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Abstract: Recent studies have proposed usage of biochar as a substrate amendment in green infras-
tructure, such as green roofs and bio-filtration units. However, understanding of the variation in
physio-chemical properties of biochar due to the production process and feedstock is still lacking. The
present study investigated the effects of pyrolysis temperature and feedstocks on the hygroscopic wa-
ter content and physio-chemical properties of biochar. Biochars were produced from three feedstock
types, invasive vegetation (i.e., water hyacinth), non-invasive vegetation (i.e., wood) and one animal
waste (i.e., chicken manure). Biochar was produced at two different pyrolysis temperatures (i.e.,
300 °C and 600 °C). Scanning electron microscopy + energy dispersive spectrometry (SEM + EDS),
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and Brunauer-Emmett-Teller
(BET) were performed on all samples to analyze the surface morphology, pore size, element content,
functional groups, and chemical bonds. Relative humidity was adjusted to reflect the biochar’s
hygroscopic property by measuring the maximum moisture content at the sample equilibrium state.
The characterization reveals that the lowest carbon content (42.78%) was found at 300 °C for water
hyacinth biochar (WHB). The highest carbon content (92.14%) was found at 600 °C for wood biochar
(WB). As the pyrolysis temperature increased, the mean pore volume (from 0.03 to 0.18 cm3/g) and
diameter (from 8.40 to 10.33 nm) of the WHB increased. However, the pore diameter of chicken
manure (CB) decreased (from 9.23 nm to 7.53 nm) under an increase in pyrolysis temperature. For a
given pyrolysis temperature, the hygroscopicity of WHB was highest among all biochars. With an
increase in pyrolysis temperature, the hygroscopicity of biochars changed differently. The hygroscop-
icity of WHB decreased from 82.41% to 44.33% with an increase of pyrolysis temperature. However,
the hygroscopicity of CMB and WB remained unchanged. This study suggests that production
process of biochars need to be considered for appropriate selection as substrate material in green
infrastructure. Further, it promotes the establishment of commercial production of biochar for usage
in green infrastructure.

Keywords: biochar; pyrolysis; agricultural waste management; surface characteristic; green
infrastructure; soil amendments

1. Introduction

Biochar, a black high porous material with high carbon content produced by pyrolysis
(thermochemical decomposition under a low or no oxygen state) of organic material has
been receiving increased attention in the last few decades [1-4]. It has already been widely
used for organic solid waste composting, decontamination of water and wastewater, as a
catalyst and activator, electrode materials and as an electrode modifier. However, different
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studies have investigated the use of biochar as a substrate amendment to optimize the
performance of green infrastructure [5]. Several studies have promoted the use of biochar
as an amendment in substrate materials in green infrastructure [6-8]. This is mainly due to
three factors: firstly, the large specific surface area and porous structure results in enhanced
adsorption performance and water retention behavior [9-12]. Secondly, biochar can be
used as a conditioner in soil to increase P and K availability in soil, regulate soil pH, thus
promoting plant growth and improving crop yield [13,14]. In addition, biochar is also
an adsorbent for the removal of heavy metals and phosphate pollutants [15-18]. Thirdly,
it is useful for carbon sequestration. The function and application of biochar is mainly
governed by its physicochemical properties. For instance, biochar with rich nutrients
can be used as soil amendments to improve soil fertility whereas biochar with a highly
porous structure can be used as a sorbent [5,19-21]. Biochar that is highly recalcitrance
in nature can be used for carbon fixation [19,22-24]. The application of biochar in green
infrastructure or for improving soil fertility is an old tradition, commonly used by farmers
of China, India, Europe, Japan, and America. In the literature, it has been reported that the
amelioration of soil with biochar can improve nutrient retention capacity and ultimately
improve soil fertility. It has also been reported that biochar-embedded soil improved the
seasonal net primary production. The physicochemical properties of biochar are directly
dependent on the preparation procedure (highest treatment temperature, holding time,
pyrolysis atmosphere, etc.) and feedstock properties (both physical and chemical) [25,26].
Among the above-mentioned parameters, feedstock property and pyrolysis temperature
play a crucial role in the determination of the physicochemical properties of biochar. For
example, in the study of Pariyar et al. [27], an increase in pH and BET surface area was
noticed, along with an increase in temperature.

