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Abstract:

Unreasonable disposal of organic wastes has caused great problems, including
occupying land, affecting organoleptic feeling and causing environmental
re-contamination. By incorporation of biochar as raw material into co-composting
with agricultural organic matter, it not only can the wastes recycling be realized, but
also can the remediation efficiency of multi-element contaminated soil be improved to

reach land reclamation. Activated biochar was added for investigating the influences

on physico-chemical properties of soil during composting. €h centrations of
available metals and arsenic in soil were detected on grea %N in the treatment
of biochar-blended composting. Based on the er adsorption and microbial

activity induced by biochar, the initial conl@ ailable PAHs in wetland soil

decreased to remain about 3.03% Yo below the control (9.47%) in

co-composting added with acti a esh biochar, respectively. It was related to
the observation with imprc@crobial number as well as optimized fungi/bacteria
gene copy nu IRy activated biochar addition, which is conducive to
vegetation replantin§ of contaminated land. The feasibility of applying biochar into
co-composting with contaminated soil was confirmed by not only the high

remediation efficiency but also the sustainable recycling of agricultural waste.

Keywords: Waste recycling; Composting remediation; Activated biochar; Available

metals; PAHs; Microbes
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1. Introduction

Due to the increasingly rapid development of industrialization and frequent
human activities, hazardous materials including metals (metalloid) and polycyclic
aromatic hydrocarbons (3 .16PAHs: total concentrations of 16 PAHs which are served
as priority pollutants and listed by USEPA) release into the wetland system with waste
water, gas and residue (Chen et al., 2016; Lee et al., 2018; Zhang et al., 2011).

Ultimately, these anthropogenic or natural pollutants may be accumulated in soil and

further cause compound contamination, posing long-ter igated threats to
human health and ecosystem (soil deterioration and deserN¥XIW) because of their
persistence and carcinogenic potential (Ke et al., - Song et al., 2017; Zeng et al.,

2013a;b). Moreover, the intricate interacti@ co-existing pollutants may

interfere with the remediation processgs 0 minated soil (Huang et al., 2008; Ke

et al., 2010; Wang et al., 2014, # 2017b). Wang et al. (2010) reported that
pollutants containing meta@j Hs are likely to change the humic content, water
soluble organic o@’ other essential properties in compost pile, and these
changes make a coNplex case to influence the transformation of other coexisting
pollutants. The development of suitable remediation technology is imperative,
especially for the increasingly serious co-contaminated soil polluted by combination
of metals (metalloid) and PAHs.

Biochar amendment and co-composting are not only identified as two attractive

soil remediation technologies which have less negative impact on the environment,

but also served as the attractive waste management options (Quina et al. 2017; Wu et
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al., 2016; 2017a; Zeng et al., 2015). Biochar, produced by pyrolysis (under low
oxygen conditions) of biomass, contains a large number of aromatic ring structures,
and has been showed to achieve chemisorption and oxidation of pollutants as a
consequence of surface microstructure (Alhashimi and Aktas 2017; Xu et al., 2012; Ye
et al.,, 2017a; Zhang et al., 2013b; Zeng et al., 2019). Composting is an aerobic
bio-decomposition process of organic wastes, depending on widely distributed
bacteria, actinomycetes, and fungi (Guo et al. 2018; Satari and Karimi, 2018; Wu et
al., 2017a). Numerous studies showed that composting Qf taminated soil
(composting with waste raw materials and contamina is successful at
improving nutrient content and decreasing the metals by adsorption, redox
reaction, co-precipitation, (trans)methylation@ lexation (Chen et al., 2015;

Fan et al., 2008; Wu et al., 2017b). Hgwe esley and Dickinson (2010) reported

that adding highly organic w. I oil contributes to a consequence of fast

mobilization and vertical tr@aﬂon of metals.
To maximiz%&&l benefits of biochar and co-composting, the interaction

between them has b&n a research focus in recent years (Anyaoha et al. 2018; Wu et
al., 2016; Ye et al., 2017a), and should also be the hotspot of further study (Karami et
al., 2011; Zeng et al., 2015). Previous researches have proved that incorporation of
biochar into composting materials shows improvement in physico-chemical properties
of piles, acceleration in humification, and transformation in species and abundance of
microorganism (Anyaoha et al. 2018; Jindo et al., 2012a; Otterpohl, 2012; Zeng et al.,

