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Abstract

This study evaluated the feasibility of using biachproduced from three types of crop residues
for immobilizing Pb and As and their effects on thleundance of microbial community in
contaminated lowland paddy (P-soil) and upland ¢U)}sagricultural soils. Biochars were
produced from umbrella treeMpesopsis eminii] wood bark [WB], cocopeat [CP], and palm
kernel shell [PKS] at 500 °C by slow pyrolysis aheating rate of 10 °C miih Soils were
incubated with 5% (w W) biochars at 25 °C and 70% water holding capaftity45 d. The
biochar effects on metal immobilization were evéddaby sequential extraction of the treated
soil, and the microbial community was determined rojcrobial fatty acid profiles and
dehydrogenase activity. The addition of WB causkd targest decrease in Pb in the
exchangeable fraction (P-soil: 77.7%, U-soil: 91)5%llowed by CP (P-soil: 67.1%, U-soil:
81.1%) and PKS (P-soil: 9.1%, U-soil: 20.0%) coneplato that by the control. In contrast, the
additions of WB and CP increased the exchangealsleinAU-soil by 84.6% and 14.8%,
respectively. Alkalinity and high phosphorous contef biochars might be attributed to the Pb
immobilization and As mobilization, respectivelyhd silicon content in biochars is also an
influencing factor in increasing the As mobilityottever, no considerable effects of biochars on

the microbial community abundance and dehydrogeacipéty were found in both soils.

Keywords: Black carbon; Slow pyrolysis; PLFA; Soil enzymesgxic metals



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

1. Introduction

A large amount of crop residues is generated wadédwand their proper use as an initial
feedstock for many applications is very desiraldeause of the carbon-rich composition and
renewability of the crop residues (Colantoni et 2016). The production of global crop residues
has reached >3.7 Pg'yand its potential increase can be >1.3 Pg The environmentally
benign practices of crop residues in the form otbhars are widely considered for soil carbon
sequestration or soil quality improvement (Ahmaalet2014b; Kim et al., 2015; Rajapaksha et
al., 2015).

Biochars, a carbon-rich mixture of in/organic compds, are generated as a byproduct in
pyrolysis of feedstocks at limited oxygen condisdhehmann and Joseph, 2009). The feedstock
properties such as density, particle size, parsbl@pe, thermal conductivity, and permeability,
and the intrinsic properties.€., lignin, cellulose, and hemicelluloses contentanposition of
inorganic compounds, moisture content, etc.) aee ithportant factors for determining the
properties of biochars (Joseph et al., 2009). bitewh to the feedstock properties, the pyrolytic
conditions also determine the physicochemical ptaseof biochars (Ahmad et al., 2014b). On
the basis of these results, research studies wadcted with various pyrolytic conditionise(,
slow/fast pyrolysis, gasification, etc.) to generatochars (Manya, 2012; Poucke et al., 2016).
The chemical performance of biochars is dependentsophysiochemical properties, including
surface area, porous structure, surface functigralps, ash content, crystalline and amorphous
carbon structures, and elemental composition (Ahetaal., 2013; Inyang et al., 2016; Qian et
al., 2015; Rajapaksha et al., 2014). An increadasioohar surface area mainly results from the
liberation of volatile matter from the pore spaeeth increasing pyrolysis temperature (Ahmad

et al., 2014a). The reported biochar surface ameged from 0.1 to >900 ry* (UC Davis
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Biochar database, 2015). Generally, slow pyrolylziedhars have a large surface area and high
carbonization degree because low heating ratedoagdholding times facilitate the removal of
volatile matter and the systematic arrangemieeat grapheme-like structures) of organic carbon
structures (Manya, 2012). Therefore, the slow pyedl biochars have properties favorable for
soil amendment, soil fertility improvement, and t@ninant immobilization, in addition to its
benefits in soil carbon sequestration (Gémez eR@all6; Pandey et al., 2016).

