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Abstract
There remains an urgent need for low-cost and effective additives to allow the simultaneous passivation of trace elements 
and removal of antibiotics during composting. Here, we investigated the effects of the addition of additives, white-rot fungi 
(WF), wood vinegar (PA), biochar (BC), and a mixture of the three (OAC), on trace element passivation, antibiotic degrada-
tion, composting enhancement, and compost quality improvement during the aerobic composting of pig manure. We found 
that the passivation rate of Cu and Zn, in addition to the removal efficiency of sulfadiazine (SDZ) and norfloxacin (NFC), 
was enhanced with WF, PA, BC, and OAC treatment in comparison with the control. Moreover, the co-addition of BC, PA, 
and WF (OAC) allowed more efficient passivation of Cu and Zn (88.31% and 91.38%, respectively), better elimination of 
antibiotics (SDZ: 100%; NFC: 90.32%), and increased compost quality as compared with the addition of each component 
alone. Furthermore, the thermophilic stage duration and the germination index (GI) were also enhanced. In conclusion, the 
use of pyrolytic by-products and white-rot fungi as additives in composting is a promising low-cost, efficient detoxification 
method to improve compost quality and reduce environmental risks.
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1  Introduction

The current farming system relies heavily on chemical ferti-
lizers to improve crop yields as the human population con-
tinues to grow; however, repeated use of synthetic fertilizers 
is not sustainable due to negative effects on soil health and 
the ecosystem. In contrast, organic fertilizers are important 
for sustainable agricultural production and integrated nutri-
ent management [1, 2]. It has been demonstrated that using 
predominantly organic fertilizer in conjunction with a small 
amount of chemical fertilizer has the most positive effects 
on soil properties and microbial community [3]. Manure 
amendment effectively prevents acidification of red soil 

(Ferralic Cambisol); however, it significantly increases 
available Cu and Zn as well as antibiotic residues [4, 5]. 
Cu and Zinc are important trace elements for plant growth; 
nevertheless, in excessive amounts, they slow plant growth, 
promote leaf chlorosis [6], and exert toxicity by disturbing 
nutrient balance and modifying the activity of enzymes that 
induce damage in plants [7]. In addition to the concentration 
of elements, their chemical form in soil also affects uptake 
by plants, especially exchangeable and carbonate forms [8]. 
Moreover, animals metabolize antibiotics poorly; therefore, 
there exist high concentrations in manure and urine [9], 
potentially contaminating soil and water. The presence of 
antibiotics causes the development and horizontal transfer 
of antibiotic resistance genes, which increases the level of 
antibiotic resistance [10, 11].

Composting is widely adopted to convert organic matter 
into stabilized materials and represents the most economi-
cally feasible manure treatment process, combining material 
recirculation and waste disposal to reduce environmental 
pollution. Certain additives, such as humic acid, lime, and 
montmorillonite, affect the distribution and stability of trace 
elements and antibiotics [12–14]; however, these are limited 
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natural mineral resources, which prevent their large-scale 
utilization.

Biochar serves as a low-cost, porous material for the 
removal of As(III) and As(V) elements from polluted water 
[15] and phosphorus from aqueous media [16], in addition 
to mitigating NH3 and N2O emission and N conservation 
during composting [17]. Furthermore, the addition of bio-
char during sediment and agricultural waste co-composting 
decreases the bioavailability of trace elements and signifi-
cantly influences bacterial community succession and diver-
sity [18].

Wood vinegar (WV), also called pyroligneous acid (PA), 
is an acidic liquid containing many kinds of organic matter, 
such as organic acid [19], and is usually obtained following 
the condensation of pyrolytic vapors [20]. Currently, wood 
vinegar serves as an additive for compost, and its effects 
on the adsorption of heavy metals and aerobic/anaerobic 
microbial activity have been investigated [19, 21]. Diluted 
wood vinegar promotes the microbial activity and pollutant 
removal efficiency of activated sludge [22]. Additionally, 
wood vinegar enhances the seed germination index (GI) 
and the degradation of organic matter during cow manure 
composting [23] and also possesses the ability to increase 
rice grain yield and NH4

+-N concentration in rice paddy 
soil [24].