2015; Zhang and Sun, 2014). Activated biochar, obtained surface microstructure
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modification by gas/acid/alkali etc., has captured the increasing attention because of
its improved properties (Hadjittofi et al., 2014; Sizmur et al. 2017; Tan et al. 2015).
Compared with fresh biochar, these improvements by activation can theoretically
further promote composting efficiency: (1) activated biochar has higher porosity,
interpenetrating pore structure is conducive to promote aeration conditions and
transport oxygen molecules; (2) activated biochar has larger specific surface area, and
the hydrophobic surface is the habitat for microbial attachment; (3) activated biochar
has stronger carbon sequestration capacity, and the approprigte§C/ io is beneficial
to the growth and reproduction of microorganisms as e rce; (4) activated
biochar has greater ion exchange capacity and mor face functional groups, and the
improved surface is beneficial to enhance the @ capacity for pollutants. In the

course of composting process, the surface igchar is changed due to the adsorption

of organic compounds and abi xidation in composting (Wu et al., 2016).

These changes on biochar Jgrfacqmay also affect their efficiency for soil remediation.
Except for the chﬁés@nposting process, there are relatively few studies devoted
to reduction of cont§minants in composting assisted with biochar. The influences of
activated biochar addition on the remediation efficiency of composting for co-polluted
soil were meaningful and needed further research.

In this study, we initially investigated the effects of activated biochar addition on
the remediation efficiency of co-composting for wetland soil contaminated with
metals (including arsenic) and PAHs. The objectives of this research were to: (1)

analyze the combined remediation efficiency of activated biochar addition and



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

co-composting for soil contaminated with Zn, Cu, Cd, arsenic and PAHSs; and (2)
examine the changes of correlative fungi/bacterial gene copy number during
composting with biochar addition, for microbes play a key role in composting
processes and PAH degradation.

2. Materials and methods

2.1. Contaminated soil and amendment materials

Soil (clay: 24.19%, silt: 45.54% and sand: 30.27%) used in the study was

obtained from 10-20 cm top-depth on beach of the ey Lake wetland
(28°30'-29°38' N, 112°18'-113°15" E) which located in th reach of Yangtze
River region in China. The lake beach is cover ith phragmites and would be

regarded as an important wintering habitat @ ay for East Asian migratory

birds. However, unreasonable discharg wastewater from mine field and

metallurgical industries around @ d upstream, besides the higher background
value of pollutants, cause pRllutagt accumulation in water and soil (Zeng et al., 2015),
as shown in Ta 1@!0 the important role of Dongting Lake wetland in the
global ecological pr§tection (Wu et al., 2015), the remediation of the contaminated
soil is essential. The collected soil was air-dried before sieving to a particle size of < 2
mm, and larger biological debris was removed in the meanwhile for the following
tests. Biochar was manufactured by slow pyrolysis of corn cob in kilns operating at a
continuous flow of N2 gas and a temperature of 450 <C for a residence time of 2 h
(Zeng et al., 2015). Dried biochar was crushed and sieved to 1 mm and thereby used

as fresh biochar. Activated biochar was produced by pickling fresh biochar with 1
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mol/L HCI for 30 min, and then the product was rinsed with deionized water and dried
in oven at 65 < for 12 h after filtration. The specific surface area and pore
distributions of biochar were measured by N> adsorption-desorption conducted on a
Micromeritics 2020 analyzer at 77 K. The detailed information is listed in Table 1.

Table 1 Chemical properties of co-composting materials. Data is presented as mean =+

standard deviation (n=3).

Properties Tested soil Fresh biochar  Activated biochar Straw Wheat bran
pH 7.56 £0.18  10.15 +0.16 9.86 +0.21 82 +0.13 5.23 £0.15
TOC?(g/kg)  30.25+2.21 517.21+32.15 473.28 +30.7 +2.62 40.23 +3.28
Total N (g/kg)  2.43 £0.30 6.86 +0.35 6.49 %01 ¥ +0.20 2.02 £0.31
C/N 12.45 +0.88 75.39 £2.51 72.92 +£1.68 51.33 £1.62 20.06 +1.36