Although biochars have been known as soil amendsrtergffectively immobilize soil heavy
metals, the efficacy of slow pyrolyzed biochars swil microorganisms has not been well
investigated yet (Ahmad et al., 2014a, 2016a,b;eksoh et al., 2011; Lehmann et al., 2011; Luo
et al., 2013; Oleszczuk et al., 2014). Scientistyehreported contrasting observations in
microbial communities following biochar applicatiém soils mainly because of the differences
in biochar and soil properties and biochar apphecatates (Luo et al.,, 2013). The readily
available carbon and nutrients, large surface aaed, porous structures of the biochars are
considered as the favorable factors for soil miogrowth (Lehmann et al., 2011). Among
these factors, the readily available carbon andenit are reported as the most important factor
for improving the microbial community abundance hint a short term (Kolb et al., 2009).
Biochars produced at a low temperature containga lmmount of carbon, which is readily
available (Ahmad et al., 2014b). However, the expental evidence associated with soil
microbial community abundance and mass transpontafi.e.,, carbon and nutrient) from
biochars to microorganisms is not fully establisifeehmann et al., 2011). In addition, the role
of biochars in microbial abundance in metal-contated soils remains largely unknown. The
present study hypothesizes that the high metalrptisn capacity of biochars because of their

large surface area and high aromaticity could lother biotoxicity of metals in contaminated
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soils, thereby improving the soil microbial commynabundance in soil within a short term.
Reduced biotoxicity of metals also helpsimrsitu biogeochemical processes for organic matter
decomposition and nutrient cycling in the soil. &@luate our hypothesis, we produced biochars
at 500 °C by slow pyrolysis to increase the surfacea and aromaticity and tested their
effectiveness in Pb and As immobilizations and obal community abundance in
contaminated agricultural soils. Three types ofaresidues containing large amounts of lignin
were used as the biomass for producing slow pydll@ochars to obtain high aromaticity.

The objectives of this study are to evaluate (B dfficacy of immobilization of heavy
metals in contaminated agricultural soils by usimigchars produced from umbrella tree
(Maesopsis eminii) wood bark (WB), cocopeat (CP), and palm kernadlis(PKS), (2) the
changes in chemical properties of heavy metal-coma@ted agricultural soils with the
incorporation of three biochars, and (3) the mi@blscommunity abundance and activity in
heavy metal-contaminated agricultural soils witke timcorporation of three biochars, using
laboratory incubation. Sequential extraction of aigtwas used to analyze the metal
immobilization by biochars. The fatty acid methgter (FAME) analysis and the dehydrogenase
activity were used to evaluate the microbial comityumnd the activity in heavy metal-

contaminated soils treated with biochars, respelstiv

2. Materialsand methods

2.1. Biochars

Biochars were produced from three crop residueleaed from Indonesia: umbrella trefé.(
eminii) WB, CP, and PKS, as reported in a previous stuydizee et al. (2013). Slow pyrolysis

was performed at a heating rate of 10 °C hfiom ambient temperature to 500 °C and holding
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it at 500 °C for 1 h to produce biochars. A complahaerobic condition was maintained inside
the furnace by blgas at a purging rate of 1.5 L nfiriThe biochar properties are listed in Table 1
(Lee et al., 2013). The graphitized carbon streguand the surface functional groups of
biochars were characterized by Raman spectrophttpifdRAMIS, Horiba, Japan) and Fourier

transform infrared spectroscopy (FT-IR; FrontiegrtkhElmer, UK), respectively.

2.2.  Soil collection and characterization

Contaminated agricultural soils were collected franbowland paddy field (P-soil), which is
located near the closed Seoseong mine at Seog86-88° N, 126.45° E) in Chungnam-do,
Korea, and from an upland fallowed agriculturalldigU-soil), which is located near the
Tancheon mine at Gongju-si (36.44° N, 127.12° E}lmingnam-do, Korea.

Soils were air dried and screened using a 2-mmnesi8uil texture (by the pipette method),
pH and electrical conductivity (1:5 soil to deiomiz water), exchangeable cations {C&",
Mg?*, and N&), exchangeable Pb (ammonium acetate at pH 7; IEB;@ptima 7300 DV,
Perkin-Elmer, USA), and total As and Pb (MARS, H®lus, CEM Corp., NC, USA) were

determined (Ahmad et al., 2016a; Smith and Mulli®91; USEPA, 2007).

2.3. Soil incubation experiment

A short-term laboratory incubation study was corndddo evaluate the biochar effects on As
and Pb immobilizations and soil microbial commuratyundance. Biochar incorporation could
increase the soil microbial community abundancehort term because of its volatile matter
supplement (Lehmann et al., 2011). A mixture of §0&bil and 5% (w W) biochar was placed

in a 600-mL high-density polyethylene bottle. Thater content in the bottle was adjusted to
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70% water holding capacity and incubated at 25n'@ark for 45 d in an incubator (MIR-554,

SANYO Electronic, Co., Ltd., Tokyo, Japan). Eaagkatment was performed in triplicates. The
bottles were opened every 3 d to maintain the wadetent and avoid anaerobic condition. Once
the incubation was completed, the soil samples wellected and stored at 4 °C for microbial
analysis on the next day. Soil chemical properéied dehydrogenase activity of the air-dried

samples were determined.

