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Rice straw addition and biological inoculation promote
the maturation of aerobic compost of rice straw biogas residue
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Abstract
Rice straw biogas residue contains high lignin content, so the decomposition of this material by natural compost is slow. This
study investigated the effect of the combination of rice straw addition and microbial inoculation (Aspergillus niger CICIMF0410
and Phanerochaete chrysosporium AF96007) on the physiochemical properties of rice straw biogas residue in the composting
process. Four composting treatment groups were designed: rice straw biogas residue (RR; T1), RR + rice straw (RS) (T2), RR +
inoculants (T3), and RR + RS + inoculants (T4). The addition of rice straw significantly accelerated the initial temperature rise
during composting, and microbial inoculation accelerated lignocellulose decomposition. After composting, the electrical con-
ductivities of samples T1 to T4 were 1.22, 0.87, 0.99, and 0.82 DS ml−1, respectively. Compared with other treatment samples,
T4 showed noticeably increased degradation rates of HC, CL, and ADL after decomposition. The total humic acid levels of
samples T1 to T4were 9.5, 12.7, 10.5, and 18.6%, with humification index values of 1.45, 1.80, 1.69, and 2.46, respectively, after
maturation. After 12 weeks of composting, T4 showed the highest increase in total nitrogen (37.6%), phosphorus (33.6%), and
potassium (29.8%) levels. Furthermore, compared with other treatment samples, T4 showed the best maturity indices, such as
morphology, color, and odor. Rice straw addition and biological inoculation for biogas residue composting not only significantly
decreases the time required for decomposition but also eliminates the toxicity risk for crops and improves the stability of the
biogas residue fertilizer.
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1 Introduction

With the rapid increase in the global population and boom in
economic activity, the biogas industry is witnessing explosive

growth [1]. China’s current annual biogas production is ap-
proximately 2 billion m3, which corresponds to an annual
output of approximately 100 million tons of fresh biogas res-
idue [2]. In Europe, the production from biogas reactors has
increased by 2.83 times in the past 8 years (2008–2016), cor-
responding to the production of approximately 128 million
tons of biogas residue [3].

Rice straw is an important component of biogas residue.
Returning rice straw biogas residue to the field after decom-
position can result in full utilization of its organic components,
facilitating resource utilization in the form of fertilizer [4]. The
aerobic composting process involves a microbial colony that
decomposes [5] and converts various degradable organic com-
ponents in the composting material and produces CO2, H2O,
heat, and humus (Hu) precursor substances [6], thereby
converting the organic components into stable humic acids
(HAs) [7]. Successful composting requires a variety of micro-
organisms to decompose the corresponding organic compo-
nents at different stages to finally produce products with a
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high maturity index. Carbon and nitrogen are two essential
components of composting materials, with the former being
the energy base for microbial life activities and the latter being
essential for the synthesis of microbial amino acids and
nucleic acids [2]. In biogas production, the organic carbon
content of rice straw biogas residue significantly decreases,
leading to insufficient energy for the survival of microorgan-
isms, so the functional succession of microorganisms cannot
be achieved in the composting process, and decomposition
cannot be thoroughly completed. Furthermore, rice straw bio-
gas residue contains high lignocellulose content. During an-
aerobic fermentation, although the unstable organic compo-
nents of the residue can be converted to biogas [8], the rest is
mainly composed of lignocelluloses, particularly lignin,
which is difficult to degrade through traditional biochemical
reactions [9]. Consequently, the slow and incomplete decom-
position of rice straw biogas residue leads to low maturity
indices, which is a problem in composting that needs to be
urgently addressed.

The addition of a certain amount of rice straw during
cocomposting of livestock manure could increase the activity
of microorganisms by altering the physiochemical environ-
ment during composting [10], thereby promoting the degrada-
tion of organic matter (OM) in animal manure materials and
accelerating maturation due to the increased content of organ-
ic carbon in the materials [11]. For the decomposition of com-
post materials with high lignocellulose content, researchers
have attempted different methods, such as hydrogen peroxide
addition [12], steam explosion [13–15], and charcoal addition
[11]. However, all these methods failed to result in satisfactory
lignin decomposition. Recent advances in biology have
shown that some fungi and bacteria can have an active effect
on lignocellulose decomposition [16–19]. Nevertheless, the
breeding of microorganisms is closely associated with the en-
vironment in which they live [20, 21]. For instance, Meng
et al. [2] adopted spent mushrooms for biogas residue
composting and found that the lignin component was not de-
graded. Therefore, an appropriate physicochemical environ-
ment and the addition of related functional microorganisms
during decomposition may have a synergistic effect on the
degradation of the biogas residue lignocellulose and may fur-
ther result in the formation of safe and stable decomposition
products. However, studies on this aspect have been rarely
reported.