WEOC) (mg/kg) 81.01+3.87  6.32 +0.73
CEC® (cmol/kg) 13.56 +£1.52  281.64 +7.67

313.27 £26.85 352.32 +£39.85
120.61 +6.95 136.17 +4.59

atotal organic carbon.

b water-extractable organic carbon. EQ

¢ Cation exchange capacity. Q

2.2. Co-compostind€xperiment

Original composting materials consisted of chopped straw, wheat bran, rotten
vegetables and contaminated soil at a weight ratio of 11:2:3:8, called control treatment
(Com). On the basis, the fresh and activated biochar were added to the composting
materials at a weight ratio of 7% at the beginning of composting, which were called
BCom and ABCom, respectively. Three kinds of aerobic compost pile were set up in a

controlled environment chamber with 28% relative humidity, and the experiments
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were conducted in triplicate. To ensure proper aerobic composting, the piles were
turned once everyday by automatic turned-pile system during the first 18 days,
followed by flipping the piles once every 3 days. Deionized water was added twice a
week to maintain the moisture content of 55~60% water filled pore space. The
representative samples were taken on day 0, 7, 15, 30, and 45 during the composting
process after turning piles. Samples were sealed in a self-sealed bag and stored in a
refrigerator at -20 <C for the subsequent analysis and determination of indicators.
2.3. Analysis of the physico-chemical properties of compostingga

The temperature was measured daily by inserting the ter into the center
of the pile. Sample pH was determined using digi H meter by testing the filtrate

after shaking with deionized water (1 g: 10 r/min for 1 h. A total organic

carbon analyzer (TOC-V cpH, Shj pan) was used to examine the

water-extractable organic carb , for which the filtered supernatant was
obtained from suspension (&5 g gample: 25 mL water) undergone horizontal shake for
3 hand centrifugﬁ EQ’D rpm for 10 min (Karami et al., 2011). According to Lu
(1999), the determigtion of nitrate nitrogen (NO;-N) concentration depends on the
phenol disulphonic acid spectrophotometric method, and the detection of ammonium
nitrogen (NH;-N) content relies on indophenol blue colorimetry method. Available P
content of soil sample was measured according to previous study with NaHCO3
extraction (Ngo et al., 2013).

2.4. Determination of pollutant concentrations of composting samples

The metal contents in contaminated soil amended with biochar-blended
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composting over exposure of 45 days were determined. Pseudototal concentrations of
metal (contained metalloid) were extracted by aqua regia extractant (HNO3+HCI) and
undergone microwave digestion process. As an indicator of pollution risk, available
metals were extracted using 0.5M CaCl. solution (5 g soil: 25 mL solution) by
shaking for 3 h (250 r/min) and centrifuging for 10 min (3000 r/min). And the
extracted metal contents in filtered supernatant were determined by atomic absorption
spectrometry (Zeng et al., 2015). Content of available arsenic extracted by 0.5M
CacCl solution was detected by atomic fluorescence spectromety.

The concentrations of PAHs were examined by GC- is according to the
method reported by Beesley et al. (2010). Three icate samples of 5 g for each
composting system were added into 10 mL @ lution of acetone and hexane

(volume ratio of 1:1) after thawing angdr traction, acquired by shaking at 200

rpm for 2 h, was left to settle in@ e of 30 min. Subsequently, 2 mL resultant
extract was loaded into a tL@o ving 0.1 g of dry sodium sulfate, preparing for the

GC-MS determifay r@&vailable PAHs, a target chemical fraction which is

available for bioconNgrsion in soil, was measured based on cyclodextrin extractions.
Composting sample (1.5 g) was placed in an Erlenmeyer flask, and 25 mL mixture of
60 mM hydroxypropyl-B-cyclodextrin (HPCD) in deionized water was added and
homogenized in an orbital shaker for 20 h. The supernatant was discarded after
centrifuging at 2500 rpm for 30 min. The remaining sample was shaken with 10 mL

deionized water, and supernatant was also discarded after centrifuged again in order to

remove any remaining HPCD. Resulting samples were exhaustively extracted by
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solution of acetone and hexane, and repeated above-mentioned GC-MS analysis for
the measurement of remaining PAHSs.
2.5. DNA extraction and gPCR amplification

