts and bare-rooted vines. These results were due to the high dosage of CSD and BC that
induced alkaline pH to the relative growing media. Bozzolo et al. [7] also reported the same trend on
grapevine and on other horticultural crops, such as tomato, basil, and lettuce [9,12].

One interesting aspect of our results is that the FTS was stimulated by CSD and BC applications
used up to 10%, compared to CP. Moreover, BC applied at 10% (GM2) also showed the highest FTRT. On
the other hand, working with the two-year-old vines, the highest values of FTS and FTRT were recorded
applying CSD at a dose of 40% (GM4). The highest allocation of dry matter to the aboveground part of
the vine might suggest the highest N uptake [55], confirming the role of CSD and BC in improving the
nutrient plant uptake [7,50]. In addition, these results suggested that shoot growth response to CSD
and BC was not only due to a higher nutrient uptake by plants, but that also other factors might be
involved, such as the presence of humic substances and an improved porosity in the growing media,
respectively [56,57].

3.3. Relationships between Recorded Parameters and Growing Media

The correlations between data of growing media variables measured on grapevine planting
materials were studied by PCA analysis. Figures 1–3 report ordination biplots of the PCA output of
the first experiment on bench-grafts, bare-rooted vines, and two-year-old vines, respectively, assessing
CSD. Figure 4 reports ordination biplot of the PCA output of the second experiment on bare-rooted
vine, assessing BC. In the first experiment, for the bench-grafts, the PC1 accounted for 53.99% of
the variance, while PC2 accounted for 32.87%. For the bare-rooted vines dataset, the two principal
components, 1 and 2, accounted for 51.64% and 26.86% of the variation, respectively. Meanwhile, for
two-year-old vines, the PC1 accounted for 49.14% of the variance, while PC2 accounted for 31.52%.

Growing media containing CSD at 10% (GM2) clustered along the positive side of PC1 both on the
bench-grafts (Figure 1) and bare-rooted vines (Figure 2). GM2 performed as well as CP (GM1) and was
associated with the most important parameters, such as CHL, FLAV, SDW, and FTS (Figures 1 and 2).
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Figure 1. Ordination biplots of principal component analysis outputs of the data from bench-grafts
grown on growing media (GM), containing composted solid digestate (CSD) at different rates.
GM1 = commercial peat (CP) 100%; GM2 = CP 90% + CSD 10%; GM3 = CP 80% + CSD 20%; GM4 = CP
60% + CSD 40%. Labels in the triangles indicate the investigated parameters: Leaf chlorophyll content
(CHL); leaf flavonoid content (FLAV); nitrogen balance index (NBI); leaf anthocyanins (ANT); plant
height (H); height diameter ratio (H/D); shoot fresh weight (SFW); rootstock fresh weight (RSFW); root
fresh weight (RTFW); total fresh weight (TFW); shoot dry weight (SDW); rootstock dry weight (RSDW);
root dry weight (RTDW); total dry weight (TDW); fraction to shoot (FTS); fraction to rootstock (FTRS);
fraction to root (FTRT). 0 = parameter recorded at 170 day of year (DOY); 1 = parameter recorded at
275 DOY; 2 = parameter recorded at 362 DOY.
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Figure 2. Ordination biplots of principal component analysis outputs of the data from bare-rooted
vines grown on growing media (GM) containing composted solid digestate (CSD) at different rates.
GM1 = commercial peat (CP) 100%; GM2 = CP 90% + CSD 10%; GM3 = CP 80% + CSD 20%; GM4 = CP
60% + CSD 40%. Labels in the triangles indicate the investigated parameters: Leaf chlorophyll content
(CHL); leaf flavonoid content (FLAV); nitrogen balance index (NBI); leaf anthocyanins (ANT); plant
height (H); height diameter ratio (H/D); shoot fresh weight (SFW); rootstock fresh weight (RSFW); root
fresh weight (RTFW); total fresh weight (TFW); shoot dry weight (SDW); rootstock dry weight (RSDW);
root dry weight (RTDW); total dry weight (TDW); fraction to shoot (FTS); fraction to rootstock (FTRS);
fraction to root (FTRT). 0 = parameter recorded at 170 day of year (DOY); 1 = parameter recorded at
275 DOY; 2 = parameter recorded at 362 DOY.

For two-year-old vines, CSD applied at 40% (GM4) recorded the best agronomic performance
and was positively linked with several parameters, such as SDW, FTS, TDW, RTDW, and the shoot
diameter (Figure 3).
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Figure 3. Ordination biplots of principal component analysis outputs of the data from two-year-old
vines grown on growing media (GM) containing composted solid digestate (CSD) at different rates.
GM1 = commercial peat (CP) 100%; GM2 = CP 90% + CSD 10%; GM3 = CP 80% + CSD 20%; GM4 = CP
60% + CSD 40%. Labels in the triangles indicate the investigated parameters: Leaf chlorophyll content
(CHL); leaf flavonoid content (FLAV); nitrogen balance index (NBI); leaf anthocyanins (ANT); plant
height (H); height diameter ratio (H/D); shoot fresh weight (SFW); rootstock fresh weight (RSFW); root
fresh weight (RTFW); total fresh weight (TFW); shoot dry weight (SDW); rootstock dry weight (RSDW);
root dry weight (RTDW); total dry weight (TDW); fraction to shoot (FTS); fraction to rootstock (FTRS);
fraction to root (FTRT). 0 = parameter recorded at 170 day of year (DOY); 1 = parameter recorded at
275 DOY; 2 = parameter recorded at 362 DOY.

In the second experiment, using BC for the bare-rooted vines, the PC1 accounted for 62.55% of the
variance, while PC2 accounted for 23.42%. Growing media containing BC at 10% (GM2) clustered
along the positive side of PC1, performing as well as growing media containing BC at 20% (GM3), and
were associated with the most important parameters, such as CHL, FLAV, the number of leaves and
nodes, the shoot height, SDW, TDW, and FTS (Figure 4).
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Figure 4. Ordination biplots of principal component analysis outputs of the data from bare-rooted vines
grown on growing media (GM) containing biochar (BC) at different rates. GM1 = commercial peat (CP)
100%; GM2 = CP 90% + BC 10%; GM3 = CP 80% + BC 20%; GM4 = CP 60% + BC 40%. Labels in the
triangles indicate the investigated parameters: Leaf chlorophyll content (CHL); leaf flavonoid content
(FLAV); nitrogen balance index (NBI); leaf anthocyanins (ANT); plant height (H); height diameter
ratio (H/D); shoot fresh weight (SFW); rootstock fresh weight (RSFW); root fresh weight (RTFW); total
fresh weight (TFW); shoot dry weight (SDW); rootstock dry weight (RSDW); root dry weight (RTDW);
total dry weight (TDW); fraction to shoot (FTS); fraction to rootstock (FTRS); fraction to root (FTRT).
0 = parameter recorded at 170 day of year (DOY); 1 = parameter recorded at 275 DOY; 2 = parameter
recorded at 362 DOY.

These results indicated that CSD and BC applied at 10% are able to increase the growth of potted
bench-grafts and bare-rooted vines, reducing the consumption of CP. Moreover, working with plants
with a preformed and well-developed root apparatus, such as in a two-year-old vine, CSD might be
applied up to 40%. Finally, CSD and BC applied in low doses did not show any signs of abiotic and
biotic stresses, in accordance with several previous reports [7,58,59].

4. Conclusions

Results obtained in the present study suggest that CSD and BC could be a suitable ingredient
for alternative growing media, recycling, and valorizing by-products coming from vineyards, such as
winter prunings and grape stalks. CSD and BC showed good agronomic performances compatible
with the development of grapevine planting materials. To our knowledge, this is the first study
that investigated the suitability of CSD and BC valorizing vineyard prunings and grape stalks as an
innovative ingredient for alternative growing media able to replace peat aliquots, for the production
of different grapevine planting materials. Bench-grafts and bare-rooted vines grown in mixtures
containing CSD at a dose of 10% displayed agronomic parameters higher than those recorded using
only CP, and the same was displayed using BC on bare-rooted vines. On the other hand, CSD at a dose
of 40% showed the highest agronomic performance on two-year-old vines. Agronomic measurements
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suggest that the CSD or BC induce an enhanced plant-growth response that is particularly expressed
at shoot level. The replacing of CP aliquots with CSD or BC could be an excellent sustainable practice
to reduce the consumption of CP, recycling, and valorizing the underutilized vineyard prunings and
grape stalks, thus supporting the current tendency to enhance the soilless propagation of grapevine.
However, further research is needed to assess the combined use of CSD and BC as an ingredient of
growing media for grapevine planting material productions.
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Abstract: Biochar has been shown as a potential mean to enhance carbon sequestration in the soil.
In Brazil, approximately 15% of the produced charcoal is discarded as charcoal fines, which are
chemically similar to biochar. Therefore, we aimed to test charcoal fines as a strategy to increase soil
carbon sequestration. Charcoal fines of hardwood Mimosa scabrella were incorporated into a Cambisol
down to 10 cm (T1 = 0 and T4 = 40 Mg ha−1) in Southern Brazil. Soil samples were collected (0–30 cm)
20 months after charcoal amendment. Soil organic matter (SOM) acid extract, humic acid, fulvic
acid, and humin fractions were separated. Solid-state 13C nuclear magnetic resonance (NMR) spectra
from charcoal and SOM in T1 and T4 were obtained before and after 165 days of incubation under
controlled conditions. Charcoal increased soil carbon as fulvic (10–20 cm) and humic acids (10–30 cm)
and, especially, as humin (0–5 cm), which probably occurred due to the hydrophobic character of the
charcoal. The 13C NMR spectra and mean residence times (MRT) measured from incubation essays
indicated that the charred material decomposed relatively fast and MRT of T1 and T4 samples were
similar. It follows that the charcoal fines underwent similar decomposition as SOM, despite the high
charcoal dose applied to the soil and the high aryl C contribution (78%) to the total 13C intensity of
the charcoal NMR spectra.

Keywords: field experiment; incubation; 13C NMR; mean residence time; slow pool

1. Introduction

In recent years, the literature has reported the potential of biochar as a strategy to mitigate global
warming. Basically, biochar can enhance carbon (C) sequestration directly when buried into the soil
or indirectly by improving soil quality and crop production, thus, enhancing CO2 capture from the
atmosphere [1,2].

Conceptually, biochar is a C-enriched material intentionally produced via pyrolysis of biomass
to be applied to the soil as a means to improve C sequestration, soil quality, and crop yield [1,3].
Therefore, biochar is distinguished from charcoal since energy generation, industrial use, and domestic
cooking are the main purposes of charcoal production. Nevertheless, the thermochemical conversion
of biomass in pyrogenic C (PyC) is a common process for both biochar and charcoal production [3].

Agronomy 2019, 9, 384; doi:10.3390/agronomy9070384 www.mdpi.com/journal/agronomy77



Agronomy 2019, 9, 384

In this way, several authors have reported positive effects of charcoal on soil fertility, crop production,
and C sequestration [4–7].

Brazil is one of the world’s greatest agricultural producers and consequently generates great
amounts of biomass residues [8,9]. Thus, numerous organic residues, such as sugarcane straw and
filtercake, rice husk, poultry manure, sawdust, and sewage sludge, have been converted in biochar
and applied to agricultural soils, originating promising field and greenhouse experiments [10–14].

In parallel to this scenario, Brazil is the world’s greatest charcoal producer with an annual
production of 10 million tons of charcoal, supplying mainly the steel industry. However, approximately
15% of this production is lost as charcoal fines, since they are not suitable for industrial use [6,15].
Despite biochar and charcoal own similar composition, minor importance has been directed to the
charcoal fine residues in Brazil as a potential soil conditioner and, especially, as a means to sequester
C and mitigate global warming. In addition, the utilization of charcoal fines for such purposes
concomitantly contributes in reducing environmental liabilities originated by the improper discard of
this residue and also in reducing biochar production from organic residues, which can be used for
other purposes.

The greater stability of PyC in the soil compared to that of soil organic matter (SOM) has been
attributed to the high aromaticity and hydrophobicity of the pyrogenic materials, characteristics
supposed to confer high biochemical recalcitrance to this matrix [16,17]. Nevertheless, PyC can
undergo transformation and biodegradation in the soil at certain rates, depending on the material
source, temperature, and duration of heating, and on oxygen supply during the pyrolysis process [18,19].
Hydrophobicity and oxygenation of the pyrogenic materials in the soil may affect the C distribution in
humic fractions. Increments of C as humin (HU) can indicate preservation of PyC in the soil since
charcoal is essentially hydrophobic, while increments in humic acid (HA) and fulvic acid (FA) suggest
oxidation of aromatic structures, thus, affecting organic matter functions and persistence in the soil [20].

The mean residence time (MRT) of the PyC has been reported to be generally one or two orders of
magnitude greater than those of their fresh organic precursors [21–24]. Knicker et al. [25] estimated
an MRT of the slow SOM pool to be 3 to 4 times (40 years) longer in soil with charcoal produced
via wildfire than in the fire unaffected soil. On the other hand, Schneider et al. [7] did not observe
changes in the chemical composition and content of charcoal derived from burned vegetation even
after exposure to intense weathering during 100 years in a tropical Humic Nitosol. These findings are
in line with Vasilyeva et al. [26]. The authors evaluated total C (TC) and PyC contents of a fire-affected
Chernozem under fallow for 55 years. A smaller loss of PyC stock (6%) in comparison to soil organic
C (33%) was observed, and changes in the aromatic condensation degree of PyC were not detected.
In general, these findings support the hypothesis that the high aromaticity of the charcoal can lead to
longer SOM MRT.

In a previous study, we observed favorable effects of the charcoal fines on soil fertility and
consistent increase of SOM thermostability after charcoal incorporation into a subtropical Cambisol at
a rate of 40 Mg ha−1 in Southern Brazil [27]. These findings are in line with above-mentioned literature
and support the hypothesis that this residue deserves to be tested not only as a soil conditioner but,
moreover, as a means to efficiently promote C sequestration in the soil. However, the utilization of
charcoal fines as a strategy to sequester C needs elucidation. Additionally, there is a lack of information
and ambiguous results in the literature concerning changes in the SOM after charcoal amendments to
the soil [28,29].

In this context and based on the high aromaticity of the charcoal fines observed in our previous
study, it is hypothesized that such pyrogenic material may alter SOM humic fractions distribution
and slow down SOM biodegradability. In order to test this hypothesis, soil samples were collected at
field experimental plots with or without charcoal amendment. These samples were incubated under
controlled conditions, and SOM composition and degradation were investigated.
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2. Materials and Methods

2.1. Site Description, Experimental Design, and Soil Sampling

The experimental area is located in Irati, Center-South of Paraná State, Brazil, at approximately
855 m above the sea level. The climate is humid subtropical mesothermic-Cfb (Köppen), with frequent
and severe frosts during winter (June–September). The annual mean temperature is 17.2 ◦C, the average
rainfall is 194 mm month−1, and the relative humidity is 79.6%. The study was carried out in the
Campus Irati of the State University of Centro-Oeste (25◦27′56′′ S 50◦37′51′′ W). The relief is undulated
and strongly undulated, and the soil is classified as Haplic Cambisol [30]. Sand, silt, and clay contents
of the soil at 0–5 cm depth are: 441, 167, and 392 g kg−1, respectively; at 5–10 cm depth: 492, 170,
and 338 g kg−1, respectively; at 10–20 cm depth: 467, 162, and 371 g kg−1, respectively; at 20–30 cm
depth: 437, 182, and 381 g kg−1, respectively. The experimental area has agricultural use history
(soybean - Glycine max, five years), but for the last three years, before the beginning of the experiment,
the soil was under fallow.

The experiment was established in February 2010 when the area was manually and mechanically
mowed. About 2.5 Mg ha−1 of dolomitic limestone (85% of the relative power of total neutralization)
was applied on the soil surface and subsequently incorporated at 10 cm depth using a light disk harrow.

The charcoal used in this experiment was originated from the pyrolysis of hardwood native
Brazilian species, mainly Mimosa scabrella Bentham. The charcoal fine residues (<6.3 mm) were acquired
from a local producer that supplies the Brazilian steel industry. About 45% of the used charcoal
particles were smaller than 2 mm. The pyrolysis of the hardwood was performed under artisanal
conditions, which might have contributed to its low fixed C (7.6%) and high volatile matter (84%)
contents, as discussed in Leal et al. [27]. These data characterize this material as low condensed
charcoal produced at low temperatures [31]. The C (46.6%) and the N (1.0%) contents of the charcoal
were determined by dry combustion, and its ash content (8.2%) was determined after heating at
750 ◦C during 4 h. A more exhaustive physicochemical characterization of the charcoal is available in
Leal et al. [27].

The study was conducted in a complete randomized block design with four treatments arranged
in four blocks: T1 = 0 Mg ha−1 (without charcoal-control); T2 = 10 Mg ha−1; T3 = 20 Mg ha−1;
T4 = 40 Mg ha−1. Each field replicate (each block) was composed of three subsamples collected
within a 144 m2 plot. The treatments were implemented just after soil liming (February 2010). Firstly,
the charcoal was applied on the soil surface and, thereafter, it was incorporated up to 10 cm using a
light disk harrow. In March 2010, seedlings of Eucalyptus benthamii were planted in the experimental
plots, and plant height and diameter were monitored up to 210 days after planting. A clear effect of
charcoal doses on Eucalyptus growth was not observed [32]. Considering that the most outstanding
differences regarding the effects of charcoal doses on soil characteristics and C contents were observed
between T1 and T4 [27], these treatments were selected for the present study.

The soil samples were collected in September 2012 (20 months after charcoal incorporation in the
soil) at 0–5; 5–10; 10–20; 20–30 cm depths. Before analysis, the soil samples were air dried and passed
through a 2 mm sieve.

2.2. Total C content and SOM Fractionation

The TC content of the soil samples was determined by dry combustion (975 ◦C) (Thermo Fisher
Scientific-Flash EA1112, Waltham, MA, USA, detection limit = 0.01%, n = 4).

The SOM chemical fractionation was performed according to Swift [33], adapted by Dick et al. [34].
In a centrifuge tube, one gram of soil was shaken with 60 mL of 0.5 M HCl for 2 h. The acid extract
was separated by centrifugation. This procedure was repeated three times, and the final extraction
volume was measured. Hereafter, the material remaining in the tube was shaken with 60 mL of 0.5 M
NaOH for 3 h to extract the soluble humic substances (SHS), namely HA and FA. This procedure was
repeated until the supernatant became colorless, and the final SHS volume was measured. Aliquots
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(5 mL) of the acid and of the SHS extracts were collected for C content determination. The pH of
the material remaining in the tube was lowered to 2 with 4 M HCl solution, and the suspension was
allowed to settle overnight. Centrifugation was used to separate HA fraction (precipitated) and FA
fraction (supernatant). The FA extract volume was measured, and an aliquot (5 mL) was collected
for C content determination. The residue of the extraction contained the HU fraction. The C content
in the acid (CHCl), SHS (CSHS), and FA (CFA) extracts was quantified by measuring the absorbance at
580 nm (Shimadzu-UV-160A, Kyoto, Japan) after C oxidation with K dichromate in acidic medium at
60 ◦C during 4 h. For discussion purposes, the concentration of the three fractions (acid extract, SHS,
and of FA) was based on the C content allocated in each fraction. Likewise, the C concentration in the
HA fraction (CHA) was determined as follows: CHA = CSHS − CFA, and the C concentration in the HU
fraction (CHU) was determined by the difference: CHU = TC − CHCl − CSHS.

2.3. Incubation of Soil Samples and Charcoal

Before incubation, soil samples (10 g) were inoculated with 1 mL of a microbial suspension, which
was extracted from a gardening soil after manual shaking with deionized water and subsequent filtering
(5 μm pore size). Soil samples (four field replicates) were placed into individual closed incubation
vessels (250 mL), and their water content was adjusted to ca. 60% of the maximum soil water holding
capacity. In addition to the soil samples, four replicates of charcoal alone (10 g, milled to pass a 2 mm
sieve) were also incubated following the same methodology. Considering that part of the charcoal
is usually hydrophobic and that it can affect the water distribution within the sample and, therefore,
charcoal mineralization rates, the wetted samples were carefully homogenized before incubation.

Soil and charcoal samples were incubated for 165 days at 20 ◦C under aerobic conditions in a
Respicond Apparatus IV (Nordgren Innovations, Alnarp, Sweden). The respiration was measured
every three hours by determining changes in the electrical conductivity induced by absorption of CO2

in a KOH solution (10 mL, 0.6 M), which was allocated inside the incubation vessel [35]. The cumulative
C loss was calculated by normalizing the CO2 production to the C content of each sample and by
employing a calibration constant value informed by the producer of the equipment, which takes
into account the temperature used during the incubation period. The proportion of remaining C at
a given time (A(t)) was calculated by subtracting the accumulated C loss from 100%. At the end of
the incubation period, data were fitted to a double exponential decay model using Sigmaplot 11.0
according to equation 1. This model separates the decomposition curve in two different compartments,
corresponding to the fast and the slow turnover pools, both following the first order kinetics model.

A(t) = A1 × e−k
1

t + A2 × e−k
2

t (1)

where A(t) = remaining C (% of TC); A1 = amount of C relatively labile against mineralization (% of
TC); A2 = amount of C more stable against mineralization (% of TC); t = incubation time; k1 and k2

= apparent first order mineralization rate constants for the labile and stable pool (y−1), respectively.
The mean residence times of the first-order reactions were MRT1 = 1/k1 and MRT2 = 1/k2, whereas the
half-life time of A2 was calculated as t1/2long = 0.693/k2.

Besides the soil and the charcoal samples, one blank (without soil or charcoal) was prepared
in order to monitor variations due to temperature changes or background noise. The blank sample
showed that no background CO2 production occurred.

2.4. Solid-State 13C Nuclear Magnetic Resonance (NMR) Cross Polarization Magic-Angle Spinning
CPMAS Spectroscopy

Since differences between T1 and T4 regarding TC contents were observed only at 0–5 and
10–20 cm depths (Table 1), soil samples from these depths were selected for the 13C NMR analysis.
Prior to the analysis, composite samples (formed by the four field replicates) were treated with 10%
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hydrofluoric acid (HF) solution to concentrate the SOM and to remove paramagnetic materials [36].
Thereafter, samples were washed five times with deionized water and freeze-dried before analysis.

Prior to the 13C NMR analysis, charcoal composite samples (3 g) were placed into centrifuge tubes
and treated with 75 mL of 2 M HCl solution for removing soluble ashes and paramagnetic compounds.
After 2 h of mechanical shaking and subsequent centrifugation at 2000 g for 10 min, the supernatant
was removed and discarded. The material remaining into the containers was washed four times
with deionized water and freeze-dried. Aiming to elucidate chemical alterations on soil and charcoal
samples resulting from degradation during incubation, these samples were subjected to 13C NMR
analysis before and after incubation.

The solid-state 13C NMR spectra were obtained with a Bruker Avance III 600 MHz spectrometer,
Billerica, MA, USA from General Services and facilities of the University of Seville (CITIUS, Seville,
Spain) operating at a resonance frequency of 150.91 MHz, and CPMAS approach [37] was applied with
a spinning speed of 15 kHz. A ramped 1H pulse was used during the contact time of 1 ms to circumvent
spin modulation during the Hartmann-Hahn contact [38,39]. For each sample, about 300–400 mg of
finely crushed and homogenized material were packed into 4 mm zirconium rotors. Subsequently,
depending on the C content of the samples, about 13,000 to 28,000 scans were accumulated for soil
samples (T1 and T4), and 3000 to 8000 scans for charcoal samples with a pulse delay of 300 ms
and line broadenings between 50 and 100 Hz. The 13C chemical shifts were calibrated relative to
tetramethylsilane (0 ppm) with glycine (COOH at 176.08 ppm). The contributions of the various
C groups to the total 13C intensity were calculated using the MestreNova 8.1 software. Firstly,
the integration of the signal intensity of all C groups was performed. Subsequently, the area of each
chemical shift region was divided by the total area, and this result was multiplied by 100. The calculation
was carried out by taking into account the spinning sideband disturbance [40]. The chemical shift
assignments of the CPMAS 13C NMR spectra were performed as follows: 0–45 ppm, alkyl C; 45–60 ppm,
N-alkyl C; 60–110 ppm, O-alkyl C; 110–160 ppm, aryl C; 160–220 ppm, carboxyl C [25].

In order to calculate the loss of each C group resulting from the microbial activity during the
incubation experiment, the intensities of each chemical region in the spectra of samples, after incubation,
were multiplied by the percentage of remaining C (% of the initial TC) in the sample at the end of the
incubation [25]. Therefore, for samples after incubation, the difference between 100% and the sum
of 13C intensities corresponds to the C loss occurring during incubation. Finally, these values were
subtracted from the intensities obtained for the spectra of the samples before the incubation.

2.5. Statistical Analysis

Paired t-tests were used to compare the means of T1 and T4 variables within soil depth.
All statistical analyses were performed using the software R [41].

3. Results and Discussion

3.1. Total C Content and Humic Substances

The application of 40 Mg ha−1 of charcoal (T4) increased TC contents at 0–5 and 10–20 cm depths
by 38 and 23%, respectively, in comparison to T1. At 0–5 cm depth, the greater concentration of C
found in T4 could be attributed to the considerable amount of charcoal particles remaining near the
soil surface (even after charcoal incorporation up to 10 cm depth), as evidenced, in a previous study, by
scanning electron microscopy (SEM) and by the higher C content in the particulate SOM fraction [27].
The higher TC content observed in T4 at 10–20 cm depth was probably associated with the vertical
transport of smaller charcoal particles.

In general, the charcoal application did not affect CHCl contents, which varied from 1.0 to 2.2 g
kg−1 (Table 1). The contribution of CHCl to the TC content ranged from 2 to 9% (Figure 1). The CHCl

fraction is mainly composed of organic compounds that are originated from the microbial activity and
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from root exudations. Such chemical structures are smaller and more labile than that of the HA and
FA, and due to their fast turnover, CHCl is usually found in low proportions in subtropical soils [42].

Table 1. Total carbon content (TC), carbon content in the acid extract (CHCl), fulvic acid (CFA), humic acid
(CHA), and humin (CHU), and CHA/CFA and (CFA + CHA)/CHU ratios of a Cambisol without charcoal
(T1) and with charcoal −40 Mg ha−1 (T4) application.

Treatments TC CHCl CFA CHA CHU CHA/CFA
(CFA + CHA)
/CHU

—————————–g kg−1——————————-

0–5 cm
T1 41.1 *** 1.4 ns 7.6 ns 9.2 ns 22.8 ** 1.3 ns 0.8 *
T4 56.6 1.4 8.1 11.5 35.6 1.4 0.6

5–10 cm
T1 36.2 ns 1.2 ns 5.2 ns 8.8 ns 20.9 ns 1.8 ns 0.7 ns

T4 40.8 1.0 6.8 8.1 24.9 1.2 0.6

10–20 cm
T1 29.3 ** 1.8 ns 4.3 5.4 ** 17.8 ns 1.2 ns 0.6 *
T4 36.0 1.6 6.7* 8.8 18.9 1.3 0.8

20–30 cm
T1 24.8 ns 2.2 ns 3.2 ns 5.0 ** 14.5 ns 1.7 ns 0.6 *
T4 28.8 1.7 4.3 7.9 14.9 1.9 0.8

Values represent means of four replicates and ns, *, **, and *** indicate t-test results of p > 0.10, p < 0.10, p < 0.05,
and p < 0.01, respectively.
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Figure 1. Contribution of C content in the acid extract (CHCl), fulvic acid (CFA), humic acid (CHA),
and humin (CHU) fractions to the total carbon content of a Cambisol without charcoal (T1) and with
charcoal −40 Mg ha−1 (T4) application.

Different from CHCl contents, the C distribution in the other SOM chemical fractions was
considerably affected by the charcoal application. The CFA contents varied from 3.2 to 8.1 g kg−1

(Table 1) and represented 13 to 18% of TC (Figure 1). Compared to T1, CFA content in T4 was 55%
higher at 10–20 cm depth (Table 1). Significant differences were not observed in other depths.

The CHA contribution to TC ranged from 18 to 28% (Figure 1). Interestingly, the increments in CHA

contents in response to the charcoal application were observed not near to soil surface, where charcoal
particles were concentrated, but at 10–20 and 20–30 cm depths, where CHA contents in T4 were 64%
and 59% higher than in T1, respectively. According to the δ13C isotopic ratio data of the soil samples
presented in a previous study [27], after incorporation, most of the charcoal particles remained at
the 0–5 cm depth and a lower proportion of them was moved to 10–20 cm depth. The presence at
10–20 cm depth of humified compounds derived from the charcoal material, might explain the higher
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CFA and CHA contents noticed at this depth. The mild conditions of the charcoal production along
with the weathering of the charcoal during the time span of the field experiment until soil sampling
(20 months) might have contributed to its partial oxidation, originating carboxylic groups directly
linked to aromatic structures [43–45]. Possibly, these organic compounds have migrated downward
from upper depths with a preferential accumulation in the alkaline extractable fraction (SHS). In fact,
literature has reported that aging of charcoal can start very quickly after entering the soil, enhancing
the number of functional groups (mostly carboxyl) in the charcoal structure, leading to an increase
of polar sorptive sites and, thus, facilitating the movement of charcoal compounds downward the
soil profile [46–48]. The leaching of charcoal particles in soils has been also evidenced by the increase
of SOM aromaticity degree in deeper depths, as a result of functionalization of aromatic charcoal
structures [49–51]. At 20–30 cm depth, the greater content of CHA and CFA in T4 compared to T1 might
be associated to an indirect effect of the charcoal on the endogenous SOM dynamics of the upper
depths, promoting its functionalization and, thus, an increase of the SHS fraction, since δ13C isotopic
ratio data of the soil samples did not indicate charcoal presence at 20–30 cm depth [27].

The CHU contents varied from 14.5 to 35.6 g kg−1 (Table 1), and regardless of treatment and soil
depth, the contribution of CHU to TC was higher than 50% (Figure 1). Similarly, to CFA and CHA,

charcoal incremented CHU contents in the soil. At 0–5 cm depth, CHU content in T4 was 56% higher
than in T1. This result is probably related to the concentration of charcoal particles in the soil surface
even after its incorporation and to the hydrophobic character and particulate size of the charcoal,
leading this material to accumulate in the non-alkaline extractable fraction, HU [20].

The relative enrichment of C as HU at 0–5 cm depth after charcoal incorporation was evidenced
by the lower (CFA + CHA)/CHU ratio in T4 compared to T1 (Table 1). At 10–20 and 20–30 cm depths,
where charcoal did not affect CHU contents, higher (CFA + CHA)/CHU ratios were observed in T4
in comparison to T1 due to the increment of CHA and/or CFA content. The intensification of the
humification process, particularly HA formation, in soils with PyC (e.g., “Terra Preta” in Amazon) has
been reported in the literature [52–54] and can be attributed to the increase of N, P, and Ca contents in
the soil due to ashes addition and/or to the increase of the effective cation exchange capacity (ECEC) of
the soil as a consequence of PyC amendments. In this sense, higher P and Ca contents, as well as ECEC
in T4 in comparison to T1, especially at 0–5 cm depth, were observed in our previous study [27] and
might support such interpretation.

3.2. SOM and Charcoal Biodegradability

Figure 2 shows the curves of remaining C (% of the initial C) versus the incubation time (165 days
expressed in hours) for T1 and T4 samples at each soil depth and for charcoal alone. In order to
facilitate graphs visualization, only every tenth measured data is presented. All the coefficients of
determination (R2) were greater than 0.96 (Table 2).

During the incubation experiment, the data acquisition was interrupted for a few days (gaps
between symbols in the graphs, Figure 2) due to electric power cuts and consequent computer
instabilities. However, such interruption did not interfere in the amount of CO2 accumulated in the
KOH solution and, thus, the cumulative C loss measurement was not affected.

The C loss during the incubation of the soil samples ranged from 3.8 to 6.5% of the initial C and
tended to decrease with soil depth regardless of treatment (Table 2). These findings suggest that SOM at
the soil surface was biochemically more labile than that at deeper depths. Stabilization of SOM at deeper
depths occurs mainly via organo-mineral interactions, thus, hindering its biodegradability. In the
present study, the chemical SOM composition seemed to have a minor role in the SOM stabilization,
since the more easily degradable functional group, i.e., O-alkyl C, decreased with depth, neither in T1
nor in T4 (Table 3).

Differences between T1 and T4 regarding C loss during incubation were not observed (Table 2)
regardless of the soil depth. Despite the accumulation of charcoal particles and the substantially higher
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CHU content in T4 compared to T1 at 0–5 cm depth, the SOM biodegradability remained unaffected in
terms of organic matter conversion to CO2.

 

Figure 2. Remaining carbon (C) as a function of incubation time for a Cambisol without charcoal (T1)
and with charcoal −40 Mg ha−1 (T4) and for charcoal alone (not mixed with soil).

Mineralization of charcoal (alone) observed in the present study (0.73% of the initial C) was
in the range of values reported by Hamer et al. [55] (from 0.3 to 1.2%) for charred maize and rye
straw (thermally altered at 350 ◦C) and wood (thermally altered at 800 ◦C) incubated for 60 days.
Slower mineralization (<0.25%) for biochars, derived from wheat and eucalyptus shoot incubated for
74 days, was reported by Farrel et al. [56], and faster mineralization of hardwood derived charcoal
pyrolyzed at 500 ◦C (2.8%) after 84 days of incubation was reported by Zavalloni et al. [57]. These
comparisons suggest that the potential of the charcoal fine residues for C sequestration is comparable
to that presented by biochars, including biochars produced at high temperatures and derived from
hardwood, which are usually considered as highly resistant against degradation. However, it is
important to highlight that when charcoal was mixed with soil and subjected to weathering under field
conditions (20 months) and posterior incubation, it did not alter SOM biodegradability. The TC contents
of the Cambisol (without charcoal) were considerable, 24.8 up to 41.1 g kg−1 (Table 1), and mainly
composed of easily decomposable organic compounds (as O-alkyl C) (Table 3), which might suggest
that availability of labile organic compounds possibly stimulated microorganisms to degrade assumed
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less labile compounds, like that from charcoal. Acceleration of PyC (charred maize and rye residues
and oak wood) mineralization due to the presence of labile organic material (glucose) in a 60-day
incubation experiment (air temperature of 20 ◦C) was already reported in the literature [55].

Table 2. Cumulative carbon (C) loss after 165 days incubation experiment, proportion of the fast (A1)
and slow (A2) organic matter pools, their respective constant mineralization rates (k1 and k2) and mean
residence times (MRT1 and MRT2), and half-life time of the slow organic matter pool (t1/2 long) of the
charcoal alone (not mixed with soil) and of a Cambisol without charcoal (T1) and with charcoal −40 Mg
ha−1 (T4) application.

Treatments
C loss A1 k1 MRT1 A2 k2 MRT2 t1/2 long R2 *

% of TC % of TC year−1 years % of TC year−1 years years

0–5 cm
T1 6.5 ns 3.7 ns 19.5 ns 0.05 ns 96.3 ns 0.066 ns 15.7 ns 10.9 ns 0.998
T4 5.2 2.9 22.7 0.04 97.3 0.058 17.4 12.1 0.998

5–10 cm
T1 4.7 ns 3.1 ns 22.6 ns 0.05 ns 97.1 ns 0.041 ns 25.2 ns 17.5 ns 0.991
T4 4.3 3.0 21.2 0.05 97.2 0.034 29.7 20.6 0.990

10–20 cm
T1 4.2 ns 3.1 ns 23.3 ns 0.04 ns 97.2 ns 0.030 ns 34.3 ns 23.8 ns 0.979
T4 3.8 2.8 22.1 0.05 97.4 0.027 37.8 26.2 0.982

20–30 cm
T1 4.3 ns 3.6 ns 21.5 ns 0.05 ns 96.9 ns 0.025 ns 42.1 ns 29.2 ns 0.965
T4 3.9 3.1 20.6 0.05 97.3 0.024 41.9 29.1 0.967

Charcoal
0.73

(0.09) 1
0.23

(0.04)
21.9

(0.00)
0.05

(0.00)
99.8

(0.05)
0.012
(0.00)

87.0
(8.19)

60.3
(5.68) 0.998

Values represent means of four replicates, and ns indicates t-test results of p > 0.10. 1 Values within parentheses refer
to the standard deviation of the charcoal data. * Coefficient of determination of the fit correlating the cumulative C
loss versus time according to a double exponential decay model. TC: total carbon.

The lower mineralization of the charcoal (0.73%) in comparison to that of soil samples (from 3.9
to 6.5%) could be assigned to the higher aryl C and lower O-alkyl and N-alkyl C proportions in
the charcoal compared to the SOM (Table 3) assuming that aryl C compounds are more resistant to
biodegradation than O-alkyl and N-alkyl C [58–60].

The proportion of the fast SOM pool (A1) to the TC ranged from 3.1 to 3.7% in T1 and from 2.8
to 3.1% in T4 (Table 2), and charcoal did not affect this SOM compartment. The charcoal is mainly
composed of less labile organic compounds, as aryl C compounds, which accounted for 78% of total
13C intensity in the charcoal NMR spectrum (before incubation) (Table 3). Labile compounds are
less representative in charcoal materials, and possibly these compounds were degraded within the
20 months of field experiment and exposition of charcoal to weathering. In fact, relatively rapid
oxidation of charcoal after entering the soil has been reported in the literature, especially for those
materials produced under mild temperatures [25,43,47], as in the case of the charcoal used in this
study [27].

The mineralization rate of the fast SOM pool (k1) for T1 and T4 ranged from 19.5 to 23.3 year−1

and for charcoal alone was 21.9 year−1 (Table 2). Differences between T1 and T4 k1 values were not
observed regardless of the soil depth (Table 2). In this way, T1 and T4 did not differ with respect to
the mean residence time of the fast SOM pool (MRT1). MRT1 for soil samples varied from 0.04 to
0.05 years and were comparable to the MRT1 of the charcoal alone (0.05 years), reinforcing that labile
charcoal-derived compounds undergo similar decomposition as labile SOM compounds. Similar MRT1

values (0.03 to 0.05 years) were reported by authors evaluating the biodegradability of the SOM in
fire-affected and unaffected soils from Southern Spain [25].

In charcoal samples, the amount of C more stable against mineralization (A2) accounted for
99.8% of the TC (Table 2). In the soil samples, regardless of the treatment, values were high as well,
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varying between 96 and 97% (Table 2). Similar A2 values (91 to 96%) were reported by other researchers
after 206 days incubation of fire-affected and unaffected soil samples [25].

The k2 observed for pure charcoal (0.012 year−1) was about 2 to 5-fold lower than that observed for
soil samples (from 0.024 to 0.066 year−1), indicating that for this SOM pool, the chemical composition
of the C source is relevant. However, when applied to the soil, even at a rate of 40 Mg ha−1, which is a
considerably high amount of charcoal application to the soil, the charcoal did not promote higher A2

and k2 values in T4 compared to T1 (Table 2). More remarkable effect in A2 values due to charcoal
application was expected due to a coupled effect resulting from: i) charcoal particles concentration at
0–5 cm [27] and ii) the aromatic character of the charcoal (78% aryl C contribution, Table 3), which
is supposed to confer slow biodegradability to this material. Mean residence time of the slow pool
(MRT2) for pure charcoal was of 87 years, about 2 to 6-fold higher than those observed for T1 and T4,
from 15.7 to 42.1 years (Table 2). However, charcoal addition did not increase MRT2 in T4 compared to
T1 despite the high aryl C intensity in the charcoal 13C NMR spectra (Table 2). Yet, based on the MRT2

of the charcoal alone, a more relevant increase of MRT2 for T4 samples was expected. As discussed
before, labile organic compounds from SOM possibly stimulated soil microorganisms to degrade
charcoal [31,55]. Although not statistically significant, MRT2 at 0–5, 5–10, and 10–20 cm depths tended
to be higher in T4 than in T1, suggesting the influence of the added charcoal on the greater MRT2

values. At 20–30 cm depth, MRT2 values observed for T1 and T4 were similar. In fact, charcoal particles
were mainly concentrated within 0–20 cm depth and not evidenced at 20–30 cm depth [27], justifying
why such tendency was restricted to the first 20 cm depth. One alternative to increase SOM MRT2

more consistently aiming C sequestration into the soil through charcoal fines addition would be to
increase charcoal doses applied to the soil, i.e., higher than 40 Mg ha−1 in this case. However, it is
important to consider that applying higher doses of charred material to the soil, on the other side,
could be prejudicial to soil biota, plant growth, and food chain, a part of the uncertain effects of these
materials to the environment in the long-term. Also, improper deposition of such materials could
occur as a result of water erosion in charcoal or biochar-amended soils [61–64].

The t1/2 long of the charcoal alone (60.3 years) was 2 to 6-fold higher than those of soil samples,
which ranged from 10.9 to 29.2 years (Table 2). Regardless of the soil depth, t1/2 long values did not differ
between T1 and T4 (Table 2). Similar to MRT2, t1/2 long values tended to be greater in T4 within 0–20 cm
depth, most probably due to the concentration of charcoal particles up to 20 cm depth, as discussed
previously. At 20–30 cm, t1/2 long values were quite similar in T1 and T4, 29.2 and 29.1 years, respectively,
corroborating suppositions that large charcoal fragments, which are less prone to fast degradation and
leaching [65], were not relevantly transported to depths below 20 cm [27].

3.3. Alteration of SOM and Charcoal Chemical Composition after Incubation

The 13C NMR spectrum of the charcoal alone before the incubation experiment was dominated by
the 13C intensity band corresponding to the aryl C region, which accounted for 78% of the total 13C
intensity (Table 3). The other signals found in the charcoal 13C NMR spectrum, and their contribution
to the total 13C intensity were: O-alkyl C −8%, carboxyl C −6%, alkyl C −5%, which can be assigned
to short alkyl chains from lignin that remained in the charcoal after the mild charring process [40],
and N-alkyl C −3% (Table 3). The low signal in the 100–60 ppm region (O-alkyl C) can be assigned to
aromatic C compounds, which may have caused resonance lines mainly in the 110–90 ppm region
or to the few easily decomposable structures, as carbohydrates from Mimosa scabrella trees, which
may have resisted to the charring [40,59]. After 165 days of incubation, the 13C NMR spectrum of the
charcoal exhibited the same pattern as prior to incubation (Figure 3). However, the contributions of the
chemical groups to the total 13C intensity were altered, despite the low mineralization of the charcoal
during the incubation experiment (0.73% of C loss of the initial TC). The aryl C contribution after
the incubation period decreased to 67%, suggesting that some microorganisms were able to use the
aromatic compounds as a C source. This event might have been magnified when charcoal was mixed
with soil (in the field), at least partially explaining why charcoal did not increment SOM resistance
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against biodegradability, especially MRT2. Consequently, after incubation, the relative contribution of
the alkyl C increased from 5% to 11% and that of O-alkyl C from 8% to 12% (Table 3).

The 13C NMR spectra of T1 and T4 samples, before and after incubation experiment, presented
the same pattern and differed markedly from that of charcoal (Figure 3). Soil samples spectra were
dominated by the 13C intensity in the O-alkyl C chemical shift region (30 to 38% of the total 13C intensity),
which is assigned mainly to carbohydrates from the microbial biomass and plant residues [59,66].
Due to the aromaticity of the charcoal and its concentration near to the soil surface, higher aryl
C 13C intensity in T4 compared to T1 was expected, but difference of aryl C contribution to the
total 13C intensity in T4 and T1 was only 2.5% (Table 3), which can more likely be attributed to
instrumental variations and samples heterogeneity. These results suggest that despite the aromaticity
and thermostability of the charcoal fines [27], once they were applied to the Cambisol (40 Mg ha−1),
they were not able to increment aryl C contribution to the SOM composition, probably due to the
susceptibility of this material to biodegradation. At 10–20 cm depth, relevant differences in 13C NMR
spectra between treatments, before incubation experiment, were not evidenced as well. Decrease of
aryl C contribution to the total 13C intensity from 46% to 23%, when PyC amended A-horizon samples
were collected four weeks and 7 years after forest fire in Southern Spain, was recently reported in the
literature and attributed to the microbial decomposition, leaching, or erosion of such material [67].
These findings reinforce that PyC can suffer rapid microbial decomposition into the soil, and moreover,
that the assumption of PyC as a stable C compartment in the soil should be taken carefully.
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Figure 3. Charcoal illustration and Solid-state 13C NMR spectra of the HCl-treated charcoal alone
(not mixed with soil) and of HFtreated samples of a Cambisol without charcoal (T1) and with charcoal
−40 Mg ha−1 (T4) application, before and after 165 incubation days, at 0–5 and 10–20 cm depth.

87



Agronomy 2019, 9, 384

After 165 days of incubation, the 13C NMR spectra of T1 and T4 samples were not altered compared
to the spectra before incubation, regardless of the soil depth, and 13C intensity variations of up to 4%
within chemical shift regions (Table 3) were attributed to instrumental aspects. In general, these results
indicate that preferential preservation of charcoal derived-aromatic structures against degradation did
not occur as could be expected when assuming charcoal as a highly recalcitrant material. Moreover,
aryl C 13C intensity enrichment in T4 after incubation was not observed, supporting why charcoal did
not increment MRT2, as discussed before.

Table 3. Comparison of the relative intensity distribution (%) of Solid-State 13C NMR spectra, before and
after 165 days of incubation, of the charcoal and of the Cambisol samples collected at 0–5 and 10–20 cm
depth after charcoal application.

Treatments 1 Incubation
Carboxyl C Aryl C O-Alkyl C N-Alkyl C Alkyl C

220–160 160–110 110–60 60–45 45–0

%

0–5 cm
T1 Before 6.5 12.3 38.3 12.9 30.0

After 8.4 12.7 35.2 9.0 28.3
Before-after −2 0 3 4 2

T4 Before 8.7 22.9 33.1 8.7 24.8
After 8.8 25.4 31.6 8.3 24.0

Before-after 0 −2.5 1.5 0 1

10–20 cm
T1 Before 6.5 13.4 37.0 12.4 30.7

After 9.5 13.4 33.8 8.7 30.5
Before-after −3 0 3 4 0

T4 Before 7.5 15.4 34.8 11.3 30.9
After 9.2 15.5 32.0 8.4 31.1

Before-after −2 0 3 3 0

Charcoal
Before 6.1 78.3 8.0 2.7 4.9
After 6.7 66.6 11.6 3.8 10.5

Before-after −1 12 −4 −1 −6
1 T1 = 0 Mg ha−1 (control); T4 = 40 Mg ha−1.

4. Conclusions

The charcoal fragments located at 0–5 cm depth were preferentially accumulated in the humin
fraction, most probably due to the charcoal hydrophobic character. The greater content of humic acids
and fulvic acids in the charcoal amended soil was related to charcoal oxidation and to the effect of the
charcoal on endogenous SOM humification dynamics.

Despite the concentration of charcoal particles at 0–5 cm depth, leading to carbon content increase
(as humin) and the aromaticity of the charcoal verified by 13C NMR, charcoal did not increment
the slow soil organic matter pool. Apparently, the availability of labile organic compounds from
SOM stimulated the biodegradation of charcoal aromatics when charcoal was applied to the soil and
suffered weathering. Preferential preservation of aromatic structures in the charcoal-amended soil
after incubation was not evident, supporting such interpretations.