24.  Soil characterization

2.4.1. Chemical properties

Exchangeable cations (€EaK*, Mg?*, and N4), total As and Pb contents, pH, and EC were
determined, as described in section 2.2. The vatlemible anion and cation concentrations were
determined by using an ion chromatograph (IC; Metra®Compact IC-861, Switzerland) and an
inductively coupled plasma optical emission speungter (ICP-OES; Optima 7300 DV, Perkin-

Elmer, USA), respectively, as described by Rajapakst al. (2015). The total carbon and

nitrogen contents were determined using an elerhangédyzer (Eurovector, EA, Italy).

2.4.2. Sequential extraction

The sequential extraction procedure explained lssite et al. (1979) was used to evaluate the
geochemical metal(loid) fractions in soils. Onengraf air-dried soil was used for the sequential

extraction of metal(loid) fractions, and the cortcations of As and Pb were analyzed in each
consecutive supernatant using the ICP-OES. Diffeselutions at different pH values were used

to extract five geochemical metal(loid) fractiomxchangeable, bound to carbonates, bound to

Fe and Mn oxides, bound to organic matter, andluvasias explained by Tessier et al. (1979),
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and the concentrations of As and Pb were analyzea@ch consecutive supernatant by using the
ICP-OES.

The quantification accuracy of As and Pb fractiores calculated, as described by Anti
Mladenovt et al. (2011).

% :E fiva fr'rzr;rionsl:n:lgkg_“} % 100
TMC (makg=1)

Recovery

where TMC is the total metal(loid) content obtairiexin the soil digestion (USEPA, 2007). The

average recoveries of As and Pb in soils were 8%.46d 92.25%, respectively.

2.4.3. Geochemical modeling
Geochemical modeling by visual MINTEQ ver. 2.6 s@ite was used to predict the possible
precipitation of Pb compounds. Water soluble catig@a’, Mg?*, Na', K*, Mn?*, AI**, Fe*,
and PB" and anions (Gl SQ*, PQ¥, and NQ) were used as the input parameters. A
temperature of 25 °C, Gvressure of 16% atm, and the pH of aqueous suspensions were used
as the fixed parameters (Cao et al., 2008). Thsilpitisy of mineral precipitation was identified
from the saturation index (Sl) values of Pb mingral

Sl =log IAP — logKsp
where IAP anKs, are the ion activity product and solubility protieaonstant, respectively. The
Sl values < 0 and > 0 indicate the status of uradieration and supersaturation, respectively

(Hashimoto et al., 2009).

2.4.4. Microbial fatty acids and dehydrogenase activity
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The FAME analysis was performed to extract the afi@l fatty acids from soils, as described
by Schutter and Dick (2000). The FAMEs were recpgdi with the retention times and
equivalent chain lengths of standards (Microb aserlgample kit, Agilent Technologies).

The identified FAMEs were designated as the bioerapkofiles of various microbial groups
according to the literature. Bacteriae( 14:0, 15:0, 16:0, 17:0, and 1&9c) (Baath et al., 1992;
Langer and Rinklebe, 2011; Mual et al., 2016), Gragative bacteria (GNB).€., 18:1n5c,
cyl1l7:0, Sum In Feature 3 [163I¢/16:X06¢], Sum In Feature 5 [18:0 ante/18&9c], and Sum
In Feature 8 [18:@7c]) (Frostegard and Baath, 1996; Jindal et all32Qanger and Rinklebe,
2011; Moche et al., 2015), Gram-positive bacteG®B) (.e., i15:0, al5:0, i16:0, i17:0, and
al7:0) (Federle, 1986; Frostegard et al., 1993geamand Rinklebe, 2011; White et al., 1976;
Zelles, 1997), actinomycetese(, 10Me18:0) (Frostegard et al., 1993), arbusculacampizal
fungi (AMF) (i.e., 16:1w5c) (Olsson, 1999), and fungi€, 18:1v9c) (Olsson, 1999) were used
as biomarkers to identify the respective groupsiafoorganisms.

Dehydrogenase activity of the air-dried was deteediusing 2, 3, 5-triphenyltetrazolium
chloride (TTC) as a substrate, as described byd@g4i964). Triphenyl formazan produced by
the hydrolysis of TTC was analyzed using a UV-usilspectrophotometer (UV-1800

Spectrophotometer, Shimadzu, Japan) at the waveleng90 nm (Camifia et al., 1998).