On the other hand, high maturity of the material does not
indicate high quality of the fertilizer. Instead, the humic sub-
stance (HS) and HA levels of the decomposed fertilizer are the
most important indicators for evaluating the quality of com-
post [22]. Theoretical studies have demonstrated that lignin in
lignocellulose plays a crucial role in the formation of HA [23,
24]. However, the degradation of the lignin polymer is strong-
ly impacted by the composting materials and by periodic
physiochemical changes in the environment during the

composting process, such as changes in temperature, pH, elec-
trical conductivity (EC), and OM content. From the perspec-
tive of agronomic use of fertilizers, a comprehensive analysis
and evaluation should be conducted by taking the carbon to
nitrogen ratio (C/N), NH+ 4/NH− 3 ratio, seed germination
index (GI), humification index (HI), and other chemical and
agronomic indicators into consideration [25].

Based on the aforementioned considerations, this study
conducted a scientific and systematic analysis of the effect
of coapplication of rice straw and functional microorganisms
in rice straw biogas residue decomposition, attempting to re-
alize rapid decomposition of the residue and thus produce safe
and high-quality fertilizer with high HA content.

The novelty of this study includes the following aspects:
(1) rice straw that contains high OM content and functional
microorganisms that exhibit strong degradation ability toward
cellulose (CL) and lignin were combined for rice straw biogas
residue composting; (2) variations in physiochemical factors,
such as maturity indices, component degradation of lignocel-
luloses, HA production, and degree of humification, during
composting were systematically investigated; and (3) this
study focused on a composting method for returning of rice
straw to the field as an effective fertilizer and for cycling the
utilization of the substance and energy of the residue waste of
rice production.

2 Materials and methods

2.1 Rice straw

Rice straw was purchased from the paddy fields in the Lin’an
District of Hangzhou city after harvesting. The sample was
manually cut to a length of 3–5 cm and dried at 105 °C for 2 h
to characterize the relevant physical and chemical properties
[26].

2.2 Rice straw biogas residue

The rice straw was first digested by ruminants (at the dairy
breeding base in the town of Banqiao, Lin’an District,
Hangzhou), and the manure was collected and then put into
a biogas pool (a marsh pond in an east Tianmu mountain
farmhouse in Lin’an District) for anaerobic fermentation.
The fermentation time was 60 days [27]. The chemical prop-
erties of the rice straw and rice straw biogas residue are shown
in Table 1.

2.3 Microbial culture

After activation, Aspergillus niger CICIMF0410 and
Phanerochaete chrysosporium AF 96007 [18, 19] (stored at
the Engineering College of Zhejiang Agriculture and Forestry
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University) were added to potato dextrose agar medium (con-
taining potato (200.0 g), glucose (20.0 g), agar (20.0 g), and
distilled water (1000 ml) with a pH of 6.0–6.5) for 3 days of
cultivation at 28 °C. Then, an appropriate amount of liquid
slanting medium (0.5 g of straw powder, 0.50 g of MgSO4·
7H2O, 0.22 g of K2HPO4, 100 ml of distilled water, natural
pH) was used for the propagation culture on a 150 r min−1

shaker for 7 days at 30 °C (away from light) [18, 19]. The
number of microbial colonies was determined by the spread
plate method [7], and sterile water was used to adjust the
microbial concentration to 1 × 108 CFU ml−1.

2.4 Composting design

The biogas residue and rice straw (chopped to 3–5 cm long)
were treated according to the experimental design shown in
Table 2. The C/N ratio of the mixture of biogas residue and
rice straw was 32:1, which is the optimal ratio for degradation
of materials by microorganisms [28].

The sample was placed in a special aerobic composting
container with dimensions of 1.0 × 0.8 × 0.8 m3. The four cor-
ners of the container were separately supported by a 1.0 m ×
0.06 m × 0.06 m pillar stand, and the four lateral sides were
separately fixed onto the pillar stand by 11 0.92 m × 0.05 m ×
0.02 m boards through zincified bolts, with parallel intervals
of 0.02 cm between the boards. Pure water was added to adjust
the humidity to 60%. Nine silica gel tubes from an aerobic
pump were used for continuous ventilation in the container
box, with 3 evenly distributed in the radial direction (0.05 m in
diameter) along the median surface of the container and the

surfaces 25 cm above and below the median surface. The
ventilatory volume was 0.25 l (kg min)−1 [8]. The prepared
microbial suspension was inoculated at 1 cm3 kg−1, and then,
the aerobic fermentation composting experiment was per-
formed at room temperature. Four different treatment groups
were designed: the rice straw biogas residue (RR, T1) group,
the RR + rice straw (RR + RS; T2) group, the RR + 1%
microbial suspension (T3) group, and the RR + RS + 1%
microbial suspension (T4) group (Table 2).