Overall, our findings suggest that incorporation of charcoal fine residues at a rate of 40 Mg ha−1 to
a subtropical Cambisol was not an efficient strategy to promote carbon sequestration in the soil and that
this material could be preferentially used as a means to improve soil chemical agronomical attributes.
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Abstract: The pyrolysis and hydrothermal carbonization (HTC) of sewage sludge (SS) resulted in
products free of pathogens, with the potential for being used as soil amendment. With this work,
we evaluated the impact of dry pyrolysis-treated (600 ◦C, 1 h) and HTC-treated (200 ◦C, 260 ◦C; 0.5 h,
3 h) SS on the germination, survival, and growth of Lolium perenne during an 80 day greenhouse
experiment. Therefore, the hydrochars and pyrochars were amended to a Calcic Cambisol at doses of
5 and 25 t ha−1. The addition of sludge pyrochars to the Cambisol did not affect Lolium germination,
survival rates or plant yields. However, the use 25 t ha−1 of wood biochar reduced germination and
survival rates, which may be related to the low N availability of this sample. In comparison to the
control, higher or equal plant biomass was produced in the hydrochar-amended pots, even though
some hydrochars decreased plant germination and survival rates. Among all the evaluated char
properties, only the organic and inorganic N contents of the chars, along with their organic C
values, positively correlated with total and shoot biomass production. Our work demonstrates the
N fertilization potential of the hydrochar produced at low temperature, whereas the hydrochar
produced at 260 ◦C and the pyrochars were less efficient with respect to plant yields.

Keywords: hydrochar; pyrochar; nitrogen; fertilizer; greenhouse experiment; biosolids

1. Introduction

Sewage sludge (SS) is a nutrient-rich organic waste, which is produced in increasing amounts.
More than 10 million tons (dry weight) are produced annually in Europe [1]. Recycling of SS for
agriculture can return N, P, other plant nutrients and organic matter to the soil and may help to reduce
the dependency on fossil fuel-consuming synthetic N fertilizer and non-renewable P sources. However,
its application poses some environmental risks such as nutrient leaching, reduced soil biodiversity,
increased greenhouse gas emissions [1], and health risks if not pre-treated properly. One possibility
for hygienization of SS before its application to soil represents composting. However, this process
consumes not only space and time but also releases greenhouse gases such as CO2 and volatile N.
An alternative may be a thermal treatment of SS through pyrolysis or hydrothermal carbonization
(HTC). These technologies allow efficient hygienization while concomitantly stabilizing organic C and
N within a relative short process time. Of course, during thermal treatment greenhouse gases are also
released, but this emission may be compensated by recycling the produced thermal energy for other
energy requiring purposes. Both pyrolysis and HTC carbonize biomass in low oxygen environments.
Temperatures between 300 and 700 ◦C are typically used during dry pyrolysis. Hydrochars are typically
produced at temperatures between 180 and 250 ◦C in the presence of water, which creates autogenous
pressure. The advantage of transforming SS into hydrochar rather than pyrochar lies in lower energy
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costs due to the lower process temperatures and the fact that pre-process drying of the feedstock is not
necessary. On the other hand, they are considered to be biochemically less stable than biochar [2,3].

Commonly, SS is characterized by a high ash content yielding in pyrolyzed products with organic
matter contents which are too low to meet the requirements of the International Biochar Initiative or
the European Biochar Certificate [4,5] to be called biochars [6]. Therefore, we will refer to pyrolyzed SS
as pyrochar.

Despite the potential of pyrochars and hydrochars to increase the amount of stable carbon stored in
soils, its use in agriculture will only be economically feasible if they provide additional benefits such as
increasing crop production. Whereas pyrolysis of green waste and wood commonly results in products
with a high porosity which may improve some physical properties of the soil [6,7], the pyrolysis of SS
turns into carbonized residues with fertilizing potential [8–11].

Solid-state 15N nuclear magnetic resonance (NMR) spectroscopic studies confirmed that most of
the organic N (Norg) in pyro- and hydrochars from SS occurs as heterocyclic N [10]. Bearing in mind
that this so-called black nitrogen (BN) [12] is less bioavailable than inorganic N (Ni), a big advantage
of applying such fertilizers lies in the fact that N losses due to the fact of leaching can be reduced.
On the other hand, despite pyrolysis and HTC of SS decreasing P mobility [13], pyrolyzed-SS was
able to increase P contents in plant tissues [11], which demonstrates that at least part of the P was
bioavailable. These observations point towards the potential of HTC-treated and pyrolyzed SS to act
both as P and N sources for plants once applied to the soil.

These promising results are counteracted by the fact that phytotoxic compounds may be formed
during thermal treatments. Indeed, negative impacts on germination and seedling growth have been
observed in other studies [14–17]. They may be eliminated by well-designed pyrolysis conditions [18]
and washing treatments [16]. However, the knowledge about the most appropriate conditions for
converting SS into thermally treated products suitable for agriculture is still scarce.

Bearing this in mind, the goal of the present work was to fill those knowledge gaps by
complementing a former investigation on the chemical transformation of organic C and N forms during
HTC and pyrolysis of two different SS [10] with an 80 day greenhouse experiment. The focus of those
experiments was to obtain insights on the impact of the application of the respective hydrochars and
pyrochars on germination, survival, and biomass production of Lolium perenne. In addition, the char
properties were related to the growth of Lolium.

2. Materials and Methods

2.1. Characteristics of the Sample Material

Two different SS were collected at the Experimental Wastewater Treatment plant (CENTA), located
in Carrion de los Céspedes, near Seville, southern Spain. The first sample, further called “A_SS”, was
a primary sludge produced by the settlement of suspended organic matter in a pond. The second
sample, assigned “T_SS”, was a secondary sludge accumulated in an extended aeration treatment
system and later stored in a thickener, in order to reduce its water content. In addition, “W” pyrochar
was yielded from wood chips. Our previous work [10] showed that the material collected from the
pond (A_SS) was more humified, thus biochemically stabilized, than that derived from the thickener
(T_SS). The total N (NT) contents of A_SS and T_SS were 19 and 32 g kg−1, respectively (Table 1), and
occurred mainly as peptides and in amino sugars [10]. Regarding heavy metal content, only Zinc (Zn)
for A_SS and Cadmium (Cd) for both A_SS and T_SS slightly exceeded the thresholds established in
the Working document on sludge [19] (Table 1).
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Hydrochars were produced from the primary (A) and secondary (T) SS at 200 ◦C (_HTC_200) and
260 ◦C (_HTC_260) for 0.5 and 3 h (_0.5, _3, respectively) as described in Reference [10] in a 1 L stirred
pressure reactor (Parr reactor series 4520, IL, USA). The reaction water was removed through a filter
and the material was rinsed with distilled water until the rinsing water turned clear.

To obtain the A and T pyrochars, further called A_Py and T_Py, 200 g of dry SS were pyrolyzed
in a closed steel container in a preheated muffle oven at 600 ◦C for 1 h. W_Py carries the European
Biochar Certificate and was produced at 600 ◦C for 20 min by Swiss Biochar, Lausanne, Switzerland.

The heavy metals content of the chars tended to increase compared to the non-treated SS; however,
only Cd and Zn exceeded the limits [19], similar to the non-treated SS (Table 1). The concentrations of
selective volatile organic compounds in process liquid (5-hydroxymethylfurfural 2-furfural, phenol,
catechol, cresol, and resorcinol) was measured using a modified ICS 3000 Dionex (Thermo Scientific)
with a UV detector (wavelength 280 nm) and Knaur Eurosphere II (C 18) column. A 15% acetonitrile (85%
deionizedwater) was used as mobile phase in the ion chromatography system. Column temperature
was set at 23 ◦C and flow rate was 1.0 mL min−1. No presence of these molecules was found in A_SS,
T_SS or in their chars.

According to the International Biochar Initiative [4], the organic C (Corg) content of the hydro-
and pyrochars (Table 1) allows their classification as class 3 biochar; however, only the pyrochars fulfill
the second requirement of having an atomic H/C ratio <0.7. A detailed characterization of the organic
matter composition is given in Reference [10]. Due to the high N contents of the source materials,
all chars contained considerable amounts of N between 1% and 3%, most of which (>97%) occurred in
an organic form (Table 1). In contrast to the HTC chars, the pyrochars did not concentrate Ni. Total
phosphorus (PT) and potassium (KT) contents were determined after digestion with aqua regia (1:3 v/v
concentration HNO3/HCl) in a microwave oven (Microwave Laboratory Station Mileston ETHOS 900,
Milestone s.r.l., Sorisole, Italy) by inductively coupled plasma-optical emission spectrometer (ICP-OES)
spectrophotometer Varian ICP720-ES (Table 1). The pH of the samples was measured in distilled water
(1:10, w/v) (Table 1).

2.2. Greenhouse Experiment

For the greenhouse experiment, 250 mL pots (16 cm height) were perforated and filled with 250 g
of dried fine earth (<2 mm) from the Ah horizon of a sandy loamy Calcic Cambisol [20] mixed with
amounts equivalent to 5 and 25 t ha−1 of each char (0.8 and 4% w/w, respectively) and topped with
25 certified grass seeds (Lolium perenne, ILURO Seeds Company, Barcelona, Spain). The soil derived
from the experimental station “La Hampa” of the Instituto de Recursos Naturales y Agrobiología de
Sevilla, in the Guadalquivir River Valley (SW Spain; 37◦21.32′ N, 6◦4.07′ W), Coria del Río, Seville.
After sampling, the soil was dried at 40 ◦C for 48 h and sieved (<2 mm). Small branches, fresh mosses,
and plant remains, as well as roots were removed manually. The soil material contained 21 g C kg−1,
of which 10 g kg−1 was attributed to Corg and 1 g N kg−1. Its pH in water was 8.5 and its water holding
capacity (WHC), according to Reference [21], was 24%.

For each treatment, four replicates were prepared (n = 4). Additionally, 6 controls without any
char amendment but with plants were included (n = 6). However, of those 6, only 4 were used for
the final analysis. Growing conditions were similar as previously described by Reference [7]. Briefly,
soil moisture was adjusted to 60% of the maximum WHC, the samples were placed in a greenhouse at
25 ± 2 ◦C/17 ± 2 ◦C (day/night) maintaining a 14 h light day−1 cycle with the support of growing lights
(120 μE m−2 s−1 of photosynthetically active radiation) for 80 days. Average relative humidity of the
air in the greenhouse was maintained during the experiment in the range 60 ± 10%. The position of
the samples was changed three times per week to assure comparable light and growing conditions.
Chars were dried (40 ◦C), grounded, and sieved (<2 mm) prior to being applied to the Calcic Cambisol
to avoid possible differences due to the contrasting textures or heterogeneity. No nutrient solution
was added. Although the pots were placed on saucers to collect possible excess water, there was no
leaching after watering. The same amount of water was added to each sample three times per week,
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which summed up to 145 L m−2 at the end of the experiment. This was equivalent to 662 L m−2 per year
and is similar to the natural average annual precipitation in the region around the experimental station.

The number of living grass shoots was counted after 5, 9, 13, 18, 20, 25, 30, 60, and 80 days.
The germination rate was determined from measurements after 20 days of incubation, since it
represented the time with the highest number of living plants. The survival rate was calculated by
using the 80 count-day data. In addition, the shoots were cut and then left to regrow after 18, 33, 47,
and 61 days. The final harvest was after 80 days of incubation. The harvested shoot biomass was dried
(48 h at 40 ◦C) and weighed in order to determine the shoot biomass production. After the experiment,
the roots were manually separated from the soil, rinsed with distilled water, dried (48 h at 40 ◦C), and
weighed to determine the root biomass.

2.3. Statistical Analysis

All measured variables were submitted to the same statistical analysis using SPSS version
17.0 (SPSS, Chicago, IL, USA). Shapiro–Wilk and Levene tests were used to test for normality and
homoscedasticity of the data, respectively. Transformations were applied to meet model assumptions
when necessary. A t-test was used to identify significant effects between the control and each treatment.
The same test was used to evaluate the application dose effect within each char. In addition, an analysis
of variance was performed followed by a comparison of means (Tukey’s test) to test for significant
differences among chars, independently of the dose applied. Effects were considered significant at
p ≤ 0.05.

The R version 3.4.1 was used to conduct the non-metric multidimensional scaling (NMDS)
ordination. Samples variation was represented by an ordination using a Euclidean distance matrix.
The “envfit” function in the “vegan” package [22] was used to draw vectors representing chars
properties with a statistical effect on Lolium perenne response onto the NMDS ordination. The SigmaPlot
version 13.0 was used to plot the previously obtained NMDS data.

3. Results

3.1. Germination and Survival Rates

Figure 1 shows that the addition of pyrochars to the soil did not affect the germination or survival
rate of Lolium perenne. Only W_Py applied at 25 t ha−1 decreased both parameters (Figures 1 and 2).
Hydrochars derived from the “T” sewage sludge showed lower germination and survival rates than
the control. In contrast, most of the tested A hydrochars revealed no major impact on the germination
or survival rate. In addition, no differences were found when comparing the different production
conditions or application doses between each other.

3.2. Biomass Production

The biomass production was determined as the sum of the shoot and the root biomass. The use of
pyrochars had no effect on biomass production of Lolium perenne except for T_Py applied at 25 t ha−1

(Figure 3). The total biomass production after hydrochar application was always higher or equal to
the control. Note that the greatest biomass was obtained with the hydrochars produced at the lowest
temperature for both A and T hydrochars, A_HTC_200 and T_HTC_200, respectively. Residence
time seems to have a lower impact than temperature on this parameter. In addition, increasing the
application rate did not significantly alter the total biomass production.

3.3. Root-to-Shoot Ratios

The pyrochars’ addition significantly increased the root-to-shoot (R:S) ratio of Lolium perenne,
whereas the presence of A and T hydrochars resulted in lower or equal values than the control (Figure 4).
Within hydrochars, production conditions did not affect this parameter; however, the R:S ratio tended
to decrease with increasing rates of hydrochar application. These changes were mainly due to the
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higher root biomass in the case of pyrochars and a higher shoot biomass in the case of hydrochars
(data not shown).

Figure 1. Germination rate (%) of Lolium perenne in: (A) Control and pyrochars-amended pots, (B) Control
and pots amended with hydrochars derived from A_SS and (C) Control and pots amended with
hydrochars derived from T_SS. Hydrochars were produced from primary (A_) and secondary (T_) sewage
sludges at 200 ◦C (_HTC_200) and 260 ◦C (_HTC_260) for 0.5 and 3 h (_0.5, _3, respectively). Pyrochars
were produced from primary (A_) and secondary (T_) sewage sludges (_Py). NS: no significance.
Asterisks inside the bars show significant differences to the control according to the t-test.

Figure 2. Survival rate (%) of Lolium perenne in: (A) Control and pyrochars-amended pots, (B) Control and
pots amended with hydrochars derived from A_SS and (C) Control and pots amended with hydrochars
derived from T_SS. Hydrochars were produced from primary (A_) and secondary (T_) sewage sludges
at 200 ◦C (_HTC_200) and 260 ◦C (_HTC_260) for 0.5 and 3 h (_0.5, _3, respectively). Pyrochars were
produced from primary (A_) and secondary (T_) sewage sludges (_Py). NS: no significance. Asterisks
inside the bars show significant differences to the control according to the t-test.
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Figure 3. Biomass production per pot (mg) of Lolium perenne in: (A) Control and pyrochars-amended
pots, (B) Control and pots amended with hydrochars derived from A_SS and (C) Control and pots
amended with hydrochars derived from T_SS. Hydrochars were produced from primary (A_) and
secondary (T_) sewage sludges at 200 ◦C (_HTC_200) and 260 ◦C (_HTC_260) for 0.5 and 3 h (_0.5, _3,
respectively). Pyrochars were produced from primary (A_) and secondary (T_) sewage sludges (_Py).
NS: no significance. Asterisks inside the bars show significant differences to the control according to
the t-test. The above-line asterisks indicate significant differences among doses according to the t-test.
The letters show significant differences among treatments according to Tukey’s test.

Figure 4. Root-to-shoot ratio of Lolium perenne in: (A) Control and pyrochars-amended pots, (B) Control
and pots amended with hydrochars derived from A_SS and (C) Control and pots amended with hydrochars
derived from T_SS. Hydrochars were produced from primary (A_) and secondary (T_) sewage sludges
at 200 ◦C (_HTC_200) and 260 ◦C (_HTC_260) for 0.5 and 3 h (_0.5, _3, respectively). Pyrochars were
produced from primary (A_) and secondary (T_) sewage sludges (_Py). NS: no significance. Asterisks
inside the bars show significant differences with the control according to the t-test. The above-line
asterisks indicate significant differences among doses according to the t-test.
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3.4. Relationship between Plant Response and Chars’ Properties

The NMDS graph showed that carbonization type had an overall effect on all parameters since
pyrochars were separated from hydrochars (Figure 5). Pyrochars were characterized by higher R:S
ratios together with higher root biomass, and to a lower extent, by higher germination and survival
rates than hydrochars. In contrast, hydrochars were characterized by larger shoot and total biomass
per plant. Regarding the feedstock type, T hydrochars showed larger shoots and total plant biomass
than A hydrochars. In addition, total biomass per plant and shoot biomass significantly correlated
with increased Ni and Norg contents of the chars. To a lower extent, total biomass per plant and shoot
biomass also correlated with increased Corg levels of the chars. The p-values of the abovementioned
correlations were less or equal to 0.01. The Corg/N ratio, PT, and KT parameters showed p-values higher
than 0.01, and hence, were not considered significant variables.

Figure 5. Non-metric multidimensional scaling (NMDS) ordination indicates how the different thermally
treated sewage sludges (SS) impact on Lolium-measured parameters. R:S rat: root-to shoot ratio; Roots:
roots biomass per plant; Surv: survival rate; Germ: germination rate; Pot: total biomass per pot; Plant: total
biomass per plant; Shoot: shoot biomass per plant. Char properties significantly fitting onto the NMDS are
shown as vectors (p< 0.01). Ni: inorganic nitrogen; Norg: organic nitrogen; Corg: organic carbon. Goodness
of fit was 0.05.

4. Discussion

4.1. Germination and Survival Rates

Our data did not allow an unbiased assignment of factors causing the observed differences
in germination and survival rates between hydrochars and pyrochars. The germination rates of
Lolium perenne were similar to those previously obtained using biochars produced from different
vegetation residues as an amendment to the same Calcic Cambisol [7]. Considering that both SS-derived
hydrochars and pyrochars showed Cd and Zn values slightly higher than the limits and that only the
hydrochars decreased the germination rate, the presence of heavy metals does not explain our results.
A decrease in germination after addition of hydrochars has also been observed by others [14–17] and
was attributed to phytotoxic volatile organic compounds adsorbed on the surface of the hydrochar.
These compounds are mostly water soluble and can be removed by washing the hydrochars with
distillate water [16] but soluble nutrients are expected to be at least partially lost during this process.
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The fermentation of hydrochars in an anaerobic biogas reactor has also been proposed to eliminate
toxic compounds since it avoids the loss of nutrients [23,24]. However, analysis of our chars prior to
incubation did not indicate the presence of HMF, furfural, resorcinol, catechol, phenol, and kresol.
Thus, either other non-measured phytotoxic compounds were present in our hydrochars or other
factors were responsible. Previous works have also found diverse germination responses among
hydrochars produced from different feedstocks [14,16].

Dry pyrolysis performed at temperatures greater than 500 ◦C in appropriate pyrolysis reactors
reduces the presence of volatile compounds, including polycyclic aromatic compounds and other
phytotoxics [25]. Thus, the possible negative impact of pyrochars on germination rates should be less
prominent than that of hydrochars. Previous works have shown both neutral and positive effects of
pyrochars [7,15,17,26]. This is in agreement with our results indicating no major impact of pyrochar
addition except for W_Py applied at 25 t ha−1. This effect caused by W_Py could be due to its extremely
high aromaticity (H/Cat ≤ 0.4; [10]) together with the probable immobilization of nitrogen, especially
when adding the highest dose of this amendment (C/N = 922; Table 1).

4.2. Biomass Production and Chars Properties

Despite some hydrochars decreasing the survival rate of Lolium perenne, the total biomass
production was always higher or equal in the hydrochar amended soils, compared to the control.
This is best explained by the size of the remaining plants, since hydrochars tended to increased biomass
production per plant (data not shown). However, our pyrochars had no effect on biomass production.
The latter is in contrast to Reference [7] who observed a significant increase of Lolium perenne yields in
pyrochar amended soils compared to the control. However, here it has to be taken into account that in
the former study, inorganic N fertilizer was added.

The positive correlation between Ni and Norg contents of the chars with the total and shoot
biomass production per plant suggests that the availability of nitrogen of the chars represents an
important factor determining the additional growth of Lolium in the amended soils. Accordingly,
the pyrochars showed the lowest Norg contents along with absence of Ni, which is in line with the lack
of increase of Lolium biomass production. The hydrochars produced at 260 ◦C exhibited higher Norg

than the pyrochars and contained some Ni which may explain the slight increase of plant biomass
production. However, amendment of the hydrochars produced at 200 ◦C, containing the highest
concentrations of Norg and Ni, yielded the highest amount of Lolium biomass. This is in line with
former experiments showing that green-waste-derived hydrochars produced at 200 ◦C also produced
higher plant yields than hydrochars produced at higher temperatures [27].

In contrast to N, the PT and KT contents of the chars revealed no correlation with growth parameters.
Either the soil already contained sufficient plant-available P and K prior to char application or the P
and K of the chars were less plant available. In both cases, our results indicated that factors other than
PT and KT contents had a stronger impact on plant growth. The correlation of Corg contents of the chars
with the total and shoot biomass production may be due to the improvement of some soil physical
properties, such as a decrease in soil density, an increase of the soil water holding capacity or providing
a habitat for soil microorganisms. Note that hydrochars exhibited higher Corg contents, and thus,
higher biomass production than pyrochars. Since the latter are expected to exhibit a higher biochemical
stability than hydrochars, one has to keep in mind that increasing the potential of soils to act as a C
sink via addition of charcoal does not necessarily coincide with enhancement of biomass production.

4.3. Root-to-Shoot Ratios and Char Properties

Although pyrochar addition had no impact on Lolium biomass production, their presence increased
their R:S ratios compared to the control. Considering that increased R:S ratios have been observed
when growth is limited by N or P supply [28], our observation may be related to the absence of Ni in
our pyrochars. This deficiency may have been increased by adsorption of NO3

− and NH4
+ from the

soil solution to the char surface as it was suggested to occur for some biochars [29,30].
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Hydrochars applied at 25 t ha−1 showed lower R:S ratios than the control, whereas the 5 t ha−1

application rate produced no significant impact or a lower decrease of this parameter. In general, when
nutrient availability increases, plants can develop their aboveground vegetation in detriment to their
subsoil part because less effort is required to acquire nutrients [31]. This is in agreement with our
results, since char amendment with 25 t ha−1 delivered higher nutrients levels than addition of 5 t ha−1.

4.4. Fertilization Potential of Thermally Treated SS

This work indicates that low-temperature HTC of SS results in a product with N fertilization
potential, whereas chars yielded from HTC with higher temperatures and pyrolysis do not exhibit
the same suitability. This potential depends on the amount of Ni contained in the chars together
with the bioavailability of their organic N. Whereas Ni provides fast and immediate N fertilization,
the degradation rate of the organic N compounds determines the slow-release N fertilization potential of
the amendments. Our previous work [10] showed that organic N in SS occurred mainly in peptide-like
structures, part of which may be easily degradable. During both HTC and pyrolysis, these compounds
were partially transformed into N-heterocyclic aromatic entities [32], which are microbiologically less
accessible. This transformation was more efficient for pyrolysis than for HTC, which suggested a
quicker degradation of the Norg in hydrochars than in pyrochars. Therefore, not only the total nutrient
content values but also their speciation should be considered since their bioavailability from chars is
modified with processing conditions.

In addition, it also has to be considered that the same hydrochars/pyrochars may exhibit a
different crop response depending on the crop type as well as on the soil properties and the climatic
conditions [33,34].

5. Conclusions

The pyrolysis process and conditions together with the composition of the sludge were determinant
in the properties of the resulting chars and therefore in their applicability as soil amendment. This study
showed that although the problem of reduced germination after HTC application still has to be solved,
SS-derived hydrochars have the potential to be used as soil amendment with immediate fertilizing effect.
Bearing in mind that plant growth parameters correlated better with N than with P and K contents,
the increase of plant yields in the hydrochar amended pots is best explained by the concomitant
presence of Ni and easily available organic N forms. However, further and long-term experiments are
needed to discern if the presence of less microbially accessible N from the pyrochars may turn into an
advantage for crops which need low but constant N fertilization.

From an energetic, and thus, economic point of view, HTC may be advantageous over dry pyrolysis
since drying of the SS prior to its thermal treatment can be avoided. In addition, lower temperatures
have to be applied during HTC, which considerably reduce the costs for energy. Our studies reveal
further that hydrochars produced at 200 ◦C caused higher plant growth than those yielded at 260 ◦C,
which allows even less energy consumption. In addition, aside from economic considerations, the role
of low temperature hydrochar as N-supplier may be of environmental interest since the use of mineral
fertilizer could be reduced and the release of greenhouse gases into the atmosphere occurring during
disposal of untreated SS can be avoided.
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Abstract: There is a growing body of research that recognizes the potentials of biochar application
in agricultural production systems. However, little is known about the effects of biochar, especially
hydrochar, on production of containerized seedlings under nursery conditions. This study aimed
to test the effects of hydrochar application on growth, quality, nutrient and heavy metal contents,
and mycorrhizal association of containerized pine seedlings. The hydrochar used in this study was
produced through hydrothermal carbonization of paper mill biosludge at 200 ◦C. Two forms of
hydrochar (powder and pellet) were mixed with peat at ratios of 10% and 20% (v/v) under three
levels of applied commercial fertilizer (nil, half and full rates). Application of hydrochar had positive
or neutral effects on shoot biomass and stem diameter compared with control seedlings (without
hydrochar) under tested fertilizer levels. Analysis of the natural logarithmic response ratios (LnRR) of
quality index and nutrient and heavy metal uptake revealed that application of 20% (v/v) hydrochar
powder or pellet with 50% fertilizer resulted in same quality pine seedlings with similar heavy metal
(Cu, Ni, Pb, Zn and Cr) and nutrient (P, K, Ca and Mg) contents as untreated seedlings supplied
with 100% fertilizer. Colonization percentage by ectomycorrhizae significantly increased when either
forms of hydrochar were applied at a rate of 20% under unfertilized condition. The results of this
study implied that application of proper rates of hydrochar from biosludge with adjusted levels of
liquid fertilizer may reduce fertilizer requirements in pine nurseries.

Keywords: containerized production systems; heavy metals; paper mill sludge; biochar-ash pellet;
quality index

1. Introduction

Sweden is the world’s second largest exporter of pulp, paper and wood products; this amounted to
� 125 billion Swedish krona (SEK)in 2017 [1]. There is about 28 million hectares of forest land in Sweden
and pine trees constitute 40% of the total standing volume [2]. Although approximately 80 million m3

of Swedish forest stands are harvested annually, the total standing volume has considerably increased
in the last century [3]. In fact, a total of 400 million containerized tree seedlings are produced by
Swedish forest nurseries to restock forests each year [3]. However, intensive annual forest harvests
remove essential soil nutrients, which may cause problems for forest productivity.

In Sweden, container-grown seedlings are dominantly produced in peat and peat-based growth
media [4]. Peat-based substrates have many advantages such as long-term drainage ability, good aeration
for tree seedling roots, good fertilizer absorbance and release capability. However, peat-based media are
considered non-sustainable as their extraction have adverse environmental impacts [5,6]. Hence, researchers
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tend to evaluate various growing substrate alternatives that could fully or partially replace peat [7].
Particularly, nutrient-rich growing media have become a special area of interest for research, as the growing
global demand for wood harvest will cause further depletion of soil nutrients. Therefore, sustainable
approaches towards forest production and plantation management are urgently needed.

Biochar has been introduced as an environmentally sustainable option to replace peat in nursery
conditions [8–11]. Biochar is the carbonaceous residue of rapid biomass combustion in the absence or
partial supply of oxygen (pyrolysis) [12]. Biochars as soil amendment not only contribute to storing
carbon in the soils but also act as fertilizers [13,14], which subsequently reduces the environmental
impact [15,16] and economic cost of plant production [17]. Moreover, biochar can increase substrate
pH, improve water-holding capacity and enhance phyto-available nutrients by decreasing nutrient
leaching and increasing cation exchange capacity (CEC) and consequently, enhance plant growth and
productivity [18–21]. Biochar from paper sludge has also been characterized with high specific surface
area [22] and has shown promising effect on simulating growth of plants such as Lolium perenne [23].
Biochar from pulp and paper mill sludge has been reported to have higher environmental performance
relative to conventional disposal methods for sludge such as landfilling or incineration [24,25]. In many
studies, the term ‘biochar’ is generally understood to mean ‘pyrochar’, which is a coproduct of fast
pyrolysis or gasification. Another type of biochar is hydrochar, which is produced through hydrothermal
carbonization (HTC). Therefore, it may have different physical structure and chemical composition,
and consequently cause different effects on nutrient availability and plant growth compared to
pyrochar [26,27]. Hydrochar is characterized by a low pH, high carbon content, high nutrient levels,
good heavy metal absorption capacity and a carbon supply for microorganisms in the soil [18,28,29].
Generally, the effects of biochar on plant growth and physicochemical properties of the growing media
vary depending on biochar feedstock, particle size and production process, e.g., temperature and heating
duration [27,30]. Potentials of pyrochars and hydrochars as substrate components for production of
tree seedlings in nurseries have not been well documented. Pyrochar has been evaluated in forms of
either pellet or powder and shown promising results as nursery substrate for pine tree seedlings as well
as sequestering carbon as part of normal reforestation [10,31,32]. Few empirical studies investigated the
effects of hydrochar on tree seedling and soil nutrient cycling. Some studies reported adverse impacts
of hydrochar derived from beet root chips on plant productivity and seed germination even when
applied as low as 20–25% of volume of the growth mixture [33,34]. However, other studies offered
contradictory findings about the effects of hydrochar on a fast-growing tree species: Baronti et al. [35]
and George et al. [27] showed that biomass productivity and nitrogen use efficiency increased in
poplar tree seedlings treated with hydrohar derived from maize (Zea mays L.) silage feedstock.
These contradictory results concerning the effects of hydrochar on plant productivity call for careful
choice of feedstock, application rate and the target species to ensure optimum growth benefits.

As hydrochar is usually friable and dusty, pelletization decreases dust formation, unifies its shape
and size and facilitate transportation and distribution. Other benefits of reducing the loss of nutrients
(e.g., nitrate and phosphate) and water, reducing bulk density and providing a beneficial environment for
microbes as well as improved total porosity and aeration porosity in containers have been also reported
by Di Lonardo et al. [20] and Dumroese et al. [10]. Thus far, however, there has been no discussion about
the use of hydrochar pellets in nursery substrate constituent. Moreover, despite the potential significance
of hydrochar, the effects of this byproduct on plant and microorganism interactions, e.g., mycorrhizal
associations, is poorly understood. Ectomycorrhizal (ECM) associations play a key role in nutrient uptake
in many woody plants, e.g., pine trees, such that growth and survival of these plants in forest ecosystems
considerably rely on ECM fungi [36]. The existing body of research on biochar suggests positive effects of
pyrochar on mycorrhizal symbiosis of the host plants, however, some substantial differences between
hydrochar and pyrochar require assessment of hydrochar for any potential negative effects [33].

Therefore, the aim of this paper is to study the effects of hydrochar, derived from paper mill
biosludge, on growth, quality, mycorrhizal associations and nutrient/heavy metal uptake of pine tree
seedlings. We analyzed whether effects varied significantly between hydrochar forms (powder or
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pellets) or hydrochar proportions mixed with peat (10% or 20% hydrochar v/v). The effects of hydrochar
addition on pine tree seedling was evaluated under three fertilization regimes (no fertilizer, 50% fertilizer
and 100% fertilizer). We hypothesized that the growth, quality and mycorrhizal colonization of pine
tree seedlings grown in substrate mixed with hydrochar would improve. We also expected pine
tree seedlings grown with hydrochar to require less fertilizer to achieve similar or higher growth,
mycorrhizal colonization and associated nutrient uptake relative to seedlings grown without hydrochar
but with optimum rates of fertilizer (100% fertilizer). To the best of our knowledge, this current study
is the first paper to explore the potentials of hydrochar powder and pellets for being used as a growing
media component in production of containerized pine tree seedlings.

2. Materials and Methods

2.1. Hydrochar Preparation and Properties: Powder and Pellets

The hydrochar used in this study was produced through hydrothermal carbonization (HTC)
of biosludge from a market kraft pulp mill. The HTC process started with combusting biosludge
in Innventia’s Parr-reactor (Relzow, Germany) for 2 h at 200 ◦C [37]. The attained solid and liquid
were filtered and the resultant solid was then reslurried in deionized water at 70 ◦C and was filtered
for a second time. We used the second filtered char as the experimental hydrochar. We enriched
the experimental hydrochar by dry blending it with 5% wood ash (w/w) in a rotating mixer for
1 h. The main reason of adding wood ash to hydrochar was to improve the nutrient supply and to
counteract the low pH of the raw hydrochar (pH 4.9). Moreover, having ash is in compliance with the
current common practice of spreading ash into Swedish forests. Samples of hydrochar and ash were
dried at 105 ◦C overnight and then ground to < 2 mm; the dry materials were then acid digested with
ultra-wave digestion technique (Milestone© with unique Single Reaction Chamber (SRC)). Element
contents were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES).
The pH of hydrochar and ash was determined according to the methods outlined by Chen et al. [38].
Carbon and nitrogen content was quantified using Elementar Vario EL with TCD detector. Properties
of ash and hydrochar are summarized in Table 1. Hydrochar pellets were produced at the discipline
of Environmental and Energy Systems, Karlstad University (Karlstad, Sweden) by feeding the finely
ground ash-enriched hydrochar powder into a single pellet press unit. The measured technical
parameters for densification process of hydrochar included temperature (100 ◦C), compressive force
(4 kN), holding time (30 s) and the speed of girder moving (5 mm/min). The length (18.32 mm) and
diameter (8.85 mm) of hydrochar pellets were also measured.

Table 1. The pH, nutrient and heavy metal concentrations of the peat, hydrochar and wood ash used in
this study.

Parameters Peat Hydrochar Wood Ash

pH 5.17 ± 0.17 5.59 ± 0.12 11.95 ± 0.00
Total Carbon (%) 48.82 ± 0.04 49.20 ± 1.51 3.16 ± 0.88

Total N (%) 1.04 ± 0.01 2.26 ± 0.02 0.05 ± 0.01
P (g/kg) 0.28 ± 0.00 2.77 ± 0.66 8.68 ± 0.08

Ca (g/kg) 7.92 ± 0.08 2.72 ± 0.04 216.66 ± 4.26
K (g/kg) 0.39 ± 0.00 1.34 ± 0.02 19.33 ± 0.12

Mg (g/kg) 2.39 ± 0.01 1.34 ± 0.01 9.55 ± 0.13
Na (g/kg) 0.23 ± 0.00 0.81 ± 0.01 6.93 ± 0.09
Zn (g/kg) 0.01 ± 0.00 0.43 ± 0.00 1.19 ± 0.00
Cu (g/kg) 0.07 ± 0.00 0.06 ± 0.00
Ni (g/kg) 0.02 ± 0.00 0.01 ± 0.00
Pb (g/kg) 0.02 ± 0.00 0.02 ± 0.00
Cd (g/kg) 0.01 ± 0.00
Cr (g/kg) 0.04 ± 0.00 0.06 ± 0.00
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2.2. Experimental Design and Growth Condition

The experiment consisted of 12 unique treatment combinations: two factor levels of the factor
“hydrochar type” (powder—PW; pellets—PL), two factor levels of the factor “hydrochar proportion”
(10% and 20% v/v) and three factor levels of the factor “liquid fertilizer” (none, half and full rate).
Square plastic containers (60 mL) were hand filled with a mixture of peat and either hydrochar powder
or pellets at rates of 10% or 20% on a volume basis. Ten and 20 percent volume rates corresponded to
mass-based proportions of 23% and 35% for the hydrochar powder and 35% and 49% for the hydrochar
pellet treatment, respectively. Element contents of peat summarized in Table 1 was determined through the
same approaches as for hydrochar and ash. The pH of peat was measured in a 1:5 solid water suspension
(Table 1). Fertilizer regimes were determined and adjusted to our pot volume according to recommended
Nitrogen (N) rates by Jackson et al. [39] for pine seedlings. Three pine seeds (Pinus sylvestris) were sown in
each pot. Three weeks after sowing, seedlings were thinned to one per pot and were then fertilized once a
week with a commercial liquid fertilizer (N:P:K, 100:13:65 + 4 Mg w/v; Wallco, Sweden) for 20 weeks.
This resulted in a full rate of 2.4 mg N per seedling per week (100% fertilizer treatment) and a half rate of
1.2 mg N per seedling per week (50% fertilizer treatment). Treatments assigned to be unfertilized received
only deionized water at fertilization times. There were 10 replicate pots in each treatment combination,
including a control with neither forms of hydrochar applied. Irrigation frequency was determined using
weight loss method [40] (Table A1). Therefore, the mass of each empty pot and its oven-dried growing
medium (60 ◦C for 72 h) was recorded. Pots filled with assigned growing medium were watered with
deionised water to their capacity (until saturated) and then left to freely drain for 60 min. The water
content of each pot at container capacity was calculated by subtracting the weight of empty pot and
oven-dry medium from the weight of the pot at container capacity (after 60 min of drainage). Pots were
weighed daily and manually irrigated to container capacity when the average mass of the water in three
pot replicates reached 75% of the water content at container capacity. The required amount of fertilizer
was dissolved in the calculated irrigating water in designated fertilized treatments once a week. In order
to adjust for substrate shrinkage and seedling biomass, recalculation of container capacity mass was done
every two months.

The experiment was conducted at a fully controlled plant growth room at Karlstad University,
Karlstad (59◦24′12.59” N and 13◦34′32.39” E). Pots were placed randomly in the growth room with
constant temperature maintained at 23 ◦C throughout the first three weeks after sowing (germination
stage). Temperature were then controlled between 23 ◦C and 16 ◦C for day and night, respectively.
Relative humidity and photoperiod of the room was set at 60% and 18 h (~40,000 lux light intensity),
respectively. Pine tree seedlings were grown in the aforementioned conditions for a period of six
months and were rearranged monthly to minimize the effects of bench location.

2.3. Seedling Measurements

At 6 months after sowing, seedlings were harvested and their height and stem diameter at the root
collar were measured. Seedlings were then dissected into root and shoot sections and the fresh mass of
each section determined. Afterwards, they were dried in a fan-forced oven at 60 ◦C for 72 h and their
dry mass were recorded. Determination of the nutrient/heavy metal composition of triplicate shoot
samples (dried and ground to <2 mm) was done with ICP-OES following digestion using an ultra-wave
digestion technique (Milestone© with unique Single Reaction Chamber (SRC)). Nitrogen content of
plant samples was measured using Elementar Vario EL with TCD detector.

To compare the robustness and biomass distribution equilibrium in the pine tree seedlings,
the quality index of Dickson (QID) was calculated using a formula first described by Dickson et al. [41]
(Equation (1)):

QID =
Total dry biomass (g)(

Height (cm)

Stem diameter (mm)
+

Shoot dry weight (g)
Root dry weight (g)

) (1)
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2.4. Mycorrhizal Colonization Test

A second experiment was designed to examine potential effects of hydrochar on mycorrhizal
symbiosis of pine tree seedlings. We inoculated hydrochar-amended substrates (mixed with 20%
powder or pellet by volume) with a specific commercial ectomycorrhizal inoculant for coniferous trees
(ectovit®-Mycorrhiza for Trees). These treatments were either fully fertilized to the recommended
rate by Jackson et al. [39] or remained unfertilized (receiving only deionized water at fertilization
times). A non-inoculated control treatment was included for each hydrochar type (PW and PL) in both
fertilized and unfertilized regimes. We used 60 mL pots and 10 replicates in the same growth condition
as in the first experiment. Seedlings were irrigated according to the weight loss method [40].

At six months after sowing, the root systems of the three replicates in each treatment were carefully
washed free of soil with deionized water. Roots were cut into 2 cm segments and stored in 50% ethanol
at 4 ◦C for further analysis. In order to quantify mycorrhizal root colonization, the gridline intersect
method for ectomycorrhizal associations was used with a stereo microscope [42].

2.5. Data Analysis

The statistical analysis of the experiments was designed based on the hypotheses elaborated earlier
in this paper. Firstly, in order to investigate the potential positive/negative effects of hydrochar type and
application rates on growth of pine tree seedlings under the tested fertilizer levels, we used the natural
logarithmic response ratios (LnRR), which is frequently used in meta-analysis (e.g., Brose et al. [43]) but
also in laboratory experiments (e.g., Loydi et al. [44]). Each dependent variable, e.g., shoot dry mass and
stem diameter, was standardized by the mean of the associated control treatment (without hydrochar
addition) at each fertilization scenario. LnRR was calculated according to Goldberg and Scheiner [45]
(Equation (2)):

LnRR = Ln
(PT)
(PC)

(2)

where PT is the value of the treated sample and PC is the mean value of the control treatment. The effects
of hydrochar type and hydrochar proportion were considered significantly different from the control at
each fertilization regime, when the 95% confidence interval (CI) did not overlap with zero. This analysis
allowed to directly compare pine seedling growth responses to 10 and 20% hydrochar powder and
pellet addition in growing media under the tested nutritional regimes. To examine the significance of
differences among treatments, the LnRR was then subjected to a General Linear Model (GLM) using
IBM SPSS Statistics for Windows, Version 25.0.0.2 (Released 2017. Armonk, NY: IBM Corp).

Secondly, in order to test our second hypothesis about lower fertilizer requirements of
hydrochar-treated seedlings compared to full-fertilized untreated ones (common nursery practice),
LnRR of QID and nutrient/heavy metal uptake were standardized with the mean of the untreated
seedlings grown with 100% fertilizer and were then subjected to a GLM using IBM SPSS Statistics
for Windows, Version 25.0.0.2 (Released 2017. Armonk, NY: IBM Corp). This analysis allowed for
examining whether addition of hydrochar may produce the same quality of seedlings but using less
fertilizer relative to the control seedlings. We also examined the LnRR of mycorrhizal colonization
percentage standardized with the mean of the full-fertilized control treatment. The discrepancy
between untreated and hydrochar treated seedling were considered significantly different when the
95% confidence interval did not overlap with zero.

3. Results

3.1. Effects of Hydrochar on Growth Parameters

3.1.1. Shoot Dry Mass

Hydrochar application had either positive (P < 0.05) or neutral effects on shoot dry mass of pine
seedlings in tested under different nutritional scenarios (Figure 1a). In the unfertilized treatment,
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shoot dry mass in pine seedlings receiving hydrochar powder was ~3 times higher than in their
counterparts treated with hydrochar pellets (fertilizer × hydrochar type P < 0.05; mean ± standard
error (SE): 0.225 ± 0.025 versus 0.080 ± 0.006) (Figure 1a). Higher rates of hydrochar application (20%)
improved seedling shoot biomass in unfertilized and half fertilized conditions (fertilizer × hydrochar
rate P < 0.05). The interaction among hydrochar type, application rate and fertilizer level was not
significant (P > 0.05) (Figure 1a).

Figure 1. Mean (±95 CI, n = 10) natural logarithmic response ratios (standardized with the untreated
controls at the same fertilizer level) of shoot dry mass (a) and stem diameter (b) of pine tree seedlings
grown in peat mixed with 10% and 20% (v/v) hydrochar powder (HCPW) and hydrochar pellet (HCPL)
in unfertilized (yellow bars), half (open bars) and full fertilized (black bars) conditions. Effects of
hydrochar type and application rate were considered significant when 95% CI did not overlap with zero.

3.1.2. Stem Diameter

The results showed that replacing 20% of the growing media volume with hydrochar powder
significantly increased the stem diameter compared to their untreated counterparts in all experimental
fertilization scenarios (P < 0.05) (Figure 1b). Stem diameter increased when the 20% of hydrochar
was mixed with the substrate under unfertilized and 50% fertilizer rate condition (fertilizer rate ×
hydrochar rate P = 0.052) (Figure 1b). Hydrochar powder increased stem diameter by 40% relative to
hydrochar pellet under unfertilized condition (Fertilizer rate × hydrochar type P < 0.05; mean ± SE:
1.21 ± 0.02 versus 0.86 ± 0.06). However, there was no significant interaction between hydrochar type,
rate and fertilizer addition (P = 0.08) (Figure 1b).

3.1.3. Quality Index of Dickson (QID)

To test whether hydrochar-treated seedlings needed less fertilizer than untreated ones, natural
logarithmic response ratio of QID was standardized with the mean of untreated full-fertilized control.
The results suggested that seedlings treated with 20% hydrochar powder or pellets, which received a
50% fertilizer dose, had similar QID than pine seedlings without any hydrochar addition that received
100% fertilizer (Figure 2, 95% CI overlapping with zero). When seedling were fertilized with 100%
fertilizer, those grown with 20% hydrochar powder had 75% higher QID values than their untreated
counterparts (mean ± SE: 0.07 ± 0.012 versus 0.04 ± 0.004, respectively) (Figure 2). There was no
significant interaction among hydrochar type, hydrochar proportion and fertilizer addition (P > 0.05)
(Figure 2).
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Figure 2. Mean (±95 CI, n = 4) natural logarithmic response ratios (standardized with the untreated
full-fertilized control) of Quality Index of Dickson (QID) of pine tree seedlings grown in peat mixed
with 10% and 20% (v/v) hydrochar powder (HCPW) and hydrochar pellet (HCPL) in unfertilized
(yellow bars), half (open bars) and full fertilized (black bars) conditions. Effects of hydrochar type and
application rate were considered significant, relative to controls receiving 100% fertilizer, when 95% CI
did not overlap with zero in each nutritional regime.

3.2. Effects of Hydrochar on Above-Ground Nutrient and Heavy Metal Uptake

Shoot N, P, K, Ca and Mg uptake of pine tree seedlings grown with hydrochar under unfertilized
condition was significantly lower than uptake of seedlings receiving 100% fertilizer (P < 0.05) (Figure 3).
Nitrogen uptake reflected QID responses (Figure 3a). Using 20% hydrochar powder or pellet with 50%
fertilizer resulted in pine seedling with similar N content to untreated seedlings grown under 100%
fertilizer. Adding hydrochar under 100% fertilizer had mostly neutral impact on N uptake (Figure 3a).
Shoot P uptake of seedlings treated with hydrochar powder and half or full rates of liquid fertilizer
was similar to full-fertilized control ones (Figure 3b). Application of hydrochar pellets decreased shoot
P acquisition in 50% fertilizer regime compared to untreated ones with 100% fertilizer rate (P < 0.05)
(Figure 3b). Comparison of K uptake of hydrochar treated seedlings under 50% and 100% fertilizer with
untreated seedlings receiving 100% fertilizer showed mostly positive or neutral impacts of hydrochar
addition (Figure 3c). Addition of hydrochar powder and pellet with half and full rates of chemical fertilizer
did mostly not significantly affect shoot Ca and Mg uptake. Only seedlings grown under fully fertilized
conditions in peat amended with 20% (v/v) hydrochar had 63% higher Ca uptake than untreated seedlings
(mean ± SE: 6.14 ± 0.14 versus 3.77 ± 0.60, respectively). There was no significant interaction between
hydrochar type, rate and fertilizer level for shoot N, P, K, Ca and Mg uptake (P > 0.05).