Exogenous agents consisting of functional microor-
ganisms have been introduced to shorten the composting 
period, reduce heavy metal toxicity, and improve compost 
quality [25–27]. White-rot fungi affects the transformation 
of organic matter, mobility of heavy metals, and degrada-
tion of antibiotics. To date, many microbial additives, such 
as Phanerochaete chrysosporium, Pleurotus ostreatus, and 
Irpex lacteus, have been applied to reduce environmental 
risks [28–30].

In addition, the integrated use of different additives is 
considered more effective in enhancing compost than the 
utilization of a simple additive. For example, according to 
the seed GI, biochar addition and microbial inoculation have 
a synergistic effect as compared with each additive alone 
[31]. Wood vinegar combined with biochar can reduce NH3 
volatilization, while wood vinegar alone has been found to 
increase NH3 volatilization [24]. There is, however, a pau-
city of studies focusing on the synergistic effects of more 
than two additives on the degradation of antibiotics and the 

bioavailability of trace elements during pig manure com-
posting. We hypothesized that three additives, biochar (BA), 
wood vinegar (PA), and white-rot fungi (WF), may exert a 
synergistic effect during the pig manure composting process 
to reduce the bioavailability of trace elements and increase 
the degradation of antibiotics, thus improving compost 
quality. Generally, biochar and wood vinegar are renew-
able residues of the pyrolytic gas production process and 
are obtained in large amounts, representing 75–88% weight 
of the total biomass [32]. These additives are low-cost and 
rich but are required to be used on an industrial scale with 
technology appropriate for the treatment of pig manure.

In the present study, pig manure and corn stalk were com-
posted together as raw materials with three additives (WF, 
PA, and BA) to evaluate the effects of different additive con-
centrations on the bioavailability of trace elements (Zn and 
Cu) and the degradation of antibiotics.

2 � Materials and methods

2.1 � Experimental materials

Pig manure (fresh samples) was collected from a pig farm 
in Harbin, China. The corn stalk was obtained from the 
experimental field of Northeast Agricultural University, 
dried naturally, and crushed into pieces (1–2 cm in length). 
Wood vinegar (PA) and powdered biochar (BC) were pur-
chased from Shijiazhuang Hongsen Activated Carbon Co. 
Ltd. (Hebei province, China). White-rot fungi (WF) was 
provided by the China Microbiological Culture Collection 
Center (http://​junzh​ong.​vip) and cultured on potato dex-
trose agar (PDA) (glucose 20 g L−1, potato extract 6 g L−1, 
agar 20 g L−1) (Coolaber, Beijing). The effect of WF on the 
color of PDA medium containing 0.4% o-methoxy-phenol 
is shown in Fig. S1, which illustrates that white-rot fungi 
possesses the ability to produce laccase. The main physico-
chemical properties of the raw materials and additives are 
shown in Table 1.

2.2 � Experimental design and sampling

Based on previous studies, the biochar content was set 
at 2.5%, 3.5%, and 4.5%, referred to as B1, B2, and B3, 

Table 1   Physicochemical 
properties of composting 
materials

Materials C (%) N (%) C/N pH Cu (mg·kg−1) Zn (mg·kg−1)

Corn stalk 31.68 0.44 65 - 91.24 87.13
Pig manure 8.93 0.56 16 - 5.42 44.18
Biochar 69.32 1.01 68 - 4.91 4.88
Wood vinegar 32.72 0.56 58 3.5 2.29 3.72
White-rot fungi 2.01 - - - - -
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respectively; the wood vinegar content was set at 0.4%, 
0.6%, and 0.8%, referred to P1, P2, and P3, respectively; 
and the white-rot fungi content was set at 3%, 6%, and 9%, 
referred to as W1, W2, and W3, respectively. To investi-
gate the synergistic effect of BA, PA, and WF, B2, P2, and 
W3 were mixed with pig manure and corn stalk, which was 
named OAC; the absence of additives was used as the con-
trol, which was referred to as CK. The composting experi-
mental design is shown in Table 2. The composting experi-
ments were carried out in a 65-L foam box (60 × 53 × 31 cm, 
length × width × height) in the laboratory. Ventilation holes 
were arranged around the body of the box and the top cover 
to facilitate the inflow of ambient air. The fresh weight ratio 
of pig manure to corn stalk was 2:1, which were mixed thor-
oughly to obtain a moisture content of 65% and a C/N ratio 
of 25:1. BC, PA, and WF were subsequently added at dif-
ferent ratios. The composting period lasted 32 days, with 
the piles being turned and thoroughly mixed every 4 days 
during the mesophilic and thermophilic stages, and every 
7 days during the curing stage. After each artificial turning, 
approximately 200 g each compost sample was collected 
from 5 random points in each pile using the centered quarter 
method and then homogenized. The sampling was conducted 
on days 1, 4, 8, 12, 16, 24, and 32 [27]. Each sample was 
divided in half; one half was stored at 4 °C, and the other 
half was air dried.