2.5 Sampling and determination

There were three sampling points, located at depths of 20, 40,
and 60 cm from the upper surface of the container. Three
repetitions were performed for each sample point.

The temperature was measured using a digital temperature
recorder (RC-4, Jiangsu Jingchuang Electric Co., Ltd.), and
recording was performed every 4 days. The pH and EC values
were determined by a pH and EC meter (a special, solid metal
probe-based, digital pH and EC detector, Hangzhou Luheng
Biotechnology Co., Ltd.). Prior to measurement, the samples
were leached with deionized water at a ratio of 1:10 (w/v,
g cm−3) for 1 h. The moisture content was measured by drying
at 105 °C for 24 h [29].

Ash was generated by drying at 550 °C for 5 h, and the
determination of total OM content was based on the difference
between the masses of the starting dry matter and the ash [29].
The total nitrogen (TN) content was determined by the
Kjeldahl method [2]. The total carbon (TC) content was 0.58
times the mass of the OM. The C/N was calculated from the
mass ratio of TC to TN [26]. Water-soluble amino nitrogen
(NH4

+-N), nitro nitrogen (NO− 3-N), and available nitrogen
levels were determined by the potassium chloride extraction-
indophenol blue colorimetric method, an ultraviolet spectro-
photometer, and alkali decomposition diffusion, respectively
[10]. The total phosphorus (TP) content was determined by a
flame photometer [26]. The available phosphorus (AP) was
extracted with 0.5 M NaHCO3 (1:10 w/v ratio, g cm−3) as
sample extractant [29]. Determination of the total potassium
(TK) and available potassium (AK) content was performed by
the nitric acid-perchloric acid digestion-based flame photom-
eter method and the ammonium acetate extraction-based
flame photometer method [2], respectively.

Table 1 Chemical composition of rice straw and rice straw biogas residue in dry matter (%)

Parameter OM TC TN TP TK HA C/N HC CL ADL

RS 90.2 ± 0.52 83.1 ± 0.48 0.67 ± 0.02 1.26 ± 0.08 0.53 ± 0.02 0.08 ± 0.01 71.9 21.7 ± 0.11 39.0 ± 0.17 8.70 ± 0.07

RR 69.9 ± 0.46 40.5 ± 0.25 1.62 ± 0.05 1.42 ± 0.09 0.71 ± 0.03 12.3 ± 0.09 25.0 10.3 ± 0.05 43.6 ± 0.19 15.7 ± 0.10

RS rice straw rice, RR rice straw biogas residue, OM organic matter, TC total carbon, TN total nitrogen, TP total phosphorus, TK total potassium, HA
humic acid, C/N the ratio of carbon to nitrogen, HC hemicellulose, CL cellulose, ADL acid-washed lignin

Table 2 Experimental design for composting

Composition RR RS Inoculant C/N ratio

T1 + – – 25.0

T2 + + – 32.0

T3 + – + 32.0

T4 + + + 32.0

The data error range was < 0.2%

+, yes; −, no; RR, rice straw biogas residue; RS, rice straw; T1, RR; T2,
RR + RS; T3, RR + 1% microbial suspension; T4, RR + RS + 1%
microbial suspension
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The biodegradation coefficient was calculated according to
Haug’s equation [28]:

Kb ¼ OMi−OM f
� �� 100=OMi 100−OM f

� � ð1Þ

where OMi and OMf are the initial and final levels of OM,
respectively.

The relative change rates for the nitrogen, phosphorus, and
potassium levels were calculated according to the following
formula (2) [30]:

C% ¼ X 1−X 2ð Þ=X 1 � 100% ð2Þ

where X1 is the final OM content, and X2 is the initial OM
content.

The lignocellulose content was determined by the washing
method, as described previously [27]. The final absolute levels
of hemicellulose (HC), CL, and acid-washed lignin (ADL)
were obtained from the difference in mass of the dry matter
before and after the reaction and the final ash content. The
relative degradation rates of HC, CL, and ADL were calculat-
ed by the following formula [30]:

D% ¼ M 1−M 2ð Þ=M 1 � 100% ð3Þ

whereM1 is the initial content, andM2 is the final content.
The Hu content was determined by the sodium hydroxide

extraction method [31]. After acidification, HA was precipi-
tated to separate fulvic acid (FA). The HA content was mea-
sured, and the percentages of HA and FAwere calculated [8].