Concerning heavy metals, our results suggested that the acquisition of Cu, Ni, Pb, Zn and Cr in
seedling grown with 20% hydrochar in 50% fertilizer was not significantly different from what was
observed in untreated seedlings (Figure 4). However, under the 100% fertilizer regime, application
of both hydrochar powder and pellets resulted in significantly higher shoot Cu and Zn content in
pine seedlings in comparison with untreated seedlings (Figure 4). Cadmium uptake also increased by
2–5 times when 20% of pot volume was mixed with hydrochar pellet or powder under 50% fertilizer
application, respectively (P < 0.05) (Figure 4e). However, application of hydrochar pellet resulted in less
Cd uptake by seedling compared to hydrochar powder in all tested nutritional regimes (fertilizer rate
× hydrochar type P = 0.004) (Figure 4e). The shoot heavy metal uptake was not significantly affected
by the interaction between hydrochar type, rate and fertilizer (P > 0.05).
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Figure 3. Mean (±95 CI, n = 3) natural logarithmic response ratios (standardized with the untreated
fully-fertilized control) of shoot N (a), P (b), K (c), Ca (d) and Mg (e) uptake of pine tree seedlings
grown in peat mixed with 10% and 20% (v/v) hydrochar powder (HCPW) and hydrochar pellet (HCPL)
in unfertilized (yellow bars), half (open bars) and full fertilized (black bars) conditions. Effects of
hydrochar type and application rate were considered significant, relative to controls receiving 100%
fertilizer, when 95% CI did not overlap with zero in each nutritional regime.
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Figure 4. Mean (±95 CI, n = 3) natural logarithmic response ratios (standardized with the untreated
fully-fertilized control) of shoot Cu (a), Ni (b), Pb (c), Zn (d), Cd (e) and Cr (f) uptake of pine tree
seedlings grown in peat mixed with 10% and 20% (v/v) hydrochar powder (HCPW) and hydrochar
pellet (HCPL) in unfertilized (yellow bars), half (open bars) and full fertilized (black bars) conditions.
Effects of hydrochar type and application rate were considered significant, relative to controls receiving
100% fertilizer, when 95% CI did not overlap with zero in each nutritional regime.

3.3. Mycorrhizal Colonization Response to Hydrochar

The results of the second experiment showed that percentage of root length colonized by
ectomycorrhizal fungi in seedlings grown with hydrochar amendment under unfertilized condition
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was 18% higher than in those grown without hydrochar but with 100% fertilizer (P < 0.05; mean ± SE:
39.6 ± 2.62 versus 21.5 ± 2.1) (Figure 5). However, neither powder nor pellet of hydrochar affected
the colonization percentage of pine seedling roots under full-fertilized condition (P > 0.05) (Figure 5).
The two-way interaction between fertilizer rate and hydrochar type was not significant (P > 0.05).

Figure 5. Mean (±95 CI, n = 3) natural logarithmic response ratios (standardized with the untreated
fully-fertilized control) of mycorrhizal colonization percentage of pine tree seedlings grown in peat
mixed with 20% (v/v) hydrochar powder (HCPW) and hydrochar pellet (HCPL) in unfertilized
(yellow bars) and full fertilized (black bars) regimes. Effects of hydrochar type and application rate
were considered significant, relative to controls receiving 100% fertilizer, when 95% CI did not overlap
with zero in each nutritional regime.

4. Discussion

4.1. Shoot Dry Mass and Stem Diameter

This study is the first report of the effects of ash-enriched hydrochar powder/pellet applied as
substrate constituents on growth and quality of pine tree seedlings. Amending growing media with
hydrochar had positive or neutral effects on shoot biomass of seedlings compared to those grown in
non-amended substrates under all experimental fertilization regimes (0%, 50% and 100% fertilizer),
which supports the first hypothesis of this study (Figure 1). Although there is no published study
on the potentials of hydrochar for production of containerized pine tree seedlings, our results are
in accordance with those of George et al. [27] who reported 82% increase in above-ground biomass
of hydrochar treated poplar seedlings in the first year and neutral effect in the second year of their
study. We suggest that seedlings treated with hydrochar enriched with 5% ash in this study benefitted
from improved nutrient availability in the rhizosphere that consequently enhanced shoot biomass.
George et al. [27] showed that >24% of the total N in hydrochar treated poplar tree seedlings came
from the char proving that hydrochar may behave as a direct source of nutrients for poplar seedlings.
Our results contradict those of Belda et al. [30] who found that hydrochar from forest waste decreased
stem dry weight of myrtle (Myrtus communis L.) and mastic (Pistacia lentiscus) seedlings by up to 75%
and 49%, respectively. While limited studies are available on the use of hydrochar for container grown
seedlings, the effects of pyrochar on pine seedlings have recently been investigated [10], showing
similar growth of seedlings grown with ≤50% pyrochar (v/v) and in those grown in untreated peat.
Under higher rates of nitrogen fertilizer, morphological traits were similar between pine seedlings
grown with either 25% pyrochar powder or pyrolyzed wood pellets and in those grown in raw peat
without biochar addition [10]. This is consistent with the results of the present study (Figure 1).
Therefore, the growth response of plants may be idiosyncratic, depending on the biochar feedstock,
biochar production processes and plant species. Toufiq et al. [28] showed that phytotoxic effects of
hydrochar depended on feedstock and production conditions and do not necessarily occur in every
hydrochar application.
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Lower effects on seedling shoot biomass grown in peat amended with hydrochar pellets compared
to those grown with hydrochar power under unfertilized condition, might be related to the fact that
pellets release growth-affecting nutrients much more slowly. This may have important implications for
potential long-term benefits of hydrochar pellets in forest soils after transplantation.

We found that amending peat with 20% hydrochar powder (v/v) increased the stem diameter
compared to untreated control under all fertilizer regimes. Stem diameter is important for the survival
of containerized pine and spruce tree seedlings after transplantation [46,47]. Approximately 20% of pine
tree seedlings die during the first couple of growing seasons [48]. There is a strong positive relationship
between initial stem-base diameter of spruce seedlings and their survival rate [47] so that containerized
spruce with ~8 mm stem diameter showed low mortality rate through Pine Weevils (Hylobius spp.) and
may be an alternative for insecticide-treated seedlings. Our finding, while preliminary, suggests that
hydrochar application, especially hydrochar powder, in containerized pine tree seedlings may also
enhance the survival rates after transplantation.

4.2. Quality of The Pine Tree Seedlings

Another aim of the present study was to estimate the potential of ash-enriched hydrochar for
compensating fertilizer requirements of containerized pine tree seedlings. This was done using QID
of different hydrochar application under the various fertilization scenarios. QID is one of the most
comprehensive indices evaluating seedling quality [49]. We found that application of 20% (v/v)
hydrochar as either powder or pellet and a 50% fertilizer dose resulted in the same quality of pine
seedlings as seedlings growing in non-amended substrate but receiving full rate of fertilizer (optimum
growth condition) (Figure 2). This result can be explained by boosted N, P, Ca and Mg availability in
hydrochar-amended substrates (Figure 3).

These results suggest the possibility of decreasing chemical fertilizer application in pine tree
nurseries by partially mixing the growing media with hydrochar powder or pellet. This probability
had been previously brought to attention by Steinbeiss et al. [50], who believed that hydrochar, from
yeast and glucose, could be added into soil as a fertilizer while also acting as a decadal carbon pool.
The fertilizer effects of hydrochar might be attributed to stimulation of soil microorganisms that
participate in nutrient recycling, improved water retention and CEC of the growing media due to large
surface area of hydrochar [50]. However, our results should be interpreted with caution since we found
only a relatively small reduction in irrigation frequency requirement (3–10%) (Table A1) and we did
not analyze microbial activity or composition of the experimental growing media used in this study.

Under the full fertilizer regime, we found 75% increment in the quality index of the pine seedlings
when grown with 20% hydrochar powder (v/v) in comparison with untreated seedlings. This is
corroborated by Rezende et al. [51] and Aung et al. [49], who also found that biochar treatment
significantly increased the quality index in Tectona grandis, Quercus serrata and Prunus sargentii.
These researchers explained the observed increase in QID with improved water retention in growing
substrates amended with biochar in a containerized production system. However, this might not be
the case here as no significant difference was recorded in irrigation frequency demand of seedling
grown with 100% fertilizer and 20% hydrochar powder and those with only full rate of fertilizer
(Table A1). Indeed, it may be that these seedlings benefitted from better nutrient availability through
either improved nutrient recycling by simulated beneficial microbes or direct supplement from
hydrochar powder.

4.3. Nutrient and Heavy Metal Contents

The results of the current study showed that nutrient uptake of seedlings grown with either forms
of ash-enriched hydrochar without addition of chemical fertilizer was significantly lower than in
those grown in untreated peat with 100% fertilizer. Similarly, Sarauer and Coleman [21] found that N
concentration in Douglas-fir seedlings was significantly lower in biochar treated seedlings fertilized
with 1

4 rate fertilizer relative to untreated ones with full rate of fertilizer. Therefore, it can be concluded
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that application of 10–20% hydrochar as powder or pellet without added fertilizer will not provide
the seedlings with sufficient nutrients to achieve optimal growth and nutrient acquisition. Substrates
amended with 20% hydrochar and 50% fertilizer produced seedling with similar N, P, K, Ca and Mg
contents as non-amended but fully fertilized ones, which may result in similar seedling quality in
both groups. Therefore, mixing 20% volume of the growing media with ash-enriched hydrochar from
biosludge may provide sufficient plant-available nutrients to compensate for halved levels of fertilizer.
Prior studies have noted that amending peat and perlite media with biochar can improve nutrient
availability in these substrates [52]. Similarly, enhanced phytonutrient availability and phyto-stimulant
ability of hydrochar-peat mixtures have been shown by Álvarez, et al. [53]. Furthermore, wood ash
application to peat media can also boost foliar P and K concentrations [54].

Sludge of pulp and paper mill effluent contains significant amounts of heavy metals [55]. Due to
environmental issues, considering data about heavy metal content is crucial before introducing
hydrochar to either forestry or agriculture sectors. Hydrochar treated seedlings with 50% fertilizer that
showed the same quality index as full-fertilized control ones also had similar heavy metal contents
except for Cd. This may provide some support for the conceptual premise that the bioavailability of
heavy metals existing in biosludge reduce when the sludge are hydrothermally carbonized. Devi and
Saroha [55] believed that the bioavailability and eco-toxicity of the heavy metals in biochar derived
from pulp and paper mill sludge declined because bioavailable and mobile heavy metals became
relatively stable when pyrolyzed. Similarly, Liu et al. [56] found that exchangeable and reducible
fraction of heavy metals in sewage sludge decreased by hydrothermal carbonization. The immobilized
heavy metals in hydrochar considerably reduce the terrestrial ecotoxicity [24] and aquatic ecotoxicity
impacts [25] of soil application of biochar.

Accumulation of heavy metals were previously suggested to cause negative effects of hydrochar
on plants [28]. However, our results, while preliminary, proposes that hydrochar from biosludge,
in combination with proper levels of fertilizer may safely be used in forestry and agriculture.
However, the potential of using hydrochar in agricultural systems warrants further research.

However, Cd uptake in hydrochar-treated seedling receiving 50% fertilizer was significantly
higher than in untreated seedlings receiving 100% fertilizer (Figure 4e). Likewise, unfertilized seedlings
in peat amended with 20% hydrochar powder had greater Cd values than those grown fully fertilized
without hydrochar. Considering the heavy metal contents of the peat, hydrochar and ash summarized
in Table 1, accessible Cd for pine tree seedling was from the hydrochar source. The reason for this is
not clear but it may be related to relatively high leaching potential of Cd from the hydrochar at low pH
conditions of the experimental growing media (pH ~ 5). According to Devi and Saroha [55], Cd in
biochar from paper mill sludge is mainly associated with the oxidizable fraction, which represents
potentially bioavailable metals. They also found that potential ecological risk index for Cd in biochar
derived from paper mill sludge pyrolyzed at 200 ◦C was significantly higher than for other heavy
metals, i.e., Cr, Cu, Ni, Zn, Pb.

Our results showed increased accumulation of heavy metals by using hydrochar powder/pellet
combined with 100% fertilizer. This result must be interpreted with caution because the interaction
between root system and hydrochar-peat mixture is very complex, and therefore, it may partly be
explained by either increased leaching of heavy metals from hydrochar in response to acidic exudates
released by the developing root system and microbial community or direct uptake from hydrochar
sources. Further work is required to test these relationships.

4.4. Colonization with Ectomycorrhizal Fungi

This is the first study describing ectomycorrizal responses of pine tree seedlings to hydrochar
addition. Our results confirmed that application of either hydrochar powder or pellets, at a rate
of 20% (v/v), boosted the percentage of root length colonized by ectomycorrhizal fungi of pine tree
seedlings grown with no added fertilizer. Rillig et al. [33] reported higher root colonization percentage,
spore germination and arbuscule formation by arbuscular mycorrhizae when Taraxacum was grown on
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soil mixed with 20% (v/v) hydrochar. This might be due to changes in physicochemical properties
of the soil, e.g., nutrient status and pH, and signaling interaction in the root zone [33,57]. On the
other hand, George et al. [58] found reduced mycorrhizal colonization and arbuscule formation when
hydrochar was applied at rates of 5–10%. Indeed, different hydrothermal carbonization conditions and
feedstock used to produce hydrochar might be responsible for contradictory results on mycorrhizal
associations [28]. Unchanged mycorrhizal colonization percentage in hydrochar amended seedlings
grown with 100% fertilizer relative to their untreated counterparts was not surprising, since pine
tree seedlings might have reduced carbon transfer to the fungus due to high nutrient availability in
the rhizosphere.

4.5. Environmental and Economic Implications of Using Hydrochar

Based on the results of the current study, peat substrate can successfully be replaced with
hydrochar up to ratio of 20% (v/v). This substitution of peat, and even fertilizer, with hydrochar is
important from environmental and economic point of views, particularly for nitrogen (N) fertilizer, the
production of which is a greenhouse gas and energy intensive process. Moreover, peat use reduction
due to replacement with hydrochar will result in less peat extraction and, therefore, will decrease
the associated environmental impacts. Results of our previous studies showed that pyrochar and
hydrochar production from paper mill sludge can significantly increase the environmental performance
of sludge management and contribute to sustainable forest ecosystems [24,25]. Hydrochar-amended
substrates can contribute to climate change mitigation with carbon sequestration as part of the normal
reforestation. Potential contribution to climate change mitigation have been supported with studies of
the life cycle carbon footprint of biochar systems [16,59,60] Moreover, potentials of using hydrochar
pellets in containerized production systems add to the economic viability of HTC and densification
processes. To date, no studies assessing the environmental and economic impacts of using hydrochar
powder/pellets in nursery production or forest landscape have been published. Therefore, further
study is recommended for scientific evidence of the sustainability and productivity of hydrochar use
to assess the economic market and to identify and manage the associated risks of broad application in
forestry sector.

5. Conclusions

The present study is the first study assessing the potentials of ash-enriched hydrochar application
in containerized pine seedling production. We examined the effects of hydrochar addition in two forms
(powder and pellets) and two mixing rates (10% and 20% v/v) under different nutritional regimes
(no fertilizer, 50% fertilizer and 100% fertilizer). The most important finding was that hydrochar
derived from biosludge did not adversely affect the growth of containerized pine tree seedlings.
Moreover, we could show that pine tree seedlings grown in peat mixed with 20% hydrochar and 50%
fertilizer rate had similar quality index values and nutrient and heavy metal uptake (except for Cd)
to those that did not receive hydrochar but supplied with 100% fertilizer. Percentage of root length
colonized with ectomycorrhizae also showed positive responses to hydrochar application. The results
of our study imply that application of proper rates of hydrochar from biosludge with adjusted levels of
liquid fertilizer may reduce fertilizer requirements in pine nurseries through recycling nutrients from
forest waste materials. Furthermore, these findings have significant implications for the understanding
of how forest industry can approach a circular bioeconomy. However, more information about the
effects of hydrochar on chemistry of growing media and microbial activity would help to establish a
greater degree of accuracy on this matter.
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Appendix A

Table A1. Irrigation frequency for 6 months-old pine tree seedlings grown with 10% and 20% hydrochar
powder and pellet standardized with values of control pines (without hydrochar) with 100% fertilizer.

Percentage of Peat Replaced (v/v)

0 10 20

Fertilizer rate 100% 0% 50% 100% 0% 50% 100%
Peat 100

Hydrochar Powder 66 94 96 72 97 100
Hydrochar Pellet 61 92 92 61 90 93
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Abstract: Drought stress retards wheat plant’s vegetative growth and physiological processes and
results in low productivity. A stressed plant synthesizes ethylene which inhibits root elongation;
however, the enzyme 1-Aminocyclopropane-1-Carboxylate (ACC) deaminase catabolizes ethylene
produced under water stress. Therefore, the ACC deaminase producing plant growth promoting
rhizobacteria (PGPR) can be used to enhance crop productivity under drought stress. Biochar (BC)
is an organically active and potentially nutrient-rich amendment that, when applied to the soil,
can increase pore volume, cation exchange capacity and nutrient retention and bioavailability. We
conducted a field experiment to study the effect of drought tolerant, ACC deaminase producing PGPR
(with and without timber waste BC) on plant growth and yield parameters under drought stress.
Two PGPR strains, Agrobacterium fabrum or Bacillus amyloliquefaciens were applied individually and in
combination with 30 Mg ha−1 BC under three levels of irrigation, i.e., recommended four irrigations
(4I), three irrigations (3I) and two irrigations (2I). Combined application of B. amyloliquefaciens and
30 Mg ha−1 BC under 3I, significantly increased growth and yield traits of wheat: grain yield (36%),
straw yield (50%), biological yield (40%). The same soil application under 2I resulted in greater
increases in several of the growth and yield traits: grain yield (77%), straw yield (75%), above-
and below-ground biomasses (77%), as compared to control; however, no significant increases in
chlorophyll a, b or total, and photosynthetic rate and stomatal conductance in response to individual
inoculation of a PGPR strain (without BC) were observed. Therefore, we suggest that the combined
soil application of B. amyloliquefaciens and BC more effectively mitigates drought stress and improves
wheat productivity as compared to any of the individual soil applications tested in this study.

Keywords: activated carbon; biofertilizers; gas exchange attributes; wheat; water stress;
yield attributes

1. Introduction

Wheat is a staple and cash crop globally recognized for its nutritional and economic importance [1,2].
Wheat grain (flour) constitutes 20% of daily human diet and contains protein (8–12%) and a high
amount of carbohydrates (55%). Drought is a worldwide, most critical abiotic factor due to which
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sustainable wheat crop productivity is at risk [3–5]. Drought severity is predicted to successively
increase under climate change scenarios of atmospheric and soil warmings and altered precipitation
patterns [6–11]. Consistent and prolonged warming and drought conditions combined with associated
abiotic and biotic changes [12] may drastically retard crop productivity and risk food security [13,14].
Drought stress reduces nutrient uptake, which can cause poor development of roots, low transpiration
and photosynthetic rates, closure of leaf stomata and desiccation resulting in wilting of plants [15–17].
Like other abiotic stresses, the drought also stimulates stress ethylene synthesis through an elevated
level of 1-Aminocyclopropane-1-carboxylic acid (ACC; an ethylene precursor) via the methionine
pathway, in higher plants [18,19]. Accumulation of stress ethylene in-turn inhibits roots elongation
and consequently, shoot growth in plants [20].

Water management strategies and genetic engineering are useful tools to adapt to or mitigate
drought stress. While irrigation water is being managed in irrigation-dependent cropping systems,
genetic engineering to cope with water stress remains limited. However, a vital biological approach to
combat drought impacts is the soil inoculation of plant growth promoting rhizobacteria (PGPR). The
PGPR are frequently reported to efficiently elongate plant roots in the pot [21,22] and mitigate drought
impacts in field or greenhouse conditions [23,24], and mobilize the immobile nutrients that lead to
significant increases in plant vegetative growth [25] and crop yield [26,27]. PGPR produces ACC
deaminase enzyme, which catabolizes stress ethylene through cleavage of ACC into α-ketobutyrate and
ammonium ion (NH4

+) under drought stress, e.g., [28], thus reducing the level of stress ethylene [29,30].
Biochar (BC) is an organically active soil amendment with very high soil pore volume and cation

exchange capacity and has been reported to reduce drought stress in plants [31–34]. Biochar is a
nutrient-rich, black carbon soil amendment [35] that is produced through pyrolysis of waste feedstock
at high temperature [36] under anaerobic or partially anaerobic condition [37–39].

While individual soil application of ACC-deaminase containing PGPR or BC has been frequently
investigated for combating drought effects in pot experiments, controlled field experimentation for
evaluation of cumulative mitigating effects remains limited. Therefore, the objective of this research
was to observe the efficiency of combined application of ACC-deaminase producing PGPR and timber
waste BC in granting resistance to field-scale wheat crop against drought impacts. We hypothesized
that soil inoculation of drought-tolerant ACC-deaminase containing PGPR along with timber waste BC
amendment would be a more efficient technique to mitigate adverse drought effects on wheat growth
and yield traits.

2. Materials and Methods

We conducted this experiment in the research area of the Department of Soil Science, Bahauddin
Zakariya University, Multan, Pakistan, in November 2016. A total of 54 same size plots (9 m2) were
prepared and randomly divided into six triplicate treatments (T) (6 × 3 = 18) with each applied at
three levels of irrigation (I), (i.e., 4I, 3I and 2I) following a randomized complete block design (RCBD;
18 × 3 = 54 plots). The experimental area was cropped with wheat and maize (rotation) during the last
five years.

Recommended nitrogen (N), phosphorus (P) and potassium (K) fertilizers (RNPKF) were applied
at the rates of 120, 60 and 60 kg ha−1 [40,41]. Full doses of P (as diammonium phosphate) and K (as
sulphate of potash), and a 1/3rd dose of N were incorporated to topsoil at the seedbed preparation stage,
and the remaining two splits of N were top-dressed after 30 and 60 days of seeding. We used standard
crop management practices such as irrigation, fertilization, weeding, hoeing and plant protection
to grow wheat crop during the study season. Timber-waster biochar (BC) was applied at a rate of
1.5%, i.e., 30 Mg ha−1. Treatments included: Control (No PGPR + No BC + RNPKF), A. fabrum, B.
amyloliquefaciens, 30 Mg ha−1 BC, A. fabrum + 30 Mg ha−1 BC and B. amyloliquefaciens + 30 Mg ha−1 BC.

The two most competent drought-tolerant ACC-deaminase producing PGPR strains, Agrobacterium
fabrum (NR_074266.1) and Bacillus amyloliquefaciens (FN597644.1), as documented by Danish and
Zafar-ul-Hye [22], were provided from the collection of Soil and Environmental Microbiology
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Laboratory, Bahauddin Zakariya University Multan, Pakistan. Both strains were initially tested
and found eligible to grow in Dworkin and Foster (DF) minimal salt medium at −0.78 Mpa osmotic
potential, generated by 20% polyethylene glycol 6000 (PEG) [22]. For experimental purpose, DF
minimal salt medium without agar was used to prepare inoculum of desired PGPR strains [42]. For
measuring ACC-deaminase produced by PGPR strains (A. fabrum = 349.6 ± 21.4 and B. amyloliquefaciens
= 313.2 ± 34.3 μmol α-ketobutyrate mg−1 protein h−1), we followed El-Tarabily [43]. Glickmann and
Dessaux methods [44] was used for assessment of indole acetic acid with (A. fabrum = 58.8 ± 3.27
and B. amyloliquefaciens = 17.3 ± 2.34 μg/mL) and without 0.5 gL−1 L-tryptophan (A. fabrum = 2.43 ±
0.34 and B. amyloliquefaciens = 1.12 ± 0.60 μg/mL) using Salkowski reagent. Vazquez et al. [45] and
Sheng and He [46] methodologies were followed for determination of P (A. fabrum = 16.2 ± 1.48 and
B. amyloliquefaciens = 20.9 ± 2.48 μg/mL) and K solubilizing activities (A. fabrum = 26.7 ± 1.49 and B.
amyloliquefaciens = 23.4 ± 1.92 μg/mL) [22].

Initially, timber waste was sun-dried and then pyrolyzed at 389 ◦C in a pyrolyzer for 80 min [22].
pH and ECe of BC were also assessed following Danish and Zafar-ul-Hye [22]. Biochar was digested
with di-acid (HNO3: HClO4) mixture [47] for determination of total P using a UV-VIS spectrophotometer
(Model 6305, Jenway, UK) at 430 nm wavelength following Tandon et al. [48]. For the development of
colour, ammonium molybdate and ammonium metavanadate were used [49]. The K and sodium were
determined on flame photometer (Model EEL 410, Watford, UK) [49]. For assessing nitrogen, H2SO4

digestion [49] was carried out, followed by Kjeldahl’s distillation [49]. Volatile matter and ash content
of BC were measured by heating BC in a muffle furnace at 450 and 550 ◦C respectively. Fixed carbon
was calculated following Ronsse et al. [50] (Table 1).

Table 1. Characteristics of soil and timber waste biochar (BC).

Soil Unit Value Biochar Unit Value

Sand % 55 pH - 7.26
Silt % 25 ECe dS m−1 1.22

Clay % 30 Volatile
Matter % 8.96

Texture Sandy Clay Loam Ash Content % 28.9
pHs - 8.52 Fixed Carbon % 62.1
ECe dS m−1 3.69 Total N % 0.21

Organic Matter % 0.45 Total P % 0.62
Total N % 0.02 Total K % 1.61

Extractable P mg kg−1 5.26 Total Na % 0.19
Extractable K mg kg−1 170

The hydrometer method was used for the textural class analysis of soil [51]. Using the United
States Department of Agriculture triangle (USDA triangle), the textural class was assessed as “sandy
clay loam”. The Walkley method [52] was used for the determination of soil organic matter. The
following equation was used to calculate organic soil N:

Organic N (%) = Soil Organic Matter/20 (1)

Extractable soil P was determined by the Olsen and Sommers methodology [53]. The Chapman
and Pratt [47] protocol was followed for the determination of extractable K. The physiochemical
characteristics of soil are provided in Table 1.

Wheat seeds (Glaxay-2013) were purchased from the Government of Punjab certified seed dealer.
Weak seeds were initially screened out manually. Seeds sterilization was done with sodium hypochlorite
(5%). Finally, seeds were ethanol (95%) washed thrice, followed by three times sterilized distilled
water washings [54]. For inoculation, 100 g of sterilized seeds were inoculated with 1 mL of PGPR
inoculum having optical density 0.5 at 535 nm wavelength along with 10% sugar (glucose) solution.
After sticking of inoculum and sugar solution uniformly [55], seeds were top dressed in BC. Before
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inoculation of seeds, the BC was sterilized for 20 min at 121 ◦C in an autoclave [56]. For the control
treatment, seed top dressing was also done with BC along with 10% sugar solution [57].

In each of the 18 plots (9 m2), six rows of seeds were sown using the drill method. Four irrigations
were applied according to the production technology of wheat recommended and published by the
Directorate of Agricultural Information Punjab [58]. There was no precipitation event during the study
period, therefore, no precipitation-induced soil moisture variations were monitored. To create a mild
drought, three irrigations were applied (one irrigation was skipped at the tillering stage). However,
severer drought stress was induced by using two irrigations (two irrigations were skipped; one at the
tillering stage and other at the milky stage). The irrigation schedule was:

1st = 25 days after sowing (Crown root Initiation)
2nd = 55 days after sowing (Tillering stage)
3rd = 80 days after sowing (Heading stage)
4th = 110 days after sowing (Milky stage/soft dough)

After 65 days of sowing (vegetative phase), we collected vegetative samples from four random
spots in each plot for the determination of chlorophyll contents, gas exchange attributes, electrolyte
leakage and nutrient concentrations in the shoot. At the vegetative phase, samples were collected only
from 4I (control) and 3I (mild drought) treatments (no 2I (severe drought) treatment was available at
this point of time). Skipping one irrigation created mild drought treatment as compared to skipping
two irrigations (2nd and 4th) which created severe drought treatment. The drought and control
treatments were sampled at maturity point of time for estimating yield attributes.

We followed Kumar et al. [59] for root sampling and Newman [60] for root length measurement at
120 days after seeding. Briefly, an augar of 10 cm internal diameter was used and the core samples were
taken at 10 cm depth intervals to a total depth of 90 cm. Random sampling locations within each plot
included sampling at row and midway between rows for collecting four, 90 cm depth samples. Soil/root
cores were placed on a 32 cm mesh screen and gently washed in water [59]. Root length was measured
by the line intercept technique of Newman [59,60]. For yield attributes and grain analyses, harvesting
was done at the time of maturity when soil and plants were fully dried. The plant height, spike length,
grains spike−1, spikelets spike−1, 1000-grains weight, grains yield, straw yield and biological yield
(aboveground + root biomass) data were collected at the time of maturity (approx. 140 days).

Leaf samples were digested in sulfuric acid for analysis of nitrogen on Kjeldahl’s distillation
apparatus [49]. Leaf P concentration was determined using the yellow colour development method and
spectrophotometric absorbance at 420 nm [49]. Total K concentration in shoot and grain were found
out by digesting the samples in di-acid (HNO3-HClO4) mixture [49] and using a flamephotometer
(Model EEL 410, Watford, UK).

CI-340 Photosynthesis system (Bio Science Inc., WA, USA), Infra-Red Gas Analyzer (IRGA–EGM-4,
PP Systems, USA) was used for assessment of net transpiration rate, stomatal conductance and
photosynthetic rate [61]. On a sunny day, all readings were taken at a saturating intensity of light
between 10:17 and 11:56 AM [62].

For the determination of photosynthetic pigments, the methodology of Arnon [63] was followed.
Leaf samples were initially ground in a mortar by adding acetone (80%) solution. After that, absorbance
was taken on a spectrophotometer at 645 and 663 nm wavelengths. Final chlorophyll contents were
calculated by using equations;

Chlorophyll a (mg/g) = 12.7 (OD 663) − 2.69 (OD 645) V/(1000 ×W) (2)

Chlorophyll b (mg/g) = 22.9 (OD 645) − 4.68 (OD 663) V/(1000 ×W) (3)

Total Chlorophyll (mg/g) = Chlorophyll a + Chlorophyll b (4)

where OD = Optical density (nm), V = Final volume made (mL), W = Fresh weight of sample (g).
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The Lutts et al. [64] method was adopted for the determination of electrolyte leakage (EL). All the
leaves samples were washed with deionized (DI) water for the removal of dust particles. After that,
discs of uniform size were cut with a steel cylinder of 1 cm diameter. Finally, one gram of equal discs
was dipped in a test tube containing 20 mL DI water and incubated at 25 ◦C for 24 h. First electrical
conductivity (EC1) was determined using a pre-calibrated EC meter. Second EC (EC2) was noted after
heating the test tubes at 120 ◦C for 20 min in a water bath. We calculated the final value of electrolyte
leakage (EL) by using the equation:

Electrolyte Leakage (%) = (EC1/EC2) × 100 (5)

Maximum increase (%) was calculated by using the formula:

Maximum Increase (%) = (Highest Value − Control treatment value/Control treatment value) × 100
(6)

Statistical analysis was performed using standard statistical procedures as described by Steel and
Torrie [65]. Two factorial ANOVA was applied on Statistix 8.1 software for determination of treatments
significance under various levels of irrigations. Tukey’s test at p ≤ 0.05 was applied for comparison of
the treatments.

3. Results

3.1. Plant Height, Root Length and Spike Length

Both the individual and interactive effects of T and I were significant on plant height and root
length. For spike length, the main effects were significantly different while the interactive effects (T × I)
remained nonsignificant. Application of BC, A. fabrum + BC and B. amyloliquefaciens + BC significantly
improved plant height compared to control, with 4I and 2I (Table 2). The treatments A. fabrum, B.
amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly from control
at 3I for plant height. A maximum increase of 0.31-fold in plant height was observed in A. fabrum +
BC at 4I while 0.81-fold in B. amyloliquefaciens + BC with 2I from control. However, plant height was
the maximum (0.42-fold) from control, in responses to A. fabrum + BC and B. amyloliquefaciens + BC
treatments. For root length, the BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly
from control at 4I and 3I. The B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC
were significantly better from control for root length with 2I (Table 2). Maximum increases, i.e., 0.49,
1.11 and 0.90-fold in root length were noted over control in B. amyloliquefaciens + BC with 4I, 3I and 2I,
respectively. In the case of spike length, all the treatments were statistically alike but different from
control (Table 2).

3.2. Grain, Straw and Biological Yield

Both the individual and interactive effects of T and I were significantly different for grain, straw
and biological yield of wheat. The A. fabrum + BC and B. amyloliquefaciens + BC differed significantly
from control for grain yield with 4I (Figure 1). Applications of A. fabrum, B. amyloliquefaciens, BC,
A. fabrum + BC and B. amyloliquefaciens + BC differed significantly from control for grain yield at 3I.
However, the BC, A. fabrum + BC and B. amyloliquefaciens + BC showed significantly better results over
control for grain yield at 2I. The maximum increases, i.e., 0.29, 0.36 and 0.77-fold in grain yield were
noted from control in B. amyloliquefaciens + BC with 4I, 3I and 2I, respectively. For straw yield, the
B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly from control
with 3I and 2I (Figure 2). Maximum increases of 0.25, 0.50 and 0.75-fold in straw yield were noted from
control in B. amyloliquefaciens + BC. In case of biological yield, the B. amyloliquefaciens, BC, A. fabrum +
BC and B. amyloliquefaciens + BC differed significantly from control with 4I and 2I. From control, the
A. fabrum, B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly at
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3I for biological yield (Figure 3). The maximum increases of 0.28, 0.40 and 0.77-fold in biological yield
were noted from control in B. amyloliquefaciens + BC with 4I, 3I and 2I, respectively.

Table 2. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
plant height, root length and spike length of wheat cultivated in drought-stressed field conditions.

Treatments

Plant Height (cm) Root Length (cm) Spike Length (cm)

No. of Irrigations (I)

IE (T × I) ME
(T)

IE (T × I) ME
(T)

IE (T × I) ME
(T)4I 3I 2I 4I 3I 2I 4I 3I 2I

Control
59.0
d–f

48.1
g,h 33.0 i 46.7

D
8.82
d–f

5.65
h,i 4.46 i 6.31

D 5.75 4.86 4.34 4.98 B

A. fabrum 65.5
c–f

58.3
e,f

40.1
h,i

54.6
C

10.1
b–d

7.08
f–h

6.22
g–i

7.79
C 6.68 6.22 4.87 5.92

A

B.
amyloliquefaciens

66.2
b–e

60.0
d–f

39.6
h,i

55.3
B,C

10.3
b–d

7.46
f–h

6.36
g,h

8.03
C 6.69 6.27 4.78 5.91

A

BC
71.2
a–c

60.9
d–f 45.6 h 59.2 B 11.5

a–c
9.67
c–e

7.81
e–g 9.67 B 6.67 6.46 4.96 6.03

A

A. fabrum + BC 76.8 a 68.3
a–d

56.5
f,g

67.2
A 12.8 a 11.2

a–c
8.46
d–f

10.8
A 7.13 6.33 5.10 6.19

A

B.
amyloliquefaciens

+ BC

75.5
a,b

68.3
a–d

59.7
d–f

67.8
A

13.1 a 11.9
a,b

8.49
d–f

11.2
A

7.12 6.55 5.05
6.24

A

ME (I)
69.0

A 60.7 B 45.8
C

11.1
A 8.83 B 6.97

C
6.67

A 6.1 B 4.85
C

Means sharing different letters are significantly different (p ≤ 0.05). ME = indicates main effect; IE = interactive
effect; 4I = 4 irrigations; 3I = 3 irrigations; 2I = 2 irrigations.
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Figure 1. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
grains yield (tons acre−1) in wheat cultivated in drought-stressed field conditions.

3.3. Spikelets Spike−1, Grains Spik−1 and 1000 Grain Weight

Main effects of T and I differed significantly for spikelets spike−1, grains spike−1 and 1000 grain
weight but the interaction (T × I) was significantly different only for 1000 grain weight. From control,
the applications of B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed
significantly from control for spikelets spike−1 (Table 3). The treatment B. amyloliquefaciens + BC
differed significantly over BC and B. amyloliquefaciens for spikelets spike−1. Similarly, A. fabrum + BC
differed significantly as compared to A. fabrum but did not differ significantly as compared to BC for
spikelets spike−1. A maximum increase of 0.24-fold in spikelets spike−1 was noted from control in B.
amyloliquefaciens + BC. In the case of grains spike−1, the BC, A. fabrum + BC and B. amyloliquefaciens + BC
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were statistically alike but differed significantly from control (Table 3). Inoculation of B. amyloliquefaciens
also differed significantly from control for grains spike−1. A maximum increase of 0.51-fold in grains
spike−1 was noted from control in B. amyloliquefaciens + BC. For 1000 grain weight, the A. fabrum + BC
differed significantly from control with 4I. It was noted that A. fabrum + BC and B. amyloliquefaciens +
BC differed significantly from control at 3I for 1000 grain weight (Table 3). However, the applications of
B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly from control
with 2I for 1000 grain weight. A maximum increase of 0.20-fold in 1000 grain weight was noted as
compared to control in A. fabrum + BC with 4I. With 3I, the application of B. amyloliquefaciens + BC gave
a maximum increase of 0.29-fold as compared to control in 1000 grains weight. However, the BC and
A. fabrum + BC gave a maximum rise of 0.46-fold as compared to control in 1000 grain weight with 2I.
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Figure 2. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1)
on straw yield (tons acre−1) in wheat cultivated in drought-stressed field conditions.
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Figure 3. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1)
on biological yield (tons acre−1) in wheat cultivated in drought-stressed field conditions.
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Table 3. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1)
on spikelet’s spike−1, grains spike−1 and 1000 grains weight of wheat cultivated in drought-stressed
field conditions.

Treatments

Spikelets spike−1 Grains Spike−1 1000 Grains Weight (g)

No. of Irrigations (I)

IE (T × I) ME
(T)

IE (T × I) ME
(T)

IE (T × I) ME
(T)4I 3I 2I 4I 3I 2I 4I 3I 2I

Control 15.3 13.0 10.7 13.0
D 37.7 27.7 22.0 29.1

C
35.3
b–d

28.2
f,g 20.2 h 27.9

C

A. fabrum 16.0 13.7 13.0 14.2
C,D 38.3 33.7 26.7 32.9

B,C
34.2
c–f

30.7
c–g

25.5
g,h

30.2
B,C

B.
amyloliquefaciens 16.0 13.3 12.7 14.0

C 39.3 35.0 29.7 34.7 B 35.2
b–e

31.0
c–g 26.8 g 31.0 B

BC 16.3 14.3 13.0 14.6
B,C 47.3 42.0 32.7 40.7

A
36.3
a–c

31.1
c–g

29.4
d–f 32.3 B

A. fabrum + BC 17.0 15.3 14.3 15.6
A,B 45.3 40.7 39.0 41.7

A 42.5 a 34.7
b–e

29.4
d–f

35.5
A

B.
amyloliquefaciens

+ BC
17.3 15.7 15.3 16.1

A 49.0 43.0 39.3 43.8
A

40.8
a,b

36.5
a–c

28.9
e–f

35.4
A

ME (I)
16.3

A 14.2 B 13.2
C

42.8
A 37.0 B 31.6

C
37.4

A 32.0 B 26.7
C

Means sharing different letters are significantly different (p ≤ 0.05). ME = indicates main effect; IE = interactive
effect; 4I = 4 irrigations; 3I = 3 irrigations; 2I = 2 irrigations.

3.4. N, P and K Concentration in Grains

Both the main and interactive effects of T and I were significant for N, P and K concentrations in
wheat grains. All the treatments were statistically alike with 4I for grains N concentration. Applications
of BC, A. fabrum + BC and B. amyloliquefaciens + BC performed significantly better from control with
3I and 2I for grains’ N concentration (Table 4). The maximum increases of 0.13, 0.37 and 0.57-fold in
grains’ N concentration were noted in B. amyloliquefaciens + BC with 4I, 3I and 2I, respectively. In the
case of grains’ P concentration, B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC
remained statistically alike but only A. fabrum + BC and B. amyloliquefaciens + BC differed significantly
from control with 4I. The A. fabrum, B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens +
BC were significantly better from control with 3I and 2I for grains P concentration (Table 4). Both the
A. fabrum + BC and B. amyloliquefaciens + BC showed a maximum increase of 0.32-fold in the grains’ P
concentration from control with 4I. However, with 3I and 2I, the B. amyloliquefaciens + BC gave the
maximum increases of 0.91 and 1.64-fold in grains P concentration from control, respectively. For the
grains’ K concentration, the A. fabrum, B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens
+ BC were statistically similar to each other while, the BC, A. fabrum + BC and B. amyloliquefaciens +
BC differed significantly from control with 4I (Table 4). The A. fabrum + BC and B. amyloliquefaciens +
BC differed significantly with 3I from control for the grains’ K concentration. However, the A. fabrum,
B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly over control
for the grains’ K concentration with 2I. The maximum increases of 0.22, 0.27 and 0.61-fold in the grains’
K concentration were noted in B. amyloliquefaciens + BC with 4I, 3I and 2I, respectively.

3.5. N, P and K Concentration in Shoot

Both the individual and interactive effects of T and I differed significantly for shoot nitrogen
compared to only individual effects of T and I were significant for P and K concentrations in wheat.
All treatments were statistically alike with 4I for shoot nitrogen concentration. The A. fabrum +
BC, B. amyloliquefaciens + BC and BC differed significantly from control at 3I for shoot nitrogen
concentration (Table 5). A. fabrum and B. amyloliquefaciens were non-significant over control for shoot
nitrogen concentration. A maximum increase of 0.32-fold in shoot nitrogen concentration was noted
from control with 3I in both the B. amyloliquefaciens + BC and A. fabrum + BC treatments. For P
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concentration in the shoot, B. amyloliquefaciens + BC differed significantly from control. A. fabrum
and B. amyloliquefaciens and BC also differed substantially from control (Table 5). Maximum increases
of 0.44-fold in shoot P concentration were noted from control in B. amyloliquefaciens + BC treatment.
However, wheat cultivation with 4I gave 0.44-fold higher P shoot concentration from 3I. For shoot K
concentration, A. fabrum + BC and B. amyloliquefaciens + BC remained statistically alike but significantly
better from control. Both the A. fabrum and B. amyloliquefaciens inoculations also differed significantly
from control for shoot K concentration. We observed that BC was significantly different from A. fabrum,
B. amyloliquefaciens and control treatments for shoot K concentration (Table 5). Maximum increases
of 0.51-fold in shoot K concentration were noted from control in A. fabrum + BC. However, wheat
cultivation with 4I gave 0.13-fold higher K shoot concentration from 3I treatment.

Table 4. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
nitrogen, phosphorus and potassium concentration in wheat grain cultivated in drought-stressed field
conditions *.

Treatments

Grains Nitrogen (%) Grains Phosphorus (%) Grains Potassium (%)

No. of Irrigations (I)

IE (T × I) ME
(T)

IE (T × I) ME
(T)

IE (T × I) ME
(T)4I 3I 2I 4I 3I 2I 4I 3I 2I

Control
2.58
a–e

1.99
h–j 1.54 k 2.04

D
0.66
d–g 0.43 i 0.25 j 0.44

D
0.50
b–e 0.45 e 0.31 f 0.42

D

A. fabrum 2.78
a,b

2.21
f–i

1.79
j,k

2.26
C

0.71
c–f

0.60
f–h 0.45 i 0.59

C
0.55
a–c

0.47
d,e 0.43 e 0.48

C

B.
amyloliquefaciens

2.73
a–c

2.33
e–h

1.86
i–k

2.31
C

0.75
a–e

0.61
e–h

0.48
h,i

0.61
B,C

0.56
a–c

0.48
c–e 0.46 e 0.50

C

BC
2.74
a–c

2.55
b–f

2.13
g–j 2.47 B 0.78

a–d
0.68
c–g

0.54
g–i 0.67 B 0.58 a 0.50

b–e 0.46 e 0.51
B,C

A. fabrum + BC
2.87
a,b

2.68
a–d

2.33
d–h

2.63
A,B

0.87
a,b

0.73
b–f

0.62
e–h

0.74
A 0.60 a 0.54

a–d
0.49
c–e

0.55
A,B

B.
amyloliquefaciens

+ BC
2.92 a 2.76

a–c
2.42
c–g

2.70
A 0.87 a 0.82

a–c
0.66
d–g

0.78
A 0.61 a 0.57

a,b
0.50
b–e

0.56
A

ME (I)
2.77

A 2.42 B 2.01
C

0.77
A 0.65 B 0.50

C
0.57

A 0.50 B 0.44
C

Followed Danish and Zafar-ul-Hye, 2019 [22] for comparisons. Means sharing different letters are significantly
different at p ≤ 0.05. ME = indicates main effect; IE = interactive effect; 4I = 4 irrigations; 3I = 3 irrigations;
2I = 2 irrigations.

3.6. Gas Exchange Attributes

Main effects of T and I differed significantly but the interactive effect (T × I) was non-significant
for photosynthetic rate and stomatal conductance. For the photosynthetic rate, the BC, A. fabrum
+ BC and B. amyloliquefaciens + BC were statistically alike but differed significantly from control
(Table 6). Applications of A. fabrum and B. amyloliquefaciens were non-significant from control for
the photosynthetic rate. A maximum increase of 0.48-fold in the photosynthetic rate was observed
from control in B. amyloliquefaciens + BC treatment. However, wheat cultivation with 4I showed
0.35-fold higher photosynthetic rate from 3I. In case of transpiration rate, A. fabrum + BC and
B. amyloliquefaciens + BC were statistically similar to each other but differed significantly from
control. A. fabrum, B. amyloliquefaciens and BC proved significantly better treatments from control for
transpiration rate (Table 6). A maximum increase of 0.81-fold in the rate of transpiration was noted
from control in B. amyloliquefaciens + BC. However, wheat cultivation with 4I showed 0.32-fold higher
transpiration rate from 3I. For stomatal conductance, the BC, A. fabrum + BC and B. amyloliquefaciens +
BC treatments remained statistically alike but were significantly different from A. fabrum and control
(Table 6). The A. fabrum and B. amyloliquefaciens were statistically similar to control for stomatal
conductance. The maximum increases of 0.42-fold in stomatal conductance were noted from control
in B. amyloliquefaciens + BC treatment. However, wheat cultivation with 4I showed 0.24-fold higher
stomatal conductance from 3I.
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Table 5. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
nitrogen, phosphorus and potassium concentration in wheat shoot cultivated in drought-stressed field
conditions *.

Treatments

Shoot Nitrogen (%) Shoot Phosphorus (%) Shoot Potassium (%)

No. of Irrigations (I)

IE (T × I)
ME (T)

IE (T × I)
ME (T)

IE (T × I)
ME (T)

4I 3I 4I 3I 4I 3I

Control 1.88 a 1.33 c 1.60 B 0.42 0.26 0.34 C 1.85 1.56 1.71 D

A. fabrum 1.85 a 1.58 b,c 1.71 A,B 0.46 0.36 0.41 B 2.20 1.97 2.09 C

B. amyloliquefaciens 1.85 a 1.57 b,c 1.71 A,B 0.45 0.38 0.42 B 2.20 2.01 2.11 C

BC 1.88 a 1.59 b 1.73 A,B 0.48 0.42 0.45 A,B 2.56 2.17 2.37 B

BC + A. fabrum 1.93 a 1.75 a,b 1.84 A 0.51 0.43 0.47 A 2.69 2.47 2.58 A

BC + B.
amyloliquefaciens 1.94 a 1.75 a,b 1.85 A 0.53 0.45 0.49 A 2.68 2.44 2.56 A

ME (I) 1.89 A 1.59 B 0.47 A 0.39 B 2.37 A 2.10 B

* Followed Danish and Zafar-ul-Hye, 2019 [22] for comparisons. Means sharing different letters are significantly
different at p ≤ 0.05. Means sharing no letters are non-significant at p ≤ 0.05. ME = indicates main effect;
IE = interactive effect; 4I = 4 irrigations; 3I = 3 irrigations.