Yang et al. (2007) provided a high-quality DNA extraction method of compost
samples. According to their method, sample of 1.0 g was subjected to cell disruption
and DNA extraction. The bacterial universal primer set, GC-338F/518R, were chosen
to amplify the variable V3 region of the 16S rDNA, and NS1 GC-Fung was used as
primer set for that of fungal 18S rDNA. The gPCR assay wa®fc ted by iCycler
IQ5 Thermocycler (Bio-Rad, USA) with 20 pL volume including 1 pL of
template DNA, 0.2 pM of primers, 10 pL of 2 R real-time PCR premixture
(Bioteke, Beijing, China) and sterile water. T?@ n conditions for amplification

of bacterial primer were as follows: igitia uration at 94 <C for 5 min, followed

closely by 40 cycles of denatug 4 <C), annealing (40 s, 56 C) and DNA

elongation (40 s, 72 <C)Qalogg with a final extension for 10 min at 72 <C.
Amplification o her was performed as below: denaturation at 94<C for 5
min, followed by 4¢cycles of denaturing (45 s, 94 <C), annealing (50 s, 55 <C) and
DNA elongation (60 s, 72 <C), with a final 72 <C extension for 7min. The standard
curves of gPCR were generated using the ten-fold serial dilution of linearized
plasmids which contains each gene (Wu et al., 2015). These standard curves were
used to compare with the threshold cycle values of samples for the determination of

initial gene copy number.

2.6 Statistical analysis

10
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Data among different treatments were subjected to one way analysis of the
variance (ANOVA) and the significant differences of their mean values were
compared by Tukey’s test at 5% level. The Pearson correlation analysis was applied to
express the correlationship between related parameters. All statistical calculations
were performed using SPSS Statistics (version 19, IBM Corporation, New York,
USA).

3. Results and discussion
3.1 The effects of biochar addition on characteristics during co

Temperature plays an important role in biological pro it is considered as
the main indicator for the performance of coggsting. As shown in Fig. 1,
temperature in piles assisted with activated @ creased rapidly and obtained
highest peak temperature (Com: 52.232"1. ; BCom: 55.5641.73ab <C; ABCom:
56.87 2=1.36b <C) in thermophilj Qﬂch reflects the enhancement of biological
respiration intensity at this& specific surface area (BET model) of activated

biochar was det ighreasing from 76.8 m?/g (fresh biochar) to 106.7 m?/g

through acid pickling for impurities removal, which provides more available sites for
microbe habitat with improving metabolic activity (Wei et al., 2014). Furthermore,
owing to the higher porosity and nano-particle size, activated biochar could be used as
an oxygen carrier to enhance aeration in piles (Zhang et al., 2014), strengthening the
microbial respiration and resulting in largest peak of temperature. However, due to the
limited number of the easily decomposable materials, the activities of microorganism

were restricted at later thermophilic phase and caused slightly shorter duration of this
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phase in activated biochar treatment than that of fresh biochar treatment.

60.0 | —o— Com
—e— BCom
55.0 —a— ABCom
I % —%*— Room
50.0 ,
L as0 \\z\ﬁ\ T
o L / N v;”%\\g
2 400 ‘;jf\ L .
2 ¥} N S e U
g 35.0 B §/T N A
= x :o\?:’ :%Fbw
30.0 o N O O\
/ % \‘E/ X
25.0 b o il
200 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 5 40 45
Cultivated time (Days)
Fig. 1 Changes of temperature during composting (Co osting added with

fresh biochar (BCom) and composting added wi tivated biochar (ABCom), as

well as room temperature. Error bars represen@a deviation (n=3).

The pH values in three tre t he course of composting are displayed on
Table 2, and all pH values @orocess of composting were in the range of suitable
for microbial gr : Q)riation in pH value is determined by the NHz releasing,
organic acid forma®pn and ammonification processes as rising one after another
during composting. It should be pointed out that the lower resultant pH was observed
by activated biochar treatment, which is attributed to more humic acids isolated from
degradation of organic materials by higher microbial metabolism. Another
explanation is that the stronger carbon and nitrogen immobilization capacity of
activated biochar than that of fresh one can decrease the available N and retain larger

amount of ammonia gas and nitrate ions, which is consistent with the observation

12
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from the lowest inorganic nitrogen containing ammonium-nitrogen (NH; -N) and
nitrate nitrogen (NO;-N) in the activated biochar treatment (Table 2). The highest
concentrations of NH; -N was observed at thermophilic phase yet low concentration of
NO;-N occurred at that phase, because the activity of nitrifying bacteria is restricted
by the high temperature and excessive amounts of ammonia (Zhang and Sun, 2014).