Biochar can be prepared by slow pyrolysis, fast pyrolysis, flash carbonization, and
gasification [28-30]. Slow pyrolysis is a technique that uses a relatively long residence
time (hours to days) and a low heating rate (300 and 700 °C). The peak temperature is
the highest temperature reached during the pyrolysis process, which also plays a crucial
role in influencing physio-chemical properties [25,26,31]. Generally, the biochar yield
decreases as the temperature increases [32-34]. However, the fixed-carbon content in
biochar increases by increasing the peak temperature [31,35]. This increase is pronounced
in the temperature range from 300 °C to 500 °C. Generally, for most biochar, before
500 °C, hemicellulose and cellulose are decomposed, and volatile components gets con-
verted to gas [36]. When the peak temperatures are higher than 700 °C, biochar generally
lacks adsorptive properties [37,38].

Most of the previous studies focused on characterizing biochar produced from agri-
cultural residue/waste or animal waste. However, there are fewer studies that focus on
biochar produced from invasive plants. To the best of the authors” knowledge, the com-
parison of biochar produced from invasive plants and manure has rarely been reported.
Due to globalization, invasive plants have become a serious problem. Haphazard growth
of invasive plants has adverse effects on the natural environment and ecosystems and
causes massive national economic losses [39]. For example, in Nigeria, water hyacinth
control was estimated to cost $161 to $639 per hectare [40]. Invasive plant management
requires energy and is labor intensive and needs regular removal [39]. Since its introduction
about seven decades ago, water hyacinth has infested many water bodies across almost
half of China’s territory [41]. The water hyacinth is also considered to a plant with one
of the fastest reproductive abilities in the world [42]. The use of invasive plants in other
applications is a valuable effort. Typically, the water hyacinth is not used after removal
and is eventually wasted and will further produce weeds if left; thus, using these invasive
plants as a feedstock can provide a better substitute for waste management. Although few
studies on the physical and chemical characteristics of biochar produced from invasive
weeds have already been published [43—45], limited information is available on the biochar
properties derived from a wide range of feedstocks under different pyrolysis temperatures.
Hygroscopic water retention is an important characteristic that determines the ability of a



Water 2021, 13, 2613

30f18

material to absorb moisture from air at a given relative humidity. Such a characteristic can
further help to select appropriate biochar as a substrate material in green infrastructure.
Based on previous studies, the type of biomass has an effect on the hygroscopicity of
biochar [46]. Different pyrolysis temperatures show different hygroscopicities and water
retentions. Biochar obtained at a high temperature usually has a higher water absorption
than that obtained at a low temperature [47].

The objectives of this study are to compare the hygroscopic water retention and
physio-chemical properties of biochar produced from three different feedstocks (invasive
vegetation, non-invasive vegetation, and animal waste) and peak temperatures. Previous
literature focused on the physical and chemical properties of biochar prepared at random
combinations of feedstock type and pyrolysis conditions. The novelty of the present study
is that it specifically investigates the hygroscopic properties of biochar produced from
three contrasting feedstock types, invasive vegetation (i.e., water hyacinth), non-invasive
vegetation (i.e., wood), and an animal waste (i.e., chicken manure).

2. Materials and Methods
2.1. Collection of Biochar Feedstock

Wood and water hyacinth were collected from a local market. The collected materials
were initially washed, air dried, and pulverized. Prepared samples were stored in a sealing
zip bag for further usage.

2.2. Preparation of Biochar Samples

A programmable muffle furnace (STM-10-13) was used to produce biochar. All raw
materials were pyrolyzed at temperatures of 300 °C and 600 °C (heating rate of 10 °C-min ')
for a residence time of 180 min (refer to Table 1), respectively. Biochar was produced under
the conditions of filling nitrogen and controlling the temperature, as plotted in Figure 1
and Table 1.

Biochar yield was determined using the following procedure. The weight of the dried
pot was recorded as M;. The dried material was placed into the pot until it was % full. The
weight of the pot with the dried material was recorded as M;. Then, the pot was placed
into the furnace. The furnace was set as per the designated procedure. After 24 h, the
weight of the pot and biochar was measured and noted as M3. Then, the biochar yield was
calculated using the follow equation:

Biochar yield (%) = (M3 — Mj)/(Mz — M) 1

The biochar was ground to powder and passed through a 0.9 mm sieve. Then, the
biochar was transferred into sealing zip bags and labelled according to their feedstock
type. After obtaining biochar, samples were prepared in petri dishes measuring 10.3 cm in
diameter and 1.7 cm in height. For ease of interpretation of the results and for comparison,
samples were labelled in two parts. The first part was the feedstock of biochar (wood,
chicken manure and water hyacinth), and the second part was the pyrolysis temperature
(300 °C or 600 °C). For example, Wood 300 represents the sample of wood biochar produced
at 300 °C.
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Table 1. Temporal setting of pyrolysis process in the thermal decomposition furnace.