Table 6. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
gas exchange attributes of wheat cultivated in drought-stressed field conditions *.

Treatments

Photosynthetic Rate
(μmol (CO2) m−2 s−1)

Transpiration Rate
(mmol (H2O) m−2 s−1)

Stomatal Conductance
(μmol (CO2) m−2 s−1)

No. of Irrigations (I)

IE (T × I) ME IE (T × I)
ME (T)

IE (T × I)
ME (T)

4I 3I (T) 4I 3I 4I 3I

Control 14.5 9.07 11.8 C 4.35 2.97 3.66 D 150.7 105.3 128.0 C

A. fabrum 16.1 10.7 13.4 C 4.90 4.23 4.56 C 148.3 125.7 137.0 C

B. amyloliquefaciens 15.9 10.1 13.0 B,C 5.41 4.17 4.79 B,C 166.7 127.7 147.2
B,C

BC 17.4 13.5 15.5 A,B 6.27 4.64 5.46 B 181.3 145.0 163.2
A,B

A. fabrum + BC 18.6 15.6 17.1 A 7.35 5.85 6.60 A 193.0 156.3 174.7 A

B. amyloliquefaciens
+ BC

19.1 15.8 17.5 A 7.86 5.43 6.64 A 193.3 172.3 182.8 A

ME (I) 16.9 A 12.5 B 6.02 A 4.55 B 172.2 A 138.7 B

* Followed Danish and Zafar-ul-Hye, 2019 [22] for comparisons. Means sharing different letters are significantly
different at p ≤ 0.05. Means sharing no letters are non-significant at p ≤ 0.05. ME = indicates main effect; IE =
interactive effect; 4I = 4 irrigations; 3I = 3 irrigations.

3.7. Chlorophyll Content

The main effects of T and I were significantly different but interaction (T× I) was non-significant for
chlorophyll a, chlorophyll b and total chlorophyll contents in wheat leaves. In the case of chlorophyll
a, the A. fabrum + BC and B. amyloliquefaciens + BC were statistically similar, while both differed
significantly from control (Table 7). The BC also differed significantly from control for chlorophyll a
content. The A. fabrum and B. amyloliquefaciens did not vary significantly from control for chlorophyll
a content. A maximum increase of 0.40-fold in chlorophyll a was noted in B. amyloliquefaciens + BC
treatment over control. However, wheat cultivation with 4I showed 0.15-fold higher chlorophyll a
content from 3I. For chlorophyll b, the B. amyloliquefaciens + BC and A. fabrum + BC treatments differed
significantly from control. The BC also differed significantly from control for chlorophyll b. While, A.
fabrum and B. amyloliquefaciens, did not differ significantly from control for chlorophyll b, maximum
increase of 0.42-fold in chlorophyll b was noted from control in B. amyloliquefaciens + BC treatment.
However, wheat cultivation with 4I showed 0.20-fold higher chlorophyll b content from 3I. In case
of total chlorophyll, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly from control.
Inoculation of A. fabrum and B. amyloliquefaciens did not vary significantly but BC was significant from
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control for total chlorophyll (Table 7). A maximum increase of 0.41-fold in total chlorophyll was noted
over control due to B. amyloliquefaciens + BC application. However, wheat cultivation with 4I showed
0.17-fold higher total chlorophyll content from 3I.

Table 7. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
photosynthetic pigments synthesis in wheat leaves cultivated in drought-stressed field conditions *.

Treatments

Chlorophyll a

(mg g−1)
Chlorophyll b

(mg g−1)

Total Chlorophyll
(mg g−1)

Electrolyte Leakage
(%)

No. of Irrigations (I)

IE (T × I) ME
(T)

IE (T × I) ME
(T)

IE (T × I) ME
(T)

IE (T × I) ME
(T)4I 3I 4I 3I 4I 3I 4I 3I

Control 0.87 0.68 0.77
C 0.42 0.34 0.38

C 1.29 1.02 1.15
C 41.0 59.3 50.2

A

A. fabrum 0.91 0.78 0.85
B,C 0.47 0.39 0.43

B,C 1.38 1.17 1.28
B,C 40.3 55.3 47.8

A,B

B.
amyloliquefaciens 0.90 0.78 0.84

B,C 0.48 0.38 0.43
B,C 1.37 1.16 1.27

B,C 41.3 54.0 47.7
A,B

BC 0.99 0.85 0.92 B 0.48 0.42 0.45 B 1.47 1.27 1.37 B 41.0 47.0 44.0
A,B

A. fabrum + BC 1.16 0.98 1.07
A 0.53 0.45 0.49

A,B 1.68 1.44 1.56
A 39.0 41.0 40.0 B

B.
amyloliquefaciens

+ BC
1.10 1.06 1.08

A 0.59 0.49 0.54
A 1.69 1.55 1.62

A 37.0 42.3 39.7 B

ME (I)
0.99

A 0.86 B 0.49
A 0.41 B 1.48

A 1.27 B 39.9 B 49.8
A

* Followed Danish and Zafar-ul-Hye, 2019 [22] for comparisons. Means sharing different letters are significantly
different at p ≤ 0.05. Means sharing no letters are non-significant at p ≤ 0.05. ME = indicates main effect; IE =
interactive effect; 4I = 4 irrigations; 3I = 3 irrigations.

3.8. Electrolyte Leakage

Main effects of T and I were significantly different from control for electrolyte leakage. The
A. fabrum + BC and B. amyloliquefaciens + BC treatments differed significantly from control for electrolyte
leakage (Table 7). The A. fabrum, B. amyloliquefaciens and BC were statistically similar to control for
electrolyte leakage. The B. amyloliquefaciens + BC exhibited significant reduction, i.e., 0.21-fold in
electrolyte leakage compared to control. However, with 4I application wheat plants showed a significant
reduction (0.20-fold) in electrolyte leakage from 3I.

4. Discussion

The sole application of BC under 2I significantly improved the root length and grain yield of wheat
as compared to control. Biochar is frequently reported to have very high pore volume, water holding
and cation exchange capacities, e.g., [66], and such properties stimulate root growth and facilitate
better water and nutrient uptakes resulting in improved vegetative and reproductive growth [67,68].
Significantly greater K concentrations in the shoot and grain and improved plant yield in this field and
in an earlier pot study [22] have validated the reportedly productive characteristics of BC. However,
the specific objective of this study was to investigate and present the cumulative role of drought
tolerant ACC-deaminase producing PGPR and BC in mitigating drought stress in wheat crop under
field conditions.

Combined application of ACC-deaminase producing PGPR Agrobacterium fabrum or Bacillus
amyloliquefaciens and timber-waste BC significantly improved the growth and yield of field grown
wheat under mild (3I) and severe drought (2I) conditions. Our field study results validate earlier pot
study results of improved growth and yield in response to comparable drought conditions [22–24].
Both the PGPR strains, A. fabrum and B. amyloliquefaciens along with BC significantly enhanced root
length and plant height compared to those under control condition. Similar results were also observed
in a previous pot study where A. fabrum and B. amyloliquefaciens significantly improved morphological
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growth attributes in wheat under drought stress [22]. As the A. fabrum, B. amyloliquefaciens were
capable of producing ACC-deaminase, improvement in root length and plant height might be due to a
reduction in ethylene level.

According to Mayak et al. [29], raised level of 1-aminocyclopropane-1-carboxylic acid (ACC) in
plants exposed to drought, raises ethylene concentration in root and shoot of plants. Roots secrete
accumulated ACC into rhizosphere which is cleaved by PGPR secreted ACC-deaminase into NH3 and
α-ketobutyrate, and ultimately ethylene level decreases. The decrease in ethylene concentration results
in better root coverage, which results in improvements in the uptake of water and nutrients due to the
enhanced rhizospheric area [69].

Significant improvements in grain yield, photosynthetic rate, transpiration rate, stomatal
conductance chlorophyll a, chlorophyll b and total chlorophyll validated the enhanced functioning of
the A. fabrum and B. amyloliquefaciens when applied in combination with BC, as compared to using
the same rhizobacteria without BC [25]. Secretion of growth hormone, i.e., IAA by the A. fabrum and
B. amyloliquefaciens and greater water holding capacity of BC in addition to ACC-deaminase production
are the allied factors responsible for the improvement in wheat growth. The findings of previous
pot studies also support this argument [22–24]. Xie et al. [70] described IAA as a co-factor, playing a
crucial role in crop growth enhancement. Moreover, increases in surface area and length of lateral and
adventitious roots due to high IAA secretion by PGPR play a vital role in better nutrient uptake [71].

This study finds that both the A. fabrum and B. amyloliquefaciens were solubilizing P and K, which
may explain why grain and shoot P and K concentrations were significantly improved [72,73] with and
without BC. Also, the increases in N, P and K contents in shoot and grain in responses to BC (without
rhizobacteria) might be due to the retention of N and presences of P and K in BC. Improvement in
cation exchange sites through BC addition also increases the retentions of mobile nutrients like N [74],
thus, enhancing its bioavailability by decreasing leaching and volatilization losses [75]. Significant
improvements in total chlorophyll, chlorophyll a, and chlorophyll b in the current study were probably
due to better uptake of N.

Singh et al. [76] stated that greater K concentration in BC ash also contributed to better K uptake.
Improvement in K concentration might have maintained the cell turgor pressure and regulated the
stomatal conductance by osmoregulation [77,78]. Novak et al. [79] and Lehmann et al. [80] also
observed a significant improvement in water holding capacity of soil where BC was applied. The
greater surface area and pore spaces of BC facilitate the retention of water when used in soil [33,79–81].
According to Singh et al. [76], the organic carbon in BC significantly facilitates PGPR for improvement
in their growth. Danish and Zafar-ul-Hye [22] also documented the synergistic effects of PGPR and BC
against drought. They argued that root elongation and retention of water and nutrients by PGPR and
BC respectively create a favourable environment in rhizosphere for plants to perform better under
drought. Specifically, significant increases in growth and yield of wheat through the co-application of
both ACC-deaminase PGPR (A. fabrum and B. amyloliquefaciens) along with BC might be due to better
survivability, activity and proliferation of PGPR in combination with the water and nutrients holding
potentials of BC under 3I and 2I.

5. Conclusions

Combined application of PGPR and biochar more effectively mitigates drought impacts as
compared to individual PGPR inoculation or BC application, in field-grown wheat crop. Specifically,
soil application of drought-tolerant ACC-deaminase producing PGPR Agrobacterium fabrum or Bacillus
amyloliquefaciens, in addition to timber waste BC (30 tons ha−1), significantly promotes growth and
yield traits of wheat under field drought conditions.
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Abstract: Agricultural and environmental applications of biochar (BC) to soils have received increasing
attention as a possible means of improving productivity and sustainability. Most previous studies
have focused on tropical soils and more recently temperate soils. However, benefits of BC addition to
desert soils where many productivity constraints exist, especially water limitations, have not been
widely explored. Thus, three experiments were designed using a desert soil from Saudi Arabia to
address three objectives: (1) to evaluate the effect of BCs produced from date palm residues added
at 8 t ha−1 on wheat growth, (2) to determine the effect of BC addition and BC aging in soil on
water retention, and (3) to reveal the effect of BC on selected soil physical (bulk density, BD; total
porosity; TP) and chemical (pH; electrical conductivity, EC; organic matter, OM; cation exchange
capacity, CEC) properties. The feedstock (FS) of date palm residues were pyrolyzed at 300, 400, 500,
and 600 ◦C, referred to here as BC300, BC400, BC500, and BC600, respectively. The BC products
produced at low temperatures were the most effective in promoting wheat growth when applied
with the NPK fertilizer and in enhancing soil water retention, particularly with aging in soil, whereas
high -temperature BCs better improved the selected soil physical properties. The low-temperature
BCs increased the yield approximately by 19% and improved water retention by 46% when averaged
across the incubation period. Higher water retention observed with low-temperature BCs can be
related to an increased amount of oxygen-containing functional groups in the low-temperature BCs,
rendering BC surfaces less hydrophobic. Only the BC300 treatment showed a consistent positive
impact on pH, OM, and CEC. Pyrolysis temperature of date palm residue along with aging are key
factors in determining the potential benefit of BC derived from date palm residues added to sandy
desert soil.

Keywords: biochar; desert soil; crop growth; water retention; nutrient; soil chemical properties; soil
physical properties

1. Introduction

Biochar (BC) is a carbonaceous residue produced through the thermal breakdown of organic
materials under limited conditions of oxygen. The use of BC as a soil amendment is not a new concept,
but it has received growing attention in the last few years, generally due to its role in mitigating
greenhouse gas emissions by sequestering carbon in the soils, reducing nitrous oxide emissions,
improving soil properties and quality, and increasing nutrient use efficiency and crop production [1–4].
BC can influence crop growth and yield directly via its effects on pH and nutrient retention and supply
or indirectly through improvement of soil physical and chemical properties of importance for crop
production [3,5–7]. Impact of BC addition on crop yield is more pronounced in infertile and degraded
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soils compared to that in the soils of high fertility [7]. However, the extent to which BC can influence
crop yield is largely dependent on BC production temperature and the feedstock (FS) [5–7]. In a recent
review, it was reported that the fertilizing value of BC and its nutrient availability, especially N and P,
decrease with increasing pyrolysis temperature [5]. Therefore, the effect of BC on crop yield and plant
nutrition was found to be variable, and its use as a sole amendment was not always effective, having
its supplementation with mineral fertilizers sometimes necessary to promote crop growth [8–16].
Some studies found BC to be the most effective when it is applied with mineral fertilizers [8,14,17–19].
Therefore, positive impact of BC on soil fertility and crop yield is not always certain, and it highly
depends on FS, BC production temperature, and most importantly soil type [3,5–7,20].

BC benefits to soil also include improvement of soil physical properties. For instance, soil bulk
density (BD) and porosity was found to be improved after BC application [20–26]. BC was also
reported to increase the soil ability to retain water, and this is mostly attributed to the high total
porosity (TP) of BC, retaining water in small pores and thereby increasing water holding capacity and
infiltration [5,20,21]. However, enhancement of soil physical properties following BC application is
more evident in infertile and course-textured soils [7,23].

Key soil chemical properties, such as pH, OM content, and CEC are also influenced by BC addition,
affecting soil fertility and productivity [3,7,27–29]. In most cases, BC is alkaline, and therefore its effect
on increasing acidic soil pH was demonstrated in several studies whereas its impact on alkaline soil
pH is expected to be minimal [5–7]. Reviewed studies reported increases in CEC and organic matter
in soil treated with BC; however, the magnitude of this effect varies according to the BC production
condition, application rate, and soil type [3–7].

BC use is most frequently reported to be effective in tropical zones where soils are acidic and
nutrient leaching potential is high [30]. Under these soils conditions, BC can have liming and nutrient
availability effects, as BC was found to increase pH values of acidic soils and thereby improve nutrient
bioavailability and use efficiency [7,31]. A meta-analysis using data from 103 studies found a better
performance of BC addition in acidic soils than in neutral soils, and in sandy than in loam and silt soils,
suggesting liming and physical property improvement effects of BC [32].

Less attention has been given to effects of BC in semi-arid [33–36] and especially arid
environments [26,37–40] with few studies in true desert soils.

Arid soils of Saudi Arabia are characterized in general by very low content of organic matter (<1%)
and nutrients and sandy texture with poor water retention capacity and nutrient use efficiency [41].
The soils are alkaline, with a pH value in many cases found to be greater than 8.0 and have great
abundance of calcium carbonate higher than 30% in some soils [41]. The use of BC from locally
abundant feedstock, such as date palm residues as amendment can be a possible means to alleviate the
productivity constraints of these desert soils. Therefore, the aim of the current study was to evaluate the
effect of BC produced from date palm residues at different temperatures on wheat growth, soil water
retention, and selected physical and chemical properties of a typical desert soil from Saudi Arabia.

2. Materials and Methods

2.1. Soil and Biochar

Soils were collected from a private farm near the City of Thadiq, approximately 120 km northwest
of the City of Riyadh in Saudi Arabia. The particular site from where the soils were collected was
abandoned and left uncultivated for ten years. Before abandonment, the site was under continuous
cultivation of wheat and alfalfa for more than twenty years. Several soil samples were collected from
0–20 cm depth and thoroughly mixed to provide a composite sample. Soil was brought back to the
laboratory, air-dried, and sieved (<2 mm). Prior to the experiments, the processed soil was analyzed for
its basic characteristics. The soil was found to have an organic matter content of 0.48% OM. determined
according to Nelson and Sommers (1996) [42], and a pH value of 8.4, EC of 0.47 dS m−1, and 19.0%
by weight of CaCO3, determined according to the method of Loeppert and Suarez (1996) [43]. Soil
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pH and EC were measured in a 1:2.5 soil/distilled water suspension. The soil texture was determined
as described by Gee and Bauder (1986) [44] and the textural class was loamy sand, having 79%, 14%,
and 7% of sand, silt, and clay, respectively.

Date palm tree residues used as the FS for BC production included frond midrib and frond base
residues. These residues were collected randomly from a local farm, chopped at the site, brought to the
laboratory, and air-dried at 40 ◦C. A subsample was ground and prepared for direct application to
soil. Another subsample was pyrolyzed for BC production. The pyrolysis process was carried out
as described by Usman et al. (2015) [45]. Briefly, the fine-ground date palm residue was placed in a
stainless steel container and closed tightly to exclude oxygen. The closed container was transferred
to an electrical muffle furnace where it remained for 4 h at the desired temperature. The date palm
residues were pyrolyzed at 300, 400, 500, and 600 ◦C, generating four BCs referred to as BC300, BC400,
BC500, and BC600, respectively. The BCs were left to cool down to room temperature, followed by
basic characterization analyses. This included analysis of pH, EC, total C, and total N. The pH was
measured in 1:10 BC:water suspension, and the EC was measured in an extract of the same suspension.
The total C and N were analyzed using a CHNS analyzer (Series II, PerkinElmer, Waltham, MA, USA).
The basic characteristics of date palm residues and its BC are presented in Table 1.

Table 1. Basic characteristics of date palm residue BC used in the current study.

FS/BC
Parameters

C (%) N (%) pH EC (dS m−1)

FS 42.8 1.5 7.20 3.00
BC300 61.4 0.75 7.67 5.61
BC400 65 0.93 8.22 6.67
BC500 71.7 1.0 8.40 7.53
BC600 73.0 1.1 8.75 8.07

2.2. Experimental Design

2.2.1. Experiment1: Wheat Growth

This experiment was designed to include treatments of FS and four BCs (BC300, BC400, BC500,
and BC600) without and with a fertilizer, a fertilized control (FC), and an unfertilized control (UFC).
The FS and BCs were applied at one rate of 8 t ha−1. This rate of BC application is considered practical
if BC is to be applied at a large scale under field conditions. The FS and BCs were weighed and mixed
with 100 g soil followed by addition of NPK fertilizer as urea, triple superphosphate, and potassium
sulphate applied at 200 kg N ha−1, 100 kg P ha−1, and 50 kg K ha−1, respectively. In case of FS and BCs
applied alone, no fertilizer was applied. The mixture was spread onto the surface of 900 g of air-dried
sieved soil in a 1L plastic pot with a 12 cm height and a 12 cm diameter, bringing the total soil weight
to 1 kg per pot. The FC treatment received 200 kg N ha−1, 100 kg P ha−1, and 50 kg K ha−1, as urea,
triple superphosphate, and potassium sulphate, respectively, whereas the UFC received no fertilizers
or BCs. Each treatment was replicated four times. Pots were left to equilibrate for 24 h, and then seven
seeds of wheat (Triticum aestivum L. cultivar YecoraRojo) were sown in each pot. Soil moisture was
brought to 80% of field capacity and maintained at this moisture level by daily watering for the entire
period of the study. The pots were placed in a controlled environment growth chamber set at 22–25 ◦C.
After plant emergence, seedlings were thinned to three plants per pot. The plants were left to grow for
six weeks after which the total aboveground biomass was cut at the soil surface, harvested, and dried
at 60 ◦C, and dry matter weight was recorded. A finely ground subsample of the plant material was
first digested as described by Thomas et al. (1976) [46] followed by colorimetric determination to
determine N and P contents of the digested plant material.
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2.2.2. Experiment2: Water Retention

Five hundred grams of air-dried and sieved soil was placed into a plastic container. Then, BC was
added and mixed manually with the soil. The soil mixed with BC was repacked into PVC columns with
a 5.5 cm internal diameter and a 20 cm height, giving a soil depth of 15 cm. The columns were sealed
at the bottom with glass wool to hold the soil during leaching. A headspace of approximately 3 cm
was left above the soil surface to allow for water addition. The treatments included the four BCs used
in this study applied at one rate of 50 t ha−1 without a fertilizer, in addition to untreated control. Each
treatment was replicated three times. The rate of 50 t BC ha−1 used in this experiment was selected
according to initial trials where low rates of BC did not show a clear effect on water retention. This
is within the range of BC rates used in the literature where a rate of >20 t ha−1 is required in several
studies to detect significant responses to BC addition [7,23,30]. The cylinders with soil were placed
in a rack and allowed to stand. Then, the soil was brought to 50% of the field capacity and left to
equilibrate for 24 h, after which the leaching events were conducted. Leaching was carried out by
adding distilled water using a perforated container and allowing water to percolate through the soil
overnight, and leachate was collected and its volume was recorded. The percentage of the retained
water was calculated by subtraction of the volume of recovered leachate from the volume of the added
water [47]. The leaching occurred five times at the beginning of the experiment and after 14, 30, 45,
and 60 days, in order to investigate the effect of BC aging in soil on water retention.

2.2.3. Experiment3: Changes in Selected Physical and Chemical Properties

In this experimental setup, treatments included BC300, BC400, BC500, and BC600 applied without
a fertilizer at the same rate (8 t ha−1) as in experiment 1 in addition to the untreated control, but left
for a longer time to allow for effects on physical and chemical properties to be fully revealed. The
treatments were thoroughly mixed with the entire soil placed in a 1L plastic pot with a 12 cm height
and a 12 cm diameter and incubated for eight months at 80% of field capacity and under controlled
conditions. At the end of the eight-month incubation, soil BD and TP were determined using the core
method [48]. For chemical analysis, soils were removed from the pots, air-dried, and analyzed for
pH, EC, OM, and CEC. The OM concentration was analyzed according to the method of Nelson and
Sommers (1996) [42]. The CEC was determined according to Rhoades (1982) [49].

2.3. Statistical Analysis

Data generated from experiments 1 and 3 were analyzed using a one-way analysis of variance
(ANOVA) where treatment effects on plant and soil variables were tested. Data obtained from
experiment 2 were analyzed using a two-way ANOVA where the effects of treatment, time of incubation,
and their interaction on water retention were analyzed. Treatments effects were considered significant
at p < 0.05 at which the mean comparisons was also performed using the Student–Newman–Keuls
(SNK) test. Statistical analysis was performed using CoStat software package (CoHort Software, 2008).
Each variable data were reported as the mean ± standard error of the treatment replicates. Statistical
analysis outputs are either included in the tables or the figures.

3. Results

3.1. Wheat Yield and N and P Uptake Response to Biochar Addition

The impact of date palm residue BC amendment on wheat yield clearly varied according to
the BC production temperature (Figure 1). This variation was also observed in either the presence
or the absence of fertilizer addition (Figure 1). In general, the yield was higher in the presence of
NPK compared to that using the same treatments without NPK. BC produced at 300 or 400 ◦C and
added with NPK provided the highest yield compared to that with the NPK alone treatment and
also compared to the BC produced at 500 or 600 ◦C treatments (Figure 1). The BC300 and BC400
treatments also had higher yield than the FS when NPK was added. The yield in the FS with a fertilizer
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did not exceed that in NPK alone treatment. Without a fertilizer, compared to the UFC, the FS and
BC 300 treatments did not significantly increase yield, while yield was decreased in treatments with
BC produced at higher temperature (BC400, BC500, and BC600). Compared to the FC, the fertilized
BC300 and BC400 treatments led to higher yield while other treatments were not significantly different.
A similar pattern was evident among treatments in fertilized versus unfertilized. In general, the most
effective treatments were the BC300 and BC400 when applied with a fertilizer; both treatments resulted
in the greatest yield that was significantly higher than any other treatment.

 P

Figure 1. Response of total biomass yield of wheat grown for 5 weeks to application with and without
a fertilizer of 8 t ha−1 of four date palm residue biochars (BCs) that were produced with different
pyrolysis temperatures (BC300, BC400, BC500, and BC600) and the BC feedstock (FS). Treatments also
included an unfertilized control (UFC) and a fertilized control (FC). Bars sharing the same letter among
treatments are not significantly different according to the Student–Newman–Keuls (SNK) test (p ≤ 0.05).
Errors bars represent the standard error of the mean (n = 4).

Treatments had a significant impact on plant N and P uptake (Figures 2 and 3) that followed a
similar pattern to that of the impact on yield. The BC300 treatment with a fertilizer showed the greatest
N and P uptake (Figures 2 and 3). Higher-temperature BCs (BC500 and BC600) treatments reduced
plant N and P uptake to the background level either when applied alone or in combination with the
NPK fertilizer. Application of BCs produced at high temperatures may limit N and P through retention
processes and/or result in reduced uptake due to a phytotoxic effect.

 P

Figure 2. Plant N uptake in soil receiving 8 t ha−1 of four date palm residue BCs produced with different
pyrolysis temperatures (BC300, BC400, BC500, and BC600) and the BC FS with and without a fertilizer
added. Treatments also included a UFC and an FC. Bars sharing the same letter among treatments are
not significantly different according to the SNK test (p ≤ 0.05). Errors bars represent the standard error
of the mean (n = 4).
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 P

Figure 3. Plant P uptake in soil receiving 8 t ha−1 of four date palm residue BCs produced with different
pyrolysis temperatures (BC300, BC400, BC500, and BC600) and the BC FS with and without a fertilizer
added. Treatments also included a UFC and an FC. Bars sharing the same letter among treatments are
not significantly different according to the SNK test (p ≤ 0.05). Errors bars represent the standard error
of the mean (n = 4).

3.2. Impact of Date Palm Residues Biochars on Water Retention

The effects of treatment, time of incubation, and their interaction on water retention were
statistically significant (Figure 4). The positive effect of BC treatments on water retention in the soil
increased with increasing time of incubation and was greatest for the low pyrolysis temperature
BC (BC300). This indicated that, as BC ages in soil, it can be more effective in promoting water
retention, especially the low pyrolysis temperature BC. When averaged across the time of incubation
periods, the BC300 treatment showed the greatest amount of retained water, significantly higher
than that observed in BC400 treatment (Figure 5A) and higher than the BC500and BC600 treatments.
The treatments in order of retained water amounts were BC300>BC400>BC500≥BC600>unamended
control. Averaged across all the treatments, water retention was greatest at the end of the incubation
(Figure 5B), with Day45≥Day60>Day30>Day14>Day0.

3.3. Impact of Date Palm Residues Biochars on Soil Bulk Density and Total Porosity

The statistical analysis showed a significant treatment effect on soil BD (Figure 6A) and TP
(Figure 6B). All the treatments significantly reduced the BD in comparison to the control; however,
the effect of the treatments varied in their magnitude (Figure 6A). The lowest decreases in BD were
observed with FS, BC300, and BC400 treatments, all of which did not significantly differ from each
other. The greatest decreases in BD were shown in soil treated with BC500 and BC500, both of which
did not significantly differ from each other but were significantly different from any other treatment
(Figure 6A). The lowest value of TP was observed with the control treatment; however, it was the only
BC600 treatment that provided a significantly higher TP value than the control (Figure 6B).
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P
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Figure 4. Percentage of retained water in sandy desert soil treated with 50 t ha−1 of four date palm
residue BCs produced with different pyrolysis temperatures (BC300, BC400, BC500, and BC600) over
time. Bars sharing the same letter among treatments are not significantly different according to the
SNK test (p ≤ 0.05). Errors bars represent the standard error of the mean (n = 3).

 
Figure 5. Percentage of retained water in sandy desert soil treated with 50 t ha−1 of four date palm
residue BCs produced with different pyrolysis temperatures (BC300, BC400, BC500, and BC600)
averaged across the time of incubation (A) and incubation time averaged across the BC products(B).
Bars sharing the same letter among treatments are not significantly different according to the SNK test
(p ≤ 0.05). Errors bars represent the standard error of the mean.
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Figure 6. Effects of 8 t ha−1 of four date palm residues BCs (BC300, BC400, BC500, and BC600) and the
FS on soil bulk density (A) and total porosity (B) after eight months of incubation. Bars sharing the
same letter among treatments are not significantly different according to the SNK test (p ≤ 0.05). Errors
bars represent the standard error of the mean (n = 4).

3.4. Impact of Date Palm Residues Biochars on Selected Soil Chemical Properties

The soil pH, EC, OM, and CEC (Table 2) were significantly impacted by amendment treatment.
The greatest decrease in soil pH was observed with the FS treatment followed by that with BC300
treatment, both of which were significantly different from each other and significantly lower than any
other treatment (Table 2). None of the other treatments differed from the control. A significant increase
in soil EC comparison to the control was observed, with the greatest increase in EC found in BC600 and
FS treatments followed by that with BC500 or BC300 treatment (Table 2). Only the BC300 treatment
resulted in higher soil OM and CEC in comparison to all the other treatments (Table 2).
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Table 2. Effects of experimental treatments on the selected soil chemical properties.

Treatment pH
EC OM CEC

dS m−1 % meq/100

Control 8.25 ± 0.01 a 0.48 ± 0.03 c 0.62 ± 0.00 b 6.86 ± 0.42 b

FS 8.07 ± 0.02 c 1.51 ± 0.06 a 0.69 ± 0.04 b 8.24 ± 0.48 b

BC300 8.14 ± 0.04 b 1.22 ± 0.18 a,b 1.18 ± 0.12 a 9.86 ± 0.40 a

BC400 8.23 ± 0.02 a 1.09 ± 0.04 b 0.70 ± 0.07 b 7.09 ± 0.11 b

BC500 8.27 ± 0.01 a 1.22 ± 0.03 a,b 0.60 ± 0.04 b 7.92 ± 0.15 b

BC600 8.19 ± 0.01 a,b 1.54 ± 0.05 a 0.57 ± 0.02 b 7.72 ± 0.21 b

LSD (0.05) 0.06 0.26 0.19 0.99

Means within a column sharing the same letter are not significantly different at p = 0.05.

4. Discussion

4.1. Wheat Growth Response to Date Palm Residue Biochar Addition

The BCs derived from date palm residues were more effective when combined with NPK fertilizer,
and a better wheat response was evident with BCs produced at the lower temperatures of 300 and
400 ◦C compared to those at 500 and 600 ◦C. Similarly, greenwaste BC produced at 450 ◦C increased
radish yield in presence of N fertilizer, but had no effect when applied alone [8]. Rice husk BC
produced at 450 ◦C was also found to increase total biomass and grain yields of wheat and rice when
applied with N, but no effect was found in absence of N [13]. Many other studies found BC to be the
most effective in crop yield when applied with mineral fertilizers [8,14,15,17,18,50,51]. Alburquerque
et al. (2013) [14] found decrease in or no effect on total plant biomass in response to wheat straw
and olive tree pruning BCs produced at low temperature and applied alone under growth chamber
conditions. Oat hulls BC produced at 450 ◦C showed also a limited effect on crop yield under field
conditions [16]. In contrast to the results of the current study, other studies, however, reported increases
in yield when BC was applied alone [9–12,15]. Decrease in N plant uptake following BC addition
has been reported [14], related to the ability of BC to adsorb N and limit its availability. The BC
surface area and microporosity increase with increasing pyrolysis temperature, resulting in BCs of
higher physisorption capacity [52,53]. Thus, the BC produced here at higher temperatures (>400 ◦C)
reduced yield and N and P uptake, and this could be attributed to their high adsorption/sorption
capacity, restricting soil nutrient availability for plant uptake. Addition of fertilizer may also enhance
microbial decomposition and reduce any phytotoxic effects of BC as appeared to be evident with
the high-pyrolysis-temperature BC in the current study. This may also explain the decreased yield
and N and P plant uptake in higher-pyrolysis-temperature BC treatments without a fertilizer added
observed in the current study. It was previously reported that mineral N availability is essential in
stimulating microbial decomposition of organic materials [54,55]. Under the conditions of the current
study, it appears that date palm residues BC did not supply nutrient, and its effect on wheat yield and
N and P uptake was related to other factors, mainly improvement of soil water holding capacity and
physical properties.

4.2. Effect of Date Palm Residue Biochar Addition on Water Retention

Several studies that previously investigated soil water retention in sandy soils after BC addition
showed variable results [20–22,24,26,56–60]. The results of the current study clearly indicated that
the residence time of BC in soil and the pyrolysis temperature are significant factors in determining
effect of BC on water retention. All the BCs used in the current study significantly increased soil
water retention in the sandy desert soil, and the effect increased with the time of incubation. The low
pyrolysis temperature BCs (BC300 and BC400) enhanced water retention the most when compared
to the high-pyrolysis-temperature BCs. Some other findings have indicated BC hydrophobicity
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(water repellency) to decrease with increasing pyrolysis temperature, indicating potentially greater soil
water retention enhancement with higher-pyrolysis-temperature BC [61–63]. Jeffery et al. (2015) [59]
reported that the hydrophobicity of BC reduced water infiltration into the BC particles and this
can limit water retention. The hydrophobic surface of low-temperature BC is created by formation
of aliphatic compounds that get volatilized at high pyrolysis temperature [61,62,64]. However,
low pyrolysis temperature BCs were also reported to show higher oxidation rates that could render BC
surfaces less hydrophobic via increasing the amount of oxygen-containing functional groups [62,63,65].
This can explain the increase in soil water retention with time in the current study, especially
with low-temperature BCs which are considered to be more labile, and with greater potential for
oxidation changes in their surface functionalities and porosity. In agreement with the current findings,
BC produced at 500 ◦C increased sandy soil water retention and the increase was more evident with time
of incubation, attributed to a change of BC surfaces from hydrophobic to hydrophilic [56]. Similarly,
clay soil amended with BC produced at 400 ◦C retained less water immediately after application,
but after a 180-day incubation, its effect on water retention was comparable to those produced at 600 or
800 ◦C [66]. BC addition was also found to increase available water content in sandy loam and loamy
soils in the first growing season, and this impact continued to increase in the second growing season,
highlighting the importance of BC aging in soil [67].

4.3. Impact of Date Palm Residues Biochars on Selected Soil Physical and Chemical Properties

All BC treatments in the current study reduced soil BD. The observed decrease in BD and increase
in TP in soil amended with BC in the current study are in agreement with previous studies [22,23,25,68].
However, the impact of BC on BD and TP varies according to the FS type, rate of application, soil
texture, and pyrolysis temperature [25]. In the current study, the high-temperature BCs (BC500 and
BC600) showed the greatest decrease in BD, and this was also associated with the highest increase
in TP, especially in BC600 treatment, which was significantly higher than in the control. Increase in
pyrolysis temperature yields BC with high surface area and porosity, the most important physical
properties that would enhance BC capabilities of improving soil physical properties, such as adsorption
capacity, BD, and porosity [62,69]. However, the lower soil BD and higher porosity observed with the
high-temperature BC used here were not associated with higher water retention when compared to
low-temperature BC. This can be in part attributed to changes in surface chemistry of BC during the
incubation as explained earlier or effects on pore size distribution.

Generally, pyrolysis of most organic FSs results in BCs with alkaline pH; however, the effect
varies according to pyrolysis temperature and FS type [3]. As a result, BC addition is frequently found
to increase soil pH in acid soils [3,7,27–29]. Conversely, in the current study with a soil of alkaline
pH, the BCs had little effect on soil pH, with the exception of FS and BC300 treatments that showed
a minor but significant decrease in soil pH. Other studies in neutral to alkaline soils also showed a
limited effect of BC amendment on soil pH [70]. A decrease in soil pH was reported in alkaline soils
following BC application [36,71,72]. This is probably related to some chemical oxidation and microbial
decomposition of BC in soil, resulting in acidic compounds being produced and therefore lowering soil
pH. This may be more evident with low-temperature BC which is expected to go through microbial
decomposition to some extent. The pronounced effect of BC300 treatment in this study can support
this explanation. All treatments increased soil EC, and this can be attributed to the salts contained
within these materials, which is expected to elevate soil EC. Increases in soil EC were also reported in
other studies [28,71]. This impact needs to be further monitored if these materials are to be applied
frequently to arid soils, as without removal by leaching, they may cause soil salinity. It was only the
BC produced at 300 ◦C which significantly increased soil organic matter content. Previous findings
also report that greater increase in soil organic carbon with BC produced at low temperature than with
high temperature BC [72,73]. A positive impact of BC on CEC is commonly reported, particularly in
course-textured soils [7,36,73]. However, the impact of BC treatments on CEC in the current study was
minimal and may be related to the low rate of application (8 t ha−1) compared to those in other studies,
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and only the BC300 treatment showed significantly higher CEC than any other treatment. The CEC
increase in soil amended with BC produced at 300 ◦C is consistent with the positive impact of this
treatment on the other crop and soil parameters tested in this study.

5. Conclusions

The effect of date palm residues BC addition on sandy desert soil was evaluated under controlled
environment conditions. The BCs produced at low pyrolysis temperatures (300 and 400 ◦C) were
the most effective in promoting wheat growth when applied with a mineral fertilizer, enhancing soil
water retention, particularly with aging in soil, whereas high temperature BCs better improved the
selected soil physical properties (BD and TP). Soil pH was slightly reduced whereas all treatments
increased soil EC. Soil OM content and CEC were only increased in the BC300 treatment. It appeared
the pyrolysis temperature and aging are key factors in determining the potential benefit of BC addition
to sandy desert soil.
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Abstract: In recent years, biochar has generated global interest in the areas of sustainable agriculture
and climate adaptation. The main positive effects of biochar were observed to be the most remarkable
when nutrient-rich feedstock was used as the initial pyrolysis material (i.e., anaerobic digestate).
In this study, the influence of solid anaerobic digestate and biochar that was produced by the
slow pyrolysis of solid digestate was evaluated by comparing the differences in the crop growth
performances of Pelargonium graveolens. The experiment was conducted in a greenhouse while using
three different growth media (i.e., solid digestate, biochar, and vermiculite). The results indicated that:
(i) the pyrolysis of solid digestate caused a reduction in the bulk density (−52%) and an increase in the
pH (+16%) and electrical conductivity (+9.5%) in the derived biochar; (ii) the best crop performances
(number of leaves, number of total branches, and plant dry weight) were found using biochar,
particularly for plant dry weight (+11.4%) and essential oil content (+9.4%); (iii) the essential oil
quality was slightly affected by the growth media; however, the main chemical components were
found within the acceptable range that was set by international standard trade; and, iv) biochar
induced the presence of leaf chlorosis in Pelargonium graveolens.

Keywords: biochar; solid digestate; Pelargonium graveolens; leaf chlorosis; essential oil quality

1. Introduction

In recent decades, biochar, a carbon-rich product that is generated by pyrolysis of biomass under
anaerobic conditions [1], has garnered much interest as a soil amendment. Nevertheless, several
studies report contrasting results when biochar is incorporated in the potting substrates [2,3] or in
open soil systems [4].

Among the numerous positive effects of biochar, the improvement of the soil water-holding
capacity, increased aeration and cation exchange capacity (CEC), liming the potential, and increased
nutrient availability are among the most relevant ones [5–8]. Furthermore, biochar contributes
to carbon sequestration, thanks to its high stability and resistance to biological degradation, thus
contributing to climate change mitigation, i.e., reducing agricultural greenhouse gas emissions [1,9].
Nonetheless, despite the aforementioned positive properties, biochar application in agricultural soils
could potentially generate risks of increased concentrations of pollutants and toxic compounds, such as
heavy metals, polyhydroxyalkanoates (PHAs), etc., thus promoting their incorporation in the soil [10].
In fact, as biochar is obtained by heating the biomass in the complete absence of oxygen, tars are
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generated, and could condense onto the biochar; moreover, if biomass contains heavy metals, these
will be retained in the solid matter [11]. The method through which biochar is produced and extracted
by the plant, together with the type of feedstock, will determine the different characteristics of the
carbonized products.

The chemical and physical biochar characteristics depend on the initial structure of the
lignocellulosic biomass (i.e., woods and barks, agricultural wastes, green-waste, and animal manures)
and process conditions (i.e., type of pyrolysis, heating rate, maximum temperature and holding time
at maximum temperature, biochar extraction, and condensation of volatiles), which thus result in
mixed and contrasting outcomes regarding the promotion of soil fertility [12]. Generally, biochar that
is produced from nutrient-rich feedstock, such as crop residues, manures, and anaerobic digestion
residues (i.e., digestate) possesses higher nutrient contents than biochar that is generated from
nutrient-poor feedstock (i.e., wood residues), which, in turn, determines lower soil benefits due to
lower mineralization rates [6,13].

The anaerobic fermentation process is considered as being one of the most environmentally
friendly methods to convert organic material, such as municipal solid wastes, manures, energy crops,
and agricultural residues, into biogas, an energy-rich product. The degradation process takes place
in biogas plants under optimal conditions (temperature, mixing, pH, etc.) and it is driven by a
microbial consortium [14,15]. Digestate by-product, which is characterized by a nutrient-rich and
homogeneous mixture of microbial biomass and undigested material, is usually used as fertilizer for
supplying nutrients [15]. Moreover, digestate can be mechanically separated into liquid (80–90%)
and solid fractions (10–20%), in order to facilitate the storage, handling, transport, and discharge [14].
As digestate is produced in large quantities throughout the year, it is often stored and distributed
on soils only during dry days in order to avoid nutrient leaching [8]. The pyrolysis of digestate can
generate biochar with a higher cation exchange capacity and higher phosphorous concentration when
compared to the initial material and other feedstock [13–16].

The objectives of this study were: (i) the characterization of biochar as derived from solid digestate
and the initial feedstock; (ii) the determination of the physical–chemical characteristics of the growth
media after addition of soil amendments; and, (iii) evaluation of the growth-media-induced influence
on yield, growth, and oil quality in rose-scented geranium (Pelargonium graveolens L’Hér.) cultivation.

The crop, which belongs to the Geraniaceae family, is an important aromatic plant that is cultivated
in several countries (e.g., Algeria, Egypt, Morocco, Madagascar, France, China, and India) for the
extraction of essential oil (EO), widely used in the perfumery, cosmetic, pharmaceutical, and food
industries [17–19], and chosen because of its sensitivity to growth when it is cultivated using different
substrates [20,21].

2. Materials and Methods

2.1. Description of Substrates and Their Components

The substrates were generated by mixing three different components: solid digestate, biochar,
and vermiculite. (i) Solid digestate was obtained from thermophilic anaerobic digestion of corn silage,
manure, and vegetable waste, in a biogas plant that is located in Ravenna (Italy). The samples were
collected during spring 2016 and air-dried at 25 ◦C for two weeks before use. (ii) Biochar was obtained
by slow pyrolysis in a pilot unit, fed with the digestate. The biomass in the pyrolyser was continuously
mixed by rotating paddles. Carbonization was carried out at a temperature of 500 ◦C for 3 h, under a
continuous flow of N2, continuous extraction of pyrogases, and a heating rate of 25 ◦C/min. At the
end of the set reaction time, the reactor was left to cool down to ambient temperature (continuing
the extraction of pyrogases) overnight and then the biochar was extracted. The process yield (33.6%)
was calculated from triplicate samples and expressed as weight percentages of dry weight biochar
recovered to dry weight initial biomass, according to Vaughn et al. [22]. (iii) The vermiculite, which
was used as a neutral filler component, was composed of particle sizes with diameters of 2–5 mm.
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The three growth media were prepared by mixing all of the components. The products were
differentiated, as follows: control (CS): vermiculite 100%; biochar substrate (BCS): vermiculite and
biochar in a ratio 2:1 by volume; solid digestate substrate (SDS): vermiculite and solid digestate in a
ratio of 2:1 (v:v).

In setting up the trial, growth media and primary components were chemically and physically
characterized. The samples (three replicates) of each growth media were previously dried at 30–35 ◦C
for six days, ground in a ceramic mortar, and sifted through a 2 mm sieve. The total C, H, N, and S
contents were determined using a CHNS analyzer (LECO Corp. St. Joseph, MI, USA) following the
American Society for Testing and Materials (ASTM) method D5373, while the elemental composition
(As, Ba, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Pb, and Zn) was detected using an Inductively-Coupled
Plasma Optical Emission Spectrometer (ICP, model IRIS Intrepid II XSP Radial, Thermo Fisher Scientific,
Waltham, MA, USA), according to the EPA Method SW6020. Electrical conductivity (EC) and pH were
measured following Ahmedna et al. [23] in water extracts (sample: deionized water ratio of 1:1, w/w)
by employing a portable EC meter (Hanna Instruments HI 9313-6, Rhode Island, USA) and a pH meter
(pHenomenal pH 1100L, VWR International, Leuven, Germany).

The physical properties (i.e., bulk density, total porosity, container capacity, and air space) were
determined by using the ring knife method [24]. A ring knife with a volume of 200 cm3 and weight
W0 was filled with the air-dried sample and weighed (W1). Afterwards, the sample was saturated
with distilled water for 24 h and weighed again (W2). The ring knife with the saturated sample was
opened from one side and then placed upside down on a holder with a leaky screen until the water
stopped dripping from the bottom for 3 h before the ring knife and sample were weighed (W3). Finally,
the oven dried sample and the ring knife were kept at 65 ◦C until a constant weight was reached and
weighed (W4). The physical characteristics were calculated while using the following formulas: bulk
density (g cm−3) = (W4 −W0)/200; total porosity (%) = (W2 −W4)/200 × 100; air space (%) = (W2 −
W3)/200 × 100; and, container capacity (%) = total porosity − air space.

2.2. Experimental Design

The experiment was carried out in a greenhouse that was located at the University of Florence
(Italy). Plants of rose-scented geranium (Pelargonium graveolens) were cloned by first obtaining
tissue culture from the same mother plant native to Madagascar using the methods reported by
Grassi et al. [25]. After seven months of in-vitro cultivation, plantlets of about 10 cm in height, with
seven leaves, and well-developed rooting systems were transplanted into 2 L plastic pots containing
the experimental substrates.

A total of 21 pots for each growth medium were prepared and arranged in a randomized complete
block design (RCBD) with three replicates. The pots were placed at 60 cm from each other between
rows and at 30 cm from each other within a row, similar to the optimum plantation density in an
open field [14]. The trial was conducted during the spring–autumn season (July–September), where
the maximum and minimum temperatures were 29.8 ◦C and 17.0 ◦C, respectively. Within each
treatment, five pots were randomly selected and equipped with a soil moisture sensor. An automated
irrigation scheduling program was set up to maintain the soil moisture content at 60%, and thus avoid
water stress.