2.5. Statistical analysis

Data are expressed as the mean of three replieatdghe variability among the replicates was
stated in standard deviation. One-way analysisaobmce (ANOVA) and Pearson correlatioi (
were performed using Statistical Analysis System @3 (SAS, Cary, NC, USA). Tukey’s

honestly significant difference (HSD) test was aaetdd to elucidate the significant differences
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between different treatments at a significancelle¥®.05. The strength aofwas categorized as
follows: <0.20 very weak; 0.20-0.39 weak; 0.4-0r8dest; and >0.69 strong correlations,
according to Fowler et al. (2006). The principalmpmnent analysis (PCA) of microbial

biomarkers was performed using Minitab 16 Sta@$t®oftware.

3. Resultsand discussion
3.1. Biochars and soils
Graphite-like structures were formed in biocharng.(Ea). There were two main bands at around
1354 cm® (D band) and 1594 crh(G band)in Raman spectra of all biochars duspfosites
(Ferrari and Robertson, 2001). The G band corredptmthe bond stretching of all pairsspf
atoms in ring and carbon chain structures, andtiband represents the breathing modespdf
atoms in carbon ring structures (Ferrari and Rabert 2001). The ratio of D and G band
intensities [p/lg) is known to be an indicator of the degree of brdgation or systematic
arrangement of carbon in biochars, and a smallevafiln/I implies a high degree of systematic
arrangement of carbon (Wei et al., 2016). The \mhfdp/Ig ratios of WB, CP, and PKS were
0.82, 0.81, and 0.71, respectively. All three bershshowed very lowp/lg ratio, thus having
relatively high degrees of graphitization, and thighest graphitization was observed in PKS.
The relatively high pyrolysis temperature at 500ni{ght stimulate the formation of carbon ring
structures and arrangement of carbon structuree sy@tematically in all studied biochars.

The systematic arrangement of carbon structurestiser supported by the results of FT-IR
spectra (Fig. 1b). Aliphatic surface functional gpe at the wavenumber regions of 2800-2980
cm® and 1000-1320 cntotally disappeared in all biochars and exhibitedichment of

aromatic -C-H stretchings at the wavenumber regibn750-885 cnl. Biochar surface

10
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functional groups containing -O were not observethe FT-IR spectra. This is likely because of
the heat sensitivity of O at the relatively highrglysis temperature of 500 °C (Uchimiya et al.,
2010).

The P-soil contained large amounts of fine pai¢®2.39% silt and 18.15% clay) compared
to those in the U-soil (9.24% silt and 10.85% cl@iyable 2). The topography of P-soil showing
the low-lying terraces might influence the accurtiala of fine particles in the top soil layer.
Comparatively, the U-soil having a high elevatiomh@ced the domination of coarse soil
particles. The pH of P-soil and U-soil were neufml 6.96) and acidic (pH 5.01), respectively.
The As contents (P-soil 52.58 mgkgU-soil 1940.92 mg kg and the Pb contents (P-soil
1259.58 mg kg; U-soil 1445.00 mg KQ) of the soils were extremely higher than the wagni
limits specified by the Korean standard of soil temnination (As 25 mg kjand Pb 200 mg kg

Ministry of Environment Korea, 2016).

3.2. Incubation study

3.2.1 Soil chemical properties

Two alkaline biocharsi.e., WB [pH 9.6] and CP [pH 10.3]) increased the gbil of both P-soil
and U-soil (Fig. 2a, b). Even though the PKS istraupH 6.9), the soil pH of P-soil was
increased by 0.24 units compared to that of therahmprobably because of the reactions among
soil buffering capacity and biochar properties (Athet al., 2012). At the end of incubation
period, the pH in the soils treated with biochaeswetween 5.4 and 7.6. Hence, the addition of
studied biochars may not be a considerable faotorcrease the soil pH to a harmful level of >8
(Brady and Weil, 2014). The different buffering eapties might be a reason for the dissimilarity

in the pH increase in both the soils. Soil buffgricapacity relies on the soil clay content and

11
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mineralogy, oxide and carbonate contents, initld] weatherable mineral contents, and so on
(Bowman et al., 2008). The clay content, initial &1, and amount of basic cations were higher
in the P-soil than in the U-soil as shown in Tahl@ hese factors might be effectively facilitated

to buffer the pH changes with regard to the bioddditions in the P-soil compared to those in
the U-soil.