2.3 � Determination of physicochemical properties

A thermal sensor was used to detect the temperature at a 
depth of 25 cm, 50 cm, and 75 cm in each pile of compost at 
9:00, 14:00, and 20:00 every day to obtain an average daily 
temperature. Ambient temperature was also recorded. The pH 

and EC values of the compost were measured according to 
previously described methods [26]. The fresh compost sam-
ples were mixed with distilled water (1:10 w/w ratio), shaken 
at 150 rpm for 0.5 h, and centrifuged at 2000 × g for 10 min.

The germination index (GI) was determined as previ-
ously reported [33]. The water extract of the compost was 
centrifuged at 2000 × g for 10 min, and the supernatant 
was passed through a 0.45-μm filter membrane. The num-
ber of germinating Pakchoi (Brassica rapa L.) seeds and 
root length were measured following treatment with com-
post water extract or distilled water as the control. The 
following formula was used to calculate the GI:

2.4 � Extraction and quantitation of trace elements

A modified Community Bureau of Reference (BCR) sequen-
tial extraction procedure was used to determine Cu and Zn 
content [34]. Five metal species were defined as the water-
soluble fraction (WAF), acid-soluble fraction (ASF), reduc-
ible fraction (REF), oxidizable fraction (OXF), and residual 
fraction (RSEF). The water-soluble, acid-soluble, reducible, 
and oxidizable fractions were extracted with deionized water, 
0.1 M CH3COOH, 0.5 M NH2OH·HCl and 2 M HNO3, and 
8.8 M H2O2 and 1 M CH3COONH4, respectively. The resid-
ual fraction was obtained by digesting the residue from the 
oxidizable fraction in 10 mL HNO3-HClO4 (v/v 6:1) solu-
tion for 2 h at 300 °C. The bioavailability of these fractions 
was ordered as follows: WAF > ASF > REF > OXF > RSEF 
[28]. The digested solution was passed through a 0.45-μm 
filter membrane and subjected to flame atomic absorption 
spectrometry (DUO AA, China). All extraction and digestion 
procedures were performed in triplicate. The distribution 
ratio and passivation rate were calculated using formulas (2) 
and (3), respectively:

where Cb is the distribution ratio of heavy metals before 
composting and Ca is the ratio of heavy metals after 
composting.

2.5 � Extraction and quantitation of antibiotics

Extraction of fluoroquinolones (norfloxacin (NFC)) and sul-
fonamides (sulfadiazine (SDZ)) was performed according to 

(1)GI(%) =

[

Seed germination of treatment(%)
][

Rootlength of treatment
]

[

Seed germination of control(%)
][

Rootlenght of control
] (%)

(2)Distribution ratio(%) =
Metal content in each fraction

(

mg − kg−1
)

Total content of the heavy metal
(

mg − kg−1
) × 100%

(3)Passivation rate (%) =
Cb − Ca

Cb
× 100%

Table 2   Experimental design

Biochar and wood vinegar were added at the initial stage of compost-
ing, and white-rot fungus was inoculated after the thermophilic stage 
to prevent inactivation of the fungi at high temperatures.

Treatment Ratio of raw materials

CK Pig manure + corn stalk
B1 Pig manure + corn stalk + 2.5% biochar
B2 Pig manure + corn stalk + 3.5% biochar
B3 Pig manure + corn stalk + 4.5% biochar
P1 Pig manure + corn stalk + 0.4% wood vinegar
P2 Pig manure + corn stalk + 0.6% wood vinegar
P3 Pig manure + corn stalk + 0.8% wood vinegar
W1 Pig manure + corn stalk + 3% white-rot fungi
W2 Pig manure + corn stalk + 6% white-rot fungi
W3 Pig manure + corn stalk + 9% white-rot fungi
OAC Pig manure + corn stalk + 3.5% bio-