2.3. Sampling and Plant Analysis

The biomass was harvested 70 days after transplanting, during the early flowering stage
(i.e., balsamic time) in order to simulate the common cultivation practice. Cutting the flowers’
stems and leaving 1–2 growing buds for the subsequent regeneration harvested the plants [18]. All of
the vegetative parameters, such as plant height, number of leaves, number of principal branches,
number of total branches, plant dry weight, and a soil plant analysis development (SPAD) chlorophyll
meter were collected and recorded at the time of harvest. Three fully expanded and healthy leaves
(top, middle, and bottom of the plant height) were collected for each plant at harvest time, dried in
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oven at 65 ◦C, ground in a ceramic mortar, and sifted through a 2 mm sieve in order to determine the
nutrient concentration in biomass. The concentrations of macro and micro-nutrients were determined
according to the CHNS and ICP methods.

2.4. Essential Oil Extraction and GC–MS Analysis

The EO extraction was performed while using the hydro-distillation method using a Clevenger
apparatus (Ambala Cantt, Haryana, India) [26]. The distilled EO of each sample was filtered, dehydrated
with anhydrous sodium sulfate, and stored at 0 ◦C until analyzed. The essential oil yield (EO%) of the
distilled biomass was obtained as the percentage on a volume basis (ml oil extracted from 100 g dry
plant herbage), while the essential oil content for each plant (EOpl) was calculated by multiplying
the EO% for the biomass weight and expressed in g oil/plant. GC–MS analysis was performed on a
PerkinElmer 8500 gas chromatograph (Perkin–Elmer, Norwalk, CT, USA), which was equipped with a
fused silica column BP1 25 m, 0.5 mm, and ID 25 μm. The column was programmed from 60 to 250 ◦C
at a rate of 5 ◦C min−1 and the maximum temperature was maintained for 5 min. The injection and
detector temperatures were 250 ◦C and 300 ◦C, respectively. Nitrogen (1.1 mL min−1) was used as
the carrier gas and the split ratio was 1:50. Compound identification was performed by comparing
the retention times of spectral peaks using the NIST08 library database, and then the corresponding
Kovats index was calculated.

2.5. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics v.21 software (IBM Corp., New-York,
NY, USA). Analysis of variance (ANOVA) was used to detect the significance of the effects of the
treatments on the vegetative parameters and nutrient content in plants. Data that did not fulfill
ANOVA assumptions were the arcsin square root that was transformed before running the model.
The most significant parameters that were identified by ANOVA were successively analyzed using a
post hoc Tukey’s test implemented using the same software.

3. Results

3.1. Characterization of Digestate and Biochar

Table 1 reports the chemical and physical properties of biochar and its initial feedstock
(solid digestate). The solid digestate fraction had a pH of 7.1 and EC value of 6.21 mS cm−1.
The pyrolysis process resulted in an increase of about one pH unit (8.5) and a slight increase in the EC
value, reaching 6.86 mS cm−1. An increase in several of the macro and micro-element contents was
observed in the biochar with respect to the solid digestate. The only exception was observed for S
content, which was totally absent in biochar. Specifically, biochar showed an increase in N (+11%),
P (+41%), and K (+41%) contents when compared to solid digestate, and a large amount of Fe, Mn,
and Na (i.e., 1935.00, 454.60, and 1235.00 mg kg−1), with respect to the initial material (i.e., 998.74,
168.80, and 827.00 mg kg−1). The carbon content (C) increased, from 39.8% in the digestate to 55.83% in
biochar. The pyrolysis process also affected the bulk density, which shifted from 0.29 kg m−3 in solid
digestate to 0.14 kg m−3 in the pyrolyzed product.

3.2. Characterization of Growth Media

Biochar and solid digestate influenced the main chemical and physical properties of the growth
media (Table 1). BCS showed the highest pH value (7.8), followed by SDS (6.7) and CS (5.6). Regarding
EC data, the substrate added with biochar (BCS) exhibited a slightly higher value (2.11 mS cm−1) than
SDS (1.98 mS cm−1) and CS (1.79 mS cm−1). The bulk density and air space yielded the highest values
in SDS (0.16 kg m−3 and 29.6%, respectively), followed by BCS (0.11 kg m−3 and 27.4%, respectively)
and CS (0.09 kg m−3 and 23.3%, respectively). By contrast, CS recorded the highest values for the
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container capacity (65.5%) and total porosity (88.8%). The macro and microelement contents were
highest in BCS, whilst lower values were found in SDS and CS.

Table 1. Physical–chemical properties of organic material and growth media used in P. graveolens
cultivation. All values are means of three replicates ± standard deviation. Solid digestate; biochar; SDS
(Solid Digestate Substrate); BCS (Biochar Substrate); CS (Control Substrate).

Parameters
Primary Components Growth Media

Solid Digestate Biochar SDS BCS CS

pH 7.1 ± 0.12 8.5 ± 0.07 6.7 ±0.09 7.8 ± 0.08 5.6 ± 0.09
EC (mS cm−1) 6.21 ± 0.03 6.86 ± 0.09 1.98 ± 0.02 2.11 ± 0.03 1.79 ± 0.04

Bulk density (kg m−3) 0.29 ± 0.04 0.14 ± 0.10 0.16 ± 0.02 0.11 ± 0.06 0.09 ± 0.10
Air space (%) NA NA 29.60 ± 1.71 27.40 ± 2.11 23.30 ± 0.89

Container capacity (%) NA NA 50.20 ± 0.11 56.80 ± 1.01 65.50 ± 0.65
Total porosity (%) NA NA 79.80 ± 0.78 84.20 ± 0.29 88.80 ± 0.57

C (%) 39.80 ± 0.23 55.83 ± 0.64 16.11 ± 0.58 19.01 ± 0.03 13.91 ± 0.09
H (%) 5.68 ± 1.14 2.03 ± 0.99 0.91 ± 0.68 0.94± 0.12 0.83 ± 0.28
N (%) 1.23 ± 1.18 1.46 ± 0.97 0.72 ± 1.89 0.84 ± 0.95 0.05 ± 1.06
S (%) 0.29 ± 0.09 ND ND ND ND
K (%) 1.41 ± 1.03 3.43 ± 0.41 1.15 ± 0.83 2.53 ± 0.67 0.65 ± 0.76
P (%) 0.79 ± 0.51 1.91 ± 0.09 0.47 ± 0.52 0.71 ± 0.29 0.15 ± 0.38

Ca (%) 2.00 ±0.39 3.93 ± 0.87 2.22 ± 0.74 2.91 ± 0.03 1.76 ± 0.26
Mg (%) 0.47 ± 0.21 0.95 ± 0.27 2.61 ± 0.63 2.69 ± 0.11 2.86 ± 0.18

As (mg kg−1) 4.56 ± 0.03 8.03 ± 0.29 8.67 ± 0.07 8.78 ± 0.37 8.99 ± 0.09
Ba (mg kg−1) 15.54 ± 0.19 35.53 ± 0.12 256.15 ± 0.16 262.90 ± 0.23 319.61 ± 0.31
Cd (mg kg−1) 0.05 ± 0.22 0.28 ± 0.7 0.43 ± 0.81 0.50 ± 0.29 0.43 ± 0.41
Cr (mg kg−1) 7.53 ± 1.14 14.15 ± 1.28 59.47 ± 0.03 83.66 ± 0.07 79.04 ± 0.56
Cu (mg kg−1) 30.37 ± 2.12 61.52 ± 3.47 69.13 ± 2.93 72.41 ± 4.29 89.12 ± 3.49
Fe (mg kg−1) 998.74 ± 0.04 1935.00 ± 0.02 680.21 ± 0.14 880.36 ± 0.75 553.02 ± 0.39
Mn (mg kg−1) 168.60 ± 0.17 454.60 ± 0.64 356.50 ± 0.21 429.60 ± 0.22 431.80 ± 0.28
Na (mg kg−1) 827.00 ± 0.56 1235.00 ± 0.49 1675.00 ± 0.79 1848.00 ± 0.11 1704.00 ± 0.23
Ni (mg kg−1) 3.94 ± 0.03 10.58 ± 0.49 40.35 ± 0.87 42.45 ± 0.76 58.35 ± 0.24
Pb (mg kg−1) 1.92 ± 0.98 6.07 ± 1.68 50.43 ± 3.21 56.86 ± 3.23 43.01 ± 2.47
Zn (mg kg−1) 170.70 ± 0.86 380.70 ± 0.91 166.80 ± 0.49 228.40 ± 0.73 85.40 ± 0.55

Note: NA, not available; ND, not detectable.

3.3. Effect on Vegetative Parameters and Foliar Nutrient Content

Table 2 displays the growth media effects on vegetative parameters. Overall, the number of
total branches, plant dry weight, and SPAD showed high statistical significance (p < 0.01), whilst the
number of leaves and number of principal branches were less influenced by the substrates (p < 0.05).
No statistical significance (p > 0.05) was found for plant height.

Using BCS, all of the parameters were significantly higher than those that were found in SDS and
CS, with the exception of the SPAD parameters. On average, plants that were cultivated under BCS had
about 146 leaves, 2.5 principal branches, 16 total branches, a dry weight of 122.7 g, and a SPAD value
of 17.89. Using SDS, the most important decrease was found in the plant dry weight (−11.4%), thus
reflecting the lower total number of branches (−41.6%) and leaves (−13.3%) when compared to BCS.
By contrast, an increase was observed in SPAD (+42.7%). The lowest performances were observed
under CS. Considerable reductions as compared to BCS were found in the number of leaves (−28%)
and plant dry weight (−67.5%). SPAD showed an increase of about 40%.

Leaf decoloration was also observed when BCS was used. This condition was indicated by SPAD
(17.9), which was much lower when compared to SDS (31.2) and CS (29.8).

Differences in growth media also significantly affected the accumulation of leaf nutrients (Table 3).
In particular, plants that were cultivated in BCS showed the highest content in C (41.9%), N (2.2%),
P (0.4%), K (3%), Fe (184.7 mg kg−1), and Mn (79.4 mg kg−1). Conversely, considerable decreases in
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nutrient contents were observed both using SDS and CS, particularly for Fe (−49% using SDS) and Mn
(−70% using CS).

Table 2. Effects of growth media on vegetative parameters and essential oil response in P. graveolens
cultivation. All the values are means of three replicates ± standard deviation. SDS, solid digestate
growth media; BCS, biochar growth media; CS, control growth media; SPAD, soil plant analysis
development; EO, essential oil.

Vegetative Parameters
Growth Media

SDS BCS CS

Plant height (cm) 33.90 ± 2.91 a 34.91 ± 3.09 a 35.10 ± 3.20 a
Number of leaves 126.81 ± 9.31 ab 146.23 ± 14.32 a 105.62 ± 7.59 b

Number of principal branches 2.33 ± 1.02 a 2.55 ± 0.89 a 1.71 ± 0.64 b
Number of total branches 9.38 ± 3.76 b 16.05 ± 5.06 a 8.24 ± 2.96 b

Plant dry weight (g) 108.67 ± 5.74 ab 122.70 ± 6.31 a 82.81 ± 4.49 b
SPAD 31.22 ± 4.37 a 17.89 ± 2.68 b 29.80 ± 5.19 a

EO Parameters
Growth Media

SDS BCS CS

Oil yield (%) 0.126 ± 1.15 a 0.122 ± 0.40 a 0.133 ± 0.63 a
Oil content (g) 0.136 ± 0.98 ab 0.150 ± 0.56 a 0.110 ± 1.02 b

Note: means followed by common letters within the same row are not significantly different (p > 0.05).

Table 3. Foliar nutrient content in a P. graveolens plant grown in different growth media. All values
are means of three replicates ± standard deviation. SDS, solid digestate growth media; BCS, biochar
growth media; CS, control growth media.

Elements Units
Growth Media

SDS BCS CS

C (%) 40.83 ± 1.51 a 41.94 ± 1.16 a 36.46 ± 0.88 b
H (%) 7.36 ± 1.71 a 7.74 ± 2.01 a 7.05 ± 1.46 a
N (%) 1.75 ± 0.63 ab 2.16 ± 0.88 a 1.23 ± 1.37 b
S (%) 0.07 ± 0.33 a 0.08 ± 0.10 a 0.05 ± 0.54 a
K (%) 1.57 ± 2.11 b 3.01 ± 0.49 a 1.33 ± 0.69 b
P (%) 0.21 ± 1.36 ab 0.38 ± 1.76 a 0.10 ± 0.86 b

Ca (%) 2.97 ± 0.10 a 3.73 ± 0.44 a 2.41 ± 0.46 a
Mg (%) 0.41 ± 0.17 a 0.54 ± 0.27 a 0.35 ± 0.19 a
As (mg kg−1) 2.13 ± 0.92 a 1.52 ± 0.41 a 0.89 ± 0.25 a
Ba (mg kg−1) 24.06 ± 2.09 a 23.05 ± 1.87 a 26.50 ± 1.21 a
Cd (mg kg−1) ND ND ND
Cr (mg kg−1) 0.47 ± 0.32 a 0.94 ± 0.13 a 0.88 ± 0.22 a
Cu (mg kg−1) 3.30 ± 0.74 a 4.19 ± 0.93 a 3.78 ± 0.59 a
Fe (mg kg−1) 90.32 ± 1.06 b 184.74 ± 1.50 a 90.93 ± 0.98 b
Mn (mg kg−1) 43.39 ± 1.49 b 79.35 ± 1.32 a 23.32 ± 1.39 b
Na (mg kg−1) 238.78 ± 0.13 a 235.26 ± 0.37 a 190.36 ± 0.28 b
Ni (mg kg−1) 1.08 ± 0.06 a 1.41± 0.08 a 2.40 ± 0.04 a
Pb (mg kg−1) 0.11 ± 0.35 a 0.14 ± 0.16 a 0.35 ± 0.98 a
Zn (mg kg−1) 42.70 ± 0.75 a 38.88 ± 0.51 a 29.17 ± 0.43 b

Note: ND, not detectable. Means followed by common letters within the same row are not significantly different (p > 0.05).

3.4. Effect on Essential Oil Yield and Quality

Essential oil yield (EO%) was similar in plants that were cultivated in CS (0.13%), SDS (0.13%),
and BCS (0.12%) (Table 2), while the essential oil content (EOPl) was higher in BCS (0.15 g/plant) as
compared to that found in SDS (0.14 g/plant) and in CS (0.11 g/plant).
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The GC–MS analysis (Table 4) of essential oil showed that the five most represented chemical
oil components were: citronellol (27.9–33.2%), citronellyl formate (15–17%), geraniol (13.8–15.6%),
isomenthone (4.4–5.4%), and linalool (2.4–3.1%). Among these, only citronellol and geraniol appear to
be influenced by the growth media, with CS possessing the highest content of geraniol (33.2%) and the
lowest content of citronellol (13.8%). Finally, the values of the citronellol/geraniol ratio were 1.8, 2.1,
and 2.4 using BCS, SDS, and CS, respectively.

Table 4. The effects of growth media on the main chemical components of essential oil in P. graveolens
cultivation. All values are means of three replicates ± standard deviation. SDS, solid digestate growth
media; BCS, biochar growth media; CS, control growth media.

Parameters Units
Growth Media

SDS BCS CS

Linalool (%) 3.04 ± 0.16 a 2.39 ± 0.09 a 3.07 ± 0.10 a
Isomenthone (%) 4.38 ± 0.06 a 5.41 ± 0.02 a 5.36± 0.01 a

Citronellol (%) 30.2 ± 0.56 ab 27.86 ± 0.19 b 33.18 ± 0.29 a
Geraniol (%) 14.28 ± 0.88 ab 15.62 ± 0.37 a 13.76 ± 0.48 b

Citronellyl formate (%) 15.87 ± 0.03 a 16.95 ± 0.34 a 14.99 ± 0.09 a

C/G ratio 2.11 1. 78 2.41

Note: means followed by common letters within the same column are not significantly different (p > 0.05).

4. Discussion

4.1. Characterization of Digestate and Biochar

The pH increases that were observed during the pyrolysis process are coherent with the findings
of Enders et al. [27], who observed that biochar deriving from animal manures (e.g., dairy manure,
poultry manure, digested dairy manure, composted dairy manure), annual crop residues (corn, grass
clippings, leaves), and waste leads to pH values that are generally above 7.5. These increases were likely
due to the rapid rate of carbonization and the concentration of basic inorganic compounds [28–30].
Stefaniuk and Oleszczuk [30] reported higher pH values (i.e., >10) in the solid digestate fraction that
was processed at 500 ◦C with respect to what is reported in this study. This was likely due to a longer
pyrolysis time (5 h) when compared to that adopted in this study (3 h). This finding proposes the
application of biochar that is produced by prolonged pyrolysis processes as a smart solution for soil
pH re-equilibration and for alleviating nutrient stress on plant growth in areas that are characterized
by acidic soils [31,32].

The increases of EC occurred during the thermal conversion process, a phase where chemical
compounds responsible for salinity (i.e., production of K, Na, Mg, and Ca) are accumulated [33].
The EC values that were found in the three growth media were within the range of 0.007 and
8.3 mS cm−1 [16,28], thus they were below the threshold that was considered to be limiting for plant
growth [34]. By contrast, when the pyrolysis of unseparated digestate produces biochar with higher
EC values (>19.00 mS cm−1), the addition of biochar to the soil should be carefully done in order to
reduce the risks of salinity stress, which may negatively impact plant growth, root development, and
soil macro and microorganisms [30,35,36].

As observed using other nutrient-rich feedstocks (i.e., sewage sludge, raw food waste, and food
waste), the bulk density of solid digestate decreases upon pyrolysis [37,38]. In this study, the observed
biochar bulk density was in the range that was reported by literature (0.08 to 0.8 kg m−3) [22,38,39].
The pyrolysis process decreases the bulk density of the feedstock and increases biochar porosity at
high process temperatures [40]. Biochar can be used for increasing soil aeration, facilitating root
growth, promoting microbial respiration activity, and enhancing soil aggregate formation [5], thereby
improving crop performances.
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The contents of chemical elements found in biochar were mainly related to the process
temperature [16]. Pyrolysis reduces mass, which thus enriches the concentration of chemical
elements [41]. In our study, where pyrolysis occurred at a temperature of 500 ◦C for 3 h (slow
pyrolysis), the considerable C increase (+71%) was associated with the loss of the hydroxyl group by
dehydration [13,16]. A similar C increase was also observed in biochar that was obtained from digested
sugarcane bagasse, agricultural residues, and anaerobic digestate [8,13]. By contrast, Garlapalli
et al. [29], while using digestate in a pyrolysis process characterized by a short reaction time and
higher temperatures, reported higher elemental carbon content (89%). This different process, despite
producing a lower biochar yield, allows for higher fixed carbon and lower ash contents to be obtained,
thus improving its mitigative potential due to a higher resistance to biotic degradation [28,29,42].

The results also indicated an N-content increase from solid digestate to biochar. This pattern had
already been observed by Pituello et al. [16]; they reported that using silage digestate and pruning
residues at temperatures below 550 ◦C caused an increase in the N content due to the formation of
aromatic and heterocyclic structures. However, the different feedstocks also determine the N content in
biochar. For instance, Tian et al. [43] observed a decrease in the N content (NOx and NH3) using sewage
sludge coupled with cracking reactions of nitriles, N-heterocyclic compounds, and polymerization of
amine-N when the pyrolysis temperature was between 300 to 700 ◦C.

The concentration of other inorganics in biochar (P, K, Ca, Mg, Fe, Zn) was probably due to the
low volatility of their oxides, leading to gradual volatilization of oxygen and hydrogen [44]. This
phenomenon was also observed in other studies during the pyrolysis of feedstocks as wastewater
sludge, manure, and algae [33,45,46]. Stefaniuk and Oleszczuk previously highlighted the absence of S
in biochar [30], who observed a decomposition of the sulfur-containing compounds into volatile SO2

during the thermal process [44]. The highest presence of individual chemical elements in biochar was
likely due to the more nutrient-rich feedstock as compared with the raw material (i.e., wood residues)
used for the common biochar production [6]. The range of these elements was within the range that
was suggested by the European Biochar Certificate (EBC) [47].

4.2. Characterization of Growth Media

Changes in the growth media properties after the addition of biochar and solid digestate were in
the range that was suggested for the amendment to soil use [48]. However, the main changes were
observed in soil pH. In SDS and CS, the pH fell within the optimum range indicated for the Geraniaceae
family (5.7–6.6) [49]. By contrast, in BCS, the pH exceeded the optimal range, which was likely due to
the presence of alkaline inorganic components [8].

However, the analysis of plant performances did not show any reduction on the vegetative
parameters (i.e., plant height, plant dry weight, etc.). Ram et al. [50], who reported a similar herbage
yield in P. graveolens cultivation, even when the pH was outside the optimal range (i.e., 4.9 and 8.4),
also noted this. In a more recent study, Ram et al. [18] highlighted the lack of symptoms of nutrient
deficiency or toxicity in growth media at a pH of 8.1. Other biochar properties that were not considered
in this study (i.e., CEC, surface area, porosity) may have a hidden possible negative effect on the crop
growth parameters.

4.3. Effect on Vegetative Parameters

The influence of growth media on vegetative parameters of P. graveolens showed that the highest
performances were found using BCS. This result was partly expected, since BCS showed the highest
nutrient availability, which favored biomass growth, herb yield, plant height, and leaf area in
P. graveolens [5,18,20,21,51].

Under BCS, the high amount of different heavy metals, which are widely acknowledged as
promoters of oxidative stress that is highly detrimental to cellular function and metabolism [52], did not
negatively influence biomass or organ size. These results are in contrast with the findings of Patel
and Patra [53], who, in P. graveolens, observed decreases in plant height and leaf area with concurrent
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increases in the content of heavy metals. Regarding the production of essential oil, the use of BCS
increased the total biomass, particularly the size of the leaves and branches, which increases the yield
of essential oil due to a higher presence of glandular trichomes [54].

4.4. Foliar Nutrient Composition

The foliar nutritional content was significantly influenced by the different growth media (Table 3).
The high nutrients content (P, K, Ca, Mg, Na, Fe, Cu, Zn) that was found using biochar has also been
reported by Awad et al. [51] for vegetables that were cultivated under a hydroponic system, and by
Lehmann et al. [55] in cowpea and rice in Brazilian soils. However, when biochar exceeds the optimal
rate, a reduction in the uptake of nutrients with a consequent decrease in biomass production can be
observed. For instance, Conversa et al. [56] suggested that, in P. zonale, the application of biochar should
not exceed 70:30 (v/v) in the peat/biochar substrate mixture. This is highly important, especially when
considering the essential oil production, where a decrease in biomass may have negative economic
consequences. Nevertheless, the processes governing biomass reduction are still unclear. Some
studies [5,35] have suggested that this may be due to several interactions between biochar, plant roots,
and microorganisms in the rhizosphere or complex reactions, depending on the properties of the soils
and biochar involved. Despite awareness of these relationships, these mechanisms are still far from
being completely understood and more studies are required.

Plants that are grown on BCS showed unexpected, based on the bibliographic database, leaf
discoloration symptoms (Figure 1). This was likely due to leaf chlorosis, a physiopathy that is
characterized by slight chlorotic speckling and marginal necrosis that initially spreads in older basal
leaves and consequently to younger growths [57]. This physiopathy is particularly frequent in geranium
due to the pH status of the growth media. The pH level can indeed affect the capability of plants to
uptake nutrients, thus leading to nutrient deficiency or toxicity [57–62]. An analysis of the nutrient
contents in the leaves of the symptomatic plants (Table 3) indicated a high concentration of Fe and
Mn, as compared to those that are found in the leaves cultivated using SDS and CS. This condition
can result in leaf discoloration that, by reducing the photosynthetic efficiency, indirectly affects crop
growth [63]. Several studies reported that the toxicity can be due to an overload of Fe in different forms:
ferrous sulfate, ferrous ammonium sulfate, ferric glucoheptonate, and ferric citrate are recognized to
be moderately toxic to zonal geraniums at high application rates [61], while Fe chelates showed high
toxicity when applied in liquid fertilizers [59]. Monteiro and Winterbourn [64] indicated that an excess
of iron absorption might induce the production of free radicals that can oxidize the chlorophyll, which
thus causes a decrease in the chlorophyll content. Arunachalam et al. [65], who reported decreases in
the chlorophyll content as a consequence of increasing Fe concentrations, also confirmed this process.
Conversely, Lee et al. [60] reported no visible toxicity symptoms regarding zonal geranium growth
while using ferrous sulfate.

 

Figure 1. A non-symptomatic leaf (center) and leaf discoloration in symptomatic plants (lateral).
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4.5. Essential Oil Yield and Quality

The observed oil yield decreases using growth media rich in nutrients, as reported by several
studies: Ram et al. [18] reported that, in India, an increase of paddy straw mulch and nitrogen rates led
to a considerable decrease in the oil yield in P. graveolens. Ram and Kumar [66], observed the same
phenomenon in menthol mint leaves, which suggested that high nutrient availability can produce an
increase in the size of the cell, with a consequent dilution of essential oil. The oil quality in geranium
is commercially determined by the citronellol and geraniol ratio (C/G). These two components are
known for their existing interconversion, where geraniol is the precursor of citronellol [19]. The range
of the C/G ratio between 1 and 3, where the highest quality is found when the ratio is closer to 1,
which generally indicates a high-quality product that is acceptable for the perfume industry, whilst
oils exceeding this range are considered of low quality and, therefore, are used for the production of
creams, toiletry, soaps, etc. [19,67]. In this study, the essential oils that were obtained from all growth
media showed a C/G ratio within the range of 1–3, which confirms that, in P. graveolens, the use of
organic amendments does not change the overall quality [18].

5. Conclusions

Biochar has stimulated great interest in recent years, since it appears to be capable of enhancing
sustainable agricultural production and contributing to climate mitigation. In this study, biochar and
feedstock (solid digestate) were evaluated as a soil amendment in P. graveolens. The results showed
that the pyrolysis of solid digestate caused a decrease in the bulk density (−52%) and an increase in
both the soil pH (+16%) and electrical conductivity (+9.5%). The best crop performances (number of
leaves, number of total branches, and plant dry weight) and the final essential oil content (EOpl) were
found while using biochar with respect to solid digestate. On the contrary, the use of three different
growth media only slightly influenced the oil quality, leaving their chemical characteristics within the
range (C/G ratio of 1–3) that is recommended by the international standard trade for high-quality oils.
Finally, most likely due to the high content of Fe and Mn, biochar may have induced the presence
of chlorosis in the leaves of P. graveolens. This suggests a careful application of biochar to the soil is
necessary in order to avoid the risks of nutrient deficiency or toxicity, which may reduce the plant
biomass. This research demonstrates that biochar obtained from solid digestate, when applied in
P. graveolens cultivation, may increase crop performances, in particular, the size of leaves, in terms of
essential oil production. However, several conclusive remarks on crop performances in relation to
biochar application and fertilization rates are still missing, which thus suggests the need for additional
studies on CEC, surface area, and porosity. A more detailed analysis of the relationship between
biochar nutrient uptake and the degree of physiopathy is also recommended.
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Abstract: Jatropha (Jatropha curcas L.) represents a renewable bioenergy source in arid regions, where
it is used to produce not only biodiesel from the seed oil, but also various non-oil biomass products,
such as fertilizer, from the seed cake following oil extraction from the seeds. Jatropha plants also
generate large amounts of fallen leaves during the cold or drought season, but few studies have
examined the utilization of this litter biomass. Therefore, in this study, we produced biochar from
the fallen leaves of jatropha using a simple and economical carbonizer that was constructed from a
standard 200 L oil drum, which would be suitable for use in rural communities, and evaluated the use
of the generated biochar as a soil conditioner for the cultivation of Swiss chard (Beta vulgaris subsp.
cicla “Fordhook Giant”) as a model vegetable in an acidic and undernourished soil in Botswana.
Biochar application improved several growth parameters of Swiss chard, such as the total leaf area.
In addition, the dry weights of the harvested shoots were 1.57, 1.88, and 2.32 fold higher in plants
grown in soils containing 3%, 5%, and 10% biochar, respectively, compared with non-applied soil,
suggesting that the amount of biochar applied to the soil was positively correlated with yield. Together,
these observations suggest that jatropha fallen leaf biochar could function as a soil conditioner to
enhance crop productivity.

Keywords: jatropha; biochar; arid region; acidic undernourished soil; fallen leaves

1. Introduction

Jatropha (Jatropha curcas L., Euphorbiaceae) has non-edible oils in its seeds that serve as a feedstock
for biodiesel production. Furthermore, since this drought-tolerant species can thrive under a wide
range of rainfall regimes, from 200 to over 1500 mm per annum [1,2], and can grow in poor soils,
on eroded land, and on wasteland [3–6], jatropha seed oil also represents a promising feedstock for
renewable energy in arid lands [7–9].

The utilization of non-oil biomass products of jatropha has also been evaluated from the perspective
of whole-crop biorefineries [10]. Several studies have reported on the production of an organic fertilizer
from the seed residues following oil extraction (the seed cake) [4,11–13] and have investigated use of the
seed cake for bioenergy production, e.g., bio-oil and solid fuel [14–16]. Furthermore, the utilization of
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jatropha wood biochar as an energy source has been described [17]. The effects of jatropha leaf extracts
as a herbal ointment [18], mite [Rhipicephalus (Boophilus) annulatus] repellent [19], and therapeutic
agent [20] have been studied, and the positive effects of a biochar amendment made from a mixture
of jatropha stems and leaves on jatropha seedling growth have been demonstrated [21]. Recently,
production of catalytic biocarbons from jatropha biomass has been demonstrated [22,23].

Jatropha plants growing in the temperate zone are deciduous, losing their leaves in the cold
season, so the fallen leaf biomass of this species cannot be neglected when considering whole-crop
biorefineries [5,24,25]. A cultivation trial in Patancheru, India, estimated that jatropha trees produce
550 g of fallen leaves per plant at one year old and 1450 g at three years old, while the total plant
biomass for four-year-old trees was estimated at 6.14 kg plant−1 [26], suggesting that fallen leaves
make up a major proportion of the biomass that is produced during jatropha cultivation.

Previous studies have shown that biochar can contribute to agricultural production through
improvement of the soil physicochemical properties [21,27,28] and fertilizing effects [29–31], and that
the application of biochar derived from wood or organic waste has positive impacts on the growth
of many crops, such as rice (Oryza sativa) and maize (Zea mays) [32–34]. Biochar derived from fallen
leaves has also been investigated for several species—for example, biochars made from the fallen
leaves of ginkgo (Ginkgo biloba) and maple (Acer spp.) trees have been studied as materials for the
stabilization of heavy metals in polluted soils [35,36], and the physicochemical properties of fallen leaf
biochars made from maple [37] and Eucalyptus saligna [38] have been reported. However, to the best of
our knowledge, the use of biochar made from jatropha fallen leaves in the production of edible crops
and vegetables has been limited.

In this study, fallen leaves of jatropha derived from a cultivation trial in Botswana [24,25] were
pyrolyzed and applied to an acidic and undernourished soil to evaluate the use of jatropha fallen
leaves as a feedstock for producing a soil conditioner. In addition, we investigated the performance of
a simplified and inexpensive oil-drum carbonizer for the production of jatropha fallen leaf biochar to
facilitate the implementation of biochar production in resource-poor villages in rural areas [39–41].
We chose to use Swiss chard (Beta vulgaris subsp. cicla) as a model plant for evaluating the impact of
jatropha fallen leaf biochar on crop production because this is commonly grown in Botswana.

2. Materials and Methods

2.1. Production and Analysis of Jatropha Fallen Leaf Biochar

Fallen leaves of jatropha were collected in July (winter) 2016 from a jatropha cultivation site [24]
located approximately 4 km northeast of the Department of Agricultural Research station in Gaborone,
Botswana. The cold-induced defoliation of jatropha in this climatic region has been described
previously [24,25]. The fallen leaves were dried in the sun and subsequently used for biochar production.

A simplified carbonizer was constructed from a used oil drum of standard 200 L capacity (572 mm
diameter, 851 mm high). The lid of the drum was removed and replaced with a custom-made steel
lid that contained a funnel (15 cm high, 7 cm internal diameter) in the center (Figure 1A). Several
holes were then made in the bottom of the drum at approximately 10–15 cm intervals for ventilation
(Figure 1B) and the drum was placed on top of four bricks to ensure air flow from the bottom at the
beginning of ignition.
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Figure 1. Jatropha fallen leaf biochar production using an oil-drum carbonizer. (A) Side view of the
carbonizer. An oil drum was placed on top of bricks and covered with a custom-made lid with a funnel.
(B) Bottom view of the carbonizer. Several ventilation holes were made in the bottom of the oil drum.

Approximately 44 kg of the jatropha fallen leaves were tightly packed into the drum up to the
height of the upper rim by stamping them down with the body weight of an adult. A pilot burner
was then provided by placing a burning piece of paper on top of the piled leaves in the drum. After
30 min of burning, the lid was placed on top of the drum and 1 h later, the top funnel was sealed by
a brick and the bottom ventilation was closed by filling the area between the bricks and the bottom
of the drum with soil, to suppress combustion inside the drum by blocking the in-flow of the air.
The drum was maintained for the next 46.5 h to promote carbonization, during which time the internal
temperature of the carbonizer was continuously measured by three thermocouple sensors with a
measurable temperature range of −50 to 800 ◦C (TL-13K; Sato Shouji, Tokyo, Japan), which were
inserted laterally into the center of the drum through small holes at heights of 15, 45, and 75 cm from
the bottom, and a data logger (Ondotori MCR-4; T&D Corporation, Nagano, Japan). Then, 48 h after
ignition, the carbonization was stopped by opening the lid manually using refractory gloves, and
immediately applying approximately 10 L of water to the top of the pile. The drum was then left for
6 h, after which time the resulting biochar was spread out on a steel sheet in the open air and left to dry
for 10 days, and then mixed extensively with a shovel to ensure homogenization. The surface structure
of the biochar was then observed under a VHX-D500 scanning electron microscope (Keyence, Osaka,
Japan).

The pH of the biochar was measured using a Laqua D-51 pH meter (HORIBA Scientific, Kyoto,
Japan) at a biochar to water ratio of 1:50 (w/v) and the electrical conductivity (EC) of the biochar was
measured with a JENCO VisionPlus meter (JENCO, San Diego, CA, USA). The cation exchange capacity
(CEC) of the biochar was measured as described previously [42] with the following modifications.
Biochar (1 g) was placed in a centrifuge tube and 25 mL of 1 M ammonium acetate was added. The tube
was then shaken for 1 h and centrifuged at 830× g for 5 min, following which the supernatant was
removed and 80% ethanol was added. The tube was then further shaken for 5 min and recentrifuged
as described above. This ethanol washing procedure was repeated three times. After the final
centrifugation, the supernatant was removed and 25 mL of 10% sodium chloride was added. The tube
was then shaken for 1 h and centrifuged at 830× g for 5 min, following which the supernatant was
taken into an Erlenmeyer flask and 5 mL of 18% formaldehyde aqueous solution and 200 μL of 1% of
thymol blue were added. The solution was then titrated with 0.1 N sodium hydroxide. The CEC value
was calculated using a previously described formula [43].

2.2. Experimental Soil

To evaluate the effect of biochar on soils that would otherwise be unsuitable for vegetable
cultivation, an experimental soil with acidic, Cu/Ni-rich, and nutrient-poor characteristics [44] was
collected from a suburb of Selebi-Phikwe in the central district of Botswana. The organic carbon
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content of the soil was measured using the potassium dichromate method [45] with a UVD 2950
spectrophotometer (LABOMED, Los Angeles, CA, USA).

2.3. Plant Material and Monitoring of Growth

Seeds of Swiss chard ‘Fordhook Giant’ were purchased from Sakata Seed Southern Africa (Lindsay,
South Africa). The seeds were initially germinated on a horticulture soil (Potting soil, New Frontiers,
Lobatse, Botswana) in a plastic seed tray, where they were grown for 2 weeks until their second true
leaves emerged. The seedlings were then transplanted into 2 L plastic pots filled with the experimental
soil supplemented with 0% (control), 3%, 5%, or 10% (w/w) biochar. The plants were provided with
0.5 L of water every second day.

The length of the longest leaf on each plant was measured weekly using a steel measuring tape.
Then, at 44 days after transplantation to the experimental soil, the number of expanded leaves on each
plant was counted and the aerial and underground tissues were harvested. The total leaf area was
measured with an area meter (LI-3100; LI-COR, Lincoln, NE, USA), following which the whole tissues
were dried in an oven at 70 ◦C for 2 days and the dry biomass was weighed using an electric balance.

2.4. Mineral Nutrient Assays

The unamended soil was decomposed by concentrated sulfuric acid as described previously [46]
and their mineral contents were measured by inductively coupled plasma atomic emission spectroscopy
(ICP-AES) (SPECTRO CIROS CCD; SPECTRO Analytical Instruments GmbH, Nordrhein-Westfalen,
Germany). The biochar and aerial parts of the harvested plants were decomposed as described
previously [47] with the following modifications. Dry samples of the biochar (0.2 g) and aerial parts
(0.1 g) were dissolved in 10 mL of concentrated nitric acid in a flask and digested on a hot plate for
1 h at each of 90 ◦C, 140 ◦C, and 190 ◦C. The solutions were then evaporated at 220 ◦C (biochar) or
240 ◦C (aerial parts) until the volume was reduced to approximately 1 mL and analyzed by ICP-AES as
described above. The water-soluble ions NO3

− and NH4
+ were extracted from the soils by mixing

5 g of soil with 50 mL of distilled water for 1 h and were quantified using an RQflex 10 reflectometer
(Merck, Darmstadt, Germany).

2.5. Evaluation of the Water-holding Capacities of the Soils

After harvest, the experimental soils were spread onto a sheet in a greenhouse with a daily
maximum temperature that ranged from approximately 40 to 49 ◦C and were dried out for 1 month.
Then, 1 kg of the soils were poured back into the original pots and 500 mL of water was added. The pots
were maintained in the greenhouse and their weights were measured on a daily basis from the day
after water addition to estimate the water-holding capacities of the amended and unamended soils.

3. Results and Discussion

3.1. Properties of the Jatropha Fallen Leaf Biochar

The 200 L oil-drum carbonizer that was used in this study (Figure 1A,B) was completely filled with
dried jatropha leaves and ignited from the top of the piled leaves. Then, 1.5 h after ignition, both top
and bottom ventilation holes were closed, and the biomass inside was subjected to pyrolysis in an
oxygen-limited condition. The heating scheme employed in this study is based on the auto-thermal
process, in which burning part of the raw biomass material with a controlled air inlet provides the
energy necessary for the pyrolysis process [48].

During the heating process, the internal temperature of the drum was monitored at three different
heights (Figure 2). In the upper part of the drum (75 cm from the bottom), the temperature increased
immediately after ignition to reach a maximum temperature of 395.1 ◦C at 6 h after ignition (HAI),
after which it dropped sharply to <100 ◦C at 10–15 HAI. In the middle of the drum (45 cm from the
bottom), the temperature increased from around 1–2 HAI to reach a small peak of 156 ◦C at 7 HAI.
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The temperature was then maintained between 120 and 200 ◦C at 8–42 HAI, after which it sharply
increased to 370 ◦C at 48 HAI. In the lower part of the drum (15 cm from the bottom), the temperature
increased sharply at 6–18 HAI to exceed 400 ◦C, after which it was maintained at 396–454 ◦C until the
pyrolysis was extinguished. The maximum temperature in the bottom part was 454 ◦C at 46 HAI.

Figure 2. Temporal changes in the internal temperature of the oil-drum carbonizer at three different
heights of 15 cm (lower), 45 cm (middle), and 75 cm (upper) from the bottom of the drum. The pyrolysis
was terminated at 48 h after ignition (vertical arrow).

The timing of a sharp decrease in temperature from 365.3 to 26.3 ◦C in the upper part of the
drum (at 10–20 HAI) appeared to be synchronized with a sharp increase in temperature from 25.6
to 429.5 ◦C in the bottom part of the drum (at 6–20 HAI), suggesting that the spatial location of the
pyrolysis reaction migrated downward at this time. It is noteworthy that only a modest decreased in
temperature from 137.7 to 118.5 ◦C was observed in the middle part of the drum at 6–18 HAI. The
reason for this behavior is currently unknown, but one possibility is that the heat was transmitted
downward via a peripheral route, bypassing the central axis of the drum where the mid-height sensor
was located. It is also interesting to note that the temperature in the bottom part of the drum remained
high for a prolonged period of time (18–48 HAI). The mechanism driving this phenomenon is also
unclear, but it may have been related to a higher density of jatropha leaves occurring at the bottom of
the drum due to compression under their own weight, allowing a high temperature to be sustained.
The internal temperature profile of the drum suggested that the biomass was subjected to modestly
high temperatures in the range of 100–450 ◦C. This temperature range was similar to those related to the
degradation of polymers of hemicellulose, cellulose, and lignin during pyrolysis of plant biomass [22].

When the pyrolysis was terminated by applying water on top of the pile, soot and smoke at a height
of approximately 50 cm evolved from the pile, but vapor explosion did not occur. Since the temperature
profile suggested that the pyrolysis products in the drum were heterogeneous, the jatropha biochar
was extensively mixed with a shovel for homogenization once the pyrolysis had been completely
terminated. The resulting biochar had a mosaic appearance consisting of dark and light brownish
fragments and grains of different sizes (Figure 3A), and scanning electron microscopy showed that the
surface of subsets of these fragments had a porous structure (Figure 3B), which is a common hallmark
of biochar [49].
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Figure 3. (A) Top view of the jatropha fallen leaf biochar that was produced by the carbonizer. Red
scale bar represents 5 cm. (B) Close-up view of the surface of the jatropha fallen leaf biochar observed
under an electron microscope. Red scale bar represents 100 μm.

The jatropha fallen leaf biochar had a pH of 9.84 ± 0.08 (Table 1), which was notably higher than
that reported by Awasthi et al. [50] for jatropha leaves (pH 8.85). The EC of the biochar produced in
this study was 575 ± 108 μS cm−1, which was slightly lower than the reported value of 920 μS cm−1 for
jatropha leaves [50], and the CEC of the biochar was 169 ± 19 mmol kg−1, which was higher than the
reported average values for wheat/barley biochar (103 mmol kg−1) but lower than the average values
for corn and rice straw/husk biochar (607 and 212 mmol kg−1, respectively) [51].

Table 1. Properties of the jatropha fallen leaf biochar produced in this study.

Property Value 1

pH 9.84 ± 0.08
EC (μS cm−1) 575 ± 108

CEC (cmol kg−1) 16.9 ± 1.9
Element content (mg kg−1)

Al 52,900 ± 700
C 227,000 ± 12,000
Ca 18,000 ± 1000
Cd 1.19 ± 0.03
Co 16.4 ± 0.2
Cr 29.8 ± 6.8
Cu 9.39 ± 0.66
Fe 5080 ± 340
K 6220 ± 530

Mg 741 ± 62
Mn 617 ± 46
N 15,000 ± 1000
Ni 43.4 ± 3.4
P 1450 ± 230

Pb 18.0 ± 0.5
Sn <0.1
Ti 121 ± 3
Zn 80.1 ± 6.7

1 Values are means ± standard deviations (n = 3). EC, electrical conductivity; CEC, cation exchange capacity.

The chemical constituents of biochars are influenced by the feedstock source and the pyrolysis
temperature [29,33]. The jatropha fallen leaf biochar that was produced in the present study had P and
K contents of 1450 ± 230 and 6220 ± 530 mg kg−1, respectively (Table 1), which were higher than the
reported average values for rice straw/husk biochar (1200 and 700 mg kg−1, respectively) but lower
than those for corn biochar (2350 and 19,000 mg kg−1, respectively) [51].
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High concentration of Al was observed in fallen leaf biochar (52,900 ± 700 mg kg−1). Reasons for
this high abundance is currently unknown; one possibility is that jatropha fallen leaves feedstock might
be contaminated with Al-rich soil particles during harvest in the field. Alternatively, Al in fallen leaf
biochar might be derived from intrinsic Al accumulated within jatropha leaves, although absorption
and accumulation of Al in plant leaves are normally inefficient due to its phytotoxicity. The third
possibility is that Al might be derived from leaching from the surface of the used oil drum. Although
we extensively washed the inside of drum before usage, this possibility is not totally excluded. Origin
of Al in the fallen leaf biochar should be examined in future studies.

3.2. Effects of Jatropha Fallen Leaf Biochar on Vegetable Growth in an Acidic and Undernourished Soil

The experimental soil that was collected from Selebi-Phikwe, Botswana, was highly acidic, with
a pH of 3.39 ± 0.03 (Table 2), and it is well known that crop growth is generally retarded in acidic
soils [52,53]. Furthermore, the experimental soil contained markedly lower contents of the major
nutritious elements (e.g., P, 2.67 ± 0.91 mg kg−1; K, 5.87 ± 2.76 mg kg−1; Ca, 98.2 ± 8.5 mg kg−1;
and Mg, 20.7 ± 12.0 mg kg−1; Table 2) than typical soils [54], suggesting that it was poor in nutrients.
By contrast, the contents of Cu (772 ± 8 mg kg−1) and Ni (249 ± 2 mg kg−1) were particularly high in
the experimental soil (Table 2).

Table 2. Properties of the experimental soil used in this study.

Property Value 1

pH 3.39 ± 0.03
Organic carbon (%) 0.12 ± 0.00

Nitrogen content (mg kg−1)
NO3

− 0.12 ± 0.04
NH4

+ 0.10 ± 0.01
Element content (mg kg−1)
Al 69,400 ± 900
Ca 98.2 ± 8.5
Cu 772 ± 8
Fe 38,300 ± 100
K 5.87 ± 2.76

Mg 20.7 ± 12.0
Ni 249 ± 2
P 2.67 ± 0.91

Zn 40.4 ± 0.2
1 Values are the means ± standard deviations of three samples for all parameters except pH and organic carbon,
which were derived from two samples.

To examine the effect of jatropha fallen leaf biochar as a soil amendment, the biochar was applied
to the experimental soil at rates of 3%, 5%, and 10% (w/w) and the growth of Swiss chard was
examined. Swiss chard was chosen as a model crop because it is one of the major vegetables grown
in Botswana. Plants that were grown in soil containing 5% and 10% biochar had significantly longer
leaves than control plants at both 28 days after transplantation (DAT) (7.33 ± 0.58 cm and 9.67 ± 0.58
cm, respectively, versus 5.67 ± 0.58 cm, corresponding to 1.29 and 1.71 fold increases) and 44 DAT at
harvest (9.33 ± 1.53 cm and 11.0 ± 1.00 cm, respectively, versus 6.00 ± 1.00 cm, corresponding to 1.56
and 1.83 fold increases) (Figure 4A).
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Figure 4. Effects of jatropha fallen leaf biochar application to the experimental soil on the growth
of Swiss chard plants. Biochar was applied to the experimental soil at three levels (3%, 5%, and
10% (w/w)) and the growth of Swiss chard plants in the amended soils and unamended control soil
was compared. (A) Temporal changes in the length of the longest leaf after transplantation in the
biochar-amended soils. (B) Number of expanded leaves and (C) total leaf area per plant at harvest
(44 days after transplantation). Values are means ± standard deviations (n = 3 plants). Significant
differences are indicated by asterisks in (A) (t-test, p < 0.05) and different letters in (B,C) (Holm’s test,
p < 0.05).