Parameter Value Remark
c01 02/0P The initial temperature of the first stage (°C)
t01 30/60 Operation time of the first stage (min)
c02 300/600 The initial temperature of the second stage (°C)
t02 180/180 Operation time of the second stage (min)
c03 300/600 The initial temperature of the third stage (°C)
t03 30/60 Operation time of the third stage (min)
c04 0/0 The initial temperature of the fourth stage (°C)
t04 —121/-121 Ending order in the program

(Note: 2 and ® mean the heating routine of low and high pyrolysis processes, respectively).

Feedstock l Temperature I l Sample ID I

{

v _v v
( ( (

Wood

Chicken
manure
600 'C CMB 600

water
hyacinth

\

/

\

/ 300 °C WHB 300
L 1

Figure 1. Biochar production conditions and sample grouping.

S — R —

2.3. Biochar Characterization
2.3.1. Physical and Chemical Structure

The physical structure of biochar prepared from different feedstocks and at varying
temperatures was investigated using SEM analysis. Analysis was conducted using Zeiss
Supra 40 scanning electron microscopes (Carl Zeiss SMT, Oberkochen, Germany). Simulta-
neously, the EDX probe mounted to the SEM was used to determine the element content.
Appropriate fields were selected for each biochar sample. The element content measured
at each target point was averaged. Table 2 summarizes the values of C, O, Na, Mg, Al, Si, P,
ClL K, Ca, S, Rh, B, Te, and Mn for each biochar.

The chemical structure of biochar in the present study was investigated using FTIR
(Model: Nicolet is 50, USA) analysis. For this purpose, 1-2 mg of dry biochar was
mixed with anhydrous KBr (1:800 by weight) and then ground in an agate bowl and
further pressed for infrared scanning. FTIR was used to scan 15 times in the range of a
4000-400 cm~! wave number. The resolution factor was 4 cm~!. The infrared spectrogram
was scanned and recorded using a deuterated triglycine sulfate detector.t
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Table 2. The average percentages of elements of various biochars at different temperatures.

Element (wt.%) WB 300 WB 600 CMB300 CMB600 WHB300 WHB 600

C 80.01 92.14 60.15 51.64 4278 66.35
O 19.43 5.51 20.87 13.54 22.08 10.16
Na 0 0 1.08 2.79 3.43 0.39
Mg 0.11 0.07 0.77 0.30 3.97 0.67
Al 0.05 0.04 0.33 0.00 0.04 0.00
Si 0.00 0.07 0.71 1.33 0.15 0.14
P 0.00 0.02 4.44 1.67 2.65 1.07
Cl 0.00 0.00 0.59 11.27 7.87 6.09
K 0.00 0.56 4.85 15.21 3.82 6.22
Ca 0.45 1.58 5.39 1.65 6.28 8.29
S 0.00 0.00 0.53 0.52 0.09 0.14
Rh 0.00 0.00 0.00 0.00 0.33 0.13
B 0.00 0.00 0.00 0.00 3.44 0.00
Te 0.00 0.00 0.00 0.00 0.31 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.37

Total 100.05 99.99 99.71 99.92 97.24 100.02

2.3.2. Quantitative Phase Analysis (XRD)

A X-ray diffractometer (D8 ADVANCE) was used to analyze crystallographic structure
(atomic and molecular) of biochar. The X-ray diffractometer was operated at 40 kV and
20 mA. The data were collected over a 26 range of 0-50° using Cu-K« radiation at a scan
rate of 2° min~!. The phase peaks were identified by comparing the observed XRD patterns
to the standards compiled by the Joint Committee on Powder Diffraction and Standards
(PDF22004).