char + 0.6% wood vinegar + 9% White-rot 
fungi
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methods previously described by Garcia-Galan, Rodriguez-
Rodriguez [35] and Ho, Zakaria [5]. In brief, 5 g each freeze-
dried sample was extracted three times with EDTA-sodium 
phosphate buffer, and the supernatants were combined and 
loaded at 10 mL/min into cartridges preconditioned with 
10 mL methanol and 10 mL ultrapure water. Subsequently, 
the cartridges were flushed with 6 mL ultrapure water and 
10 mL methanol (supplemented with 0.1% formic acid). 
The eluents were evaporated to dryness under N2 flow, dis-
solved in 1 mL solution (25% methanol and 0.1% formic 
acid in ultrapure water), and passed through a 0.22-μm nylon 
syringe filter. The solutions were stored in brown glass bot-
tles until analysis. High-performance liquid chromatography 
(Waters-600, USA) was used to determine the presence of 
antibiotics, as previously described [36]. Each sample was 
measured in triplicate. The antibiotic removal efficiency was 
calculated using formula (4):

where Rb is the initial antibiotic concentration of the mixed 
manure samples before composting and Ra is the anti-
biotic concentration of the mixed manure samples after 
composting.

2.6 � Statistical analysis

All tests were performed in triplicate (n = 3). Statistical 
analysis was performed using the SPSS Statistics software 
25. Differences were assessed by one-way analysis of vari-
ance (ANOVA) followed by Duncan’s test and considered 
significant at p < 0.05. All figures were created using the 
Origin 2021 software.

3 � Results and discussion

3.1 � Effect of additives on physicochemical 
properties during composting

Composting temperature is known to affect microbial activ-
ity and composting efficiency [37]. There typically exist four 
phases during aerobic composting: a mesophilic phase, a 
thermophilic phase, a cooling phase, and a maturation 
phase. The mesophilic phase is present in the first few days 
of composting, during which mesophilic microbes rapidly 
decompose soluble degradable compounds, and the tempera-
ture of the pile increases quickly. As the temperature rises 
above 40 °C, the thermophilic stage begins and complex 
biomacromolecules, such as proteins, fats, and hemicellu-
lose, are degraded by thermophilic microbes. Over time, 

(4)The removal efficient(%) =
Rb − Ra

Rb
× 100%

the temperature of the pile gradually decreases to ambient 
temperature due to the exhaustion of compounds. During the 
final maturation phase, organic matter is stable and safe for 
plants [38]. As shown in Fig. 1a, all the treated piles of com-
post went through these four phases of composting. The B2 
and P2 compost piles reached peak temperature values rap-
idly during the first 6 and 7 days, respectively, and remained 
above 50 °C for more than 10 days; however, the temperature 
of the control compost pile did not peak until day 10, illus-
trating that biochar and wood vinegar can shorten the meso-
philic phase and lengthen the thermophilic phase. Similar 
results have been obtained previously [39]. Maintenance of 
the thermophilic phase at 50–60 °C for longer than 5 days 
meets the requirements for hygienic compost specified by the 
national standard in China (GB7959-2012). By contrast, the 
temperature in the OAC compost pile increased again during 
days 18–23 and remained higher than 50℃ for 12 days. The 
secondary temperature rise was due to further degradation 
of refractory organic compounds such as lignin, indicating 
that white-rot fungi have already adapted to the composting 
environment and began to exert their advantages on the deg-
radation of lignocellulosic materials [40]. The duration of 
the thermophilic phase in the OAC compost pile was longer 
than that in the other piles, illustrating that white-rot fungi, 
biochar, and wood vinegar have synergistic effects on the 
degradation of organic matter.

pH is a critical factor influencing microbial activity and 
community during composting [41]. As shown in Fig. 1b, 
the pH value decreased and subsequently increased. Firstly, 
the pH decreased during the thermophilic phase and reached 
a similar trough on day 8 since the organic matter had 
been transformed into small molecular organic acids such 
as oxalic, lactic, citric, succinic, acetic, and formic acids, 
resulting in a gradual decline in pH [42]. During the cooling 
phase, the pH of all the compost piles increased significantly, 
which is likely due to the decomposition of organic acids and 
production of volatile ammonia as the temperature decreased 
[43]. Consistent with previous reports [23], the pH in the P 
compost piles was significantly lower than that in the other 
piles prior to day 14 because acetic acid accounts for roughly 
30–70% of the organic component of wood vinegar [21]. The 
pH in the OAC compost pile (8.53) increased by a further 
2.27% than that in the P3 compost pile (8.34) during the 
maturation phase, indicating that the addition of alkaline 
biochar serves as a buffer for acid–base balance in compost, 
which is more conducive to improvements in soil fertility 
and the mitigation of NH3 volatilization [24]. Additionally, 
the pH of compost also affects the stability and bioavail-
ability of trace elements [6].