The plants were harvested at 44 DAT and the number of leaves, total leaf area, and dried biomass
weight were measured. Plants grown in soils supplemented with 3%, 5%, and 10% biochar had a similar
total number of leaves to control plants (6.00 ± 1.73, 5.67 ± 0.58, and 6.67 ± 0.58 leaves, respectively,
versus 4.67 ± 1.15; Figure 4B) but 2.58, 3.64, and 5.71 fold higher leaf areas, respectively, than the control
plants (Figure 4C). Furthermore, although biochar treatment had no significant effect on the root dry
biomass weight, the shoot and the total dry biomass weights were 1.57, 1.88, and 2.32 fold higher in
the 3%, 5%, and 10% biochar-amended soils, respectively, compared with the unamended control soil
(Figure 5). These observations indicate that the application of jatropha fallen leaf biochar to the acidic
experimental soil improved the growth performance of stalk and leaves of Swiss chard.

Figure 5. Effects of jatropha fallen leaf biochar application to the experimental soil on the dry biomass
weight of Swiss chard plants at harvest (44 days after transplantation). Values are means ± standard
deviations of three independent plants. Sets of bars with different letters are significantly different
(Holm’s test, p < 0.05).

The improved growth performance of Swiss chard in the biochar-amended experimental soils
prompted us to examine the soil conditions and foliar mineral contents of the plants after harvest.
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Biochar application caused the acidic experimental soil (pH 4.03 ± 0.21) to become more neutral
in a concentration-dependent manner, reaching pH 6.62 ± 0.28 in the soil containing 10% biochar
(Figure 6A). Furthermore, although the soil NH4

+ levels were not affected by biochar application, the
5% and 10% biochar treatments resulted in a small but significant increase in the NO3

− concentration
(Figure 6B,C), suggesting that biochar application improved the nitrogen availability. Examination of
the foliar mineral levels at harvest showed that the majority of minerals were not significantly affected
by the biochar treatment, but potassium exhibited 2.17, 3.76, and 4.00 fold increases following the
application of 3%, 5%, and 10% biochar, respectively (Table 3), which may reflect the relatively high
potassium content of the jatropha fallen leaf biochar that was used in this study (6220 ± 530 mg kg−1;
Table 1).

Figure 6. Soil pH and concentration of major inorganic nutrients in the jatropha biochar-amended
soils at the time of harvest. The soil pH (A) and ammonium ion (B) and nitrate ion (C) contents are
shown. Values are means ± standard deviations (n = 3 pots). Bars with different letters are significantly
different (Holm’s test, p < 0.05).

Table 3. Amount of minerals in the aerial parts of the Swiss chard plants.

Mineral
Content (mg plant−1)1

Control 3% Biochar 5% Biochar 10% Biochar

Al 5.35 ± 1.75 a 3.23 ± 1.41 a 3.72 ± 3.72 a 4.53 ± 2.82 a

Ca 7.79 ± 2.72 a 6.87 ± 1.96 a 5.89 ± 2.09 a 5.98 ± 1.47 a

Cu 0.01 ± 0.01 b 0.02 ± 0.00 ab 0.02 ± 0.00 a 0.01 ± 0.00 ab

Fe 0.41 ± 0.20 a 0.19 ± 0.10 a 0.22 ± 0.21 a 0.30 ± 0.18 a

K 22.0 ± 0.8 c 47.8 ± 14.5 b 82.7 ± 14.8 a 88.1 ± 9.7 a

Mg 0.34 ± 0.04 b 0.48 ± 0.10 ab 0.68 ± 0.08 a 0.68 ± 0.05 ab

Mn 0.38 ± 0.10 b 0.72 ± 0.24 ab 0.89 ± 0.16 a 0.78 ± 0.07 ab

Ni 0.04 ± 0.02 b 0.15 ± 0.06 ab 0.20 ± 0.06 a 0.04 ± 0.01 b

P 23.1 ± 1.9 a 19.9 ± 6.5 a 19.8 ± 5.7 a 21.8 ± 8.9 a

Ti 0.01 ± 0.01 a 0.00 ± 0.01 a 0.01 ± 0.01 a 0.01 ± 0.01 a

Zn 0.27 ± 0.07 a 0.28 ± 0.07 a 0.19 ± 0.03 a 0.15 ± 0.05 a

1 Values are means ± standard deviations (n = 3 plants). Values with different letters within a row are significantly
different (Holm’s test, p < 0.05).

3.3. Effects of Jatropha Fallen Leaf Biochar on the Soil Moisture Content

The water-holding capacities of the experimental soils supplemented with different amounts of
jatropha biochar were evaluated after harvest, by monitoring the pot weight after adding 500 mL of
water to 1 kg of the dried soils. The weights of the pots containing biochar-applied soils increased
in a concentration-dependent manner at each measurement time point (Figure 7). Furthermore,
while the weights of the control pots had returned to their pre-watering levels at four days after
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water application, the pots that contained soils supplemented with 3%, 5%, and 10% biochar retained
3.3 ± 1.2 g, 16.3 ± 1.2 g, and 42.3 ± 2.1 g more water, respectively. These observations were consistent
with those of previous studies [21,55,56] and suggest that the application of jatropha fallen leaf biochar
improved the water-holding capacity of the experimental soil.

Figure 7. Effect of jatropha fallen leaf biochar application on the moisture contents of the experimental
soils. The pot weights were measured daily to estimate the rates of water loss from the potted soils.
Values are means ± standard deviations (n = 3 pots per biochar concentration). Asterisks indicate
significant differences from the control (t-test, p < 0.05).

4. Conclusions

This study described the production of jatropha fallen leaves biochar using a simplified oil-drum
carbonizer, based on the auto-thermal process in which partial combustion of the biomass provided
the energy necessary for the pyrolysis of the remaining biomass. Internal temperature of the drum
was maintained in the range of 100–450 ◦C, and the resultant products had porous surface structure
characteristics for biochar. Application of the biochar to an acidic and undernourished soil significantly
improved the growth performance of the model vegetable Swiss chard. These findings suggest that
jatropha has potential applications not only for producing renewable energy and industrial products,
but also as a feedstock for soil conditioner to improve agricultural production.
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Abstract: Little is known about the carbonaceous greenhouse gases and soil microbial community
linked to the combination of biochar (BC) and rice straw (RS) in paddy soils. The objectives of this
research were to evaluate the effects of combining BC and RS on (1) CH4 and CO2 production from
paddy soil, (2) archaeal and bacterial abundance, and (3) rice grain yield. The experiments consisted
of a pot trial and an incubation trial, which had a completely randomized design. The experiments
included five treatments with three replications: (a) the control (without BC, RS, and chemical fertilizer
(CF)); (b) CF; (c) BC 12.50 t ha−1; (d) RS 12.50 t ha−1; and (e) combined BC 6.25 t ha−1 + RS 6.25 t
ha−1 + CF. In the sole RS treatment, CH4 production (0.0347 mg m−2 season−1) and the archaeal
and bacterial abundance (5.81 × 108 and 4.94 × 1010 copies g−1 soil dry weight (DW)) were higher
than outcomes in the sole BC treatment (i.e., 0.0233 mg m−2 season−1 for CH4 production, and 8.51
× 107 and 1.76 × 1010 copies g−1 soil DW for archaeal and bacterial abundance, respectively). CH4

production (0.0235 mg m−2 season−1) decreased significantly in the combined BC + RS + CF treated
soil compared to the soil treated with RS alone, indicating that BC lessened CH4 production via
CH4 adsorption, methanogenic activity inhibition, and microbial CH4 oxidation through bacterial
methanotrophs. However, the archaeal abundance (3.79–5.81 × 108 copies g−1 soil DW) and bacterial
abundance (4.94–5.82 × 1010 copies g−1 soil DW) in the combined BC+ RS + CF treated soil and the
RS treated soil were found to increase relative to the treatments without RS. The increase was due
to the easily decomposable RS and the volatile matter (VM) constituent of the BC. Nevertheless,
the resultant CO2 production was relatively similar amongst the BC, RS, and BC + RS treated soils,
which was indicative of several processes, e.g., the CO2 production and reduction that occurred
simultaneously but in different directions. Moreover, the highest yield of rice grains was obtained
from a combined BC + RS + CF treated soil and it was 53.47 g pot−1 (8.48 t ha−1). Over time, the
addition of BC to RS soil enhanced the archaeal and bacterial abundance, thereby improving yields
and reducing CH4 emissions.

Keywords: global warming; archaeal 16S rRNA gene; bacterial 16S rRNA gene; rice yields; qPCR;
soil amendments

1. Introduction

To maintain the soil fertility and rice yield, the incorporation of rice straw (RS) into paddy soil has
been widely practiced. However, in flooded soil conditions, the decomposition of RS results in high
levels of CH4 and CO2 emissions from its high cellulose and hemicellulose content (at more than 50%
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dry weight), both of which are easily decomposable C compounds [1]. In addition, some intermediate
C products include dissolved organic carbon (DOC), which comprises low molecular-weight organic
compounds such as acetates, formates, methylated compounds, primary and secondary alcohols, and
some gases, e.g., CO2 and H2. All of these compounds are substrates for the methanogenic archaea
which stimulate CH4 production [2]. Concurrently, CH4 oxidation mediated by methanotrophic
microorganisms existing in the flooded soil system also occurs. The CH4 oxidation results in the
production of CO2, as well as a decrease in CH4 emissions into the atmosphere.

Contrary to the easily decomposable RS, biochar (BC), which is made from woody feedstock
materials, has high contents of C resistant compounds, such as lignin [1]. Therefore, it is considered to
be a resistant organic material. In particular, eucalyptus wood BC contains over 70% lignin (DW), which
suppresses microbially mediated C mineralization [1,3]. The addition of BC creates a low available
C condition, creating unsuitable circumstances for methanogenesis by archaea [4]. Although the BC
incorporated into paddy soils suppresses CH4 emissions, it also increases nutrient availability and
rice yields [3]. When RS and BC were individually applied to paddy soils, contrasting effects on CH4

production were found. Owing to contrasting chemical compositions, RS produced enhancing effects,
whereas BC produced suppressing effects given its high content of fixed C, such as lignin [3], which
are unfavorable to methanogenic activity [5]. Nevertheless, it is worth studying the incorporation of
combined BC with RS, as well as the biological aspects of methanogen. In field situations, when BC is
applied to paddy soil, it inevitably mixes with RS residues that remain after the paddy fields have been
harvested. Therefore, it is imperative to investigate the effects of combining BC and RS on greenhouse
gas production. An earlier study by Liu et al. [5] showed that when medium to high amounts of rice
straw derived BC were mixed with RS, the CH4 emissions from the incubated paddy soils declined by
21–35% compared to emissions without BC, citing the inhibiting effect of BC on methanogenic activity.
However, the study did not investigate the microbial abundance. Findings on methanogen stimulation
by BC were later reported by Feng et al. [6], who employed microbial gene abundance as the main
indicator of microbial influence on CH4 emissions in soils treated solely with BC. The research showed
that corn stalk BC stimulated both the methanogenic archaea and the methanotrophic bacteria, as
determined by their gene abundances. However, the CH4 produced by the archaea could not meet the
requirements of the bacteria. To our knowledge, there is no known work which has combined easily
decomposable RS and resistant eucalyptus BC to test the effects of this mixture on the production of
CH4 and other carbonaceous greenhouse gases, using microbial gene abundance as a major indicator.

In this research, we addressed the hypothesis that adding the combined BC and RS to a paddy
soil would reduce the soil’s CH4 production, raise its archaeal and bacterial abundance, and increase
the rice grain yields. Therefore, the objectives of this research were as follows: (i) To evaluate the
effects of the combined BC and RS on CH4 production, CO2 production, and the archaeal and bacterial
abundance in paddy soils and (ii) to determine the effects that these conditions would have on the rice
grain yields.

2. Materials and Methods

2.1. Organic Materials and Soil

BC was produced via pyrolysis at 350 ◦C under oxygen limited conditions in a traditional kiln
commonly used in Northeastern Thailand. The feedstock consisted of the upper parts of the branches
of 5 year-old eucalyptus trees (Eucalyptus camaldulensis Dehnh.). Meanwhile, the RS used was taken
from a paddy field. The following chemical analyses of the BC and RS were conducted: (1) pH using a
pH meter (BC or RS: water = 1:5); (2) total organic carbon content using a TOC Analyzer (multi EA 4000,
Analytik Jena, Jena, Germany); (3) total nitrogen using the micro-Kjeldahl method [7]; (4) the content
of cellulose, hemicellulose, and lignin in the RS and BC as described by Aravantinos-Zafiris et al. [8];
(5) the content of ash, VM, and fixed C in the BC, based on the American standard test method [9]; and
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the functional groups on the surface of the BC and RS were analyzed using Fourier transform infrared
(FTIR) spectroscopy (TENSOR27, Bruker, Germany), at frequency ranges from 600 to 4000 cm−1.

The chemical characteristics of the BC and RS are shown in Table 1

Table 1. Characteristics of the BC and RS used in the experiments.

Organic
Materials 1

pH OC 2 TN 3TN C/N 4

Ratio
Cellulose Hemicell 5 Lignin Fixed C Ash VM 6

(1:5) %

BC 6.32 60.2 0.56 101 1.24 1.65 75.69 61.72 3.3 34.97
RS 7.47 40.9 0.43 95 46.65 22.17 7.11 - - -

1 BC = biochar, RS = rice straw; 2 OC = organic carbon; 3 TN = total nitrogen; 4 C/N = carbon/nitrogen; 5 Hemicell =
hemicellulose; 6 VM = volatile matter.

The BC FTIR spectra contained the following peaks (Figure 1a): 3570–3200 cm−1 (hydroxy
group); 2921 cm−1 (methylene C-H asymmetric); 1928–2113 cm−1 (aromatic combination bands) [10];
1641–1737 cm−1 (C=O of aromatic group) [11]; 1373 and 1591 cm−1 (carboxylate); and 1205 cm−1

(phenol, C-O stretch) [10]. The RS spectra (Figure 1b) contained a 3570–3200 cm−1 (hydroxy group);
1637 cm−1 (carboxylate); and 1033 cm−1 (aromatic C-H in plane bend) [10].

Figure 1. Fourier transform infrared (FTIR) spectra of the biochar (BC) (a) and rice straw (RS) (b) used
in the experiments.

Paddy soil samples were randomly collected from the plow layer (0–15 cm) of an irrigated
paddy field located in Ban Na Ngam in the Samran District of Khon Kaen, Thailand (N 16◦32′45.9′′,
E 102◦51′15.5′′). The soil was classified as fine, mixed, and isohyperthermic Aeric Endoaquept. The
soil was air-dried and then finely ground to be able to pass through a 2 mm sieve. The physical
and chemical characteristics of the soil were analyzed for: (1) the soil texture using the hydrometer
method [12]; (2) the soil organic carbon contents using wet digestion [13]; and (3) the total nitrogen
using the micro-Kjeldalh method [7]. The soil showed the following physical-chemical properties: pH
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(1:5) = 5.06; sandy loam texture with sand (65.8%); silt (21.9%); and clay (12.4%) with a soil organic
carbon content of 0.83% and a nitrogen content of 0.08%.

2.2. Experiments

Two experiments (i.e., a pot and an incubation experiment) were conducted. The pot experiment
was designed to evaluate the effects of the combined BC and RS on the production of carbonaceous
gases, the microbial biomass, and the rice yields under non-leaching controlled conditions in the
presence of rice plants. In contrast, the incubation experiment was designed to support the biological
and biochemical data collected from homogeneous non-living root soils, to examine the effects of the
combined BC and RS.

2.2.1. Pot Experiment

The pot experiment was performed from June to October 2015 in a greenhouse located at the
Faculty of Agriculture at the Khon Kaen University in Khon Kaen, Thailand. Five treatments, performed
in triplicate, were included as follows: (1) the control (without CF, BC, and RS amendments); (2) CF
grade 16-16-8 [Urea (46% N), (NH4)2HPO4 (18% N, 46%P2O5), KCl (60% K2O)] at a rate of 0.188 t ha−1

as modified from the study by Thammasom et al. [3]; (3) BC 12.50 t ha−1; (4) RS 12.50 t ha−1; and (5) a
mixture of BC:RS (1:1 w/w at a rate of 6.25 t ha−1 each) and CF. The experiment was arranged using a
completely randomized design, wherein three kgs of sieved air-dried soil was placed in a pot (inner
dimensions of 18 cm and a height of 23 cm, without a hole at the bottom). Based on the treatment
parameters, the soil was then mixed with 2 mm sieved BC and/or RS (cut to a size of 2 cm in length).
The soils in all the pots were submerged for 20 days before transplanting. This procedure was carried
out to allow time for decomposition, so that the adverse effects from the toxic intermediate organic acid
products of decomposition could be avoided. Then, three rice (Oryza sativa L.) seedlings (25 days old)
of the Pitsanulok 2 (a photoperiod insensitive) varieties were transplanted to each pot. The CF was
basally applied twice, that is, before transplanting and then 30 days after transplanting. Throughout
the rice growing period, all the pots were maintained at a water level that was 5–7 cm above the soil
surface without leaching, and the water was drained 10 days prior to the rice harvest.

2.2.2. Incubation Experiment

Treatments for the incubation trials were similar to the pot experiment treatments. Soil (2.5 g) was
placed into a 60 mL glass bottle and then mixed with 2 mm BC and/or RS based on the treatments.
Thereafter, 10 mL of the CF solution of the same strength as that used in the pot experiment was
applied to the soil mixture. Calculations of the BC and RS weights were based on a soil bulk density
of 1.39 g cm−3 and a soil weight of 2085 t ha−1. The head space of the bottle was flushed with N2

gas (99.99%), and then it was tightly closed using a septum and aluminum cap. The incubation of
the soil was carried out at 28 ◦C for a period of 14 days under anaerobic conditions. The incubation
period (14-days) was determined based on our previous study which found the highest CH4 and CO2

emissions after 14 days of incubation.

2.3. Data Collection

2.3.1. Rice Grain and Microbial Biomass C (MBC) in the Pot Experiment

After harvesting, rice grains collected from each pot were dried in an oven at 75 ◦C for 48 hours,
and then weighed. A fresh soil sample was taken from each pot and analyzed for the MBC using the
chloroform fumigation-extraction method described in Reference [14].

2.3.2. Gas Sampling, CH4, and CO2 Analysis in the Pot and Incubation Experiments

In the pot experiment, gas samples were collected using the closed chamber method. We used a
transparent chamber made from acrylic, that was sized 21 × 21 × 100 cm (width × length × height). Gas
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sampling was performed once a week throughout the rice growing period. The process was carried
out between 9.00 and 11.00 a.m., and a 1 ml insulin syringe was used to obtain the gas samples at 0, 10,
and 20 min after the chamber cover had been placed over the potted soil as in Reference [15]. CH4 and
CO2 concentrations were measured using a gas chromatograph (GC-2014, Shimadzu, Kyoto, Japan)
equipped with a flame ionization detector (FID) as described in Reference [1]. The gas measurements
were completed within 6 hours.

Under the incubation experiment, the 1 mL gas samples were collected 14 days after incubation
from the head space of the glass bottles using a 1-mL insulin syringe. After collection, the CH4 and
CO2 concentrations were immediately determined.

2.4. DOC Analysis and Determination of Archaeal and Bacterial Abundance in the Incubation Experiment

Extraction of DOC from the incubated soil was done by shaking the bottle for 30 min, followed by
centrifuging at 4000 rpm for 15 min. The supernatant solution was filtered through a 0.45 μm syringe
filter prior to the DOC analysis, using the TOC/TNb analyzer (Multi N/C 2100s, Analytik Jena, Jena,
Germany).

2.5. DNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)

The total soil genomic DNA was extracted using a FastDNA™ SPIN Kit for Soil (MP Biomedicals,
Santa Ana, CA, USA). The qPCR of the bacterial 16S rRNA gene and archaeal 16S rRNA gene were
performed using a C1000 TouchTM thermal cycler combined with a CFX96TM detection module
(BIO-RAD, Hercules, CA, USA). The primers and annealing conditions are listed in Table 2. The PCR
mixtures (25 μL) contained 12.5 μL of EXPRESS SYBR® GreenERTM (Invitrogen, Carlsbad, CA, USA),
0.4 μM primer (each; final concentration), 1 μL of DNA template (10 ng μL−1), and ultrapure water for
the balance. Moreover, all the samples were analyzed in triplicate. Each reaction condition included an
initial denaturing step of 10 min at 95 ◦C, followed by 40 cycles of 30 s of denaturing at 95 ◦C, 30 s of
primer annealing (Table 2), and then 45 s of primer extension at 72 ◦C. The annealing temperatures
were optimized for each primer pair. The abundances of bacteria and archaea determined using qPCR
were reported as DNA copy numbers of 16S rRNA genes per g of dry soil.

Table 2. The qPCR primers and conditions used in this study.

Primers Sequences (5’ to 3’) Annealing Temps (◦C) Targeted Groups References

Eub338 ACCTACGGGAGGCAGCAG 55 Bacteria [16]
Eub518 ATTACCGCGGCTGCTGG 55 Bacteria [17]
Ar109f ACKGCTCAGTAACACGT 57.5 Archaea [18]
Ar912r CTCCCCCGCCAATTCCTTTA 57.5 Archaea [18]

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) was used to assess the treatment effects on various soil
microbiological and biochemical properties, carbonaceous greenhouse gas emissions, and rice yields.
Mean separation was performed using least significant difference (LSD) tests. We used the Statistix
10 software to carry out the statistical tests. To determine the correlation between the abundances of
archaea and bacteria, the production of CH4 and CO2, and the DOC content in the incubated rice soil,
the SigmaPlot 12.5 software program was used.

3. Results and Discussion

3.1. Carbonaceous Greenhouse Gases and Microbial Abundance in Paddy Soil as Affected by RS

Significant increases in the production of CH4 were observed in the soil amended with RS alone,
and in both pots (0.0347 mg m−2 season−1) (Table 3) and incubation experiments (1379.3 mg kg−1)
(Table 4) relative to the other treatments. The increases in CH4 production were due to the high
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contents of easily decomposed cellulose (46.65%) and hemicellulose (22.17%) in the RS (Table 1).
When the RS was applied to the soil, it had a key role in stimulating the soil’s microbial activity for
C mineralization. This was indicated by a significantly higher DOC content (202.69 mg kg−1), and
a higher volume of archaeal abundance (5.81 × 108 copies g−1 soil DW) and bacterial abundance
(4.94 × 1010 copies g−1 soil DW) in the RS compared to other treatments, with the exception of the
mixed RS + BC treatment (Table 4). Dissolved organic C is a mixture of dissolved organic carbonaceous
compounds with particle sizes that are smaller than 0.45 μm. It is derived from the degradation of
organic materials and it contains carbohydrates, proteins, fats, hydrocarbons and their derivatives, and
fractions of low molecular weight humic acids; as well as numerous simple organic compounds [19].
DOC is a crucial part of the organic labile pool which serves as substrates for soil microorganisms.
Rice straw was found to generate a high content of low molecular weight DOC within two weeks after
incorporation into the topsoil (0–15 cm) of a sandy soil from Northeastern Thailand [20]. During our
2-week incubation period, the soil treatments containing RS showed a higher abundance of archaea
than the other treatments. Archaea was a dominant microbe that utilized the DOC, CO2, and H2 [21]
from decomposing RS to produce CH4. This revealed the archaea’s function in methanogenesis, which
involved CO2 reduction.

Table 3. CH4, CO2 emissions, rice grains, and microbial biomass C (MBC) in the potted rice-soil treated
with BC and RS.

Treatments 1
CH4 CO2 Rice Grains MBC 2

mg m−2 Season−1 g pot−1 mg kg−1

Control 0.0298 ab 0.0018 b 41.52 b 79.81 c
CF 0.0263 b 0.0012 c 50.62 a 93.66 bc

BC 12.50 t ha−1 0.0233 b 0.0013 c 35.55 b 224.08 a
RS 12.50 t ha−1 0.0347 a 0.0021 a 35.43 b 129.84 bc

BC 6.25 t ha−1 + RS 6.25 t ha−1 + CF 0.0235 b 0.0012 c 53.47 a 167.94 ab

F-test * ** ** *
CV (%) 15.87 2.99 7.00 33.26

1 CF = chemical fertilizer, BC = biochar, RS = rice straw, CV = coefficient of variation. 2 MBC =microbial biomass
carbon. The different small letters in the columns indicate significant difference among treatments by LSD. *, ** =
significant at p ≤ 0.05 and p ≤ 0.01, n = 3.

Table 4. The abundance of archaea and bacteria, CH4 and CO2 production, and DOC content in 14-day
incubated soils treated with BC and RS.

Treatments 1
Archaea Bacteria CH4 CO2 DOC 2

Copies g−1 Soil DW mg kg−1 mg kg−1 mg kg−1

Control 1.21 × 108 b 1.88 × 1010 b 61.6 b 3459.7 a 98.00 b
CF 6.73 × 107 b 2.24 × 1010 b 32.6 b 1730.4 b 84.92 b

BC 12.50 t ha−1 8.51 × 107 b 1.76 × 1010 b 45.7 b 229.3 c 78.88 b
RS 12.50 t ha−1 5.81 × 108 a 4.94 × 1010 a 1379.3 a 507.1 c 202.69 a

BC 6.25 t ha−1 + RS 6.25 t ha−1 + CF 3.79 × 108 a 5.82 × 1010 a 4.5 b 557.5 c 186.63 a

F-test ** * ** ** **
CV (%) 36.16 45.70 20.15 29.96 15.75

1 CF = chemical fertilizer, BC = biochar, RS = rice straw, CV = coefficient of variation. 2 DOC = dissolved organic
carbon. The different small letters in the columns indicate significant difference among treatments by LSD. *, ** =
significant at p ≤ 0.05 and p ≤ 0.01, n = 4.

In the soil treatments using RS alone, we observed high CH4 production and high archaeal
abundance. The DOC content was supported by the significantly high positive correlation between
archaeal abundance and CH4 production (r = 0.799 ***) and the DOC concentration (r = 0.872 ***).
However, its moderately negative correlation with CO2 production (r = −0.403) indicated that with an
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increasing abundance of archaea, the CO2 had been consumed (Figure 2a–c). Therefore, the archaea
had performed a crucial role in CH4 production.

Figure 2. The correlation coefficients between Archaeal and CH4 production (a), DOC content (b) and
CO2 production (c); between Bacterial abundance and CH4 production (d), DOC content (e) and CO2

production (f); between DOC content and CH4 production (g); and between CH4 and CO2 production
(h). ** Very significant at p-value < 0.01, *** extremely significant at p-value < 0.001, n = 15.

With respect to the bacteria, these appeared to be less effective in CH4 production compared to
the archaea. This was reflected in the moderately positive correlation between bacterial abundance
and CH4 production (r = 0.475) (Figure 2d), where the correlation between bacterial abundance and
DOC concentration was significantly high (r = 0.782***) (Figure 2e). This indicated that the bacteria
had played a crucial role in supplying DOC to the soil system, thereby supporting CH4 production
(r = 0.641**) (Figure 2g). However, a moderately negative correlation between the bacterial abundance
and CO2 production (r = −0.440) indicated that CO2 had been consumed to form CH4 with the
increasing abundance of bacteria (Figure 2f). This assertion was supported by a weakly negative
correlation coefficient of −0.292 between CO2 and CH4 production (Figure 2h).
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With respect to archaea exerting its effects on CH4 production, our results showed that compared to
the bacteria, archaea was the more dominant microorganism. In the soil, especially in RS incorporated
soil, Methanomicrobia was the main genus of archaea found, followed by Methanobacteria [22]. Moreover,
in a previous pot experiment conducted with growing plants, the soil treated with RS showed a rapid
decrease in soil redox potential to a range from −150 to −200 mV [1]. This was coupled with a rise in the
soil pH to an optimal range of 7.5 to 8.5. This observed phenomenon resulted from electrons transferred
from the RS, which had been utilized by microorganisms in the anaerobic respiration process [1]. This
condition was assumed to be suitable for methanogenic archaea and bacteria. Moreover, these results
were found to be concomitant with the experimental results reported by Yuan et al. [22].

3.2. Carbonaceous Greenhouse Gases and Microbial Abundance in Paddy Soil as Affected by BC

In contrast to RS, BC led to low levels of CH4 production in soils from both the pot experiments
(0.0233 mg m−2 season−1) (Table 3) and the incubation experiments (45.7 mg kg−1) (Table 4). This
was because BC contained high levels of resistant C compounds, such as lignin (75.69%) and fixed
C (61.72%) (Table 1). We discovered that the resistant constituents of BC had suppressed the soil’s
C mineralization. Compared to the RS treated soil, this suppression had led to a significantly lower
DOC content (78.88 mg kg−1), as well as lower archaeal abundance (8.51 × 107 copies g−1 soil DW)
and bacterial abundance (1.76 × 1010 copies g−1 soil DW) in the BC treated soil (Table 4). This was
consistent with a previous study by Liu et al, where it was found that paddy field soil amended with
BC contributed to a low content of substrates [5]. In addition, the BC used in our experiments had a
high content of VM (34.97%) (Table 1), which consisted of DOC, such as carboxylics and phenolics (as
determined using FTIR, Figure 1), as well as aldehydes [23]. Not only could the DOC be consumed for
CH4 and CO2 production, but it could be used by soil microorganisms for assimilation into the MBC.
However, the archaeal and bacterial abundances were similar between the BC treated soil and the
control soil (Table 4) because the amounts of DOC in both soil treatments were low. The archaeal and
bacterial abundances in the BC treated soil (8.51 × 107 and 1.76 × 1010 copies g−1 soil DW, respectively)
were significantly less than the abundances in RS treated soil (5.81 × 108 and 4.94 × 1010 copies g−1 soil
DW, respectively). These results confirmed a lower CH4 production in the BC treated soil (Table 4).

In terms of the microbial community, in the BC treated soil, a high MBC content of 224.08 mg
kg−1 (Table 3) revealed the good biological quality of the soil containing archaea, bacteria (Table 4),
and methanotrophs [6], which were involved in the CH4 and CO2 dynamics of such soil. Wang et
al. [4] reported that soil amended with BC had significantly altered the composition of the soil’s
archaeal and bacterial communities. Furthermore, it was reported that the main constituents of the
archaea communities included a miscellaneous Crenarchaeota group (MCG), Methanobacteria, and
Thaumarchaeota archaea. In our study, the BC treatments were likely to be comprised of archaea
similar to the composition reported by Wang et al. [4].

Moreover, in the BC alone and combined BC + RS + CF treated soils, the CH4 production (0.0233
and 0.0235 mg m−2 season−1, respectively) was found to be lower than in the soils treated with RS
treatments (0.0347 mg m−2 season−1). This may be attributed to the physical structure of BC given that
it possessed several ≤ 2 mm micropores and had a large surface area [4,19], which could adsorb CH4

gas [5] and serve as a CH4-C substrate for the methanotrophs [6]. Biochar also supplied a habitat for
the methanotrophs [6], where all these mechanisms had led to a reduction in CH4 production in the BC
amended soil (Table 3).

3.3. Carbonaceous Greenhouse Gases and Microbial Abundance in Paddy Soil as Affected by Combined BC
and RS

In the incubation experiments using the combined BC + RS treatment (BC 6.25 t ha−1 +

RS 6.25 t ha−1 + CF), there was an abundance of archaea and bacteria (3.79 × 108 and 5.82 × 1010

copies g−1 soil DW, respectively) (Table 4), which had proliferated at 6.25 t ha−1 RS to yield CH4

of 4.5 mg kg−1 (Table 4). When the CH4 results of the combined treatment (4.5 mg CH4 kg−1) were
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compared to the results of the RS alone (12.50 t ha−1 RS) (1379.3 mg CH4 kg−1), we found that the
CH4 had been drastically reduced in the combined treatment via the countering power of the BC,
probably through the BC inhibition of methanogenic activity [5] and the adsorption process of BC. This
result was despite the enhancing effects that RS had on CH4 production in such anaerobic soil through
methanogenic archaea and bacteria activities (Table 4). On the contrary, the amount of CO2 production
was found to be similar amongst the treatments of BC, RS, or their combination in the incubated soils.
The non-different “net” CO2 production was the net result of several microbial processes of microbial
C mineralization (CO2 production) and CO2 reduction (CH4 formation) that occurred simultaneously,
but to different degrees and directions in the soils treated with these studied amendments. Biochar
applied alone resulted in a low C mineralization, rendering a low content of CO2 (Table 4). In contrast,
RS alone favored C mineralization to form CO2, which was furthered reduced to CH4 and resulted
in low CO2 in the RS treated soil. In the combined BC + RS soil, the adverse effect of BC on RS
resulted in a low CO2 (Table 4). In the combined BC + RS + CF soil, CH4 production in the potted
soil (0.0235 mg m−2 season−1) was significantly lower than in the RS alone (0.0347 mg m−2 season−1)
(Table 3). It appeared that the results for CH4 production from the incubation experiments and rice
pot experiments behaved in the same manner. However, conditions in the potted soil planted with
rice differed from the conditions in the incubated soil, i.e., in the rice pot experiment, there were C
substrates derived from rhizodeposition (root exudates, sloughed root, and dead root) [24], large areas
of aerobic and anaerobic interface in the rice rhizosphere soil, and an oxidizing layer on the soil surface,
whereas the incubated soil was presumably completely anaerobic. The BC-enhanced microbiological
oxidation process was mediated by methanotrophs, which consumed CH4 and transformed it into
CO2 at the aerobic–anaerobic interface [25] of the rice rhizosphere and the submerged soil. Therefore,
as a consequence, CO2 was released into the atmosphere (Table 3). This process is expected to exist
within the rice rhizosphere at the aerobic–anaerobic interface, and it results in decreases in CH4 and
the release of CO2 to the soil. More than 90% of the CH4 production in soil is oxidized to CO2 [6]. Our
findings from the rice which had been planted in potted soil, enabled us to articulate the countering
effects of the BC amendments on CH4 production in soil via two possible mechanisms. These included
the adsorption of CH4 onto the BC surfaces and the oxidation of CH4 to CO2 by methanotrophs which
utilize CH4 as a source of C and energy [6].

The rice grain yields obtained from the combined treatment (BC 6.25 t ha−1 + RS 6.25 t ha−1 + CF)
and individual CF treatment were 53.47 and 50.62 g pot−1, respectively (Table 3), being the two highest
yields in our pot experiments. In contrast, BC alone and RS alone depressed rice yields. It could be
deduced that the enhanced yield under the combined BC + RS + CF treatment was due to the CF effect
on grain yield. With CFs favorable supply of nutrients and the high nutrient adsorption characteristics
of BC, the combined BC + RS + CF treatment could supply and retain sufficient plant nutrients for rice
growth. In addition, chlorosis was observed in the rice plants treated with BC or RS alone. The studied
soil had a low N content (0.08%) which caused soil N deficiency and led to a low rice yield. Therefore,
CF is a necessary supplement for the amendment of organic materials in the soil.

4. Conclusions

Our results proved our hypothesis, that is, the incorporation of a combination of BC and RS in
paddy soil reduces the soil’s CH4 production, raises archaeal and bacterial abundances, and increases
the yield of rice grains compared to unamended soil. With such a combined BC + RS soil amendment,
the RS component (a cellulose and hemicellulose-rich material) was able to rapidly decompose and
enhance the archaeal and bacterial abundances relative to the without-RS amendments. Concurrently,
in the combined BC + RS, there was a rapid production of the intermediate products of decomposition
(i.e., DOC, CO2, and H2) which served as substrates for microbes to produce CH4 in the methanogenesis
process. Conversely, the recalcitrant lignin-rich BC component of the combined BC + RS amendment
inhibited the activity of the archaea in methanogenesis resulting in lower CH4 production than that of
the RS alone. One of the proposed mechanisms for the suppression of methanogenesis was a high
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abundance of methanotrophic bacteria in the BC, which served as the bacteria’s habitat. Methanotrophs
performed the CH4 oxidation process, which reduced the CH4 content. Another mechanism was the
adsorption of CH4 onto the large and highly adsorptive surface area of the BC, which led to CH4

reduction in the combined BC + RS treated soil. Compared to paddies receiving RS or BC applied
individually, a further benefit was the high rice grain yield under the combined BC + RS treatment.
The combined BC + RS material proved to be a more beneficial soil amendment than the RS or BC
applied separately owing to the dual purposes of improving soil productivity and reducing greenhouse
gas emissions.
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Abstract: The application of biochar is promising for improving the physical, chemical and
hydrological properties of soil. However, there are few studies regarding the influence of biochar
particle size. This study was conducted to evaluate the effect of biochar size on the physical, chemical
and hydrological properties in sandy and loamy tropical soils. For this purpose, an incubation
experiment was conducted in the laboratory with eight treatments (control (only soil), two soils
(loamy and sandy soil), and three biochar sizes (<0.15 mm; 0.15–2 mm and >2 mm)). Analyses
of water content, bulk density, total porosity, pore size distribution, total carbon (TC) and total N
(TN) were performed after 1 year of soil–biochar-interactions in the laboratory. The smaller particle
size <0.15 mm increased water retention in both soils, particularly in the loamy soil. Bulk density
slightly decreased, especially in the loamy soil when biochar > 2 mm and in the sandy soil with the
addition of 0.15–2 mm biochar. Porosity increased in both soils with the addition of biochar in the
range of 0.15–2 mm. Smaller biochar particles shifted pore size distribution to increased macro and
mesoporosity in both soils. Total carbon content increased mainly in sandy soil compared to control
treatment; the highest carbon amount was obtained in the biochar size 0.15–2 mm in loamy soil and
<0.15 mm in sandy soil, while the TN content and C:N ratio increased slightly with a reduction of the
biochar particle size in both soils. These results demonstrate that biochar particle size is crucial for
water retention, water availability, pore size distribution, and C sequestration.

Keywords: biochar particle size; soil physics; soil chemistry; water retention

1. Introduction

The intensification of agricultural production on a global scale is necessary in order to secure the
food supply for an increasing world population. However, in most tropical environments, sustainable
agriculture faces large constraints due to low nutrient content and accelerated mineralization of soil
organic matter (SOM) [1]. Therefore, the low cation exchange capacity (CEC) of the soils further
decreases. Under such circumstances, the efficiency of applied mineral fertilizers is very low when the
loss of mobile nutrients from the topsoil is enhanced by high rainfall [2]. Additionally, coarse-structured
soils with low clay content are characterized by a lack of both water retention and nutrient-holding
capacities that are necessary for plant growth [3]. Many farmers cannot afford the costs of regular
applications of mineral fertilizers. Consequently, nutrient deficiency is prevalent in many crop
production systems of the tropics [4].

In contrast to these deficient soils, the famous Terra Preta maintains its fertility, despite its
2000 years of age [5].This is partly due to the tremendous nutrient levels and SOM stocks that act as
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a long-term, slow-release fertilizer [5,6]. The physical and hydrological properties in this soil also
contrast with adjacent soils. For instance, Glaser et al. [4] verified that the water retention of Terra
Preta was 18% higher as compared to adjacent soils. The secret of the Terra Preta is in the biochar; this
type of earth contains on average 50 Mg ha−1 of biochar per hectare in the upper 50 cm soil depth.
Adjacent reference soils contain only 4 Mg biochar, which is about 10 times less than that in Terra
Preta [5]. The existence of Terra Preta in Amazonia today proves that it is possible to convert infertile
soils’ insufficient physical and hydrological properties to sustainable, fertile soils with good physical
and hydrological properties. It is evident that biochar is a key ingredient in making Terra Preta so
special [6] and is the ingredient to improve the soil quality on intensive agriculture.

Biochar as key for Terra Preta formation can improve physical and hydrological properties such as
water retention, water available content, bulk density, and porosity [7–9]. For example, the addition
of 20 Mg ha−1 biochar to sandy soil in northeast Germany increased its water-holding capacity by
100% [10]. At the same time, the incorporation of biochar into soil has been shown to enhance soil
capacity to retain plant nutrients, decrease nutrient losses from leaching, and increase soil water
holding capacity, pH and SOM [11,12].

Many functions in one product are possible because the biochar is composed of condensed
aromatic moieties that give biochar its black color and are responsible for its stability, which makes
biochar an interesting compound for C sequestration [13,14]. In addition, biological degradation and
consequently partial oxidation results in the formation of functional groups on the edges of biochar,
causing reactivity in soil such as nutrient retention or organomineral stabilization [15,16]. The highly
porous material leads to enhanced air and water storage in soil [6].

Because of these functions, biochar can be used as a soil amendment to improve the quality of
agricultural soils [4]. The application of biochar to soil is considered as a win-win strategy to improve
the soil physical conditions that influence soil hydraulic properties and water retention [2,17] and
increase soil fertility [6,18].

The effects on the chemical and physical properties of soil are dependent on the biochar amount,
pyrolysis temperature, biomass type, and biochar particle size [7,19,20]. However, few studies have
focused comprehensively on the effects of biochar particle size on hydraulic, physical and chemical
properties [7,21]. Understanding biochar particle size is important because it affects the interaction
with the soil matrix. The greater and/or lesser interaction of biochar with the soil matrix may have a
direct effect on its chemical, physical and hydrological properties [22]. This interaction is dependent of
biochar particle size and therefore can influence the physical and hydraulic properties of soil [7].

Small biochar particles can more easily interact with soil particles to form aggregates than large
biochar particles [23]. In addition, the greater specific surface area per unit of mass increases the water
retention [7] and plant-available water [24]. In another study, Głąb et al. [25] found that bulk density
decreased, total porosity increased, plant-available water content decreased, and water repellence
decreased with an increase in the biochar size from 0.5 to 2 mm.

The role of biochar on temperate soils has been discussed in the literature [7,21,22]. However, for
tropical soil conditions, there is a lack of information on this promising soil conditioner. The present
study, as far as we understand, is the first research that presents data on the fate of biochar application
on the physical, chemical and hydrological properties of tropical soil.

We hypothesize that the biochar application has a positive effect on the physical, chemical and
hydrological properties of soil under tropical conditions. However, this effect is dependent on particle
size; the reduction of particle size causes an increase in water retention and total porosity and a
decrease in available water content and bulk density. Therefore, the objective of this study was to
determine the effect of biochar particle size on the physical, hydrological and chemical properties of soil.
The knowledge of the relationship between soil’s physical, hydrological and chemical properties and
biochar particle size is potentially useful in management applications, particularly those concerning
irrigation and recovery of degraded areas.

194



Agronomy 2019, 9, 165

2. Methodology

2.1. Biochar Production

In our study, we included biochar produced from biomass coming from agricultural residues
(Miscanthus giganteus) (Table 1). This biochar is commercially produced by drying Miscanthus grass
at 105 ◦C in a greenhouse, followed by 15 min of pyrolyzation in a second stationary metallic and
cylindric 60 liters reactor at 450 ◦C. Both reactors were hermetically sealed. The pyrolysis process was
performed by SPPT Research and Technology Company (Mogi Mirim, SP, Brazil) in a metal reactor,
saturating the sample with N2 and raising the temperature 10 ◦C every minute during the first 30 min
and 20 ◦C per minute until reaching the desired temperature [26]. We used Miscanthus giganteus,
because it is a residue of the growing biofuels industry and its high quantity of silicon can increase
water retention in biochar, thus contributing to the high water storage capacity in the soil [27].

Table 1. Chemical characterization of the biochar.

Properties of Biochar Unit Value Reference

pH in H2O - 5.9 [28]
Electric conductivity μS cm−1 605 [28]

Moisture % 3.5 [29]
Cation Exchange Capacity mmolcdm−3 33 [28]

Specific surface area m2 g−1 371 [30]
Labile C % 2.7 [31]
Stable C % 50.9 [31]

2.2. Biochar and Soil Characterization

2.2.1. Biochar Characterization

Analyses such as pH and electric conductivity were performed by Conz et al. [26] following
the methods recommended by the International Biochar Initiative Guideline (IBI, 2015). The labile
carbon, stable carbon and lability analyses were conducted following the method of [31]. Moisture
was measured using the Standard Test Method for the Analysis (ASTM) method, specific surface area
was measuring using the method reported by Cerato & Lutenegge [30] (Table 1).

2.2.2. Soil Characterization and Sampling

The soils used were Entisoland Oxisol, which were sampled in two different native forest areas
located in Sao Paulo state, Brazil. The sampling sites were near Anhembi, Brazil (22◦43′31.1”S
and 48◦1′20.2”W) and Piracicaba, Brazil (22◦42′5.1”S and 47◦37′45.2”W). Although these areas had
never been cultivated, we identified the presence of alterations in the surrounding forest. However,
the collection point was chosen in the middle of the forest in a location without alterations. The soils
were sampled at the 0–20 cm layer, air-dried, homogenized, and sieved <2 mm.

The soil chemical characterization was performed by Feola Conz et al. [26], who followed the
methodology proposed by Raij et al. [32] and determined the parameters such as pH in Calcium
chloride 0.01 M (CaCl2); P, K, Ca, Mg and K in the resin; Al extracted with potassium chloride (KCl,
1M); sulphate (S-SO4) extracted with calcium phosphate (Ca(H2PO4)2,0.01M); percentage of saturation
by bases (V%); percent saturation by aluminium (m%); and potential acidity (H + Al). The C and N
contents were determined with elemental analyser (LECO CN-Truspec) (Table 2).
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Table 2. Chemical and physical characterization of loamy and sandy soil.

Chemical Characteristics Sandy Soil Loamy Soil

pH (CaCl2) 3.9 6.5
(%)

Sand 90 41
Silt 2 27

Clay 8 32
Aluminium saturation 10 87

Base saturation 45 0
(mmolcdm−3)

Al 6 0
H + Al 62 18

SB 7 120
CEC 69 138

H + Al = potential acidity, SB = soma of bases (Ca, Mg, K), CEC = Cation exchange capacity (SB + Al + H), V = Base
saturation (SB × 100/CTC); m = Aluminium saturation (100 × Al3+/SB + Al3+).

2.2.3. Experimental Setup and Sample Preparation

The design of the experiment was completely randomized with a 3 × 2 factorial, three biochar
particle sizes (>2 mm, 2–0.15 mm and <0.15 mm) and two soil textures (sandy and loamy), with an
additional treatment control (only soil), totaling eight different treatments with four replicates. We used
200 g of soil and 0.92 g of biochar (~25 Mg ha−1) for biochar particle sizes of >2 mm; 2–0.15 mm
and <0.15 mm. The biochar fractions were incorporated with soils in jars (500 mL volume) and
vigorously mixed into the soil based on pre-calculated bulk densities, which included the contribution
of the amendments to the final bulk density, resulting in 32 pots that were incubated for 1 year at a
temperature of 30 ◦C under laboratory conditions. During that year, the moisture of the soil-biochar
mixture was adjusted to 60% field capacity and maintained at that level throughout the experiment by
weighing the jars three times per week and adding water if necessary. The biochar and soil were filled
in the incubation, and after 12 months of interactions, the soil was sampled and physical and chemical
analyses were performed.

To obtain the water retention curve, a volumetric ring of approximately 7 cm3 was used to sample
inside of the jar without disturbing the sample. First, the ring was inserted into the soil and the
sample was removed with an aluminum device similar to a shovel. The soil remaining were used for
chemical analysis.

2.2.4. Post-Incubation Analyses

C, N, and C:N Ratio

Carbon and nitrogen concentrations were determined using an elemental analyzer LECO TruSpec,
(LECO Instruments ULC, Missossauga, Otario, Canada), and it was possible to obtain the atomic
ratio (C:N).