The seed GI was determined using the Zucconi method as
follows [22, 32]:

GI ¼
Test sample seed germination rate� Number of seed roots

Control seed germination rate� Number of seed roots in the control
� 100%

ð4Þ

The volume shrinkage rate was calculated by the following
formula:

V% ¼ V1−V2ð Þ=V1 ð5Þ

where V1 is the volume before composting, and V2 is the
volume after composting.

Density was determined according to Ravindran et al. [26].
The Munsell standard colorimetric method was used for color
analysis after composting [33].

3 Results and discussion

3.1 Physical properties of the compost samples

3.1.1 Temperature

All the samples showed four distinct stages in the composting
process, namely, the heating phase, the high-temperature
phase, the cooling phase, and the mature phase (Fig. 1a).
The addition of rice straw had a strong effect on the increase
in temperature in the early stage of biogas residue composting.
According to Saludes et al. [34], the reason for this change is
that the C/N value of rice straw is high, and the microorgan-
isms have a material source for heat generation in the process
of OM decomposition. The T4 heating rate was the highest
among all the samples. A comparison between T3 and T1
suggests that the addition of microorganisms also promoted
an increase in temperature in the early stage of composting.

The times to reach the high-temperature phase in samples T1
to T4 were 20 days, 18 days, 20 days, and 16 days, with max-
imum temperatures of 47.4 °C, 62.3 °C, 52.1 °C, and 68.3 °C,
respectively. The maximum temperature of composting needs
to reach above 55 °C for more than 15 days to kill various
harmful pathogens in the sample and achieve contaminant-
free treatment [28]. Based on our results, the addition of organic
substances may eliminate pathogens from rice straw biogas
residue, thereby achieving contaminant-free material.

The durations of the high-temperature phases of T1 and T3
were approximately 34 days and 26 days, respectively, and the
durations of the high-temperature phases of T2 and T4 were
34 days and 22 days, respectively. Both rice straw addition
and microbial inoculation accelerated the decomposition of
the sample; the former exhibited greater acceleration than
the latter. The durations of the cooling phases of the T1, T2,
T3, and T4 samples were approximately 31, 18, 20, and
16 days, respectively, until the samples cooled to ambient
temperature and then entered the mature phase. The cooling
phase of the pure biogas residue was longer than that of the
other samples, and the addition of straw and microbial inocu-
lation effectively shortened the cooling phase. In contrast, in
the experiment byMeng et al. [2], who adopted biogas residue
and spent mushroom substrate for cocomposting, the temper-
ature variation during the composting process did not show
four typical intervals. It is obvious that the presence of carbon
and microbial inoculation are key factors for functional mi-
crobial succession and further high-quality composting of bio-
gas residue. According to early-stage composting-related mi-
crobial theory, microorganisms are primarily responsible for
the initial decomposition of OM and the generation of heat;
then, in the high-temperature phase, the microbes contribute to
complex material decomposition [6]. This role is particularly
noticeable in the composting of biogas residue with high lig-
nocellulose content.
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3.1.2 pH

During the fermentation process, the pH values of the four
groups of samples all showed a trend of an initial increase
followed by a decrease (Fig. 1b). This phenomenon was more
obvious for the samples supplemented with rice straw than for
the other samples. In contrast, the pH values of the T2 and T4
samples increased at a faster rate than those of the other sam-
ples in the early stage, while the pH values of the T1 samples
showed the slowest change. As the compost matured, the pH
values of the four samples gradually stabilized. After
12 weeks, the pH values of samples T1 to T4 were 7.6, 7.4,
7.4, and 7.3, respectively, indicating weak alkalinity. These
results were basically consistent with those reported by
Meng et al. [2]. During the heating and high-temperature
phase of compost, with the degradation and mineralization
of OM, the decomposition of amino acids and volatilization
of ammonia gas lead to an increase in the pH of samples; after
the reactions are completed, the pH gradually becomes stable
[26].

3.1.3 EC

As shown in Fig. 1c, the EC values of all the samples showed
a downward trend during the composting process. The EC of
all samples decreased slowly in the early stage, and then there
was a faster decreasing region. Afterwards, the EC tended to

be stable. Among the samples, T4 entered the decreasing zone
approximately 1 week earlier than T2 and T3, and the EC of
T1 decreased more slowly than that of other samples and
presented a stepwise decline. Finally, the EC values of sam-
ples T1 to T4 were 1.22, 0.87, 0.99, and 0.82 DSml−1, respec-
tively. If the soluble salt content of the soil is too high, the
growth of crops in the soil ceases. A concentration of
3.0 DS ml−1 is considered the maximum threshold of toxicity
[26]. Based onWatson’s research, Ferial showed that when the
EC value of the decomposed fertilizer was < 1.5 DS ml−1, it
could be used as a soil fertilizer [28]. Therefore, in terms of the
EC value, the four samples above meet the requirements after
a certain period of decomposition. The decrease in the EC
value of the sample was due to a reduction in water-soluble
components, ammonia evaporation, and precipitation of min-
eral salts during the composting decomposition process [27].
Our results show that the abovementioned hypothesis is also
applicable to the composting of rice straw biogas residue with
high lignocellulose content.