A significant enhancement of soil EC was observeshils treated with CP (Fig. 2c, d). The
very high K (22960 mg kg) and N& (13710 mg kg) contents in CP might be a reason for the
significant increase in soil EC. The CP treatmémivged the highest exchangeablé ahd Na
in the soils after the incubation period (Table.F9wever, CP did not increase the soil EC to a
harmful level {.e, EC > 2 dS nl) for plant growth and microbial activity (Brady diweil,
2014). The addition of CP also enhanced the totelh@ngeable basic catiorise( C&*, Mg*”,
and K) in both the soils, following the addition of WBpwever, the addition of PKS did not
increase the total exchangeable cations (Fig.)2&hk large contents of basic elements (Table
1) in WB and CP compared to those in the PKS migive increased the total exchangeable
basic cations in the soils. Because basic catimsansidered as essential plant nutrients (Brady

and Weil, 2014), the additions of WB and CP to sait be beneficial for plant growth.

3.2.2. Geochemical fractions of metals

The geochemical fractions of exchangeable, caredoatind, Fe and Mn oxide-bound, organic
matter-bound, and residual metal(loid)s were idiexatifrom the sequential extraction (Tessier et
al., 1979). The proportions of Pb in these fivectiens of P-soil and U-soil were 0.21, 4.84,

74.49, 2.34, and 18.11% and 1.18, 0.20, 4.11, @58,93.93%, respectively, in the same order

as mentioned above (Table S2). The additions ofaN@ CP to the P-soil significantly reduced

12
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the exchangeable fraction of Pb, whereas the additi PKS was not effective (Fig. 3a). In the
U-soil, all the biochars significantly reduced teechangeable Pb fraction while showing the
highest reduction by WB, similarly to that in thes&l (Fig. 3b). A significant increase in the

carbonate-bound Pb fraction was observed in theilfedlowing the WB and CP additions, and

Fe- and Mn-bound Pb fraction increased by all kieshMoreover, the addition of CP increased
the organic matter-bound Pb fraction in the U-sall.biochars enhanced the formation of more
stable Pb compounds in the U-soil. Hence, the a&fficof biochars on Pb immobilization was

better in the U-soil compared to that in the P:soll

The increased soil pH by biochar showed a pos#ffect for the immobilization of the
exchangeable Pb fraction, as observed in the Reamscelation analysis & -0.91,p < 0.0001;
Table S3). Lead tends to be stable under alkalmeliions by the formation of stable minerals
(Moon et al., 2015). The release of K&, OH, PQ?*, and Cl ions from soils under alkaline
conditions can facilitate the formation of stabtenpounds of Pb (Ahmad et al., 2014a; Ahmad
et al., 2016a; Yan et al., 2016).

This result was further confirmed by soil extrantiossing NHOAc. The exchangeable Pb
was reduced significantly by all biochars in bdtle soils (Fig. S1a and b). The WB, CP, and
PKS decreased NJ@Ac extractable Pb by 44.10%, 18.90%, and 14.6@%peactively, in the P-
soil, whereas this decrease had higher values 4486 51.54%, and 19.28%, respectively, in
the U-soil. One of the possible reasons for thé leificacy of WB and CP in Pb immobilization
in both the solls is the high P content (Ahmadlet2®14a; Almaroai et al., 2014; Rajapaksha et
al., 2015). The P contents in WB, CP, and PKS w&% 302, and 274 mg Rgrespectively,

and these values corresponded with the exchangPabteductions by the biochars. Similarly,
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Cao et al. (2011) observed the formation of st&éfdlecompounds following the application of P-
rich-manure biochars.

The geochemical modeling by visual MINTEQ also aded the possible formation of
stable Pb compounds in P-soil and U-soil (Table S#able complexes on negatively charged
biochar surface can be formed with cationic metaisughs interaction (Uchimiya et al., 2010).
The precipitation of Pb on the biochar surface wilions K, Na’, C&*, and Md* and anions
OH, CI, CO#, PQ*, and SG was identified previously as the preliminary metbm of
biochars in immobilization of Pb (Xu et al., 2018ven though the -O containing functional
groups on the biochar surface aid the formatiostable Pb complexes (Ahmad et al., 2016a, b;
Wang et al., 2015), they might not enhance the ibihzation of Pb in our study because the
relatively high pyrolysis temperature of 500 *Cueed the -O containing functional groups in
the studied biochars, as proved in the FT-IR serfamalysis.