2.3.3. Brunner Emmet Teller (BET)

The surface area of the biochar was evaluated using the BET method. This method
helps to establish adsorption and desorption curves of nitrogen at liquid nitrogen tem-
peratures. Liquid nitrogen volume was obtained by equivalent substitution of capillary
condensation and volume, i.e., pore volume and pore diameter distribution. The absorption
and desorption curves were transformed into a pore diameter distribution using the BET
model method. Based on the principle of equivalent substitution of capillary condensation
and volume, liquid nitrogen volume was converted to pore volume. The difference in the
characterization structure of the biochar was found through comparative analysis of pore
volume and pore size distribution.

2.3.4. Hygroscopicity of Biochar at Different Feedstock and Pyrolysis Temperatures

The hygroscopicity of biochar was investigated by controlling the temperature (30 °C)
and changing the relative humidity (RH) [48,49]. The study was conducted for 7 weeks
by fixing the humidity chamber temperature to 30 °C. RH was initially set at 90% to allow
the sample to absorb enough moisture. Then, RH was adjusted to 50%. At this humidity;,
the test chamber was relatively dry, and the sample was in a desorption state. When the
sample was in the equilibrium stage, the RH was adjusted to 90% with a step interval of
10% RH. Therefore, the experiment was divided into 6 periods according to different RH
conditions. The water content of the sample was calculated by continuously recording
the change in the sample quality. When it reached equilibrium, the moisture content of
each sample was recorded as the maximum moisture content under RH conditions. For
better comprehension, the objectives and methodology used in this study are graphically
presented in Figure 2.
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Figure 2. Schematic representation of the objectives of this study.

3. Results
3.1. SEM + EDS

The microstructure of biochar is essential for the water-holding and adsorption ca-
pacity of soil [50]. SEM images of biochar prepared from different materials at different
temperatures were captured under the same magnification for comparison. At the same
pyrolysis temperature, the surface structure of biochar produced from different biomass
was significantly different. At 300 °C, the biochar produced from wood was mainly a sheet
structure (a), the biochar produced from water hyacinth was mainly a block structure (c),
and the biochar produced by chicken manure was mainly a granular structure (e). Biochar
produced from plant waste seemed to be more porous than that of chicken manure (i.e.,
animal waste). In addition, the surface structures of the biochar varied with different
pyrolysis temperatures. As observed in the samples produced at 300 °C, they presented
smooth and compact surfaces (Figure 3a,c,e). However, the samples pyrolyzed at 600 °C
exhibited more porous, rough, or pitted surface textures (Figure 3b,d,f) indicating more
amount of charring of the material at a higher pyrolysis temperature. Such micro-structures
can have implications on water retention performance in green infrastructure. Biochar
produced from plant waste may tend to absorb more water than that of animal waste. The
hygroscopicity of plant-based biochar is strong. Biochar produced from plant appears to
have a larger specific surface area than that produced from chicken manure. Mangrich et al.
showed that a high surface area of the biochar can improve the water holding capacity of
soil [49,51-53]. However, from a SEM image, it may not be conclusive to how pyrolysis
temperature would influence water retention.
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2pm EHT= 4.00 kV Signal A= InLens Date :1 Nov 2019
WD= 5.2 mm Mag= 500KX Time :15:39:54

(a) Biochar made from wood at 300 °C

2pm EHT= 4.00kV Signal A= InLens Date :1 Nov 2019
WD= 51mm Mag= 200KX Time :16:20:44

(c) Biochar made from water hyacinth at
300 °C

Date :1 Nov 2019
Time :16:11:41

(e) Biochar made from chicken manure at

300 °C

2pm EHT= 500 kV Signal A= InLens Date :25 Oct 2019
WD= 5.0 mm Mag= 200KX Time :11:05:10

(b) Biochar made from wood at 600 °C

2pm EHT= 5.00kV Signal A= InLens Date :25 Oct 2019
WD= 4.9 mm Mag= 200KX Time :16:54:36

(d) Biochar made from water hyacinth at
600 °C

2pm EHT= 5.00kV Signal A= InLens Dafe :25 Oct 2019
WD= 4.9 mm Mag= 200KX Time :12:20:38

(f) Biochar made from chicken manure at
600 °C

Figure 3. The same resolution SEM images of different materials that was pyrolyzed at 300 °C (a,c,e) and 600 °C (b,d,f).
Comparing the SEM images of various biochars at different preparation temperatures, the porous structure of biochar
gradually becomes obvious and tends to be broken with the increase of pyrolysis temperature.