3.2 Maturity parameters during composting

3.2.1 OM

As shown in Fig. 1d, the OM content of all samples showed a
gradual decline during composting. According to Haug’s
equation [28], the biodegradation coefficient (kb) values of

Fig. 1 Changes in physical and chemical indicators during composting. a Temperature. b pH. c EC. d OM
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samples T1 to T4were 0.34, 0.39, 0.38, and 0.50, respectively.
As the data show, the combined effect resulting from the ad-
dition of rice straw and microbial inoculation can effectively
promote the degradation of OM in the samples. Based on the
comparison between the outcomes of T1 and T2, although the
OM degradation rate of T2 was higher than that of T1, the
absolute OM content in T2 remained high because the added
rice straw itself contained OM. Compared with T1, T3
showed a decrease in the final OM content by 1.4%, which
indicates that the microbial inoculation promoted OM degra-
dation. This finding was consistent with that reported by Tran
et al. [35], according to whom inoculation with lactic acid
bacteria accelerated OM degradation during composting.
A. niger and P. chrysosporium degrade polysaccharides in
xylem fibers into monosaccharides, accelerating microbial
multiplication and therefore realizing OM utilization [36]. At
the same time, the OM content of the four samples after de-
composition exceeded the national standard index of 45%
stipulated by China’s organic fertilizer industry.

3.2.2 TN

The TN content of the samples showed a gradual upward
trend during the composting process, and this upward trend
slowed in the late stages of composting (Fig. 2a). After
12 weeks of composting, the final TN levels of the four sam-
ples T1 to T4 were 1.77, 1.85, 1.80%, and 2.05%,

respectively, and these outcomes were consistent with those
reported in the literature [10, 17, 37]. After composting, the
nitrogen, phosphorus, and potassium contents of the four sam-
ples T1 to T4 increased by 0.09, 25, 10.4, and 37.6%, respec-
tively, because as composting proceeded, the volatile compo-
nents in the samples were lost, which resulted in a relative
increase in their levels [2].

3.2.3 C/N ratio

When the C/N ratio is lower than 20:1, samples can be con-
sidered to have reached maturity [26]. As shown in Fig. 2b,
the C/N values of all the samples gradually decreased after
12 weeks of composting, and the C/N values of samples T1 to
T4 decreased to 19.8, 19.5, 19.0, and 16.3, respectively. After
composting, the C/N ratio in sample T1 was at the critical
point of maturity, and that of sample T4 was at approximately
the theoretical optimal value, that is, 16:1. OM decomposition
and mineralization and moisture loss from the compost jointly
lead to a decrease in the C/N ratio [17].

3.2.4 GI

The variation in the seed GI of all samples experienced early
fluctuations and then rose rapidly and stabilized (Fig. 2c).
When the GI value is > 80%, samples are considered to be
maturing [26]; thus, in this experiment, the T2, T3, and T4

Fig. 2 Changes in maturity parameters during composting. a TN. b C/N. c GI. d NH4+/NH3−
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samples reached maturity. T2, T3, and T4 had GI values of
80% at 63, 72, and 56 days, respectively. However, the GI of
the T1 sample did not reach 0.8 by 90 days. Presumably, the
mechanisms underlying GI fluctuations in the early stage of
composting are ammonia volatilization and organic acid re-
lease during the high-temperature phase [30]. Our results in-
dicate that rice straw addition combined with microbial inoc-
ulation significantly improved the GI during the composting
of rice straw biogas residue.