However, the decrease of bacteria activity was mitigated in the present of biochar by

both functions of the biochar protection and higher microbial quantity.

Table 2 Physico-chemical properties analyses of plies duyi

composting added with fresh biochar (BCom) and comp

biochar (ABCom). Data is presented as mean st

osting (Com),
ed with activated

rd deviation (n=3). Significant

differences (p < 0.05) between each treatm@ same time are indicated by

different letters.

Com

BCom

ABCom

Materials Days C(mg/kg)  NH;-N (mg/kg)  NO;-N (mg/kg)  Available P
(mg/g)

chopped straw 0 332.51+18.71a 343.40 £27.82a  149.31 +£11.18a  1.2240.13a

wheat bran 7 25170 £23.80a 77151+3338a  87.082792a  1.592032a
rotten vegetables

) ) 198.39 +13.32a 468.27 +30.66a 198.23 +18.61a 4.2540.63a
contaminated soil

3 8.03 +0.10a 151.73 +14.39a 330.38 +24.32a 311.72 +£21.60a 4.12+40.40a

45 7.56 +0.06a 128.27 +8.64a 267.61 +17.02a 326.43 +14.67a 3.7540.51a

chopped straw 0 8.19 £0.07b  358.21 +£16.34a 297.12 +18.47ab  130.63 +8.81a 0.7340.02a

wheat bran 7 898+02la 223.82+286lab 71624 +340la 108.72+890ab  1.21+40.12a
rotten vegetables

contaminated soil 15 7.88+0.15b  151.1818.080  349.29+28.56b  244.01+15680  3.2510.39%b

7% fresh biochar 30 8.08 £0.12a  140.10 +15.36a  320.81+3153a  280.78+17.83a  1.9840.16b

45 7.31 +0.08ab 104.73 +10.27b 215.40 +=13.13b 294.49 +12.59h 1.3740.05b

chopped straw 0 8.10+0.08b  349.79 £15.52a  284.73 £22.72b  136.52 +£10.30a  0.8140.05a

wheat bran 7 910+022a 208.30+29.81b 72658 +£38.50a 117.82 +10.14b  1.1840.27a
rotten vegetables

15 7.71 +0.19b 146.43+15.09b 327.69 +27.14b 256.73 +20.32b 3.1040.51b

contaminated soil

13



7% activated 30 8.17 +0.16a 142,13 +16.55a  325.01 +37.59a 289.27 +16.15a 2.1140.06b

biochar 45  717+008b  8392+931c  203.32+1553b 305.03 +10.91ab  1.93+40.03ab

252
253  WEOC: water-extractable organic carbon.

254
255 All amendments with highly organic material resulted in high content of
256  water-extractable organic carbon (WEQOC) at initial phase. Our previous work had
257  proved that the growth of microorganisms is closely correlated with WEOC but little
258  with TOC (Zeng et al., 2015). Due to the recalcitrant aromatic ring structure of
259  biochar (Wei et al., 2014), the carbon pool of biochar is aratiyely stable and
260 insoluble, and there were insignificant differences gf WEOC ItWeen all treatments at
261  the beginning. In assistant with activated biochal omposting treatment finally

% rapid decrease of WEOC was

verall, intensive microbial metabolism

262  obtained lowest content of WEOC, a

263 presented on ABCom at thermophilg % .
264  for making use of WEOC % s@urce and excellent adsorption of activated
265  biochar for carbon im iMgi#®n are responsible for the larger extent decrease of
266  WEOC and lowes nt WEOC content in ABCom. It is worth to mention that the
267  reduction of WEOC was observed to be stagnated in biochar additions at day 30,
268  because the stronger microbial activities (especially the fungi) and higher temperature
269  could convert the refractory organics into easily mineralized form to make up for the
270  shortage of resources at cooling stage where fungi dominated.