There was no exchangeable As in the P-soil, andag the same even after biochar
application. However, in the U-soil, exchangeabke was significantly increased by the WB
addition (Fig. 3d). On the basis of the resultsrirthe two soils, it could be concluded that the
biochars may transform only the exchangeable Astitna. According to the observation of
Michalkova et al. (2016), the pH enhancement byragédlkaline biochars in acidic soils leads to
increase in As mobility. In the present study, WHattshowed the highest soil pH increase
significantly increased As in the exchangeable tibac The increase in exchangeable As
resulted from the ion competition between @iHd HAsQ to the limited anionic binding sites
on the biochar surface. Subsequently, this competitesulted in an increase in mobile As
(Inyang et al., 2010; Mukherjee et al., 2011, Yirak, 2016). Therefore, it could also be a reason

for the higher As bioaccumulation in plants, asorggd previously (Shakoor et al., 2016; Zheng
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et al., 2012). The Pearson correlation also stgoegpports this result that the soil pH and the
exchangeable fraction of As had a strong positmeetation ( = 0.81,p <0.005; Table S3). In
addition, the biochars influence the reduction a{\) to As(lll) by acting as electron donors
(Beesley et al.,, 2014). The biochar surface compasfefunctional groups (e.g., phenolic,
alcoholic, and carboxylic) donated electrons to As€V), and biochar carbon materials were
oxidized by abiotic reactions (Beesley et al.,, 20Xdhoppala et al. (2016) reported similar
observation following the application of chicken+mee biochar. The As(lll) species are highly
soluble, mobile, and toxic than As(V) (Mascher let 2002). Additionally, there is a possibility
for the decline in the comparatively stable As fi@ats (.e.,, carbonate-bound fraction, iron and
manganese oxide-bound fraction, and organic mhtend fraction) and the residual As
fractions because of the increase in the soil pldlkgline biochars (Table S3).

The available P content in the biochars might alsgatively affect the As immobilization.
PQ,* is chemically analogous to As(V); hence, the inseein P@" induces the release of As
from the soil colloids to the soil solution (Ahmatial., 2016c; Beesley et al., 2014; Lim et al.,
2016). This might be a reason for the highest exgbable As observed when WB was added to
the U-soil. The P content was highest in WB followey those in CP and PKS, and the As
mobility also had the same order as the P contetfitel studied biochars.

SiOs* is the second effective competitor for As adsompiin Fe-(hydr)oxide next to RO
(Garnier et al.,, 2011). Under alkaline conditiottse formation of Fe-(hydr)oxide complexes
with As might be further inhibited by the high Sintents in WB and CP. Even though the Si
content in PKS is very high, the incapability of ko enhance the soil pH might be resulted

from the formation of stable As—Fe-(hydr)oxide cdexes (Yin et al., 2016).
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3.2.3. Microbial community and dehydrogenase activity

The microbial communities in soils were assessewh fthe 18 fatty acids identified in the FAME
profiles. The whole fatty acid profile was foundtire P-soil treated with all studied biochars or
control P-soil, but not in the U-soil (Fig. S2).tlre control U-soil, the bacterial biomarkers 15:0,
17:0, and 16:@9c, GNB biomarker 18id5c, and actinomycete biomarker 10Mel8:0 were
absent with CP and PKS; however, the bacterial ar@ar 15:0 appeared (Fig. S2b). The high
levels of metals or sand contents in the U-soilvig® unfavorable conditions to the soil
microorganisms, thereby reducing the fatty acidvzders. A similar observation was reported
by Langer and Rinklebe (2011) who conducted a amekperiment with sandy textured soill
contaminated with metals.

The magnitudes of the total FAME and that of eaatraobial group in the P-soil remained
the same with no significant difference after ingtdn with biochars (Fig. 4a). For the U-soil,
only PKS showed significant enhancement of thel t6fdME compared to that in the control
(Fig. 4b). With the additions of studied biochatse improvement of soil chemical properties
and the reduction of bioavailable Pb fractions didt affect the increase in microbial
communities in the soils. As explained by Kolb &t (2009), the addition of biochars can
enhance soil microbial communities within a shoetipd if biochars supply usable carbon
substrates or enhance the degradation of existopnec carbon. Previous studies have reported
that the volatile matters on the biochar surfactésaa readily available carbon sources and boost
the microbial growth and their functions in a mof#teiner et al., 2007). The decomposition of
soil organic carbon can be expedited by addinghaimebecause of their increased surface areas
for microbial growth (Hamer et al., 2004). The v matter contents (WB: 18.14%, CP:

14.30%, and PKS: 12.29%) and the surface areas (\¥B: nf g, CP: 13.7 rhg*, and PKS:
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191 nf g*) of the tested biochars were fairly low. Even tiotPKS had the largest surface area
among the tested biochars in this study, it maybeobeneficial for microbial growth because of
~10 nm or smaller pore size (Lee et al., 2013). Laatnmet al. (2011) insisted that the biochar
pores should be larger thanugh to provide a suitable environment for soil miagenisms.
Therefore, the effective surface area of PKS foerabial growth might be similar to those of
WB and CP, and the microbial colonization on RP8ase might not be significantly high
compared to those on WB and CP surfaces. Evemmtkrm, the high surface area of RPS may
not be helpful in the microbial colonization becaws very low pore size (Lehmann et al., 2011).
The PCA of the identified fatty acids clearly digjuished the two soils. The PCA results
revealed that the additions of biochars did nogcfthe initial microbial community structures.
For the U-soll, the significant increase in theatdtAMEs by PKS was not vital to differentiate
its microbial community from those in the WB- an®-@eated soils including the controls (Fig.
5a). The results from the PCA of the fatty acidni@okers of the specific microbial groups
revealed the predominant microbial biomarkers rasiide for the differentiation of the two
soils (Fig. 5b). The principal components PC1 a@® xplained 94.1% and 4.4% variations,
respectively. PC1 was responsible for more than 6b#be total variations explained by the first
two principal components. The bacterial biomarkérOl GNB biomarkers Sum In Feature 3
(16:1w7¢/16:106c), Sum In Feature 5 (18:0 ante/Xk869c), and Sum In Feature 8 (187k),
GPB biomarker i15:0, and fungi biomarker 189t obtained the highest positive PC1 loadings.
These were determined by the clear-cut separatitreanicrobial communities in the P-soil and
those in the U-soil. It is comprehensible that ¢hesx biomarkers are highly sensitive to the
heavy metal(loid) contaminations and unfavorablé@mditions, as they were highly abundant

in the P-solil control, which is less contaminateait the U-soil.
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The dehydrogenase activity did not show any sigaift difference among all tested biochars
in P-soil and U-soil (Fig. S3a and S3b). Biochasald not increase the dehydrogenase activity
in soils as they were inefficient to enhance thaltBAME. It was confirmed by the very strong
positive correlationr(= 0.98,p < 0.0001) between the total FAME and the dehydnage
activity by the Pearson correlation analysis. Tomgaratively very low dehydrogenase activity
in the U-soil might be because of the high levehwdtal(loid) contamination in the U-soil than
that in the P-soil (Ahmad et al., 2012; Lee et2013).

Dehydrogenases are intracellular enzymes commanlgd in all soil microorganisms, and
their activity is considered as a reliable indicatb the overall microbial metabolic activity in
the soils (Oliveira and Pampulha, 2006). The detyelnases primarily govern the biological
oxidation of organic compounds, and there are naoterdehydrogenases that are highly
responsible for the numerous oxidation reactiorioing in the soil environments (Tabatabai,
1994). The substantial release of metal stressusecaf the application of biochars did not
enhance the microbial community size or their atgtivn both the soils. Because all geochemical
processes including the nutrient cycling are prilmamediated by the soil microorganisms
(Langer and Rinklebe, 2011), the tested biochanme wet effective to increase the overall soil

quality.

4. Conclusion

Biochars produced from three different crop ressdaie500 °C by slow pyrolysis were applied to
heavy metal(loid)-contaminated agricultural lowlaawd upland soils. Pb was immobilized in
the U-soil by all biochars, and by WB and CP inaeoil; however, As was mobilized in the U-

soil by WB and CP. Feedstock type, alkaline pH, ligth P content of the biochars affected the
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Pb immobilization and As mobilization, and the 8ntent of the biochars was also seemed to be
another influencing factor in increasing the As ihigh Moreover, biochars showed increased
As mobility if the soil was composed of an exchaige As fraction. Hence, the application of
tested biochars might not be harmful to be usesbils, which do not consist an exchangeable
As fraction. The total FAME, GPB, GNB, fungi, aaimycetes, and AMF were not affected by
the biochar application to the P-soil, and only Pik&reased the total FAME in the U-saill,
which might be because of the largest surface afd2KS. However, the PAC results clearly
showed that none of the biochars were effectivei¢cease the microbial community of heavy
metal(loid)-contaminated soils in the short tertncduld be because of the low volatile matter
content and the low effective surface area for ofi@ growth in the tested biochars.
Furthermore, the biochar efficacy to increase thhydrogenase activity is negligible in the
considered soils. Therefore, the reduced biotgxmitPb by the biochars might not improve the
microbial parameters in soils in a short term. Wggest further studies with slow pyrolyzed
biochars at different temperatures for immobiliaatiof heavy metal(loid)s and improving the

microbial parameters in soils within a short term.
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Table 1: Biochar properties (adapted from Lee .e28113))