3.3 Compost quality and stability

3.3.1 Chemical forms

As shown in Fig. 2d, the initial amino nitrogen and nitro
nitrogen (nitrification index) levels of T1, T2, T3, and T4 were
440, 320, 436, and 318 ppm and 22.1, 8.65, 15.6, and
6.91 ppm, respectively. With the degradation and mineraliza-
tion of organic nitrogen in the composting process, the ratio of
amino nitrogen to nitro nitrogen (NH+ 4/NH− 3) in the T1,
T2, T3, and T4 samples showed a strong initial increase
followed by a decrease. The peaks appeared approximately
2 weeks after the start of composting, with values of 30.2,
68.0, 41.5, and 72.4, followed by a gradual decrease. This
phenomenon is attributable to the inhibition of nitrification
by temperature, pH, and ammonium salt at the high-
temperature phase [2]. The addition of organic substances
affects the NH+ 4/NH− 3 equilibrium and nitrogen minerali-
zation to favor the retention of NH+ 4, ammonia, and other
organic nitrogen materials [37]. Our study showed that micro-
bial inoculation had a weak but consistent influence on the
retention of NH+ 4. After 12 weeks, the amino nitrogen to
nitro nitrogen ratios of all samples were stable, with final
values of 1.2, 0.83, 0.85, and 0.76 for T1, T2, T3, and T4,
respectively. According to Rashad et al. [28], the ratio of ami-
no nitrogen to nitro nitrogen should be less than 1.0 after
composting. Based on this criterion, the T1 sample was still
not fully decomposed after 12 weeks of composting. The ami-
no nitrogen levels of samples T1, T2, T3, and T4 after

composting for 12 weeks were 330, 220, 280, and 160 ppm,
respectively, and the above data all met the minimum require-
ment of being less than 400 ppm [32, 38].

The TP, TK, AP, and AK levels of each sample after
composting for 12 weeks are shown in Table 3. The relative
levels of TP in the T1, T2, T3, and T4 samples increased by
8.70, 21.9, 29.9, and 33.6%, respectively, and the relative
levels of TK increased by 17.0, 22.4, 12.1, and 29.8%, respec-
tively. After composting, most of the dissolved phosphorus
are fixed onto microbial cells; this phenomenon is different
from traditional soil phosphorus fixation, in which water-
soluble P is fixed to or precipitates with soil minerals [39].
Microbial organic phosphorus exhibits slow release, provid-
ing relatively long-term phosphorus availability and in turn
participating in soil improvement.

3.3.2 Decomposition and humification of lignocellulose

The change in the absolute content of lignocelluloses during
composting is shown in Table 4 and Fig. 3. Overall, the HC
content in the four samples showed a rapid decrease at the
early stage followed by a gradual decrease at the late stage.
The CL content exhibited a gradual decrease followed by a
rapid decrease and then became stable gradually. The ADL
content exhibited a gradual increase, with the exception of the
T4 sample. The relative degradation rates of HC, CL, and
ADL were 59.2, 77.0, 62.0, and 88.6%; 53.0, 51.5, 63.9,
and 87.8%; and 0.00, 4.43, 18.5, and 40.5%, respectively, in
samples T1 to T4 (Table 4). The data show that the pure
biogas residue can play a positive role in the decomposition
of HC during composting and decomposes CL, but the ADL
is not degraded in the process. The comparison between
groups showed that the addition of rice straw increased the
relative decomposition levels in HC and CL, and inoculation
with microorganisms led to not only the decomposition of HC
and CL in the composting process but also the decomposition
of lignin. This result is in sharp contrast to the results obtained
by Meng et al. [2], who studied cocomposting with only bio-
gas residues and spent mushroom. In their experiment, lignin

Table 3 Dry matter nitrogen, phosphorus, and potassium content in compost for 12 weeks (%)

P K

TP (%) E-P (ppm) TK (%) E-K (ppm)

Initial Final Initial Final Initial Final Initial Final

T1 1.26 ± 0.07 1.37 ± 0.19 410.6 ± 8.31 654.2 ± 14.7 0.53 ± 0.01 0.62 ± 0.01 219.9 ± 11.2 310.0 ± 9.86

T2 1.28 ± 0.15 1.56 ± 0.14 428.3 ± 18.7 778.4 ± 14.3 0.58 ± 0.01 0.71 ± 0.02 225.2 ± 16.3 401.8 ± 11.5

T3 1.27 ± 0.07 1.65 ± 0.12 416.7 ± 14.6 640.7 ± 41.1 0.58 ± 0.01 0.65 ± 0.02 226.7 ± 12.7 332.4 ± 6.44

T4 1.28 ± 0.16 1.71 ± 0.19 430.5 ± 19.4 993.1 ± 21.5 0.57 ± 0.01 0.74 ± 0.02 222.3 ± 16.8 465.5 ± 14.0

The above data error range is < 0.2%

E-P, available phosphorus;E-K, available potassium; T1, RR; T2, RR+ RS; T3, RR + 1%microbial suspension; T4, RR+ RS+ 1%microbial suspension
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levels remained unchanged throughout the composting peri-
od. Due to the bioresistance of compost to lignin, different
microbial species exhibit selective biodegradation [40].
Although some naturally existing microorganism species can

degrade HCs and CL during composting by altering cellulosic
lattices [18], the degradation and depolymerization of lignin
can be achieved only by specific fungi [16, 19]. Therefore,
selection of appropriate microbial species is very important for