271 3.2 The effects of biochar addition on contaminants during composting

272 Soil used in the test is polluted by metals, and Cd, Zn, Cu and arsenic contained
273  therein were chosen as the representative of the examination due to higher pollution

14
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level (Table S1). They are all higher than the tree-level standard value (GB
15618-1995) of soil metal pollution (critical value for ensuring agricultural and
forestry production and normal growth of plants). Co-composting of contaminated
soil, either individually or in combination with biochar had little effect on pseudototal
metal content as shown in Fig. 2, because these metals (metalloid) could not be break
down by microbial metabolism. It was noteworthy that the comparatively low
contents of pseudototal metal than untreated soil was associated with a dilution effect
of raw materials of composting, which was larger in mass ¢ with pure soil
(Beesley et al., 2010; Zeng et al., 2015). The available m ough only a small
fraction of metal, is always used to characterize th availability and eco-toxicity of

metal in soil (Zeng et al., 2015). As shown in @ centrations of available metal

extracted from piles present different gge responses on various treatments.
7001 3 a [ 500 ? mmm Pseudototal Cu |40
Aval e a Available Cu 35
B 6004 ] 50 = O I -
= 2 40w a 130 2
£ 500 b ® £ i 1 b 5
Z 140 E = 1 b b {25 E
N 4004 5 3300 T s
% {300 ® {20 g
£ 3004 - 2
s % S 200 b 1158
3 200 1208 © I b =
2 2004 <3 ] 102
& & 100 Iy 1 <<
100 c 110 1
L d Jos
o = loo 0 00
2.0 4.0
70 a 100+
1 I Pseudototal Cd a c [ Pseudototal As 5
= Available Cd = Available As | —_
260 a = I o
5 155 D80 {30 £
E 50 b ‘gn £ J g
: ® b b 125 =
3 b b E £ b 25 3
(&} o =604 b 2
§4.0- b {100 ® .[ 1200
2 I o O 1 =
Chee ¢ 8 8- ab {15 2
3 1 d T 3> T &
201 los2 8 I |02
o i o 2. a
1.0 i 105
0.0 0.0 0. 0.0
S Com BCom ABCom S Com BCom ABCom

Fig. 2 Concentrations of pseudototal and available metals (contained metalloid)

following 45 days exposure. Error bars represent standard error of the mean (n=3).
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In terms of various remediation efficiency from metal types, the superiority of
ABCom was significant in reducing available concentrations of Zn and Cd than the
performance of BCom (p < 0.05), devoting to a 7 fold decrease of available Zn and a
2.5 fold decrease of available Cd than corresponding indicators in Com. It is
associated with the increasing reactive sites on activated biochar with larger specific
surface area, more surface functional groups, and stronger ion exchange capacity. In
addition to the chelating effect by organic matter in compostindgyto metal-organic

bound (Clemente and Bernal, 2006), biochar posses jor capability for

immobilizing metals through metal exchange, cheg®gl binding, inner-sphere surface

Q

“Wloreover, organic matter could

complexation and precipitation (Zhang et al., @’

a bridge between biochar and metals

Fig. 2, higher levels of available Cu and

be adsorbed on biochar surface, and it &
for pollutant immobilization. A@Q

arsenic were detected in C@ untreated soil, which could be attributed in part to
the formation oﬁl@ganometallic complexes with the elevating dissolved
organic carbon (DOW) in composting process (Beesley and Dickinson, 2010; Karami
et al., 2011; Moreno-Jimenez et al. 2013), as well as the enhanced competition
between increasing DOC and metals for binding sites of soil particle surface (Fitz and
Wenzel, 2002). Since the complexes formed between WEOC and metal ions normally
become mobilized, lower WEOC (Table 2) and additional strong adsorption capacity
caused by biochar assistance led to the Cu availability drop below that of untreated

soil at the end of composting. Fresh biochar amendment visibly reduced arsenic
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mobility below Com owing to the combined effect of adsorption capacity, lower
WEOC as well as pH effect. Lower pH value in biochar addition that discussed above
was responsible a part for the lower available arsenic, since arsenic solubility might
decrease with more acid pH (Beesley et al., 2010). However, because the evaluated
available P might compete with arsenic for retention sites of biochar or soil particles,
the combination of composting and activated biochar showed increase in arsenic
leaching than BCom. The transformation of valence and speciation of arsenic on the
activated biochar surface in co-composting also influence the afgenigmggobility
Compared with untreated soil, organic amendments ¢ co-composting of
contaminated soil alone or accompanied by bioch ere effective at decreasing the