The EC reflects the degree of compost salinity and 
organic mineralization [44], which displayed a similar 
trend in all the piles during composting (Fig. 1c). During 
the thermophilic phase, the EC of all the compost piles 
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increased sharply, which may be attributed to the conver-
sion of complex organic matter to soluble components, 
including metallic salts [43]. Subsequently, the EC showed 
a rapid reduction in stability, which may be due to nitrifi-
cation, heavy metal immobilization, and/or volatilization 
of ammonia [26, 45]. At the end of composting, there was 
a significant difference between the OAC and the P2, B2, 
and WA compost piles (p < 0.05). The EC values of all the 
compost piles at the end of composting were lower than 
that of the control and did not exceed 4.0 mS·cm−1, which 
is considered safe for plant growth [46]. In addition, there 
was a difference between the EC of the OAC compost pile 
and that of the WF, PA, and BA compost piles during the 
maturation phase, indicating that WF, BA, and PA exert 
a synergistic effect on the degradation of organic matter.

The GI is an effective biological method for evaluat-
ing the quality and maturity of composting products; and 

with a GI greater than 80%, compost can be considered 
mature and non-toxic [46]. Figure 1d shows the GI values 
for all the piles of compost at the end of composting. The 
GI of the OAC compost was the highest, and there was a 
significant difference between the OAC and the P2, B2, 
and WA compost (p < 0.05) (Fig. 1d), demonstrating that 
WF, BA, and PA synergistically increased the conversion 
of ammonia and decomposition of toxic substances [27].

The results are presented as the mean ± SD of three 
replicates. Different letters above the columns indicate a 
significant difference as determined by Duncan’s multiple 
comparisons test (p < 0.05).

Fig. 1   Impact of different additives on physicochemical properties during composting. a Temperature, b pH, c EC, and d germination index
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3.2 � Effect of additives on the transformation of Cu 
and Zn speciation during composting

The total concentrations and speciation of Cu and Zn in the 
presence of different additives are shown in Tables 3 and 4, 
respectively. The total concentration of each metal increased 
during the composting process due to the loss of organic 
matter [47]. As shown in Fig. 2, Cu and Zn associated with 
the WAF, ASF, and REF fractions during the initial com-
posting period accounted for 63–67% and 63–74%, respec-
tively, whereas the OXF and RSEF fractions contained a 

higher percentage of Cu and Zn at the end of composting 
(35–48% and 49–56%, respectively). These results are in 
accordance with previous observations [14] and verify that 
composting is an effective way to reduce the bioavailabil-
ity of trace elements in livestock manure. Assuming that 
mobility and bioavailability are related to the solubility of 
the chemical form of metals [8], Cu displays more appar-
ent mobility and potential bioavailability than Zn (Fig. 2); 
therefore, Cu is the major trace element in pig manure [48], 
and greater attention should be paid to its speciation and 
level during composting.

Table 3   Changes in the speciation of Cu with different concentrations of additives

W1, white-rot fungi 3%; W2, white-rot fungi 6%; W3, white-rot fungi 9%; P1, wood vinegar 0.4%; P2, wood vinegar 0.6%; P3, wood vinegar 
0.8%; B1, biochar 2.5%; B2, biochar 3.5%; B3, biochar 4.5%; OAC, white-rot fungi 9%, wood vinegar 0.6%, and biochar 3.5%; CK, no addi-
tive; ± S.D. of three replicates. Different letters indicate a significant difference as determined by Duncan’s multiple comparisons test (p < 0.05).