Table 2 summarizes the relative content of elements of biochar produced by wood,
chicken manure, and water hyacinth (at different pyrolysis temperatures). The content of
carbon (C) and oxygen (O) of water hyacinth at different pyrolysis temperatures showed
an obvious difference. The C and O content for CMB and WB had similar values. As for
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water hyacinth, the content of carbon (C) increased from 42.78% to 66.35% upon an increase
in pyrolysis temperature from 300 °C to 600 °C. This indicates a higher extent of charring
with pyrolysis temperature. On the other hand, the proportion of oxygen (O) reduces
from 22.08% to 10.16% with an increase in temperature from 300 °C to 600 °C. A previous
study reported that, as the pyrolysis temperature increases, impure volatile products and
unstable structures (oxygen (O) and chlorine (Cl)) are gradually reduced, along with the
conversion of alkyl and O-alkyl C to aryl C [54].

It can be seen from Table 2 that the proportions of C of CMB (60.15%) and WB (80.01%)
were clearly different. The reason for this phenomenon is that the compounds in WB and
CMB are disparate. WB is mainly composed of aromatic hydrocarbons and phenols. The
aromatic structural components and the alkyl or oxygen-containing heteroatomic groups
attached to the aromatic structure constitute biochar [55]. However, the components of
CMB are primarily N-heterocyclics and phenols [56]. In addition, the proportion of O in
CMB (20.87%) was similar to WB (19.43%).

3.2. FTIR

The effect of feedstock type and pyrolysis temperature on chemical structure of
biochar was investigated using FTIR analysis. Figure 4a,b show the spectrums of each
biochar at 300 °C and 600 °C, respectively. The overall shapes of this spectrum were
very similar for all biochars. Both spectra indicate complex bands at 1800-500 cm ! due
to the aromatic C=C band and different substitution reaction of the aromatic ring [57].
The number of characteristic peaks of biochar at 300 °C are greater than at 600 °C. The
higher the temperature, more is the decomposition of biochar components. At 600 °C,
some functional groups tend to disappear (i.e., characteristic peak as per corresponding
wavenumber; [58]). More functionalities can be detected at 300 °C. At 300 °C, some
components of cellulose, hemicellulose, and lignin are still retained in biochar, while at
600 °C, the pyrolysis components are mainly aromatic compounds with reduced oxygen
and increased carbon [59].

60 -

4 —WHB-300 ——CMB-300 WB-300
55 A

50

Transmittance (%)

R-COOH
OH -C=CH, -CHO

-5 — T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumbers(cm™)

(a)

Figure 4. Cont.
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-5 L B R A B e L.
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumbers(cm")

(b)

Figure 4. (a) FTIR spectrum of biochar prepared at 300 °C. (b) FTIR spectrum of biochar prepared at
600 °C.

Table 3 summarizes the functional groups of all types of biochar. Both spectra show
an obvious band at 3700 and 3200 cm ™! due to the stretching vibration of ~OH of the
alcohol and phenol associated with intermolecular hydrogen bonding. With an increase in
pyrolysis temperature, -OH is continuously lost. They also show bands at 3200-2920 cm ™!
corresponding to the stretching vibration of -CHj3. The pyrolyzed WB and CMB obtained
at 600 °C do not contain —CHjs. This indicates that -CHjz has been decomposed during
the heating process from 300 °C to 600 °C. The bands at 1820 cm~!-1670 cm~! were
due to the stretching vibration of -COOH. However, WB at 600 °C does not contain
these functionalities, indicating that -COOH is also decomposed with an increase in
pyrolysis temperature. The bands at 1080-1220 cm ™! corresponded to C-O extension. The
surface functional groups of biochar from different feedstocks were roughly the same. At
higher temperatures, hemicellulose and cellulose tend to decompose more. Reduction in
functionalities indicates that biochar produced at higher pyrolysis temperature may have
lower tendency to mitigate nutrient leaching, as well as pollutant sorption. This may not be
favorable for amendment of a substrate in green infrastructure, which is subjected to higher
loads of pollutants in incoming storm water. However, a higher temperature usually leads
to more porosity but a reduction in functionalities (essential for pollutant sorption) and
can also have a negative impact on the performance of green infrastructure. Future studies
are needed to evaluate the effectiveness of biochar (in this study) on water retention and
pollutant sorption phenomena in the field.
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Table 3. Characteristics wavenumber and the corresponding transmittance of biochar.