Bulk Density and Particle Density

The bulk density was performed by the Black and Hartge method [33]. Deformed samples were
used to determine the particle density (PD) in each soil and their different treatments. A helium gas
pycnometer, model ACCUPYC 1330 (Micrometrics Instrument Corporation, Nacross, GA, USA) was
used to determine the PD values. The principle of this method is based on the determination of the
volume of solids by the variation of the pressure of one gas in a known volume chamber.
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Porosity

The total porosity (TP) was calculated from the soil bulk density (BD) and the particle density
(PD) [34] using the following Equation:

TP =
PD − BD

BD
× 100 (1)

The macro and microporosity were performed with a soil water retention curve using theoretical
values for macroporosity superior to 50 μm and microporosity inferior to 15 μm [35].

Water Retention Curve

Soil water-holding capacity was measured by the moisture contents of the samples at different
matric potentials (−15, −10, −3, −1, −0.3, −0.1, −0.06, −0.04, and −0.02 bar). The points −15, −10,
−3, −1, −0.3, and −0.1 bar were used in the Richard chamber, and −0.06, −0.04, and −0.02 bar were
used in Haines′ apparatus. The moisture content was performed with gravimetric analysis. Using the
multiplication of gravimetric moisture by bulk density, we converted the gravimetric moisture to
volumetric moisture [36]. For the determination of curve parameters (θs, θs, α, n), we used a Van
Genuchten (1980) type.

2.3. Data Analyses

Statistical analyses and the graphics were performed using R studio Version 1.1 [37] and Microsoft
Excel. The data were checked for normality and homogeneity of variances to meet the assumptions of
ANOVA and test of Tukey, with a probability threshold of 0.05.

3. Results and Discussion

3.1. Soil and Biocharcharacteristics

The Miscanthus-derived biochar had a higher quantity of C, N, Ca, Mg, Na, K, P, and S when
compared to both soils (Table 1). Furthermore, the Miscanthus-derived biochar was characterized
by hydrophobic groups such cyclic acid anhydrides (C-C and C-O); asymmetric carboxylates (CO2),
aromatic ketones (C=O); silicon (Si-O); and hydrophilic groups such carbonates (C-O) and silanol
(Si-O-H). With these classifications, this biochar was determined to have a high hydrophobicity [38].

Sandy soil has a very low amount of K; a low amount of Mg and P; a base saturation of Ca;
a medium amount of S, Al, CEC and m%; and a high content of sand at a low pH can contribute
to the low fertility as compared to loamy soil (Table 3). The low pH (3.5) indicates the presence of
exchangeable aluminum that can inhibit the root development and affect the availability of other
nutrients and mineralization of organic matter. In addition, the values of Ca, Mg and K were very
low, indicating that this soil is highly weathered and base saturation is very low, resulting in cation
exchange sites occupied by components of the acidity H or Al [39]. Loamy soil has a low amount of Al,
a medium amount of S and CEC, a high amount of V% and K, and a very high amount of Ca at a high
pH; there is also no presence of Al, contributing to the low solubility of the Al+3, rendering it harmless
to roots and soil processes and increasing the availability of other nutrients (Table 2).

Comparing the biochar with sandy and loamy soil, the biochar had 7 and 2.5 times more N,
464 and 66 times more P, and 12.3 and 2 times more K in both soils, respectively (Table 3). This large
difference can contribute to increasing the fertility in both of the soils. Glaser et al. [4] affirmed that
the fertilization potential of the biochar is high, especially in tropical soils. This affirmation has been
proven by Laird et al. [12] who observed a significant increase of P, K, Ca, and Mn after 500 days of
biochar addition.
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Table 3. Comparison between chemical properties of biochar and two soil textures: loamy and
sandy soil.

Properties of Biochar Biochar Sandy Soil Loamy Soil

(mg kg−1)
Ca 3361 5.3 97
Mg 2133 <1 20
K 8615 <0.7 4.1
P 1859 4 28
S 634 5.3 9.5
C 66.4 0.9 1.9
N 0.43 0.06 0.17

C:N 155 14 11

Adapted from Feola Conz et al. [26] C:N = ratio between Carbon and Nitrogen.

3.2. Biochar Effect on Physical Properties

3.2.1. Total Porosity

Naturally, the total porosity is higher in clay soil than in sandy soil. Though there is no significant
difference between treatments (p > 0.05), the biochar addition (>2 mm) increased the total porosity
in both soils. The increase in the particle size reduces the homogeneity of the pore distribution and
increases the total porosity; this increase was more evident in loamy soil. Likewise, in a previous study,
He et al. [8] reported an increase in the total porosity with the addition of biochar 4 mm.

The total porosity in sandy soil was higher when 0.15–2 mm biochar was added (Figure 1a),
but this increase was not significant. Similar to our study, Głąb et al. [25] did not find a significant
difference on total porosity in biochar Miscanthus with a different particle size (0.5–2 mm). However,
they verified that the total porosity increased with biochar addition in loamy and sand soil, with an
increase in biochar size from 0.5 mm to 2 mm. Similarly, in this research, we found that the size
0.15–2 mm sandy soil contributed to increasing the soil porosity.

Figure 1. Effect of biochar size (0: Control (Only soil); >2 mm; 2–0.15 mm and <0.15 mm) on soil
physical and chemical properties in loamy and sandy soil, where, TP: Total porosity; BD: Bulk density;
C: Carbon; N: Nitrogen: C/N: Carbon and Nitrogen ratio.
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The smaller fraction (<0.15 mm) slightly decreased the total porosity. The reduction of the
porosity is proportional to the reduction of the particle size; this behaviour is attributed to biochar
fragmentation; during the fragmentation process, most of the larger wood pores are destroyed in
smaller pieces, thus increasing the number of micropores [40]. As we verify in this study, the reduction
in the particle size to <0.15 mm increases the homogeneity in the pore distribution, increasing the
micropore volume and reducing the total porosity, particularly in sandy soil [25,41]. In previous work,
Glab et al. [25] found similar results for the particle size <0.3 mm.

The alteration in the biochar fraction and consequently in the porosity of the soil can influence
the different impacts on soil physics and hydraulic properties. For example, wide spaces where water
can freely move exist in larger biochar particles (>2 mm). Smaller fractions such as <0.15 mm have
pores with the function of storing water [40]. Due to the fractioning process, these particles have a
larger surface area and micropore volume that contributes to increasing the water retention. Therefore,
the addition of smaller biochar particles could be beneficial to improving its ability to retain water.
However, larger particles can increase aeration and drainage.

3.2.2. Bulk Density

The high bulk density in sandy soil and low bulk density in loamy soil can be attributed to the
soil particle. For both soils, porosity and bulk density are inversely proportional to each other. There
was no significant effect (p > 0.05) of biochar particle size on soil bulk density (Figure 1B). However,
in sandy soil, there is a tendency for reduction of the bulk density with reduction of the particle
size until the 2–0.15 mm fraction in loamy soil increases in the bulk density with the decrease of
particle size.

The magnitude of the biochar effect on bulk density can be explained by simple dilution of the
soil with the low bulk density of the biochar [12]. In clay loam soil and in the smaller fraction of sandy
soil (<0.15 mm), the increase in the bulk density with a decrease in the biochar particle size can be
associated with an arrangement of the particles of biochar in the volume of the soil, where the smaller
particles can occupy the pores in the soil, this is not possible if the biochar particle is bigger. With this
arrangement, more biochar is located inside the pores of the soil, contributing to a reduction of the
total porosity and an increase in the soil bulk density. The reduction in the bulk density is so important
for the increase in soil porosity because it contributes directly to root elongation and consequently
plant development and production [42].

3.3. Biochar Effect on Chemical Properties

3.3.1. Total Carbon

The carbon amount in the loamy soil was higher than in sandy soil (Figure 1C). The addition of
25 Mg ha−1 biochar in the >2 mm fraction had a minor contribution to the increase in carbon in the
loamy soil and especially sandy soils. In both soils, the carbon content increased significantly (p < 0.05)
with a decrease in the biochar particle size (2–0.15 mm); the carbon amount for loamy soil increased by
6.6 kg kg−1 and in sandy soil by 4.2 kg kg−1 in the smaller biochar particle size (<0.15 mm) (Figure 1C).

The ability of biochar to improve the quantity of nutrients can be attributed to its large amount of
carbon and its large specific surface area, porosity and amount of negative surface functional groups.
All of these factors produce an enhanced soil cation exchange capacity [43] that can reduce nutrient
leaching while increasing the quantity of the elements in the soil [44].

The increase of carbon content in loamy soil and sandy soil with biochar addition can contribute
to an increase in aggregation stability, water retention, plant-available water content, and reduction of
soil bulk density. These soil physical properties are essential for the soil physical quality and therefore
for plant development [44].
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3.3.2. Nitrogen

In loamy soil, there is a high amount of nitrogen as compared to sandy soil. The biochar
addition contributed very little to an increase in the nitrogen amount. Although there is no significant
difference on nitrogen amount with the different biochar particle size, we verified that in loamy
soil, the 0.15–2 mm biochar size increased the nitrogen amount 0.12 kg kg−1 as compared to the
control treatment. For sandy soil, the biochar size does not alter the nitrogen amount (Figure 1D).
Similarly, Zhang et al. [45] verified that the difference was not significant in the first year of soil–biochar
interaction. However, in loamy soil, we can see a little increase in the nitrogen amount in the particle
size 0.15–2 mm and in sandy soil <0.15 um; this increase can be associated with the specific surface
area that can contribute to the nitrogen amount in the soil.

3.3.3. C:N Ratio

In loamy and sandy soil, the C:N ratio was different. Though there is a tendency to increase the
C:N ratio, for a small biochar particle size (2–0.15 mm), this increase was more evident in sandy soil.
This study shows, that in loamy soil with the decrease of the biochar particle size (0.15–2 mm and
<0.15 mm), the C:N ratio increased to 19 and 18, respectively, as compared to the control treatment.
However, this increase was not significant (p > 0.05). In sandy soil, the difference in the biochar
particle size 0.15–2 mm and <0.15 mm contributed to an increase in the C:N content of 88 and 64 kg
kg−1, respectively (Figure 1E). Zhang et al. [45]) verified an increase in the C:N ratio with biochar
addition. The influence on the biochar particle size on the C:N ratio is associated with alteration of
the carbon and nitrogen amount in the soil with biochar. As shown in this work, the C:N ratio is
essential for the equilibrium of nutrients and their availability for plants and microorganisms survival.
The only exception was in the sandy soil treatments of particle sizes of 0.15–2 mm and <0.15 mm,
where the C:N ratio was inferior to 21 so there were no problems with decomposition and nitrogen
immobilization [46].

3.4. Biochar Effect on Hydrological Properties

3.4.1. Water Retention Curve

According to a Shapiro–Wilk normality test at 5% of significance, there is no significant difference
between the treatments (Figure 2) in clay loam and sandy soil. Comparing the addition of 25 Mg ha−1

of biochar with the control treatment (only soil), the biochar addition did not promote an increase
in water retention in sandy soil. Although the effect of particle size on water retention properties
was very low when the particle size decreased (<0.15 mm), the water retention increased in moderate
(100 hPa) and in dry conditions (15000 hPa); the range of these conditions represents the variation
between mesopores and micropores, respectively (Figure 2A). Similarly, in their experiment on sandy
soil, Jeffery et al. [47] did not find significant effects of biochar application on soil water retention.
Similar results were observed by Hardie et al. [48] with no improvement in soil moisture and water
retention characteristics.

Biochar application improved water retention in wet and dry conditions in the loamy soil,
as compared to the control. However, the scale of this effect is dependent on biochar particle size
(Figure 2B). The biochar particle size (0.15–2 mm) contributed to an increase in water retention in wet
(5 hPa) to dry (<10,000 hPa) conditions. The smaller particle size <0.15 mm held water more strongly
than the larger particles.

In both soils (loamy and sandy soil), we verified that finer fractions increased water retention.
For example, the particle size (0.15–2 mm) was responsible for an increase of 0.08 m3; of water per
m3; of soil in both sandy and loamy soils [25].This increase occurred because small biochar particles
often have more micropores than large biochar particles, holding more water than large particles [7].
For example, when considering biochar pyrolysis, the increase of pyrolysis temperature causes a
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decrease in the particle size. This size reduction contributes to the increase of microporosity and
consequently an increase in the water retention in the permanent wilting point [49].

Figure 2. Effect of biochar particle size on soil water retention in sandy (A) and loamy soil (B).

The increase in water retention with a decrease in particle size (especially in <0.15 mm) was also
verified by Ibrahim et al. [50] in biochar with particle sizes ≤1 mm; this biochar contributed to an
increase in the soil moisture content, especially when biochar was applied to the superficial layer
(0–5 cm). Głąb et al. [25] verified that the increase in biochar size from 0.5 mm to 2 mm caused a
decrease in the water retention in sandy soil; this result was found in this study with an effect that is
more evident at a high matric potential. The increase of water retention at a high matric potential is
attributed to water content that is affected more strongly by the organic carbon as compared to the low
water potential [51].

The fact that smaller particles retain more water than larger particles is due to small biochar
particles that can more easily mix or interact with soil particles to form aggregates than large biochar
particles [23].These aggregates contribute to an increase in water retention. In addition, small biochar
particles have a high specific surface area per unit of mass, and the water retention increases with an
increase in the total specific surface area per unit of mass [7]; when the biochar with a high specific
surface area is incorporated into the soil, it contributes to increasing the soil surface area [52]. That can
result in the improvement of the soil water retention [4,52,53].

The increase in water retention with a reduction in particle size allows the soil to retain additional
water, increasing the amount of available moisture in the root zone and permitting longer intervals
between irrigations [10,54]. The biochar application improves soil water retention. From this point of
view, biochar can be recommended as a valuable amendment that improves soil hydraulic properties.
As the addition of biochar increases the volume of stored water in the soil, it may allow for a reduction
in the frequency of irrigation [55]. The addition of biochar may have enhanced the effect on the soil
water content, resulting in positive impacts on plant growth during periods of water deficit.

3.4.2. Plant-Available Water Content

A significant difference in the plant-available water content (AWC) was found for the soil textures.
In all treatments, the loamy had more AWC than the sandy soil. For both soils, we found a significant
effect of biochar addition on AWC (p < 0.05), and between biochar fractions the best treatment was
2–0.15 mm; this treatment differed from <0.15 mm and the control treatment. (Figure 3).
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Figure 3. Effect of biochar size on plant-available water content in sandy soil (SD) and loamy soil
(CY) AWC.

The plant-AWC is directly related to pore size distribution in different biochar-textured
fractions [56]. Similar to our results, the increase in the plant-AWC in sandy and loamy soil with the
decrease of the particle size was also verified by Głąb et al. [25] and Mukherjee & Lal [57].

The high porosity of biochar has a positive impact on soil water retention [58]. This high porosity
is associated with a high specific surface area that increases with the decrease of the particle size,
these are the essential factors that cause a rise in the soil available water content [59,60]. The sandy soil
has a specific surface area <10 m2 g−1 [61], while that of biochar Miscanthus can be as high as 371 m2

g−1 in the fraction (>2 mm). This property of biochar is verified in the particle size (0.15–2 mm) and is
therefore an important factor to increase the water-holding capacity of soil when mixed with biochar.
However, when the biochar particle size is too small (<0.15 mm), the specific surface area is so large
and retains the water so strongly that the available water content can be reduced. The application of
the biochar in the soil with a smaller fraction (0.15–2mm) is advantageous in reducing the frequency of
irrigation, especially where plants fully depend on irrigation [25].

3.4.3. Effect of Biochar Particle Size on Pore Size Distribution and its Relation with Water
Retention Curve

Comparing only the biochar addition (25 Mg ha−1) in the >2 mm fraction with the control
treatment (only soil) in both soils (especially in loamy soil), the biochar addition increased the volume
of micropores (<15 μm diameter) and decreased the volume of mesopores (15–50 μm of diameter)
and macropores (>50 μm diameter). In the sandy soil, the biochar particle size affected the pore size
distribution only slightly; only the fraction >2 mm had a larger increase of micropores (<15 μm) as
compared to other treatments (Figure 4A). In loamy soil, comparing only the effect of particle size,
smaller biochar particles (<0.15 mm) increased the volume of macropores (>50 μm) and mesopores
(50–15 μm), yet reduced micropores (<15 μm). However, the treatments with biochar particle size
0.15–2 mm and >2 mm were similar. Similarity, Głąb et al. [25] found that smaller particles of biochar
(0–500 μm in diameter) reduced the volume of small pores (0.5 μm) and fissures (500 μm) but increased
the volume of pores in a diameter range from 0.5 to 500 μm.
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Figure 4. Effect of biochar doses on pore size distribution in Clay Loam and Sandy Soil. Macroporosity
(A), mesoporosity (B) and microporosity (C).

The increase in the macroporosity and mesoporosity and the decrease in the microporosity
under the addition of small biochar particle size (0.15–2 and <0.15 mm) can be associated with
the biochar particles, which settle between the soil particle matrix without blocking the existing
pores, thereby creating new pores to increase the macroporosity [62]. Moreover, the presence of
the micropore was dominant in both soils (Figure 4), contributing to an increase in the soil water
retention, as was previously reported by Tseng & Tseng [63] after 295 interactions of biochar and soil
in incubation conditions.

In loamy and sandy soil, we found high water retention in smaller biochar fractions (0.15–2 and
<0.15 mm (Figure 2). This increase can be associated with a high specific surface area that increases
with the decrease of particle size. These particles can contribute to the creation of pores between
biochar particles and soil particles (interpores). The pores inside biochar (intrapores) play fundamental
roles in soil water retention [10].

Following soil pore classification, the α-type and β-type pores can be also indicated as
transmission-like (≥50 μm), storage-like (0.5–50 μm) and residual-like (<0.5 μm) pores. The largest
transmission-like pores are responsible for excess water drainage, thus permitting the aforementioned
water. Storage-like pores retain water against gravity and release or diffusion within the biochar
pores (from pores whose size belong to the top limit of the 0.5–50 μm interval). Finally, the smallest
residual-like pores contain strongly bound water that cannot easily escape from the porous system [56].

The high quantity of micropores in all treatments and in both soils indicates that biochar may
not sufficiently shift soil aeration conditions, as was previously reported [10]. However, the reduction
in the biochar particle size contributed to an increase in the macroporosity and mesoporosity in
sandy and loamy soils. The macropores and mesopores contribute by aeration and water conduction,
and micropores contribute by water retention [23]. In loamy soil, the porous biochar particles can
improve water flow. On fine-textured soils, biochar particle can also increase water infiltration and
hydraulic conductivity by improving soil aggregation, thus increasing macroporosity. Therefore,
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biochar can be an important amendment to improve water movement in loamy soils [7]. Biochar
could contribute to reducing the penetration resistance and increase the water holding capacity in
soils, which would be beneficial for plant root elongation and available water [64].

4. Conclusions

The physical properties of soil, such as bulk density and total porosity, were dependent on the
biochar size, especially in loamy soil. Small particles of biochar reduced the volume of soil pores
(<0.15 mm diameter) but increased the volume of mesopores (0.15–0.50 mm diameter) and macropores
(>0.50 mm diameter).

Biochar application improved the soil water characteristics by slightly increasing the
plant-available water storage capacity, especially when the finest fraction was used in sandy soil.
The biochar has a great potential to improve soil water retention in the finest fraction of loamy and
sandy soils.

The benefits found in our research show that this material can be recommended for farmers as a
soil amendment to improve the chemical, physical and hydrological quality of their soil.

For the farmers to obtain improvement in the chemical, physical and hydrological properties,
the biochar can be used in the finest fraction <0.15 mm with rates of 25 Mg ha−1. Moreover, due to the
difficulty of applying a small particle size in agricultural soils, the biochar can be co-composted before
it is applied to soil.

Further investigations are recommended to better understand the influence of biochar particle
size on hydraulic conductivity, rates and time of interaction, as well as cost-to-benefit ratios in sandy
and loamy soils.
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Abstract: Sesame is an important oilseed crop cultivated worldwide. However, research has focused
on biochar effects on grain crops and vegetable and there is still a scarcity of information of biochar
addition on sesame. This study was to assess the effect of biochar addition on sesame performance,
with a specific emphasis on growth, yield, leaf nutrient concentration, seed mineral nutrients, and
soil physicochemical properties. A field experiment was conducted on an upland field converted
from paddy at Tottori Prefecture, Japan. Rice husk biochar was added to sesame cropping at rates of
0 (F), 20 (F+20B), 50 (F+50B) and 100 (F+100B) t ha−1 and combined with NPK fertilization in a first
cropping and a second cropping field in 2017. Biochar addition increased plant height, yield and the
total number of seeds per plant more in the first cropping than in the second cropping. The F+50B
significantly increased seed yield by 35.0% in the first cropping whereas the F+20B non-significantly
increased seed yield by 25.1% in the second cropping. At increasing biochar rates, plant K significantly
increased while decreasing Mg whereas N and crude protein, P and Ca were non-significantly higher
compared to the control. Soil porosity and bulk density improved with biochar addition while pH,
exchangeable K, total N, C/N ratio and CEC significantly increased with biochar, but the effect faded
in the second cropping. Conversely exchangeable Mg and its plant tissue concentration decreased
due to competitive ion effect of high K from the biochar. Biochar addition is effective for increasing
nutrient availability especially K for sesame while improving soil physicochemical properties to
increase seed yield, growth and seed mineral quality.

Keywords: sesame; rice husk biochar; nutrient concentration; cropping

1. Introduction

Sesame (Sesamum indicum L.) is an important oilseed crop cultivated worldwide for its edible
oil and food [1]. Sesame seeds contain high oil content (44–58%), proteins (18–25%), carbohydrates
(13.5%), ash (5%) [2], and mineral components, such as K (815 mg/100 g), P (647 mg/100 g), Mg
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(579 mg/100 g) and Ca (415 mg/100 g) [3]. This contributes to its health and nutritional benefits.
Therefore, demand for sesame seeds is increasing due to the increasing knowledge on their dietary
and health benefits, but there has been limited research on sesame evidenced by low yield in most
growing areas hence hampering its adoption and expansion in the world [4]. Although sesame has
been reconsidered a local specialty crop in Japan [5], the production of sesame is still low. For instance,
the Food and Agriculture Organization (FAO) in 2016 estimated that 11 tons of sesame seeds were
produced from an area of 21 hectares [6]. With the increase in abandoned paddy fields estimated at
360,000 ha by the year 2010, farmers were encouraged to convert such fields into cultivation of upland
crops, such as wheat and soybeans [7,8], including sesame. However, crop yield on upland fields
converted from paddy may decrease due to declining soil fertility status of the paddy soils that could
require soil amendment with organic materials [9].

Biochar is a soil amendment produced from thermal decomposition of organic materials through
pyrolysis and it has the potential to increase crop yields [10,11]. Earlier research has shown that biochar
addition can improve plant growth and soil quality [12–14]. The positive responses in crop yield on
biochar addition were attributed to improved soil properties, such as a decrease in soil bulk density,
and subsequent increase in porosity and water holding capacity [15,16], increase in the cation exchange
capacity (CEC) which enhances the retention of basic nutrients, [17], increased uptake of N and its
availability in soil [18], adsorption of soil phytotoxins [19,20], liming effects [21], and increased plant
nutrient concentration [22,23]. For instance, cultivation on sandy soils using biochar increased maize
yield by 150% and 98% over the control at rates of 15 t ha−1 and 20 t ha−1 respectively [23]. It has also
been reported that rice husk biochar addition at 41.3 t ha−1 significantly increased rice grain yield
by 16–35% attributed to increased water holding capacity, available N and cation exchange capacity
(CEC) [24]. Zhang et al. [25] also reported an increase in rice yields of 14% over the control in paddy
soils with wheat straw biochar rate of 40 t ha−1. Furthermore, it has been shown that rice husk biochar
addition rates of up to 50 t ha−1 significantly increased maize seed protein by 27% compared to without
biochar while increasing plant height by 23% compared with control [26]. The authors attributed these
increases to the increase in soil fertility status improving nutrition required for maize grain quality
improvement. There are also several reports on an increase in plant height, growth and grain quality
with biochar application in crops [27–29], which indicate a positive effect of biochar on crops.

Biochar addition to soils is expected to promote sustainable crop production through a positive
effect on yield, but these may depend on the cropping seasons. For instance, Cornelissen et al. [30]
studied the effect of rice husk biochar and cacao shell biochar applied to Indonesia Utisol soil at rates
of up to 15 t ha−1 and found that the maize yield with rice husk biochar become lower and faded in the
second cropping while with cacao shell biochar was highest in the second cropping through third and
fourth, but faded in the fifth cropping seasons. In addition, biochar applied to soil and tested over four
cropping seasons on acidic soil in Brazil showed positive effects in the first cropping, but these faded
in the following cropping [31]. Carter et al. [32] also reported a high yield of lettuce and cabbage in the
first cropping, but yield decreased significantly in the third cropping with rice husk biochar rates of
up to 167 t ha−1 field equivalent. Furthermore, rapeseed yield with wheat straw biochar faded after
third cropping that suggested biochar needed to be applied after every three years to maintain positive
effects on crop yield [33]. These lack of positive responses of crop yield could be attributed to the
changes in biochar chemistry over time as it ages in the soil environment [34]. Hence, the properties of
biochar responsible for crop improvement may be altered consequently leading to no effect on growth
and yield.

Several pieces of research have focused on biochar effects on grain crops, such as rice, maize,
wheat and vegetable of which plant growth responses to biochar addition varied [19,21,24,27,28,32].
However, there is still a scarcity of information of biochar addition on sesame [35,36], indicating a
need to generate understanding of how biochar addition can effectively be used to increase sesame
production. An earlier research has shown that rice and saw dust biochar addition at 10 t ha−1

significantly increased sesame seed yield by 55.5% compared to without biochar attributed to improved
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soil physico-chemical properties, such as bulk density and porosity, increased pH, total N, K, Mg
and CEC after biochar addition on a highly leached ultisols with low base saturation and strongly
acidic soils [36]. Although in a pot experiment, biochar addition to sesame has been shown to
significantly increase plant height at increasing rates where the optimal rate of 11.21 g kg−1 (equivalent
to 22.42 t ha−1) was obtained beyond which biochar decreased pant height becoming harmful to
sesame growth [35]. The authors attributed this negative effect on sesame growth to increase in pH
due to biochar application on already neutral soil that had pH 6.4 before the experiment. Furthermore,
coconut shell biochar addition at 10 t ha−1 on sandy coastal has been shown to increase sesame
yield when grown on sandy coastal soil [37]. Therefore, biochar addition shows positive results on
sesame. However, crop responses to biochar application depend on biochar type, application rates,
soil properties and climatic conditions [38]. It important to explore the utilization of biochar in sesame
to understand how seed yield and growth are influenced on upland fields converted paddy in Japan
under different field climatic conditions, paddy soils with low pH and higher biochar rates in order to
close existing gaps on biochar use for sesame.

In this study, we hypothesized that biochar addition would increase sesame growth, yield and
nutrient availability with increasing rates of biochar in first and second cropping. To investigate
the effect of biochar addition on sesame performance, we cultivated sesame on two fields of first
and second cropping on upland field converted from paddy. The specific objectives this study were
to determine the effect of biochar addition on the (a) growth and yield of sesame in the first and
second cropping; (b) leaf tissue nutrient concentration and seed mineral nutrient contents; and (c) soil
physicochemical properties of the upland field converted paddy under continuous cropping.

2. Materials and Methods

2.1. Experiment Site

This field experiment was conducted in 2017 at the Tottori Prefecture, Japan (35◦29′14.85′ ′ N,
134◦07′47.01′ ′ E). Most precipitation occurred between June to September during the cultivation period.
The total monthly rainfall received in the region in 2017 were 66.5, 158.5, 161 and 224.5 mm in June,
July, August and September respectively. The average daily maximum temperatures were 24.2 ◦C
in June, 30.6 ◦C in July, 30.5 ◦C in August and 26.0 ◦C in September favorable for sesame growing.
The region has primarily one sesame crop harvested per year. The dominant soil at this site was
classified as Cambisols [39].

2.2. Soil and Biochar Properties

Analysis of the basic physicochemical properties of the soil samples (0–15 cm) taken from the
experiment field before sowing in 2016 indicted that the topsoil had a pH (1:5 H2O) of 5.39; electrical
conductivity (EC) of 0.05 dSm−1; bulk density, 1.27 g cm−3; porosity, 49.09%; total C, 26.25 g kg−1; total
N, 2.29 g kg−1; C/N ratio, 11.46; available P (Truog-P), 6.99 mg kg−1; exchangeable K, 109.62 mg kg−1;
exchangeable Ca 1931.22 mg kg−1; and exchangeable Mg 383.29 mg kg−1. The commercial rice husk
biochar added to the study soils was manufactured and bought from a local store in Tottori, Japan.
The rice husk biochar was surface applied by hand in June 2016 in the old field and then in June
2017 in the newly opened field before sesame sowing and immediately incorporated into the soil to
a depth of 0–15 cm with base fertilizer utilizing a rotatory power tiller. The rice husk biochar had
a pH of 10.47 and EC of 1.66 dSm−1 determined from biochar suspension (1:5 w/v, biochar: water)
mechanically shaken for 1 h and measured with a pH and EC meter (Horiba Aqua Cond Meter F-74).
Total C and N were analyzed by dry combustion on the CN-corder (Macro corder JM 1000CN, J-Science
Co., Ltd., Kyoto, Japan) and reported as C, N and C/N ratio of 39.76%, 0.51% and 78.26, respectively.
The rice husk biochar had available P of 647.94 mg kg−1 determined according to Troug method [40].
Exchangeable K, Ca, and Mg in the rice husk biochar were K, 3640.73 mg kg−1, 1207.78 mg kg−1;
and 369.26 mg kg−1 respectively, determined upon extraction of biochar with 1 N ammonium acetate
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(pH 7.1) and analysed by atomic absorption spectrophotometer (Model Z-2300, Hitachi Co., Tokyo,
Japan). The biochar cation exchange capacity (CEC) was 7.53 cmolc kg−1, measured by the 1N (pH 7.1)
ammonium acetate (NH4OAc) as described by Chapman [41]. The bulk density of the biochar was
determined by measuring the weight of compacted biochar in 100 cm3 steel cylinders and was found
to be 0.29 g cm−3 whereas the ash content was measured by igniting the biochar sample at 550 ◦C for
5 h in a muffle furnace and found to be 38.04%.

2.3. Experimental Design and Treatments

In this study, we conducted the experiment on two different plots: One in which sesame was
previously cultivated with rice husk biochar for one year (season) and a new field where sesame had
not been cultivated before. Each of these fields measuring 10.5 m by 6.5 m were divided into micro
plots measuring 2.4 m by 1.9 m (4.56 m2) onto which biochar was incorporated. Each micro plot was
separated by 0.4 m as buffer space. The one-year old sesame field had rice husk biochar rates of 0, 20,
50 and 100 t ha−1 applied already in the previous year’s cultivation. This field was under cropping in
2016 with biochar and sesame, but due to typhoon winds that destroyed the sesame plants, we could
not collect data. Therefore, in 2017, the new field opened adjacent to the old field received a similar
amount of rice husk biochar treatments at the start of the experiment. The new field and old field are
considered as first and second cropping respectively.

Prior to sowing, all fields were ploughed by a power tiller, harrowed to a fine tilth and basal
inorganic fertilizer applied at a rate of N—P2O5—K2O, 70:105:70 kg ha−1, including dolomite
(CaMg(CO3)2) at a rate of 1000 kg ha−1. Sesame cultivar ‘Gomazou’ was planted on ridges of 75 cm
wide separated by 40 cm and plant spacing of 45 cm between rows and 15 cm between plants. Sowing
date was 11th July 2017 in which five sesame seeds were sown per hole, then thinned to two plants
at 14 days after sowing and then one plant per hole at 21 days after sowing. The fields were kept
without weeds by hand weeding whenever necessary until harvesting at the on 22nd September 2017.
Growth was determined by measuring plant height, height of lowest capsule and number of branches
while the seed yield and 1000-seed weight were determined after drying sesame seeds in a greenhouse.
The growth and seed yield were determined by randomly selecting ten plants per replicates in each
treatment whereas the total number of seeds per plant was calculated after obtaining a weight of
1000 seeds and total seed weights from 10 plants.

2.4. Sampling and Analyses

2.4.1. Plant Sampling

For leaf tissue nutrient concentration analysis, three representative plants were selected at the
reproductive stage (50 Days After Sowing) whereas remaining plants were used for growth and
yield determination at harvest. Mature leaves from the representative samples were separated
from stem and roots and oven dried at 72 ◦C until a constant weight was attained (after a week).
Leaf samples were then ground to fine powder and digested in a mixture of concentrated H2SO4

(98%) and H2O2 (30%) for P, K, Ca and Mg concentration. Plant P concentration was determined
colorimetrically with a spectrophotometer at 420 nm (Model U-5100, Hitachi Co., Tokyo, Japan). Plant
K, Ca, and Mg concentration was determined by using an atomic absorption spectrophotometer
(Model Z-2300, Hitachi Co., Tokyo, Japan). The plant N was determined from the ground sample with
the dry combustion method on a CN Corder machine (Macro corder JM 1000CN, J-Science Co., Ltd.,
Kyoto, Japan).

For the seed mineral nutrient, the analysis was conducted on sesame seeds after harvesting and
drying. Seed mineral nutrient concentrations were determined by means of dry ashing as described by
Estefan et al. [42]. Ground sesame seed samples (1.0 g) was placed in a crucible, ignited, and burnt
to ash in a muffle furnace at 550 ◦C for 5 h. The ash was cooled and dissolved into 5 mL of 2 N HCl,
diluted to 50 mL in a volumetric flask with reverse-osmosis water, and filtered through Advantec
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110-mm filter paper. Phosphorous (P) concentration was determined from the filtrates by means of the
ammonium vanadate-ammonium-molybdate yellow colorimetric method using a spectrophotometer
(Model U-5100, Hitachi Co., Tokyo, Japan), with absorbance measured at 420 nm. The seed K, Ca and
Mg contents were determined from the filtrates by means of atomic absorption spectrophotometry
(Model Z-2300, Hitachi Co., Tokyo, Japan). The seed N concentration was measured by means of
the dry combustion method using a CN-corder (Macro corder JM 1000CN, J-Science Co., Ltd., Kyoto,
Japan) and the values of total N values (%) were multiplied by the N factor 6.25 to obtain crude protein
values (N × 6.25%) [43].

2.4.2. Soil Sampling

To evaluate the effect of the rice husk biochar addition on soil physical properties, soil samples
from fields were collected at 0–15 cm from the sesame fields after harvest. Three soil phases in each
biochar treatment of the first and second cropping were calculated from two samples collected per
replication at the top 10 cm layer by applying a soil three-phase meter (Model DIK-1130, Daiki Rika
Kogyo Co., Ltd., Saitama, Japan) to a 100 cm3 undisturbed soil core. The surface soil bulk density and
porosity were determined on the undisturbed soil cores collected using sampling cores of 100 cm3 after
oven drying at 105 ◦C for 24 h.

For chemical analysis, at harvest, soil samples were collected with a trowel to a depth of 15 cm,
air dried, and passed through a 2-mm sieve. Soil suspension (1:5 w/v soil: water) was used to measure
pH and electrical conductivity with a pH meter and EC meter (Horiba Aqua Cond Meter F-74). Total
C and N were analysed by dry combustion on the CN-corder (Macro corder JM 1000CN, J-Science
Co., Ltd., Kyoto, Japan). Soil exchangeable K, Ca, and Mg were extracted in 1 N ammonium acetate
(pH 7.1), and analysed by using an atomic absorption spectrophotometer (Model Z-2300, Hitachi Co.,
Tokyo, Japan). Cation exchange capacity (CEC) was measured by the 1N (pH 7.1) ammonium acetate
(NH4OAc) extraction methods in which the NH4

+ saturated soil was equilibrated with 10% KCl and
steam distilled by micro–kjeldhal distillation before titration with 0.1 N H2SO4 [41] and expressed
to cmolc kg−1 soil. Soil available P was determined using 0.002 N H2SO4 (pH 3.0) in ammonium
sulphate solution according to Troug method [40]. The P concentration in soil samples was measured
by the ammonium molybdate–ascorbic acid method at an absorption wavelength of 710 nm on a
spectrophotometer (Model U-5100, Hitachi Co., Tokyo, Japan).

2.5. Data Analyses

All results were the means of the three replicates. Data were analyzed using one-way analysis of
variance (ANOVA) using SPSS version 22.0 (SPSS for windows Inc., Chicago, Illinois, USA) to evaluate
the measured parameters as affected by the different rates of biochar addition. The pairs of means
were also compared on significant ANOVA tests using Tukey’s honestly significance difference (HSD)
test (p < 0.05). A nonlinear regression analysis was utilized to investigate the relationship between
sesame seed yield, plant height and the biochar rates. When considering the differences between the
cropping fields, a two-way analysis of variance was used with the different biochar treatments and
cropping as two fixed factors.

3. Results

3.1. Effect of Rice Husk Biochar on the Growth and Yield Components of Sesame

The plant height, height of the lowest capsule, number of branches per plant and 1000-seed weight
as affected by varying rates of biochar addition in first and second cropping fields are shown in Table 1.
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Table 1. The plant height, height of the lowest capsule, number of branches per plant and 1000-seed
weight of sesame under the different biochar treatments in different cropping.

Cropping
Biochar

Treatment
Plant Height

(cm)
Height of First
Capsule (cm)

Number of
Branches/Plant

1000-Seeds
Weight (g)

First cropping F 140.60 ab 68.12 a 1.72 b 2.16 a
F+20B 137.85 b 64.26 a 2.03 b 2.08 a
F+50B 157.63 a 67.48 a 3.01 a 2.23 a
F+100B 152.47 ab 70.37 a 2.07 ab 1.97 a

Second cropping F 114.42 b 55.93 a 2.34 a 1.93 a
F+20B 134.71 ab 57.50 a 2.29 a 2.13 a
F+50B 124.30 ab 58.14 a 2.48 a 2.03 a
F+100B 139.63 a 59.02 a 2.45 a 2.03 a

Source of variation
Biochar (B) ** ns ns ns

Cropping (C) *** *** ns ns
B × C * ns ns ns

Means followed by different lowercase letters within a column in the same cropping are significantly different
p < 0.05 according to the Tukey test. *** Significant at p < 0.001; ** Significant at p < 0.01; * Significant at p < 0.05;
ns, Non-significant.

The biochar rate showed a significant influence on the plant height with a significant interaction
between biochar and cropping. However, there were no significant differences in the height of lowest
capsule and 1000-seed weight and number of seeds per plant although a number of branches per plant
and 1000-seed weight were higher compared to the control in the first and second cropping respectively.
In comparison with the control (F), the plant height of the F+50B was non-significantly higher in the
first cropping by 10.8% whereas the F+100B was significantly higher in the second cropping by 18.1%.
There were no significant differences between control with F+20B and F+50B. The number of branches
per plant in the first cropping were significantly increased by 42.7% in the F+50B treatment compared
to the control that indicated biochar increased vegetative growth of the sesame. However, in the
second cropping, this significant effect was not observed although the F+50B and F+100B treatments
tended to have a greater number of branches per plant compared to the control and no significant
interaction between biochar addition and cropping was observed.

The seed yield and a total number of seeds per plant of sesame affected by varying rates of biochar
in the first and second cropping are shown in Figure 1.

  
Figure 1. (a) The seed yield; (b) total number of seeds per plant as affected by rice husk biochar
treatments. The bars represent the standard deviation of triplicates. Different lower case letters indicate
significant difference (p < 0.05) among treatment means. * Significant difference (p < 0.05) between first
and second cropping of the F+50B treatment.
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The higher rate of biochar addition significantly improved the seed yield of sesame in the first
cropping. In comparison with the control (797 kg ha−1), the F+20B and F+50B treatments significantly
increased seed yield by 0.9% and 35.0% (1226 kg ha−1) whereas the F+100B significantly decreased seed
yield by 9.4% (Figure 1a). However, there were no significant differences between control, F+20B and
F+100B treatments. The increase in the seed yield was accompanied by an increase in the total number
of seeds per plant (Figure 1b). The number of seeds per plant significantly increased by 31.7% in the
F+50B treatments whereas there were no significant differences between the number of seeds per plant
in the control, F+20B and F+100B although F+20B and F+100B increased by 2.4% and 0.2% respectively
over the control. In the second cropping field, biochar addition did not significantly influence seed
yield and the number of seeds per plant. However, the positive effects of biochar addition were
observed. In comparison with the control, the seed yield of sesame in the second cropping increased
in the F+20B, F+50B, F+100B treatments by 25.1%, 10.1% and 23.0% respectively. Similarly, the total
number of seeds per plant non-significantly increased in the F+20B, F+50B, F+100B treatments by
17.6%, 5.5% and 19.1% respectively. In both the first and second cropping, the addition of biochar
improved sesame yield with F+50B and F+20B showing higher seed yield compared to the control.

The analysis of variance indicated that the biochar rate did not exhibit statistically significant
influences on both the seed yield and total number of seeds per plant while cropping exhibited a
statistically significant (p < 0.01) influence and the interaction between the biochar rate and cropping
was significant (p < 0.01). As the biochar addition increased, the sesame seed yield and number of
seeds per plant increased and then decreased. A positive nonlinear relationship between the two
cropping seed yields, plant height and biochar rates were observed (Figure 2). The determination
coefficient (R2) and the significance for the overall plant height were higher than that of seed yield
indicating growth of sesame was significantly influenced more than seed yield.

Figure 2. (a) The seed yield; (b) plant height response to rice husk biochar treatments. Relationships
were fitted to first and second cropping data. * Significant at p < 0.05; ** Significant at p < 0.01.

The plant height showed a tendency to increase with the increasing rate of biochar without
decreasing at high addition rates indicated by the nonlinear relationship. However, this increase in
the plant height at the rate of biochar, above 100 t ha−1, did not result into a significant increase in
seed yield.

3.2. Effect of Rice Husk Biochar on the Leaf Tissue and Sesame Seed Nutrient Concentration

The leaf nutrient concentrations of sesame plants as affected by varying rates of biochar addition
in the first and second cropping fields are shown in Table 2. The F+50B treatment significantly increased
the leaf K concentration by 41.4% compared with the control in the first cropping and although there
were no significant differences in leaf Mg concentration between control with biochar rates, the F+50B
had a significantly higher leaf Mg than F+20B and F+100B in the first cropping. Biochar addition did
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not have a statistically significant effect on the leaf N, P and Ca concentrations in the first cropping.
In the second cropping field, biochar addition did not have a statistically significant effect on any of
the leaf nutrient concentrations. However, a non-significant increase in the N and K were observed
compared to the control whereas leaf P increased in the F+20B, F+50B, but decreased in the F+100B.
The leaf Ca and Mg concentrations were all non-significantly lower compared to the control.

Table 2. The leaf nutrient N, P, K, Ca and Mg of sesame under the different biochar treatments in
different cropping.

Cropping Biochar Rate N (%) K (%) P (%) Ca (%) Mg (%)

First cropping F 2.79 a 2.89 b 0.70 a 1.72 a 0.36 ab
F+20B 2.99 a 3.10 ab 0.68 a 1.66 a 0.33 b
F+50B 3.26 a 4.94 a 0.71 a 1.98 a 0.49 a

F+100B 3.31 a 3.46 ab 0.67 a 1.58 a 0.32 b

Second cropping F 2.91 a 2.41 a 0.44 a 1.53 a 0.35 a
F+20B 3.04 a 2.69 a 0.49 a 1.47 a 0.34 a
F+50B 3.15 a 2.75 a 0.51 a 1.46 a 0.32 a

F+100B 3.11 a 2.49 a 0.44 a 1.33 a 0.30 a

Source of variation
Biochar (B) ns ** ns ns *

Cropping (C) ns *** * ns *
B × C ns ns ns ns *

Means followed by different lowercase letters within a column in the same cropping are significantly different
p < 0.05 according to the Tukey test. *** Significant at p < 0.001; ** Significant at p < 0.01; * Significant at p < 0.05;
ns, Non-significant.

The analysis of variance indicated that the biochar rate (p < 0.01) and cropping (p < 0.001)
exhibited statistically significant influences on the concentration of leaf K, but no significant interaction
whereas leaf Mg indicated significant (p < 0.05) interaction between biochar rates and cropping.
The concentration of leaf P, Mg and K were significantly decreased by in the second cropping compared
with first cropping irrespective of biochar addition.

The crude protein and mineral nutrient contents of sesame seed affected by varying rates of
biochar addition in the first and second cropping fields are shown in Table 3.

The higher rates of biochar addition except in the F+100B, improved the crude protein, P, K, and
Ca in the first cropping. However, there were no significant differences between biochar rates and
control in the crude protein, P, Ca and Mg in first cropping. In comparison with control, the F+50B
and F+100B treatments significantly increased the seed K content by 12.1% and 10.7% respectively
whereas there was no significant difference between F+20B and control in the first cropping. However,
no significant effect of biochar addition on seed K was observed in the second cropping. Biochar
addition in the second cropping field significantly improved the crude protein content of sesame seeds.
The crude protein of the F+50B and F+100B treatments were significantly higher than that of the control
by 10.9% and 9.6%, respectively, whereas there were no significant differences between the F+20B
treatment and control although an increase by 7.4% occurred in the F+20B compared with control.
In the second cropping, biochar addition did not have a statistically significant effect on the seed P, K,
Ca and Mg. The analysis of variance indicated that the biochar rate (p < 0.01) exhibited statistically
significant influences on the seed K content, but no significant interaction between biochar rates and
cropping. The content of seed crude protein, P, Ca and Mg were not significantly influenced by either
biochar rates or cropping.

3.3. Effect of Biochar on Soil Physico-Chemical Properties in First and Second Cropping Fields

The soil physical properties of bulk density and porosity as affected by varying rates of biochar
addition in the first and second cropping fields are shown in Figure 3. Biochar addition in the first
and second cropping fields significantly decreased soil bulk density with increasing rates of biochar.
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The F+100B treatments significantly decreased bulk density to 0.76 g cm−3 compared to the control
(1.09 g cm−3) in the first cropping and to 1.01 g cm−3 from 1.15 g cm−3 in the control of the second
cropping field (Figure 3a).

Table 3. The seed macronutrient mineral nutrient contents of sesame seeds under the different biochar
treatments in different cropping after harvesting.

Cropping Biochar Rate Crude Protein (%)
mg/100 g Seed

P K Ca Mg

First cropping F 20.0 a 612.6 a 744.7 b 1222.2 a 419.0 a
F+20B 19.8 a 640.7 a 794.9 ab 1275.6 a 416.2 a
F+50B 20.6 a 636.6 a 846.7 a 1321.5 a 409.6 a
F+100B 19.1 a 617.6 a 833.8 a 1280.8 a 403.2 a

Second cropping F 18.9b 560.6 a 820.9 a 1252.2 a 396.9 a
F+20B 20.4 ab 640.7 a 794.6 a 1419.7 a 398.7 a
F+50B 21.2 a 617.3 a 857.6 a 1315.5 a 389.8 a
F+100B 20.9 a 608.9 a 859.0 a 1382.3 a 422.4 a

Source of variation
Biochar (B) ns ns ** ns ns

Cropping (C) ns ns ns ns ns
B × C ns ns ns ns ns

Means followed by different lowercase letters within a column in the same cropping are significantly different
p < 0.05 according to the Tukey test. ** Significant at p < 0.01; ns, Non-significant.

  
Figure 3. (a) The soil bulk density; (b) and soil porosity as affected by rice husk biochar treatments.
The bars represent the standard deviation of triplicates. Different letters indicate significant difference
(p < 0.05) among treatment means.