Speciation Water soluble Acid soluble Oxidizable Reducible Residual Total  
concentration

Passivation rate (%)

Cu (mg.kg−1) Before After Before After Before After Before After Before After Before After

W1 16.10 8.69 9.67 6.13 18.58 36.28 49.26 76.34 19.36 33.60 112.97 161.04 59.9 ± 3.34cde
W2 18.00 8.96 8.67 5.90 19.11 47.16 52.19 72.59 23.16 34.93 121.13 169.54 60.91 ± 4.23cde
W3 17.60 9.15 8.31 5.72 18.30 42.10 54.66 83.47 23.70 37.77 122.57 178.21 66.46 ± 5.31bc
P1 16.42 8.77 9.80 6.27 16.66 32.33 52.11 72.80 23.56 34.26 118.53 154.43 56.85 ± 2.43e
P2 17.02 8.56 10.56 8.30 13.73 28.81 57.69 88.14 19.77 27.48 115.75 161.29 64.40 ± 3.42 cd
P3 15.50 6.67 8.17 5.12 15.24 34.60 55.43 78.99 26.09 43.16 120.43 168.54 54.49 ± 3.13ef
B1 16.00 7.56 8.80 6.09 12.76 22.37 54.93 87.27 26.09 33.68 119.58 157.97 58.39 ± 4.26de
B2 15.70 6.61 6.48 4.12 16.89 26.12 55.42 87.53 28.15 43.19 123.64 168.57 72.01 ± 2.58b
B3 15.30 6.88 7.67 6.51 18.16 25.61 59.65 88.86 27.22 34.40 129.00 163.26 64.6 ± 3.31 cd
CK 16.30 10.53 8.78 6.27 15.14 26.70 56.88 84.15 22.08 38.77 119.18 166.42 50.02 ± 3.44f
OAC 18.855 1.98 8.62 2.11 15.01 27.71 59.96 91.7 24.64 39.96 126.78 163.51 88.31 ± 2.61a

Table 4   Changes in the speciation of Zn with different concentrations of additives

W1, white-rot fungi 3%; W2, white-rot fungi 6%; W3, white-rot fungi 9%; P1, wood vinegar 0.4%; P2, wood vinegar 0.6%; P3, wood vinegar 
0.8%; B1, biochar 2.5%; B2, biochar 3.5%; B3, biochar 4.5%; OAC, white-rot fungi 9%, wood vinegar 0.6%, and biochar 3.5%; CK, no addi-
tive; ± S.D of three replicates. Different letters indicate a significant difference as determined by Duncan’s multiple comparisons test (p < 0.05).

Speciation Water soluble Acid soluble Oxidizable Reducible Residual Total  
concentration

Passivation rate (%)

Zn (mg·kg−1) Before After Before After Before After Before After Before After Before After

W1 42.62 57.46 163.24 114.56 47.88 295.32 143.26 375.20 73.80 374.16 470.80 1216.70 65.83 ± 3.43e
W2 44.25 47.30 168.90 92.94 49.26 222.72 155.78 427.22 78.88 380.86 497.07 1171.04 67.40 ± 2.61de
W3 44.77 53.42 159.74 117.76 55.30 235.04 147.11 400.12 72.13 357.10 479.05 1163.44 70.22 ± 2.23cde
P1 16.40 8.77 32.70 28.90 122.76 69.56 66.60 243.40 133.90 366.90 445.39 1112.30 69.40 ± 4.66cde
P2 17.00 8.56 27.77 27.20 122.18 65.38 72.60 266.58 142.52 374.52 435.17 1031.96 73.29 ± 3.21 cd
P3 15.50 6.67 28.36 34.44 127.70 75.84 59.38 294.86 155.62 399.60 428.76 1034.54 66.25 ± 4.61e
B1 27.23 26.66 121.72 66.96 63.69 277.52 127.26 378.86 76.40 263.84 416.30 1013.84 74.06 ± 3.40c
B2 28.16 25.96 124.37 58.66 68.78 284.88 147.37 354.74 57.36 289.96 426.04 1014.20 81.40 ± 4.16b
B3 27.92 23.20 123.75 66.80 66.31 272.94 132.35 384.70 64.33 307.52 414.66 1055.16 73.25 ± 2.61 cd
CK 27.71 33.44 121.16 92.54 71.00 244.44 134.84 415.2 88.73 284.44 443.44 1070.06 64.82 ± 3.41e
OAC 30.49 12.43 119.9 18.8 73.8 273.61 119.85 425.46 82.33 297.14 426.37 1027.44 91.38 ± 2.57a
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The passivation rate of Cu was ordered as follows: 
OAC (88.19%) > B2 (72.01%) > P2 (64.40%) > W3 
(66.46%) (Table 3), and that of Zn was OAC (91.38%) > B2 
(81.40%) > P2 (73.29%) > W3 (70.22%) > CK (64.82%) 
(Table 4). The additives significantly influenced the mobil-
ity of Cu and Zn (p < 0.05). Furthermore, the co-addition of 
BC, PA, and WF resulted in more efficient passivation of 
Cu and Zn than the individual addition. The concentration 
of Cu and Zn was significantly decreased in the WAF and 
ASF and significantly increased in the OXF and RSEF, from 
all compost piles. These results are in accordance with those 
previously reported [28]. The residual fraction contributes 
little to heavy metal bioavailability since it is permanently 
bound to the crystal lattice of the mineral components of 
the compost [47].