Functional WB 300 WB600 CMB300 CMB600 WHB300 WHB 600
Group (%) (%) (%) (%) (%) (%)
O-H v v v v v v

3743154 3451955  3727.726  3727.726  3727.726  3687.228
v v v v
—C=CH, 2985.266 2996.837 2985266 ~ 2948.626
v v v v v
R-COOH 1824.329 1820.043 1700.908 1793.474 1700.908
v
C-C-H 1494562
v v v
R-CONH- 1535.059 1521.56 1535.059
a_ v v
R-50s; 1234219  1186.007
Ié—ocfgg v v v v
COCCO 1072.227  1072.227 1083.798 1087.655
v v v v
~CHO 885.166 879.381 869.738 848.525
3.3. BET

Table 4 summarizes the Brunauer-Emmett-Teller (BET) properties (i.e., surface area,
pore volume and distribution) of biochar. The specific surface area of biochar is generally
larger than that of sandy soil and clay (ref). This suggests that biochar addition to soil
can increases its total specific surface area and water storage capacity. The pore structures
of biochar produced from different materials at various temperatures are quite different.
According to the size of biochar pores, the pores in biochar can be divided into micropores
(<0.8 nm), small pores (0.82 nm), medium pores (>2-50 nm), and large pores (>50 nm).
Micropores have the greatest effect on the specific surface area of biochar. Micropores are
conducive to adsorbing more molecules, such as gases and common solvents. Macropores
mainly affect soil permeability and water transport [60]. The specific surface area of
micropores in biochar are significantly larger than those of macropores, but the macropores
have a larger volume, which will play a more significant role in soil improvement [61]. In
the present study, the pores of biochar were mostly mesoporous.

Table 4. Texture properties of materials.

Sample Surface Area The Pore Volume Pore Size Distribution
P (m?/g) (cm3/g) (nm)
WB300 19.81 0.03 6.15
WB 600 73.12 0.15 10.88
CMB 300 19.31 0.05 16.03
CMB 600 75.33 0.15 10.88
WHB 300 15.40 0.03 8.69
WHB 600 62.93 0.20 13.81

3.4. XRD

Figure 5a,b shows the X-ray diffraction for different types of biochar. Biochar phase
analysis results made from various materials were compared at 300 °C and 600 °C, respec-
tively. As shown in the figure, the results showed significant differences in the components
of biochar of the same species at different pyrolysis temperatures. The biochar prepared at
300 °C was mainly acidic. Cellulose and hemicellulose will decompose at 300 °C, produc-
ing organic acids and phenolic substances, reducing the pH value of biological carbon [62].
The biochar prepared at 600 °C was mainly alkaline because the decomposition of organic
matter at 600 °C increases the pH value of biochar [63]. Such a change in pH value will have
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implications on plant growth and survival in green infrastructure [64]. Highly alkaline
biochar may hinder plant growth and also affect pollutant sorption in green infrastructure.
The main components of biochar were different at the two temperatures. This indicates
that, with an increase in temperature, the composition of biochar will change significantly.

e CaC,0,(1,0)
¢ A(OH),
* . + WHB-300

PRV PRPORRPP S [ FYVSNY PR piedeameiiin

' + Si0,
* . WB-300
"ur"lv'i"‘a:mj.'la TR T PP S TR O SPTIRGR ¥ A P70 [} N s st
[ ]

+ 8i0,
* KC1
CMB-300

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
Angle (20)

(a)

* CaCo,
. R WHB-600

vy

I ¢ CaCO,

¢
s o ¢ * . WB-600
WWWMWkWI dw YA ATy

e KCI
¢ CaCoO,
CMB-600

Intensity (a.u.)

Angle (20)

(b)

Figure 5. (a) XRD results for all biochar samples at 300 °C. (b) XRD results for all biochar samples at
600 °C.