Table 4 Dry matter humification
index of samples after
composting (%) and physical
state of samples after composting

Item T1 T2 T3 T4

HC 4.20 ± 0.03a 2.76 ± 0.07c 3.91 ± 0.02b 1.37 ± 0.03d

CL 20.5 ± 0.20b 20.8 ± 0.15a 15.7 ± 0.16c 5.23 ± 0.42d

ADL 15.7 ± 0.17a 14.0 ± 0.24b 12.8 ± 0.19c 8.7 ± 0.21d

Hu 10.6 ± 0.19d 14.3 ± 0.20b 11.5 ± 0.19c 25.0 ± 0.68a

HA 5.62 ± 0.11d 8.16 ± 0.04b 6.61 ± 0.07c 13.20 ± 0.32a

FA 3.88 ± 0.05c 4.54 ± 0.03b 3.90 ± 0.07c 5.36 ± 0.02a

HI 1.45 ± 0.04d 1.80 ± 0.01b 1.69 ± 0.10c 2.46 ± 0.07a

V-S (%) 0.37 ± 1.2c 0.62 ± 1.3b 0.4 ± 1.1c 0.67 ± 0.09a

Humidity (%) 44.3 ± 1.2b 39.9 ± 1.6c 45.6 ± 0.9a 40.4 ± 0.9c

Density
(g cm−3)

1.35 ± 0.02a 1.26 ± 0.07b 1.36 ± 0.03a 1.22 ± 0.06b

Color 10YR 2/2 10YR 2/5 10YR 2/3 10YR 2/6

Smell Bad smell basically
disappeared

Forest soil
smell

Bad smell
disappeared

Humus soil
smell

The detection of T1, T2, T3, and T4 sample-related indicators was carried out at 90, 63, 72, and 56 days after
composting, hereafter referred to as “after maturity.” Different letters indicate a significant difference in the same
index according to ANOVA

T1, RR; T2, RR + RS; T3, RR + 1% microbial suspension; T4, RR + RS + 1% microbial suspension; HC,
hemicellulose; C, cellulose; ADL, acid-washed lignin; Hu, humus; HA, humic acid; FA, fulvic acid; HI, humifi-
cation index; V-S, volume shrinkage

Fig. 3 Decomposition and humification of lignocelluloses during composting. a HC. b CL. c ADL. d FA
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the degradation of lignocellulose during composting [31].
Relevant functional microorganisms, such as white rot fungi,
can degrade lignin through their own life activities.

In all samples, the HA abundance showed a gradual in-
crease, whereas the FA abundance showed a gradual decrease,
with more noticeable variations in T2 and T4 (Table 4). This
finding indicates a role played bymicroorganisms. As HA has
a more stable structure than FA [37], HI (HI =HA/FA) is an
important indicator of compost maturity. The minimum ac-
ceptable HI of mature compost is generally considered to be
1.6 [25]. The HI values of samples T1 to T4 were 1.45, 1.80,
1.69, and 2.46, respectively, after composting. Based on the
HI, the T1 sample could not be regarded as decomposed,
while T4 had the highest degree of maturity. In addition, based
on the compost temperature change chart, although the T3
sample entered the mature phase 4 days earlier than the T2
sample, its humification rate was lower than that of the T2
sample, which shows that the composting temperature and
duration have greater impact than the humification rate of
the sample. The underlying reason may be that the transfor-
mation from FA into HA can only be completed under long-
term exposure to high temperatures [37].

3.3.3 Sample morphology

The volume shrinkage, moisture content, density, color, and
odor of all samples after composting are shown in Fig. 4 and

Table 4. The table shows that the volume shrinkage of the T2
and T4 samples (samples with added rice straw) was larger
than that of the T1 and T3 samples. The reason is that the
density of rice straw is low, and the structure is loosely packed,
so its volume shrinks markedly after composting. The initial
density of the biogas residue was high, and the volume was
not very different after composting. Before composting, the
color of rice straw was light yellow, and the biogas residue
was brown. As the composting progressed, the color of the
pile gradually darkened from the inner layer to the outer layer.
The color of the T1 and T3 samples was dark brown after the
end of composting, and the T2 and T4 samples showed a
yellowish brown color (Fig. 4). According to the Munsell
Color Standard Card, the color of the samples after maturity
is shown in Table 4. This color is quite similar to the color
obtained by Meng et al. [2] in the cocomposting of biogas
residue and spent mushroom. The odor of all the samples
gradually increased in intensity after 5 days of composting
fermentation. After 15 days, the odor became thicker, and with
the appearance of plaque, the pile smelled strongly until the
samples decomposed. After the sample was decomposed, T1
had basically no remaining odor, and the T4 sample exuded
the scent of Hu. The underlying mechanism may be that fungi
and actinomycetes can produce soil odorants and 2-
methylisobornol, leading to the earthy taste [41].