In comparison with Cu, the distribution rate of the oxi-
dizable fraction increased to a greater extent prior to and 
after composting, indicating that Zn transformed from a 
more active state to an oxide-binding state, which reduces 
the risk of toxicity.

Cu and Zn are involved in many essential biological pro-
cesses. These elements participate in the synthesis of chlo-
rophyll, are components of electron transport during pho-
tosynthesis, or form an integral constituent of superoxide 
dismutase (Cu/Zn-SOD). An imbalance in nutrient elements 
may cause toxicity under excess Cu and Zn conditions; how-
ever, speciation ultimately determines the levels of trace ele-
ments in the environment and regulates the transfer of metals 
from the soil to roots/shoots/grains and finally to humans/
animals [7]. Cu and Zn mobility is associated with humus 
formation during the composting process, and microbes play 
an important role in enhancing the transformation of organic 
materials. White-rot fungi can degrade lignin and form sta-
ble humic substances possessing functional groups with 
the ability to immobile heavy metals as a residual fraction, 

accelerating the formation of organo-metallic complexes 
and causing accumulation of metal ions in cells [28, 40]. 
Furthermore, wood vinegar affects the adsorption capabili-
ties of trace elements due to the presence of acetic acid and 
other organic acids, which possess many carboxyl groups 
[49]. In the present study, biochar was utilized as an addi-
tive for composting to improve the surface roughness of 
the adsorbents, which increased the pore volume, specific 
surface area, and number of oxygen-containing functional 
groups on its surface, favoring the removal of trace elements 
[50] Zhou, Meng [12, 51]. Lower concentrations of wood 
vinegar can enhance microbial growth [21] and balance the 
alkalinity of biochar, which is conducive to the passivation 
of heavy metals. It has been suggested that modification of 
the structure of biochar with wood vinegar improves the 
adsorption capacity for heavy metals [49], which we intend 
to study in the future.

3.3 � Effect of additives on the degradation 
of antibiotics during composting

Seven antibiotics were detected in all compost sam-
ples, which included 4 sulfonamides [sulfadiazine (SDZ, 
16.42 µg kg−1), sulfamethoxydiazine (SM, 12.97 µg kg−1), 
sulfamonomethoxine (SMM, 4.65 µg kg−1), and sulfameth-
oxazole (SMX, 3.62  µg  kg−1)] and 3 fluoroquinolones 
[norfloxacin (NFC) (1103.67 µg kg−1), enrofloxacin (EFC) 
(323.52 µg kg−1), and ciprofloxacin (CFC) (17.62 µg kg−1)]. 
To investigate the influence of different concentrations of 
additives on the degradation of antibiotics during pig manure 
composting, we evaluated changes in the levels of the anti-
biotic in each class that had the highest initial concentration 
(NFC and SDZ).

The concentration changes and removal efficiencies of 
SDZ and NFC are shown in Fig. 3. The presence of additives 

Fig. 2   The distribution of Cu 
(a) and Zn (b) before and after 
composting
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increased the removal efficiency of both SDZ and NFC from 
pig manure, which is in accordance with a previous report 
[52]. The removal efficiency of SDZ and NFC from OAC 
compost was significantly higher than that from the other 
composts (p < 0.05). Interestingly, the total removal effi-
ciency of NFC was significantly lower than that of SDZ 
during the entire composting period, which may be due to 
the azabicyclo structure in the norfloxacin molecule being 
harder to degrade than the sulfonamide structure in the sul-
famethoxazole molecule [53].