At the same pyrolysis temperature, the phase analysis results of different biochars
were compared (refer to Figure 5a,b and Table 5). At 600 °C, all biochars contained CaCOs
and CO32~, which may play an essential role in adsorption capacity and the removal
mechanism of adsorbates [65]. There were significant differences in the composition of all
types of biochar at 300 °C. For example, only WB and CMB contained SiO,. The pyrolysis of
biochar was incomplete at 300 °C, as indicated by the XRD pattern. When the temperature
increased to 600 °C, the internal components of biochar decomposed. The carbon content
was increased with the decrease of oxygen and other elements.
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Table 5. Phase analysis results for all biochars.
Sample Similar Material Main Ingredients
WHB 300 Aluminum hydroxide Al (OH)3
WB 300 Quartz SiO,
CMB 300 Dolomite, quartz CazMg (CO3),, SiO,
WHB 600 Calcite CaCO3
WB 600 Calcite CaCOs
CMB 600 Calcium aluminate, calcite CazAl,Og4, CaCO3

3.5. The Hygroscopicity of Biochar

Figure 6 shows the hygroscopic characteristics of all biochar prepared at 300 °C and
600 °C. The value of the maximum moisture content varied from 5% to 80% for all biochar
samples. Among different biochar types at a given pyrolysis temperature (at 300 °C and
600 °C, respectively), it could be concluded that WHB had the strongest hygroscopicity
ability, followed by chicken manure biochar. WB had the weakest hygroscopicity ability.
This was because, at the same pyrolysis temperature, the hygroscopicity of biochar was
mainly affected by the carbon and oxygen content of biochar (i.e., the content of oxygen-
containing functional groups; [66]). According to Table 2, it can be observed that the total
carbon and oxygen contents of WHB, CMB, and WB were 64.86%, 81.02%, and 99.44% at
300 °C, respectively. The three kinds of biochar’s carbon and oxygen content was as follows:
WHB < CMB < WB. Therefore, these three kinds of biochar hygroscopicities were mani-
fested as: WHB > CMB > WB.

RH:  [T90% ]+ s50%] [ 60% |~ 70% || 80% |-~{90%

90
80 }
- e J
70 < WB 300
9 —+—CMB 300
< - —— WHB 300
T WB 600
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§ > WHB 600
3 ' : =
= 404 ‘
2 ]
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20 - /?W '4% : f,_‘,/w
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Figure 6. Water absorption behavior of different biochars with time at different relative humidity
conditions under 30 °C temperature conditions.

For a given biochar at different pyrolysis temperatures, it could be concluded that the
hygroscopicity of WHB prepared at 300 °C was stronger than that prepared at
600 °C. However, the hygroscopicity of CMB and WB did not change significantly with the
change in pyrolysis temperature. A possible reason for this phenomenon is that biochar
prepared at 300 °C contains hydrophilic oxygen-containing functional groups. These
groups tend to decompose at higher pyrolysis temperatures [67,68]. On the other hand,
specific surface area and pore volume of biochar are usually enhanced at higher pyrolysis
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temperatures [69,70]. The lower hygroscopic nature of WHB-600 as compared to WHB-300
could be due to the fact that the loss of chemical adsorption capacity (due to functional
groups) was greater than the enhancement of physical adsorption capacity (due to specific
surface area). In the case of CMB and WB, the loss of the chemical adsorption capacity
of the functional groups is likely similar to the enhancement of the physical adsorption
capacity. It could be seen from Figure 6 that, for each biochar sample, the moisture content
of the sample was only related to the temperature and relative humidity of the environment.
After changing the humidity, the maximum moisture content of the biochar changed, but
eventually it tended to be a stable value.

Table 6 summarizes studies of other scholars on the hygroscopicity of biochar. It can be
seen from the table that the feedstocks and pyrolysis temperature have significant influence
on the hygroscopicity of biochar [46,48,71]. Compared with other studies, the WHB-300
shows excellent hygroscopicity (maximum moisture content is 79.09%). The hygroscopicity
of different biochar in different temperature is quite different. The structure of biochar
is affected by pyrolysis temperatures, which affects the water absorption performance
of biochar [72]. Therefore, reasonable selection of feedstock and temperature is of great
significance to improve the hygroscopicity of biochar in green infrastructure.

Table 6. The performance of biochar on hygroscopicity.