concentrations of both total and available P . 3). Applying highly organic

materials by co-composting of con soil introduces a great number of

microorganisms and nutrients. tivities containing enzymatic secretion and
metabolism are conducive @cmg the PAHs concentrations by serving PAHs as
substrate and enﬁ sgcﬁ (Chen et al., 2015). Furthermore, a portion of organic
matter produced froMy compost materials could increase the solubility of PAHs, which
improves the accessibility of PAHSs to the degrading microbes (Kobayashi et al., 2009),
but sometimes the sorption by organic matter might contribute to the organic-binding
of PAHs (Plaza et al., 2009). As shown on Fig. 3, the addition of activated biochar
received great degradation rate of PAHSs in early stage, which is associated with the

increase in microbial number induced by activated biochar (Fig. 4), thereby enhancing

the enzymatic activity involved in recalcitrant compound degradation (Jindo et al.,
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345

2012b). But the gaps of residual content of total PAHs (TPAHS) between composting
alone and biochar combination were narrowed with cultivated time, and the statistical
difference disappeared after 45 days incubation (p > 0.05), indicating no statistical
difference of TPAHs content remaining in treatment groups. It was similar with
Beesley et al. (2010), who found antagonistic effect on PAH degradation when
compost and biochar amended in combination. On one hand, available nutrients for
microbial metabolism were assembled and adsorbed by biochar, restricting the
microbial growth and activity. On the other hand, the decregasQingsQaccessibility of
PAHs for microbes caused by biochar adsorption also limi ter biodegradation.
This result contradicts Marchal et al. (2013), whogetgbservation indicated that there

was no inhibitory effect of sorption by bioch@ anthrene biodegradation, with

the premise that bacterial number maigia quate enough.

I Com
TPAH [ BCom
1 ABCom

g

(m
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5 PAH concentratio
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Fig. 3 Residual concentration of total and available PAH during the incubation time.
Error bars represent standard deviation (n=3). Significant differences (p < 0.05)

between each treatment in the same time are indicated by different letters.

Notably, available PAHs (APAHS), considered as a bioavailable fraction, was
found to finally remain significant lower in biochar treatment than that of control, due

to the functions of high microbial metabolism, as well as strong adsorption of biochar

through electron donor-acceptor interactions, pore-filling and obic effect on
biochar surface. Since high ash content might obstruct a ites on the surface
(Zhang et al., 2013a), activated biochar shows morg=nding sites for sequestration of
PAHs. Assisting with other advantages of i obial activity, and low metal

toxicity in pile, ABCom was observe est residue content of APAHSs. There

were no statistically significa es among all treatments on the APAH
concentrations at day 30, @lng that the decrease rate of APAH content was
slowed down in t dded biochar. It may be explained by the phenomenon
that fungi dominate§in this stage (Fig. 5) which contributed to the accumulation of
APAHS, since the high-molecular-weight PAHs could be converted preliminary to the
light and available form by fungus metabolism. Besides, the decomposition of humic
acid by intense fungal activities can release the organic-bound PAHs to available form
(Plaza et al., 2009). Following 45 days exposure, the reduction in average of APAH

concentration with the treatments of Com, BCom and ABCom was 90.53%, 94.45%

and 96.90%, respectively. Compared with control, the residual content of APAHS was
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reduced with greater than 65% and 40% decrease in ABCom and BCom, respectively.
3.3 The effects of biochar amendment on microorganisms during composting

Gene copy numbers of bacterial 16S rDNA and fungal 18S rDNA, shown in Fig.
4, reflect the quantity changes of microorganism during co-composting with
contaminated soil. Microbial quantity is largely influenced by temperature and WEOC
over the course of composting. ABCom maximized the quantity of bacteria in the

early thermophilic phase, while BCom had little larger bacterial quantity in other

composting phase. When biochar was used as the co-materjall posting, larger
number of bacteria was observed (Fig. 4), because bioch duce bulk density
and improve soil structure, thereby providing mor ropriate conditions including

substantial nutrients, aeration environment @ zation chances for microbial

growth and reproduction (Ngo et al., Y g et al., 2014; Zhang & Sun, 2014).