Similarly, the F+100B treatments significantly increased soil porosity to 66.1% compared to the
control (51.6%) in the first cropping and to 63.7% from 52.4% in the control of the second cropping
field (Figure 3b). In both the first and second cropping, the addition of biochar improved the physical
property of the soil with higher rates of biochar addition. The analysis of variance indicated that the
biochar rate exhibited statistically significant influences on both the soil bulk density (p < 0.001) and
porosity (p < 0.001) (Table 4). Although the cropping had a significant influence on soil bulk density
(p < 0.001) and porosity (p < 0.05), there were no significant interactions between the biochar rate
and cropping.
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The soil chemical properties affected by varying rates of biochar addition in the first and second
cropping fields are shown in Table 4.

Biochar addition in the first cropping significantly increased soil pH, EC, C/N ratio, exchangeable
K and soil cation exchange capacity (CEC) compared to the control while the soil exchangeable
Mg was significantly decreased. The F+100B treatment significantly increased soil pH by 0.73 units
compared to the control (5.65) whereas the soil EC of the F+20B and F+50B were significantly different
while of the control was not statically different from F+100B treatment. The C/N ratio significantly
increased with increasing biochar rates by 4.3, 15.0 and 40.5 in the F+20B, F+50B and F+100B treatments
respectively which indicated high carbon content in the soil with biochar treatments. The biochar
addition significantly increased the soil exchangeable K with increasing rates of biochar treatments.
The exchangeable K significantly increased by 101.9, 217.3 and 495.4 mg kg−1 in the F+20B, F+50B
and F+100B respectively. Conversely, the exchangeable Mg significantly decreased by 31.55, 57.0
and 83.5 mg kg−1 in the F+20B, F+50B and F+100B respectively. However, there were no significant
differences between the F+20B and F+50B treatments. The higher rates of biochar addition improved
the soil CEC. The F+100B treatment significantly increased the CEC by 4.7 cmolc kg−1 compared to
the control. In the first cropping, there were no significant effect of biochar addition on the available
P and exchangeable Ca. However, these parameters showed higher values in the biochar addition
treatments compared with the control, except exchangeable Ca which tended to decrease in the F+50B
and F+100B treatments.

In the second cropping field, the addition of biochar significantly influenced soil EC, total N,
C/N ratio, exchangeable K, and CEC whereas biochar did not show a significant effect on the soil
pH, available P, exchangeable Ca or Mg. The F+50B treatment significantly increased soil EC by
0.12 dSm−1 compared to the control and no obvious significant differences were observed between
the control, F+20B and F+100B treatments. The total N and C/N ratio significantly increased with
increasing biochar rates and the in the F+100B treatments were significantly higher by 0.4 g kg−1 and
21.0 for total N and C/N ratio respectively when compared with control. The F+50B and F+100B
treatments significantly increased exchangeable K by 267.9 and 207.1 mg kg−1 compared with the
control. However, there was no significant difference between control and F+20B treatment. Similar to
the first cropping, the higher rates of biochar addition improved the soil CEC. The F+100B treatment
significantly increased the CEC by 0.23 cmolc kg−1 compared to the control.

In the second cropping, there was no obvious significant effect of biochar addition on the soil
pH, available P and exchangeable Ca and Mg. However available P, exchangeable Ca and Mg were
non-significantly decreased in the biochar addition treatments compared to the control. The analysis
of variance indicated that the biochar rate exhibited statistically significant influences on EC, total
N, C/N ratio, exchangeable K and Mg, and CEC whereas cropping significantly influenced total N,
C/N ratio and exchangeable K (Table 4). There were also significant interactions between biochar rates
and cropping for EC, C/N ratio, and exchangeable K that indicated an improvement of continuous
cropping soil with biochar.

4. Discussion

4.1. Effect of Biochar on Soil Physico-Chemical Properties in First and Second Cropping Fields

Biochar additions significantly improved the soil physical properties of bulk density and porosity
in both first and second cropping fields. A similar finding was reported in sesame that rice husk and
saw dust biochar application at 10 t ha−1 significantly increased soil porosity and decreased the bulk
density of a highly leached acidic Ultisol soil [36]. The increase in soil porosity and decrease in bulk
density after biochar addition allow easy root penetration for water and nutrient absorption as a result
of increased water holding capacity and reduced tensile strength of the soil [14–16]. This increase in
soil porosity and decrease in bulk density is attributed to the low particle density and high porosity
of the rice husk biochar compared with soil which enables the soil to hold more water and air [44].
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In our study, the rice husk biochar used had a low bulk density of 0.29 g cm−3 which therefore greatly
increased the soil porosity and decreased the soil bulk density after biochar addition on the upland field
converted paddy soil. In addition, decreasing the bulk density and increasing soil porosity by biochar
addition is important in the second cropping since continuous cropping results into a deterioration in
the soil physical quality [45]. This suggests the integration of rice husk biochar in continuous cropping
systems would improve soil conditions and overall crop performance.

Furthermore, biochar addition in the first cropping significantly increased soil pH with increasing
rates of the rice husk biochar. Our result agrees with other findings that biochar addition increased
soil pH [46,47]. Therefore, with rice husk biochar addition to slightly acidic upland field converted
from paddy, the acidity would gradually be decreased due to the liming effect of the biochar. Rice
husk biochar has been reported to increase soil pH of tea garden soil (acidic soil) from 3.33 to 3.63 [47].
In our study, increase in soil pH could be due to the alkaline nature of the biochar used since the rice
husk biochar had a pH of 10.47 besides its high ash content (38.04%). The ash content of biochar plays
important role in increasing soil pH and consequently determines the soil CEC [48]. This positive
effect on soil pH was only observed in the first cropping. Our study showed that biochar in the second
cropping did not have a significant effect on the soil pH. The pH of the control did not significantly
differ from the biochar treatments in the second cropping. The addition of dolomite to increase soil
pH and alleviate acidity in the second cropping possibly affected biochar liming effect. Whereas the
biochar had a liming effect in the first cropping, this effect could have been offset by the addition of
dolomite in the second cropping. This suggested that addition of both dolomite and biochar may
not be good and could lead to loss of functional properties of biochar in the subsequent cropping
although this hypothesis remains untested. However, Cornelissen et al. [30] reported that rice husk
biochar addition on acidic Ultisol soil of Indonesia showed a less pronounced effect on the soil pH as
the cropping season increased due to decreasing liming potential, which also agrees with our result.
In addition to pH, biochar addition showed tendency to increase soil EC especially in the second
cropping that could be attributed to the highly soluble minerals contained in the rice husk biochar that
was readily added into the soil.

Although biochar addition significantly increased the soil total N and C/N ratio, possibly N
immobilization occurred with increasing biochar rates. Similar findings have been reported that with
biochar addition indicating an increase in the soil total C from 2.27% to 2.78% and total N from 0.24%
to 0.25% [11]. In addition, research indicates that microbial immobilization of N with a C/N ratio of
biochar above 16 occurs [46,49]. Furthermore, an increase in the soil total N, added from the rice husk
biochar may not indicate N availability to plants and microbes [50]. Hence, the increase in the C/N
ratio with increasing rates of biochar in both the first and second cropping could possibly be high
enough to immobilize N thereby limiting N availability to sesame plant. The non-significant effect on
soil available P and exchangeable Ca suggested the rice husk biochar had little ability to supply these
nutrients. Possibly, the high Ca and P in the biochar was insoluble and remained in its micro-porous
fabric of the biochar [51]. Limwikran et al. [51] reported that rice husk biochar could not readily release
Ca into soil thus acted as a sink rather than a source for exchangeable Ca.

On the other hand, the biochar addition significantly increased the soil exchangeable K with
increasing rates of biochar treatments whereas exchangeable Ca and Mg tended to decrease although
not significantly different between biochar rates. This is contrary to Wang et al. [48] and Carter et al. [35]
who reported the increase in the exchangeable cations Ca, Mg and K with rice husk biochar
addition. In our study, only exchangeable K was significantly increased with increasing biochar
rates. Wang et al. [47] reported that with biochar application, K levels in soil increased from 42 to
324 mg kg−1. The rice husk biochar used had an ash content of 38.04% that was very high to increase
soil K content in the soil. A similar increase in the exchangeable K was observed and attributed to high
ash content in rice husk biochar and being a source of K itself (3640.73 mg kg−1 K in the rice husk
biochar used) [12,52]. This increased exchangeable K with biochar addition could also be due to the
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increased soil pH which enhances release K into the soil [53]. Due to the increase in soil K, rice husk
biochar could enhance crop growth and yield, including sesame on soils where K is a limiting factor.

Our study also showed that the higher rates of biochar addition improved the soil CEC which
agrees with the findings of Ndor et al. [36] who reported increased CEC with rice husk and saw dust
biochar in sesame cultivation. The biochar addition on a strongly acidic soil decreased in soil acidity
through an increase in pH and the increasing the soil CEC thereby retaining nutrients into the soil
for sesame [36]. In our study, the observed increase in the soil pH due to biochar addition and the
rice husk biochar CEC (7.53 cmolc kg−1) itself could also have increased the soil CEC. The increase in
soil CEC levels is in agreements with findings of Laird et al. [54] who reported that biochar treatment
increased soil CEC from by 4 to 30% more than the control while Jien and Wang [55] reported the
CEC of a highly weathered soil was raised from 7.41 to 10.8 cmolc kg−1 after biochar application.
In our study, the increase in the soil CEC is the indicator of nutrient retention suggesting that rice
husk biochar could improve soil nutrient status in continuous cropping as observed in the second
cropping. Similar results have shown that rice husk biochar addition to acid sulfate soils in Indonesia
has been reported to increase CEC, in addition to improving soil porosity and exchangeable K [56].
Therefore, our result suggests that cultivation of sesame with rice husk biochar could improve not only
soil physical properties promoting proper plant growth, but also hold sufficient nutrients through an
increase in CEC upland fields converted paddy soils.

4.2. Effect of Rice Husk Biochar on the Leaf Tissue and Sesame Seed Nutrient Concentration

Biochar addition did not have a significant effect on leaf tissue N, P and Ca concentration and
their contents in the sesame seeds. Overall, biochar addition had a significant influence on the leaf
tissue K and Mg concentration of, and content of the seeds. Our result agrees with other findings,
including a meta-analysis from different studies that biochar addition had no significant effect on
plant tissue N and P concentrations whereas it increased the K tissue concentration [50,57]. Although
the overall effect of biochar addition was not significant on crude protein, a significant increase in
the crude protein content was observed in the second cropping suggesting an increase in protein
synthesis in sesame. This could be attributed to the adequate supply of soil K from biochar allowing
increased plant tissue K concentration. Potassium, K is an important nutrient that plays a significant
role in protein synthesis in plants [58]. Hence, adequate supply of K from the rice husk biochar could
enhance protein quality of sesame seeds. In addition, the increase in the crude protein content could
be attributed to the slight increase in soil total N with biochar compared to the control in the second
cropping. A similar finding shows that biochar addition (from acacia) of up to 50 t ha−1 in maize
cropping system increased maize grain protein by 13% compared without biochar [26]. Therefore, it
could be speculated that the protein content of sesame is increased with rice husk biochar addition
although leaf tissue N concentration did not show statistical significance.

Biochar addition significantly increased leaf tissue K concentration and K content in the sesame
seeds especially in the first cropping attributed to the high K content in the rice husk biochar reflected
in the higher soil exchangeable K compared to the control. The soil K concentration in the 50 t ha−1 was
twice the value in the control whereas it tripled in the 100 t ha−1 compared to control suggesting
the rice husk biochar could possibly replace the 70 kg K2O ha−1 inorganic fertilizer rate supplied to
sesame in this study as a K source. A meta-analysis of several pieces of research shows that biochar
addition treatments performed better than fertilizer at increasing plant tissue K concentration [50].
Hence, rice husk biochar with a high K content could be an alternative source of K fertilizers for sesame
especially for resource poor farmers. Conversely, the leaf tissue Mg concentration tended to decrease
compared to the control in the first cropping indicating that increasing biochar rates and cropping,
the leaf tissue Mg concentration of sesame is significantly decreased that could influence seed yield
at high rates of biochar addition. The content of Mg in the sesame seeds with biochar addition was
also non-significantly lower than the control indicating the negative effect of high increasing rates of
biochar addition on the sesame seed quality. Koyama and Hayashi [59] also found a similar decrease
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in the Mg concentrations in rice straw tissue with an increase in rice husk biochar addition rate up
to 2 kg m−2 (equivalent to 20 t ha−1). Our result also agrees Syuhada et al. [60] who found out that
biochar addition at 10 and 15 g kg−1 from oil palm feedstock applied on to podsol soils significantly
increased concentration and uptake of K while decreasing the Mg concentration in maize tissue. They
attributed the low uptake of Mg to competitive ion effect between the uptakes of Mg and K. Although
we did not measure the dry matter yield, the increased nutrient concentrations of K also implies high
uptake of K since nutrient uptake is governed by the concentration of nutrients in plant tissues and the
dry matter yield. Usually competitive ion effect occurs when there is a high concentration and uptake
of K in plant tissue which decreases the concentration and uptake of Mg [61–63]. Major et al. [12] also
found a similar decrease in the concentration of Mg in maize seeds in high wood biochar addition
treatments (8 and 20 t ha−1) attributed to declining stock of Mg in the soil due to this ion competition
effect. In our study, the F+50B treatment significantly increased the leaf tissue K concentration by
41.4% compared with the control and increased seed K content by 12.1% in the first cropping, whereas
Mg content in the seeds non-significantly decreased by 0.7%, 2.3% and 3.9% in the biochar addition of
F+20B, F+50B and F+100B respectively. Therefore, the competitive ion effect is likely to occur when
higher rates of the rice husk biochar with a high content of K is applied in sesame due to luxury
consumption and decreased uptake of Mg. This could negatively affect yield and mineral quality
of sesame.

4.3. Effect of Rice Husk Biochar on the Growth and Yield Components of Sesame

Biochar addition increased the overall sesame yield compared with the control that was consistent
with Ndor et al. [36] who reported significant increase in the seed yield of sesame to 925 kg ha−1 in
the 10 t ha−1 rice husk and sawdust biochar compared with the 595 kg ha−1 in the control in a field
experiment. In particular, the yield increase with biochar addition, in the first cropping, suggested
that sesame positively responds to biochar. In addition, 10 t ha−1 of coconut shell biochar added
together with chicken manure to sesame resulted into higher seed weight per plant than the control on
a sandy coastal soil [38]. In our study, the 50 t ha−1 (35.0% increase over control) in the first cropping
significantly increased the sesame seed yield that could be attributed to increased number of seeds per
plant rather than increase in the seed weight since there was no significant increase in the 1000-seed
weight with biochar addition. The significant increase in the number of branches per plant with the
biochar treatments in the first cropping could explain the increase in the total number of seeds per
plant consequently increasing sesame yield. A similar increase in the number of branches per plant was
reported that increased the seed yield of rapeseed (Brassica napus L.) with biochar addition [64]. In the
second cropping, the F+20B (20 t ha−1) non-significantly increased seed yield by 25.1% compared with
control. The non-significant differences between the biochar treatments in the second cropping could
be attributed to loss in the functional properties of the biochar although the seed yield increased in
the 20 t ha−1. This finding agrees with the recent report that rice husk biochar on acidic Ultisol soil of
Indonesia at 15 t ha−1 significantly increased maize yield only in the first season, but the effect faded
from the second season onwards [30].

The biochar addition also significantly increased sesame plant height in both the first and second
cropping; and that could possibly explain the increase in the seed yield. It has been reported that
poultry litter biochar at an optimal rate of 11.21 g kg−1 (equivalent to 22.4 t ha−1) significantly
increased sesame plant height [35], which is consistent with our results. The increase in the seed yield
and plant height at 50 t ha−1 of rice husk biochar for sesame cropping on upland field converted
paddy is consistent with other researchers who applied high biochar rates and obtained good crop
performance [24,65]. Haefele et al. [24] reported that rice husk biochar applied at 4.13 kg m−2

(equivalent to 41.3 t ha−1) in on Humic nitisols (pH 4.3) increased grain yield of rice by 16–35%
at Sinilioan Phillipines whereas Schulz et al. [65] observed increased growth of oat plants with addition
of 100 t ha−1 of composted biochar to sandy and loamy soil. Several pieces of field research indicated
that biochar addition increased crop growth and yield [12,13]. For instance, cultivation on sandy soils

222



Agronomy 2019, 9, 55

using biochar increased maize yield by 150% and 98% over the control at rates of 15 t ha−1 and 20 t ha−1

respectively [23]. Zhang et al. [25] also reported an increase in rice yields of 14% over control in paddy
soils with wheat straw biochar rate of 40 t ha−1. However, the highest rate of 100 t ha−1 tended to
have a negative effect on sesame in our study, which is consistent with the finding of Chan et al. [14].
The decrease in the seed yield in the 100 t ha−1 compared to 50 t ha−1 suggested the biochar addition
rate had exceeded the beneficial amount. At this rate, the possible release of toxic substances like
heavy metals and polycyclic aromatic hydrocarbons (PAHs) from biochar could have suppressed plant
growth [66]. In addition, the low yield in the 100 t ha−1 is likely as a result of nutrient imbalances and
N immobilization [67,68]. The decrease in the seed yield at 100 t ha−1 could be partly explained by the
increased adsorption of available inorganic N at this high biochar addition rate. For instance, research
shows that biochar addition improves the retention capacity of NH4

+-N through enhanced CEC [69].
In our study, the increased CEC could have increased ammonium adsorption in the first cropping with
100 t ha−1 rice husk biochar rate. However, the adsorption of inorganic N onto biochar surfaces could
decrease ammonia and nitrate losses from soil, but could as well potentially lead to the slow release of
these nutrients to plants [70].

Although, the leaf tissue N concentration tended to increase non-significantly with biochar rates
in the first cropping, the increase in growth and yield could be entirely attributed to an increase in the
leaf tissue K concentration in sesame plant. Our study agrees with a meta-analysis of biochar research
showing that biochar addition treatments performed better than fertilizer at increasing plant tissue K
concentration and plant tissue N is unaffected by biochar addition thereby influencing yield [50]. On the
other hand, our results indicated that leaf K concentration was significantly reduced by continuous
cropping, but with the biochar addition, the concentration of K significantly increases. Therefore,
the higher seed yield, number of seeds per plant and plant height compared to the control in the
second cropping is attributed to this increased leaf K suggesting seed yield decline under continuous
cropping could be recovered by adding more K fertilizer. This also suggests future research should
consider comparing and contrasting biochar addition with more K fertilizer rates for sesame cropping.
The increased seed yield was due to this increased K concentration due to the rice husk biochar
addition. Moreover, the leaf tissue K concentration was above the adequate level of 2.4% required
for sesame growth since K plays a significant role in increasing the internodes lengths consequently
increase in sesame plant height [43]. However, the lower leaf tissue K concentrations in the second
than first cropping accompanied by the low soil exchangeable K suggested a decrease in availability of
K could have led to the lack of positive effect of rice husk biochar rates on sesame yield in the second
cropping. Similar effects of lack of positive effect of biochar on crop yields have been attributed to
decreasing nutrient contents in biochar addition after its addition [31]. This could suggest that the
benefit of K addition from rice husk biochar could decrease over time affecting sesame yield. Therefore,
the lack of non-significant effect on leaf tissue K concentration in the second cropping suggested K
was the most determinant factor on growth and seed yield.

Furthermore, the non-significant effect on K concentration in sesame in combination with factors
that affected the rice husk biochar properties in the second cropping could have contributed to low
yields in the second cropping. For instance, the first cropping field had fresh biochar applied whereas
the second cropping field had old biochar that could have influenced sesame yield due to biochar
aging effect on the temperate soil. The meta-analyses by Biederman and Harpole [50] shows that the
effect of biochar addition is less pronounced on temperate climate soils and freshly added biochar
could perform better than the old or aged biochar. In our study, the seed yield did not show significant
differences between biochar rates in the second cropping which also agrees with Persaud et al. [67]
who reported no beneficial effect of rice husk biochar in on yield in the second cropping. The authors
observed increase in above ground biomass of pak choy (Brassica rapa subsp. chinensis) by 32.81%
in the 25 t ha−1 application rate (0, 5, 25 and 50 t ha−1) to acidic Tabela sandy soil of Guyana in the
first cropping compared with the control and attributed to increasing soil pH, exchangeable cations,
CEC, and decrease in soil bulk density that is also consistent with our results. Therefore, improvement
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in the soil chemical properties and physical properties by the rice husk biochar enhanced sesame
productivity especially in the first cropping. However, these benefits could deteriorate with an increase
in the number of cropping as the biochar becomes old. For instance, changes in the physico-chemical
properties as a result of aging when incorporated into the soil have been reported [71]. In our study,
the porosity tended to decrease in the second cycle suggesting biochar particles had been crushed
or broken down as a result of continuous cropping during tillage operation. The particles of biochar
may also break and become smaller with time due to the physical interaction with drainage water [72].
With tillage, the particles could have been degraded and the ashes contents of the biochar increased
leading to easy leaching in drainage water affecting soil pH that depends on the ash content. Thus, the
lack of significant effect of the rice husk biochar in the second cropping could partly be due to leaching
of the alkaline ashes [73,74]. Furthermore, the no effect on the second cycle could be attributed to
the loss in the properties of biochar to adsorption and immobilization of heavy metals, polycyclic
aromatic hydrocarbons (PAHs), phthalates etc. from the soil [75]. A study found that fresh rice husk
biochar had a higher adsorption capacity for toxic compounds than aged one [76]. In addition, rice
husk biochar addition up to 30 t ha−1 is reported to have a high affinity to removed cadmium from
aqueous solutions when mixed in soil, attributed to high surface charge (net negative charge) of the
bio-sorbents, thereby eliminating inhibition effect of cadmium (Cd2+) on plant growth and improve
yield [77]. Therefore, the fresh biochar as observed in the first cropping could have absorbed toxic
heavy metals and other compounds that would hinder sesame growth and yield. The decrease in
ability to increase pH, adsorb potential heavy metals, and overall changes in the physical properties of
the rice husk biochar could be possible factors that led to the low yield in the second cropping.

Nonetheless, the rice husk biochar addition to sesame improved growth and yield at increasing
rates; it could be recommended to apply rates not exceeding 50 t ha−1. Although sesame is considered
a high value oilseed crop, higher rates than 50 t ha−1 are not economically feasible under field
conditions. The higher biochar rates are not economically feasible in most farming systems due to high
costs [78,79]. Given the temperate climate where soils have favorable properties for plant production
than tropical soils, large quantities of biochar may be required to achieve significant positive effects on
yield as observed in this study [68]. However, further studies are needed to determine the optimal
rice husk biochar rate while considering the cost and benefits of sesame cultivation on upland fields
converted paddy.

5. Conclusions

The results demonstrated that sesame seed yield, plant growth and mineral content are improved
with the biochar addition on upland field converted paddy. The biochar addition increased plant
height with significant interaction in both cropping fields whereas the seed yield was only significantly
influenced in the first cropping. The higher rate of biochar addition significantly improved the seed
yield of sesame in the first cropping whereas in the second cropping field, biochar addition did not
significantly influence seed yield and the number of seeds per plant. Among the seed mineral nutrients,
K content was most increased by biochar. The overall improvement in the sesame growth, seed yield
and mineral contents especially K was attributed to mainly increased K availability, soil pH, CEC,
improved porosity and bulk density. Our study also suggests that rice husk biochar addition may not
have a long lasting effect on sesame yield on upland field converted paddy since the positive effect
of biochar tended to fade in the second cropping as its biochar aged suggesting one-time application
would not be sufficient. However, further investigations are still required to clarify the non-significant
influence of biochar addition on seed yield and growth of sesame in the second cropping when biochar
had been incorporated in the first cropping to uncover the mechanisms underlying these processes
with biochar addition in long-term field trials.
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Abstract: In this work, the thermochemical analyses of dairy manure (DM), including the proximate
analysis, ultimate (elemental) analysis, calorific value, thermogravimetric analysis (TGA), and
inorganic elements, were studied to evaluate its potential for producing DM-based char (DMC) with
high porosity. The results showed that the biomass should be an available precursor for producing
biochar materials based on its high contents of carbon (42.63%) and volatile matter (79.55%). In order
to characterize their pore properties, the DMC products produced at high pyrolysis temperatures
(500–900◦C) were analyzed using surface area and porosity analyzer, pycnometer, and scanning
electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS). The values of pore properties
for the DMC products increased with an increase in pyrolysis temperature, leading to more pore
development and condensed aromatic cluster at elevated temperatures. Because of the microporous
and mesoporous structures from the N2 adsorption–desorption isotherms with the hysteresis loops
(H4 type), the Brunauer–Emmett–Teller (BET) surface area of the optimal biochar (DMC-900) was
about 360 m2/g, which was higher than the data reported in the literature. The highly porous structure
was also seen from the SEM observations. More significantly, the cation exchange capacity (CEC)
of the optimal DMC product showed a high value of 57.5 ± 16.1 cmol/kg. Based on the excellent
pore and chemical properties, the DMC product could be used as an effective amendment and/or
adsorbent for the removal of pollutants from the soil media and/or fluid streams.

Keywords: dairy manure; thermochemical property; pyrolysis; biochar; pore property

1. Introduction

Since the Kyoto Protocol adopted on 11 December 1997, humans are beginning to actively
focus on mitigating greenhouse gas (GHG) emissions because it is irreversibly changing the planet’s
ecosystems via global warming. In this regard, the livestock sector plays a significant role in the globally
anthropogenic emissions of GHG, including carbon dioxide (CO2), methane (CH4), and nitrous oxide
(N2O) [1]. According to the statistical data by the Food and Agriculture Organization [2], cattle-raising
and its resulting manure are the most important contributors to the sector’s GHG emissions, accounting
for 65% of the livestock sector emissions. Regarding the main sources of emissions from the sector,
the deposition of cattle manure on pastures and manure storage and processing generate substantial
amounts of GHG. In order to mitigate GHG emissions and upgrade the recycling of nutrients and
lignocellulosic sources, the thermochemical processes (e.g., pyrolysis) can convert cattle manure into
renewable chemicals like char or biochar [3]. More importantly, this manure treatment can gain several
positive benefits, including GHG emission reduction, biomass nutrients recycling, biofuels and carbon
materials production, and waste management without public health concerns [4].
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Among the thermochemical processes, pyrolysis is an available method to convert cattle manure
into biofuels and/or chemicals. In the process, the lignocellulosic components of the biomass are broken
down condensable hydrocarbon molecules (e.g., acetic acid), noncondensable gases (e.g., CO2), and
solid carbon as char or biochar under an inert atmosphere. Based on the heating rate, the pyrolysis
technology may be divided into slow and fast processes [5]. The slow pyrolysis process (≤10 ◦C/min)
is used primarily for the production of biochar at higher temperatures (≥400 ◦C), but the fast pyrolysis
process (≥100 ◦C/min) primarily for the production of bio-oils is at about 500 ◦C [6–8]. Furthermore,
the resulting biochar not only provides a remarkable carbon sink for mitigating GHG emissions, but
also possesses available pore structure for its potential use as an adsorbent and/or soil amendment [9].

Biochar is a rigid and porous carbon material. Its pore properties, however, vary over a wide
range with its precursor type and production conditions [5]. Although there are many research studies
for reusing dairy (cattle) manure (DM) as a feedstock for char production, few studies focused on the
production of dairy manure-based char (DMC) at higher temperatures [3,10–17]. These studies almost
produced biochars at a moderate temperature (300–700 ◦C). It is notable that their pore properties
were not significant. For instance, Cantrell et al. [3] reported the physicochemical results for five
manure-based biochars pyrolyzed at 350 ◦C and 700 ◦C, showing that the specific surface area (SSA) of
DMC produced at 700 ◦C was 186.5 m2/g. However, the SSA value of DMC produced at 700 ◦C in
another study was only 74.0 m2/g [17]. On the other hand, the biochars obtained at higher pyrolysis
temperatures showed more stability in both abiotic and biotic incubations [18].

As reviewed above, there is very limited research focused on the production of biochar at higher
pyrolysis temperatures (>700 ◦C) in the literature [19,20]. In the previous studies [21–23], the authors
even investigated the thermochemical characterization of DM with relevance to its energy conversion
and environmental implications. In order to evaluate DM as a precursor for producing biochars as solid
fuels, the authors further prepared DMC products at 400–800 ◦C [21], suggesting that its resulting chars
can be used as clean solid fuels based on their high values of carbon (60% by weight, or 60 wt%) and
calorific value (22.3 MJ/kg), and low contents of nitrogen (0.5 wt%). In the preliminary evaluation [23],
a biochar product was produced at 900 ◦C, showing its microporous/mesoporous textures with a
specific surface area of about 300 m2/g. In the present study, a series of DMC products, produced at
higher charring temperatures (i.e., 500–900 ◦C), were used to see the structural changes based on their
pore properties and true densities.

2. Materials and Methods

2.1. Materials

The dairy manure (DM) for producing biochar was obtained from the livestock farm at the
National Pingtung University of Science and Technology (Pingtung, Taiwan). Details on the DM
pretreatment were described in the previous studies [21–23].

2.2. Thermochemical Analysis of Oven-Dried DM

In this work, the thermochemical properties of DM, including proximate analysis, ultimate
(elemental) analysis, calorific (heating) value, inorganic elements, and thermogravimetric analysis
(TGA), were conducted to evaluate the potential for producing porous biochar at adequate pyrolysis
conditions. Again, details on the thermochemical analysis of oven-dried DM were described
previously [21–23].

2.3. Pyrolysis Experiments

Because the temperature has been shown to be the most important process parameter in the
pyrolysis experiments [11,24], the DMC products were produced at higher pyrolysis temperatures
(500–900 ◦C), moderate residence time (30 min), and low heating rate (10 ◦C/min) under an inert
atmosphere by nitrogen flow. The pyrolysis conditions were similar to the previous study [21], except
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for the pyrolysis temperature. The yields of the DMC products were obtained by the difference between
the weights of DM (5 g for each experiment) and DMC. The DMC products produced at 500, 600, 700,
800, and 900 ◦C were marked as DMC-500, DMC-600, DMC-700, DMC-800, and DMC-900, respectively.

2.4. Characterization of DMC

As mentioned above, the main purpose was to produce biochars with high pore properties
(including specific surface area, pore volume, and porosity). Therefore, the physical characterization
of DMC was mainly based on the nitrogen adsorption–desorption isotherms and true density by
using a surface area and porosity analyzer (Model No.: ASAP 2020; Micromeritics Co., Norcross,
GA, USA) and a gas pycnometer (Model No.: AccuPyc 1340; Micromeritics Co., Norcross, GA, USA),
respectively. More details about the analytical conditions were determined previously [25,26]. On the
other hand, the microstructural textures and elemental compositions on the surface of DM and DMC
were measured by using a scanning electron microscopy (Model No.: S-3000N; Hitachi Co., Tokyo,
Japan) coupled with an energy dispersive X-ray spectroscopy (Swift ED3000, Oxford Instruments,
Abingdon, UK). Regarding the chemical characterization of DMC, it included proximate analysis,
ultimate (elemental) analysis, and calorific value, which were similar to the thermochemical analysis
of oven-dried DM in the Section 2.2.

3. Results and Discussion

3.1. Thermochemical Characterization of Dairy Manure (DM)

As shown in Table 1, there were high contents of carbon (C, 42.63%) and hydrogen (H, 6.43%) in
the dried dairy manure (DM), which was consistent with the high value of volatile matter (79.55%) due
to the undigested lignocellulose. The compositional characterization should be attributed to ruminant
feed (or forage) like pangola grass and napier grass. Making a comparison between the molar ratios
of DM (C6H10.9) and cellulose (C6H10O5)/hemicellulose (C5H8O4), their values were approximate to
each other. Therefore, its calorific value was up to 18.4 MJ/kg-dry. The data in Table 1 were very close
to those in the previous studies [25,26] and other reports [27–29]. On the other hand, the contents of
inorganic elements in the biochar precursor (i.e., DM) will be important for various reasons, including
soil fertility and contamination when reusing it (or resulting biochar) as an organic fertilizer, and
slagging and fouling as it was burned in boilers. In this regard, the macro-nutrients (i.e., Ca, Mg,
P, Si, K), micro-nutrients (i.e., Mn, Cu, Zn, Fe), and toxic metals (i.e., As, P, Cd, Cr) in the DM were
determined in the present study based on the analyses of inductively coupled plasma-optical emission
spectrometer (ICP-OES). These inorganic elements in the DM biomass will exist in the so-called ash,
which is as high as 10.94% (Table 1). Also, the oxides or carbonates of alkali metals (i.e., K, Na) and
alkaline earth metals (i.e., Ca, Mg, Sr, Ba) from the DM ash could evaporate at combustion temperature
due to the relatively low melting points and subsequently condense on the down streams. As listed in
Table 2, the primary inorganic elements included calcium (Ca), silicon (Si), phosphorus (P), magnesium
(Mg), potassium (K), sodium (Na), and aluminum (Al). The contents of these ash-forming elements in
DM were in accordance with those in grass biomass such as straw [30]. These inorganic elements could
be present in the forms of oxide or carbonate like SiO2, CaO, or CaCO3. Regarding the concentrations
of toxic metals in DM, the ash is almost free of them, including arsenic (As), cadmium (Cd), chromium
(Cr), cobalt (Co), copper (Cu), nickel (Ni), and lead (Pb). However, it should be noted that the contents
of zinc (Zn) and manganese (Mn) in Table 2 indicated small amounts (0.017% and 0.034%, respectively).
Although these contents were significantly lower than the swine-based manure [31], their moderate
toxicity may pose hazards to ecosystems.
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Table 1. Proximate analysis, ultimate analysis, and calorific value of dairy manure (DM).

Property Value a

Proximate analysis (wt%) a

Volatile matter 79.55 ± 0.19
Ash content 10.94 ± 0.27

Fixed carbon b 9.51

Ultimate analysis (wt%) a

Carbon (C) 42.63 ± 0.01
Hydrogen (H) 6.43 ± 0.08

Oxygen (O) 39.70 ± 0.03
Nitrogen (N) 2.01 ± 0.13

Sulfur (S) 0.42 ± 0.02

Calorific value (MJ/kg) a 18.40 ± 0.08
a On a dry basis; two or three measurements. b By difference.

Table 2. Contents of relevant trace elements of dairy manure (DM).

Inorganic Element Value a Method Detection Limit (ppm)

Ca (wt%) 2.140 8.4
Si (wt%) 1.130 11.3
P (wt%) 0.822 91.8

Mg (wt%) 0.642 5.4
K (wt%) 0.426 51.6

Na (wt%) 0.202 11.4
Al (wt%) 0.107 17.4
Fe (wt%) 0.081 6.6
Mn (wt%) 0.034 6.0
Zn (wt%) 0.017 4.2
Sr (wt%) 0.007 0.3
Ti (wt%) 0.006 1.2
Ba (wt%) 0.002 0.3
As (wt%) ND b 0.5
Cd (wt%) ND 2.4
Cr (wt%) ND 7.8
Co (wt%) ND 20.4
Cu (wt%) ND 7.2
Ni (wt%) ND 19.2
Pb (wt%) ND 17.4

a On a dry basis (moisture free). b Not detectable.

In the measurement of thermogravimetric analysis (TGA), the TGA curve of DM (0.2 g), shown in
Figure 1, was obtained at a heating rate of 10 ◦C/min under the nitrogen flow (50 cm3/min). Obviously,
there were three stages for the devolatilization and carbonization of biomass (i.e., DM) biopolymer
constituents (i.e., hemicellulose, cellulose, and lignin) in different temperatures [5]. The first stage in the
temperature range of 25–200 ◦C represented the thermal desorption of moisture attached and structural
deformity of the biomass. The second stage ranging from 250 to 450 ◦C was the greatest change on the
mass lose zone. From the derivative thermogravimetric (DTG) curve, the pyrolytic decompositions of
hemicellulose and cellulose occurred at the peak temperatures of around 320 ◦C and 380 ◦C, respectively.
This reaction zone was indicative of extensive decomposition of hemicellulose in the early stage due
to its fragile structure chemically in comparison with cellulose and lignin. Subsequently, cellulose
started to undergo decomposition reactions such as devolatilization and carbonization. The third stage
starting from 430 ◦C was attributed to the rigorous decompositions of lignin and its resulting char,
making it brittle and porous. In this regard, the pyrolysis temperature was adopted at above 500 ◦C in
the charring experiments for producing porous biochars.
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Figure 1. Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) curves at heating
rate of 10 ◦C/min for dairy manure (DM).

3.2. Yield and Pore Properties of DMC Products

For better utilization in the agricultural and environmental applications, the yields, densities, and
pore properties of DMC products were determined in this work. As shown in Figure 2, the yields,
ranging from 31.4% to 22.5%, indicated a decreasing trend as the pyrolysis temperature was increased
from 500 ◦C to 900 ◦C. This variation should be attributed to the devolatilization and carbonization of
solid char products during the progressive pyrolysis at higher temperatures, which was consistent
with the TGA observations (Figure 1).

Figure 2. Yields of DM-derived biochar (DMC) as a function of pyrolysis temperature.

The pore properties of material involve the correlations between its specific surface area, pore
volume, and density. Among them, specific surface area may be the most important parameter to
indicate the adsorptive capacity and the quality of biochar. Based on the Brunauer–Emmett–Teller
(BET) model, it was commonly measured by N2 adsorption–desorption isotherms at −196 ◦C using
the surface area and porosity analyzer. Table 3 summarized the pore properties of DMC products
produced at various pyrolysis temperatures [32,33]. The true density is defined as the ratio of the
biochar mass to the volume occupied by that mass, which was measured by a helium-displacement
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pycnometer. However, the particle density was estimated by the total pore volume and true density.
Based on the definition of porosity in the porous particle, this property was further determined by the
particle density and the true density. The data in Table 3 obviously indicated an increasing trend in pore
properties, including the BET surface area, micropore area, total pore volume, micropore volume, true
density (ρs), particle density (ρp), and porosity (εp). This result was in accordance with the observations
of the average pore diameter (Dave), DMC’s yield, and the DM’s TGA, suggesting that the rigorous
carbonization (charring) at higher pyrolysis temperatures was favorable to the development of porous
structure in the DMC products with aromatic carbon clusters [34]. Here, assuming that the pore is of
cylindrical geometry, the data on Dave were calculated from the ratio of the total pore volume (Vt) and
the BET surface area (SBET) and can be further validated in the pore size analysis. Consistently, more
condensed aromatic structure of the charring materials can be formed at higher pyrolysis temperatures
(>700 ◦C). Therefore, the optimal DMC product (i.e., DMC-900) with the maximal BET surface area
of 360.6 m2/g and true density of 2.2284 g/cm3 was produced at 900 ◦C. Based on the suggestion by
Keiluweit et al. [35], the DMC-900 product could be a turbostratic biochar.

Table 3. Pore properties and densities of DMC products at different temperatures (500–900 ◦C) held for
30 min.

Biochar
Product

SBET
a

(m2/g)
Smicro

b

(m2/g)

Vt
c

(cm3/g)
Vmicro

d

(cm3/g)

Dave
e

(Å)
ρs

f

(g/cm3)

ρp
g

(g/cm3)
εp

h (-)

DMC-500 6.5 3.3 0.008 0.002 51.2 1.6838 1.6603 0.014
DMC-600 42.9 36.3 0.030 0.020 28.2 1.8741 1.7737 0.054
DMC-700 139.1 114.3 0.088 0.063 25.2 2.0108 1.7094 0.150
DMC-800 267.6 198.5 0.167 0.109 24.9 2.1245 1.5694 0.275
DMC-900 360.6 256.7 0.240 0.141 26.6 2.2824 1.4746 0.354

a BET surface area (SBET) based on the relative pressure (P/P0) ranging from 0.05 to 0.30. b Micropore area (Smicro) by
t-plot method. c Total pore volume (Vt) obtained at relative pressure of about 0.95. d Micropore volume (Vmicro) by
t-plot method. e Calculated from the ratio of the total pore volume (Vt) and the BET surface area (SBET) if the pore is
of cylindrical geometry (i.e., average pore width = 4 × Vt/SBET) [32,33]. f Measured by a pycnometer. g Estimated by
the values of total pore volume (Vt) and true density (ρs) (i.e., ρp = 1/[Vt + (1/ρs)]) [32,33]. h Estimated by the values
of particle density (ρp) and true density (ρs) (i.e., εp = 1 − ρp/ρs) [32,33].

As mentioned above, the nitrogen (N2) adsorption–desorption isotherms is commonly used to
analyze the porous characterization of carbon material. Furthermore, the pore size distributions of
the resulting biochars at the desorption branch were obtained by the Barrett–Joyner–Halenda (BJH)
method [36]. Figures 3 and 4 depicted the N2 adsorption–desorption isotherms (at −196 ◦C) and pore
size distribution curves of DMBC products, respectively. The isotherms in Figure 3 showed type
I shape, as expected for microporous materials because of its high adsorption potential at relative
pressure (P/Po) of less than 0.05. Obviously, a sharp “knee” point near P/Po around 0.05 was observed
in these isotherms, which corresponds to the monolayer capacity. However, the specific surface
area was commonly calculated from the values of P/P0 in the range of 0.05–0.30 [36]. As shown in
Figure 3, the steep increase in the isotherm slope up to P/Po (above 0.95) can be explained by capillary
condensation within the pores, followed by saturation as the pores become filled with nitrogen liquid.
The significant increase in pore properties occurred when the pyrolysis temperature was between 600
and 900 ◦C which should be due to the rigorous charring and shrinking reactions, thus developing
more porous structures in the DMC products (i.e., DMC-700, DMC-800, and DMC-900). On the other
hand, the hysteresis loop observed in the isotherms (Figure 3) is a typical Type IV for mesoporous
materials. According to the classification by the International Union of Pure and Applied Chemistry
(IUPAC), the DMBC products should be classified as being of the H4 type [36], indicating that the
resulting biochar products are complex carbon materials containing both micropores and mesopores.
More consistently, their pore size distributions observed in Figure 4 indicated two narrow profiles for
micropores (<2.0 nm) and mesopores (about 4.0 nm), respectively.
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Figure 3. N2 adsorption–desorption isotherms of DMC products (i.e., DMC-500, DMC-600, DMC-700,
DMC-800, and DMC-900).

Figure 4. Pore size distributions of DMC products (i.e., DMC-500, DMC-600, DMC-700, DMC-800, and
DMC-900).

In order to see the porous textures, the SEM observations were performed on the surface of DM and
DMC products. Figure 5 showed the SEM micrographs (×1000) of DM and optimal DMC product (i.e.,
DMC-900). As seen in Figure 5a, the DM exhibited a rigid and compact matrix, which was indicative
of its non-porous and rod-like features due to the lignocellulosic composition. By comparison, the
optimal biochar product (DMC-900) displayed porous structures on the surface. The SEM observations
were very consistent with their pore properties (Table 3). In addition, these findings were similar to the
literature survey by Mukome and Parikh [37].
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(a) DM (×1000) 

 

(b) DMC-900 (×1000) 

Figure 5. SEM images (×1000) of (a) dairy manure (DM), and (b) optimal biochar product (DMC-900).

3.3. Chemical Characterization of DMC Products

In order to correlate the chemical and agronomic properties of DMC products with pyrolysis
temperature, Table 4 provided the data on the proximate analysis (ash content), ultimate (elemental)
analysis (C/N), and calorific value. Obviously, the ash contents of DMC products indicated an upward
trend, increasing from 25.26 wt% to 42.21 wt% as pyrolysis temperature increased. However, the
calorific values of DMC products pyrolyzed from 500 ◦C to 700 ◦C slightly increased as their carbon
contents increased, but they then decreased above 700 ◦C due to the decrease in the carbon content
and/or the increase in the ash content. Compared to the data in Table 1, this can be further confirmed
by the increase in the carbon content from 42.6 wt% to above 50 wt%, clarifying that the carbon content
in the biochar products (i.e., DMC) significantly increased during the carbonization process. It should
be noted that increasing the carbonization temperature from 800 ◦C to 900 ◦C will induce more
gasification reaction, thus indicating a decrease in the carbon content of the resulting biochar product
(Table 4). On the other hand, the nitrogen contents of the biochar products (i.e., DMC) indicated a
decreasing trend. It can be ascribed to increase the emissions of N-containing pyrolytic gases at higher
carbonization temperatures.

Figure 6 showed the elemental compositions on the surfaces of the optimal product DMC-900 by
the energy dispersive X-ray spectroscopy (EDS). The contents of inorganic elements were consistent
with the data in Table 2. It can be seen that the content of oxygen in the DMC-900 was still high,
suggesting that the polar nature (i.e., hydrophilicity) enhanced by oxygen-containing functional groups
on the surface will be more significant [33]. Furthermore, the cation exchange capacity (CEC) of the
optimal product DMC-900 was determined in duplicate by the sodium acetate method to show a
high value of 57.5 ± 16.1 cmol/kg probably due to its high specific surface area and the presence of
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O-containing functional groups [37]. Therefore, the reuse of biochar as a soil amendment has been
shown to increase soil CEC through electrostatic interaction due to its negatively charged surface [38].
In order to increase the biochar CEC by embedding more acidic oxygen functional groups on the
surface, biochar was further treated with strong oxidants like hydrogen peroxide [39] and ozone [40].
Therefore, the removal of cationic pollutants (e.g., heavy metal ions, cationic dye) from aqueous
solutions by using DM-based biochars has been widely studied in the literature [10–17].

Table 4. Chemical properties of DMC products at different temperatures (500–900 ◦C) held for 30 min.

Biochar
Product

Proximate Analysis (wt%) a Ultimate Analysis (wt%) a Calorific Value a

Ash Combustible b Carbon Nitrogen (MJ/kg)

DMC-500 25.26 ± 0.03 74.74 50.69 ± 0.75 1.99 ± 0.02 19.38 ± 0.11
DMC-600 27.56 ± 0.31 72.44 52.52 ± 0.71 1.62 ± 0.02 19.92 ± 0.10
DMC-700 29.48 ± 0.32 70.52 53.33 ± 0.71 1.43 ± 0.04 20.38 ± 1.04
DMC-800 32.65 ± 0.42 67.35 53.61 ± 0.06 1.25 ± 0.07 19.67 ± 0.03
DMC-900 42.21 ± 0.06 57.79 50.51 ± 0.09 0.78 ± 0.02 19.72 ± 0.32

a On a dry basis; two measurements. b Including volatile matter and fixed carbon. It was calculated by difference.

 

 

Figure 6. Energy-dispersive X-ray spectrometry (EDS) analyses of optimal biochar product (i.e.,
DMC-900).

4. Conclusions

A series of porous biochar products (DMC) were prepared from dried dairy manure (DM) at high
pyrolysis temperatures (500–900 ◦C). The following conclusions were summarized:

1. According to the data on the thermogravimetric analysis (TGA) of DM, it is better to produce
highly porous DMC at temperature above 500 ◦C because of the intense devolatilization of its
lignocellulosic compositions and the increase in the aromaticity.

2. The optimal DMC product produced at 900 ◦C showed its BET surface area of 361 m2/g and total
pore volume of 0.24 cm3/g.
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3. From the N2 adsorption–desorption isotherms with the hysteresis loops (H4 type), the DMC
products are complex carbon materials, which contained both micropores (Type I) and mesopores
(Type IV).

4. The carbon contents of the biochar products (i.e., DMC) significantly increased to above 50%
during the carbonization process.

5. The cation exchange capacity (CEC) of the optimal DMC product showed a high value of 57.5 ±
16.1 cmol/kg.
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