Pyrolysis The Maximum Water

Study Feedstocks Temperature Content (%) Remarks
370 °C 50.62
Gray et al. [71] hazelnut shells 620 °C 60.56 Hygroscopicity increases with
Douglas fir chips 2;8 Zg ?g:l)’g increasing temperature
250 °C 16.38 Hygroscopicity decrease with
Chen etal. [45] Tobacco stem 850 °C 12.53 ygigncreaslzng émperature
200 °C 15.72
225 °C 14.58
Cedar wood 250 °C 13.03
275 °C 10.20
300 °C 7.79
200 °C 11.15
225°C 9.64
Polar wood 250 °C 8.33
275 °C 7.53
. 300 °C 7.37 Hygroscopicity decrease with
Jiang et al. [46] 200 °C 13.74 y?ncreagng femperature
225°C 12.27
Corn stalk 250 °C 11.93
275 °C 11.47
300 °C 11.26
200 °C 17.29
225 °C 15.97
Wheat straw 250 °C 13.97
275 °C 12.38
300 °C 12.18
Water hyacinth 288 Og Z?gg
o ; The hygroscopicity of water
300 °C 6.82 ; .
Present study Wood 600 °C 736 hyacmt.h decrease with
. 300 °C 23.07 increasing temperature
Chicken manure 600 °C 2461

Green infrastructure has been extensively advocated to realize sustainable cities and
manage storm water. It has been defined as “the network of green spaces and water systems
that delivers multiple environmental, social, and economic values and services to urban
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communities” [73]. Water holding capacity is considered an important characteristic of
green infrastructure and has been studied by many researchers and practitioners in recent
years. Some media commonly used for green infrastructure are summarized in Table 7,
where it can be noted that most materials can improve the water retention capacity of green
infrastructure by 30% to 40% [74-76]; however, water hyacinth biochar produced at 300 °C
in this study can significantly improve water retention capacity by about 80%. Furthermore,
compared with other materials, biochar has a wider source and lower preparation cost.
Therefore, biochar is a promising substrate material in green infrastructure.

Table 7. Summary of media commonly used for green infrastructure.

Study Materials Water Holding Capacity (%)
Cocopeat 39

Nagase, A. [74] Commercial greeljl roof substrate 37.5
Peat moss 82.4

Perlite 57.9

Bollman, M. A. et al. [75] Rf;rcrilrllcc(leer 2(2)?
River sand 441

Vermiculite 41.6

Crushed brick 28.2

Graceson et al. [76] Crushed tile 325
Lytag 30.0
Water hyacinth biochar (300 °C) 79.07

Water hyacinth biochar (600 °C) 41.29

Present study Wood biochar (300 °C) 6.82
Wood biochar (600 °C) 7.36
Chicken manure (300 °C) 23.07

Chicken manure (600 °C) 24.60

Such observation has implications while selecting suitable amendment material for
substrate in green infrastructure. For areas or regions characterized by higher total rainfall
or high humidity, it may be more relevant to use biochar produced from water hyacinth
at 300 °C as compared to other types of biochar as listed in Table 7. In addition, the
availability of feedstock in that particular region need to be considered for maintaining
low cost of production of biochar. Further, a proper cost benefit analysis is also required
considering cost of biochar production, as well as long term impact of biochar on green
roofs performance and carbon sequestration.

4. Conclusions

In this study, the hygroscopic water retention and physio-chemical properties of
biochar prepared using three different raw materials, i.e., invasive vegetation, non-invasive
vegetation, and animal waste, at 300 °C and 600 °C, were compared and analyzed. The
study shows that the feedstocks and the pyrolysis conditions greatly influence hygroscopic
water content and physio-chemical properties of biochar. The surface structure of biochar
produced from different feedstock type was significantly different. With an increase
of pyrolysis temperature, the aromatization degree of biochar increased, and biochar’s
stability was greatly improved. Meanwhile, the porous structure of biochar was eventually
obvious and tended to be fragmented.

The porosity of biochar and the hydrophilic groups can affect its hygroscopicity.
Higher pyrolysis temperature leads to loss of chemical adsorption capacity and the en-
hancement of physical adsorption capacity. At the same temperature, WHB had the
strongest hygroscopicity ability, while wood had the weakest ability of hygroscopicity.
Compared with WB, WHB is considered a preferable substrate material in green infras-
tructure. Except for the WHB, the hygroscopicity of biochar did not change significantly
with the change of pyrolysis temperature. The appropriate biochar pyrolysis mode and
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feedstocks can be chosen to improve the water retention of substrate in green infrastructure.
For minimizing the environmental impact and supporting the implementation of green
infrastructure more comprehensive research on the use of produced biochar as soil amend-
ment under extreme climatic conditions (such as drought and freeze-thaw) is encouraged.
This study promotes the development of commercial industries that produces specific
types of biochar for usage in green infrastructure.
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