Moreover, the bio-toxicity n‘% ecreased as the contents of available
a

contaminants reducing W@
beneficial to the%@(’iensitive bacteria (Marchal et al., 2014). The activated

r incorporated into the co-composting. It is

biochar has a pore \olume of 0.06017 cm®/g, about 3 times larger than the fresh
biochar (0.02657 cm?®(g), indicating a better growth condition for microbes.
Particularly, the micro-pores of activated biochar might protect microbes against
grazers or other competitors. Integrated considering the limited concentration of
available pollutants, the number of bacteria rises rapidly in the early stage and reaches
a maximum in the thermophilic phase with the aid of activated biochar. However,

rapid content decrease in easily decomposed organic matter by microbial
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decomposition and biochar adsorption contributed to the lowest final bacterial number

in ABCom, coinciding with WEOC content in the end. Besides, fresh biochar is partly

beneficial to the microbial growth associated with mineral contents (e.g. K, Ca and Na)

(Hua et al., 2012), which might lead to slightly larger bacterial number in BCom than

ABCom.
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ite trends were detected in gene copy number of 18S rDNA,

with the smallest number of fungi observed at day 7, owing to the relatively weak

position compared with abundant bacteria for carbon and energy source at that stage.

Upon the basis of consumption of easily degradable carbon source, fungi obtain

competitive advantage than bacteria thanks to their amazing catabolic abilities to use

more recalcitrant carbon compounds contained large-ringed PAHs (Covino et al.,

2016; Langarica-Fuentes et al., 2014), correlated well with the fugal number followed

by increasing progressively and reached top value during mesophilic and cooling
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phase. Insignificant difference in gene copy number of 18S rDNA was counted at the
end (Fig. 4), although obvious difference of WEOC (Table 2) existed, which also
indicated the ability of fungi to transform recalcitrant organic matter. Hua et al. (2012)
found that nutrients could be retained to higher level by biochar for preventing the
nutrient loss. The nutrients, reserved on biochar, could be released slowly and became
available for microbial metabolism, contributing to greater number of fungi in
treatments with biochar. In general, there was less influence of biochar addition on

fungal number than that on bacterial number based on th [ nding Pearson

coefficient (Table S3).
e 05| mmm scom b®
E [ ABCom }
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E oa] aabl[
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© a
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R
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w
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7d 15d 30d 45d
‘ ' Cultivated time (Days)
Fig. 5 The variati ne copy numbers ratio values of fungal to bacterial during

composting at three treatments. Error bars represent standard deviation (n=3).
Different letters indicate significant difference (p<0.05) between each treatment in the

same time.

The ratio of fungal to bacterial gene copy numbers could show the microbial
community shift in composting processes (Covino et al., 2016). It must also be

mentioned that the addition of biochar could further optimize the ratio of fungi to
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bacteria, which can be observed from Fig. 5. Incorporation of the fresh and activated
biochar into composting materials helped the gene copy numbers ratio of fungal to
bacterial reach up to 41.3% and 45.1%, which revealed an 11.8% and 15.6% increase
than control at maturation phase, respectively. Some bacteria such as archaebacteria
could also withstand and grow after extreme conditions (Antizar-Ladislao et al., 2008),
it is responsible for the stagnant increase of the ratio of fugal to bacterial number at

day 30. According to the Pearson coefficient of the relevant parameters presented on

Table S3, the analysis showed that the degradation amount H is positively
correlated with the number of bacteria. More notable is tha elation coefficient
masked with asterisk is below the significance | of 0.05, indicating that the

degraded content of APAHs had a si n@ rrelation with the ratio of

bacterial/fungi. Since biochar is condyciv wly releasing the retained nutrients,

its function sustainability mi@ ce the quantity of microorganisms for

long-terms.
4. Conclusions Q

The present wol initially demonstrated that co-composting of contaminated soil
with activated biochar addition showed efficient performance for decontamination and
detoxification of soil polluted with metals and PAHs in tidal wetlands. Activated
biochar with more excellent surface characteristics, served as co-substrate can receive
significantly positive effect on composting with soil structure modification and
nutrient retention, providing better condition for microbial growth and activity.

Biochar-blended co-composting combines the prominent positive effects of biochar
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and composting, for not only decreasing the available concentrations of pollutants in
contaminated soil but also promoting sustainable agriculture. Further researches are
required for investigating the transformation of metal speciation and the shift of detail
microbial species for PAH degradation during co-composting with activated biochar
addition. And the long-term effects of biochar on composting efficiency also require

deeper study.
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