WB CP PKS

Proximate analysis (%) Moisture 0.36 2.55 0
VM 18.14 14.30 12.29

FC* 68.66 67.25 80.85

Ash 12.84 15.90 6.86

VM/FC 0.26 0.21 0.15

Ultimate analysis(%) C 84.84 84.44  87.85
H 3.13 2.88 291

O* 10.20 11.67 8.14

N 1.83 1.02 1.11

Elements (mg k) Al 6588 3436 4275
Ca 19730 2667 392

Fe 4736 2088 21380

K 6470 22960 1219

Mg 1111 554 131

Mn 221 33 35

Na 30 13710 534

p 485 302 274

Si 7604 11590 10310

Ti 615 507 230

Surface aréa(m® g%) 13.6 13.7 191
Average pore diameter 109.9 nn24310 nm 57.2 nm
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665

666

667

pH 9.6 10.3

6.9

WB, Wood bark biochar 500 °C

CP, Cocopeat biochar 500 °C

PKS, Palm kernel shell biochar 500 °C
VM, Volatile matter; FC, Fixed carbon
*By difference

"Moisture- and ash-free basis

*N,-BET area
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Table 2: Physicochemical properties of soils

Exchangeable cations Total

Sail Land use Sand Silt Clay Soiltexture OC pH* *EC Ca K Mg Na As Pb

cmol,y cmolyy cmolsy cmoly

% % % % ds m mg kg mg kg*
kg™ kg©  kg' kgt
Lowland
P-soil 59.46 22.39 18.15 Sandyloam2.14 6.96 0.31 8.76 0.29 3.10 0.07 52.58 1259.58
paddy field
Upland
fallowed
U-sailf 79.92 9.24 10.85 Sandy loam5.76 5.01 0.11 1.63 0.44 0.61  0.031940.92 1445.00
agricultural
field
Korean standard of soil contamination warning lgiit 25 200

OC, Organic carbon
*1:5 soil to deionized water ratio
fCollected from agricultural lands located adjaderdiosed mining areas of Korea

TMinistry of Environment Korea (2016)
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683 incubation period. WB, CP, and PKS represent thedamark, cocopeat, and palm kernel shell,
684  respectively. The biochar production temperature 8@0 °C. Different letters above the vertical

685  bars indicate the statistically significant diffece atp <0.05 (Tukey’s HSD test).
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690 kernel shell, respectively. The biochar producttemperature was 500 °C. Different letters above wbrtical bars indicate the

691  statistically significant difference at<0.05 (Tukey's HSD test).
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Figure 4: Absolute abundance of the total FAME #r&l specific microbial groups categorized
on the basis of the identified fatty acid biomasker the soils after the incubation period; P-soil
(a) and U-soil (b). WB, CP, and PKS represent tbedvbark, cocopeat, and palm kernel shell,
respectively. The biochar production temperature 8@0 °C. Different letters above the vertical
bars indicate the statistically significant diffece atp <0.05 (Tukey’'s HSD test). GNB, GPB,
Act, and AMF are Gram-negative bacteria, Gram-pasitbacteria, actinomycetes, and
arbuscular mycorrhizal fungi, respectively.
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706  Figure 5: Ordination plot of the principal componamalysis based on the FAME profiles of
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708  biomarker FAME profiles of the specific microbialogips to identify the responsible microbial
709 communities that make the distinction between titgsgb). S3, S5, and S8 are Sum In Feature
710 3 (16:Jw7c/16:Iw6c), Sum In Feature 5 (18:0 ante/X8629¢), and Sum In Feature 8 (187k),

711 respectively. GNB, GPB, and AMF are Gram-negatieetéria, Gram-positive bacteria, and
712 arbuscular mycorrhizal fungi, respectively.

713
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Highlights

» Slow pyrolyzed biochars from three crop residues immobilized Pb in soils.
* Biocharswere efficient in improving soil chemical properties.

* Biochars did not enhance Asimmobilization in soils.

» Biocharswere not beneficial for soil microbial community abundance.

* Biocharswere not beneficia for increase in soil dehydragenase activity.