The degradation rate of NFC in this study is lower than 
that reported by Ho et al. (99.8%), which is likely due to 
the fact that the initial concentrations of NFC were signifi-
cantly different [5]. The fate of antibiotics during compost-
ing is mainly associated with adsorption and degradation. 
The bioavailability of antibiotics is also significantly influ-
enced by the presence of heavy metals [54]. In the present 
study, the concentrations of Cu and Zn were high, which 
may have slowed down the degradation of the antibiotics 
since NFC has been shown to be adsorbed on the particulate 
fraction or organic macromolecules, rendering it resistant 

to biodegradation [55]. Here, white-rot fungi enhanced the 
degradation of organic matter, which is attributed to the 
non-specific nature of their ligninolytic enzymes, such as 
peroxidases and laccases, and to the intracellular activity 
of the cytochrome P450 system [35]. Moreover, powdered 
biochar and acidic wood vinegar decreased the adsorption of 
NFC, which led to increased NFC elimination. The level of 
SDZ rapidly decreased during the first 16 days of compost-
ing in all the piles, and the removal of SDZ reached 100% by 
the maturation phase. These results are in good agreement 
with those previously published [5]. SDZ was efficiently 
degraded by temperature-dependent abiotic processes, since 
the temperature within the OAC compost remained higher 
than 50 °C for 12 days. Further, SDZ is often transformed 
into hydroxyl-sulfadiazine and the non-bioactive conjugate 
acetyl-sulfadiazine, strongly reducing antibiotic toxicity [5].

In the present study, biochar, wood vinegar, and white-
rot fungi synergistically changed the physicochemical 
properties of the compost and increased the bioavail-
ability of trace elements and degradation of antibiotics 
during the composting process. Both wood vinegar and 

Fig. 3   Variations in concentrations (μg kg−1) and removal efficiency (%) of the detected target antibiotics during the composting process
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biochar are easily obtained in large quantities as waste 
from pyrolytic gas production and can also be combined 
with renewable energy; therefore, these additives could 
be widely applied to composting. Moreover, wood vin-
egar and biochar have been utilized to enhance plant 
growth and tolerance to drought stress, improving soil 
health and carbon sequestration [56, 57], and would 
likely provide significant economic and environmental 
benefits if properly applied to agricultural production. 
Our work describes a new approach for the application of 
wood vinegar and biochar to increase their added value 
and commercialization as much as possible. Overall, we 
developed a new method to remove pollutants from the 
environment using sustainably produced agricultural and 
industrial residues.

Nevertheless, since several pyrolysis conditions, such 
as biomass type and operating temperature, have a signifi-
cant effect on the characteristics of wood vinegar and bio-
char [58], it is difficult to determine which factor should 
be improved to allow these additives to more greatly 
reduce the bioavailability of Cu and Zn and increase the 
degradation of antibiotics, and further experimental study 
is required. To fully evaluate the long-term fate of pas-
sivated heavy metals (Cu and Zn) and NFC in soil, the 
compost needs to be applied to a range of different soils 
and plants. Furthermore, composting is a complex bio-
logical process. In addition to additives, there exist many 
aspects, such as composting scale, composting process, 
and composting factors, that influence organic matter 
transformation, removal of antibiotics, and passivation 
of trace elements; therefore, industrial-scale composting 
using OAC still needs further investigation.

4 � Conclusions

White-rot fungi and the pyrolytic products derived from 
corn straw were used as additives for the simultaneous 
reduction of trace element and antibiotic concentra-
tions. The passivation rate of copper (88.31%) and zinc 
(91.38%) and the degradation rate of sulfadiazine (100%) 
and norfloxacin (90.32%) in OAC compost [WF (9%), PA 
(0.6%), and BC (3.5%)] were increased by 36.27% and 
26.48% and by 18.88% and 36.97%, respectively, in com-
parison with the control. After 32 days of composting, the 
products satisfy biofertilizer requirements for agricultural 
production. Our study provides a useful reference for the 
low-cost, efficient detoxification and utilization of pig 
manure, but further experiments should be conducted to 
evaluate the long-term effects of compost products on 
soil quality.
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