After maturation, the T1 and T3 samples became peatlike
and had slightly fluid characteristics, whereas T2 and T4

Fig. 4 Morphology of the
samples after maturation
according to photographs
(COOLPIX B600, Nikon, Japan).
a T1. b T2. c T3. d T4. T1, RR;
T2, RR + RS; T3, RR + 1%
microbial suspension; and T4, RR
+ RS + 1% microbial suspension
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samples were relatively loosely packed and appeared porous
and flocculent (Fig. 4). Compared with the T1 sample, the T3
sample was more obviously in a cotton-like state and filled
with porous voids. The same was true for the T4 sample ver-
sus the T2 sample. The results indicate that microbial inocu-
lation has a certain swelling and dispersal effect on the mor-
phology of the biogas residue compost.

Composting is a dynamic biochemical transmission pro-
cess in which microorganisms first decompose easily degrad-
able OM, such as soluble organic carbon and monosaccha-
rides [26]. However, if the raw material contains a large
amount of organic polymers, such as CL and ADL (which
are difficult to degrade), enzymatic hydrolysis is usually need-
ed first [25]. In this study, the total content of lignocellulosic
components of the rice straw biogas residue selected was
69.6%, with a low level of easily hydrolyzable HC but high
levels of CL and ADL. The results showed that T1 treatment
failed to provide enough microbial heat within a short period
for the succession of microbial colonies. Upon adding rice
straw, the organic content of the material increased, and the
C/N ratio of the material was adjusted, leading further to ad-
justment of physical parameters (e.g., temperature interval and
pH) as well as a series of chemical changes during
composting, resulting in acceleration of the decrease in EC
[10]. In terms of the final C/N and NH+ 4/NH− 3 ratios, the
addition of rice straw with microorganisms led to rapid matu-
ration of the rice straw biogas residue, and after maturation,
the material exhibited a high GI, which indicates that this
treatment eliminated the chemical toxicity of the biogas resi-
due, thereby increasing the agricultural safety of the fertilizer.
Furthermore, from the perspective of quality and efficiency
for composting, the abovementionedHA content and HI value
indicate that microbial inoculation promotes the stability and
efficiency of the composting of biogas residue.

Relevant studies have suggested that the of lignin is
achieved by specific microbial colonies that play different
roles in each phase of the decomposition process [25]. In
the initial period of microbial decomposition, the relevant
colonies change the characteristics of lignin, while the
main degradation of lignin occurs in the subsequent period
[42]. For example, spores and hyphae of fungi can diffuse
into lignin, and microorganisms can start a chain reaction
of free radicals by secreting laccase, peroxidase, and man-
ganese peroxidase to realize lignin degradation [16].
Furthermore, various products, such as phenols, quinones,
and other products produced by lignin degradation, may be
subjected to various reactions, such as coupling with ami-
no acids. Small HAs are formed first, and then, large mol-
ecules with a high humification rate and stable HAs are
formed through condensation and polymerization [27]. In
this experiment, xylomycin could effectively degrade the
CL in the biogas residue, while white rot fungus had a
strong ability to decompose lignin in biogas residue.

Therefore, this experiment enhanced the aromatization of
the HA sample, and the humification rate after inoculation
of the sample was significantly increased [8].

Moreover, the experimental sample supplemented with rice
straw exhibited a high C/N ratio, which can result in a high
temperature in the composting process and can last for a long
period of time, thereby promoting the degradation of lignocel-
lulose. Tomati et al.’s results showed that the presence of the
high-temperature region is the main factor underlying lignin
degradation [43]. The compost of pure biogas residue, be-
cause of its low C/N ratio, has difficulty providing sufficient
bioheat, so lignin is hardly degraded during the process. In
contrast, the addition of rice straw and microbial inoculation
satisfied both the temperature and microbial requirements,
thereby achieving different degrees of lignin degradation.

With respect to the HA formation mechanism, researchers
have proposed the phenol-protein theory [37] and the synthe-
sis theory [44]. The former states that HA precursors are de-
rived from the condensation of phenol, quinone, and other
substances generated from lignin decomposition [37], while
the latter considers HA precursors to be the condensation
products of polysaccharides and amino acids [44]. These the-
ories are directly or indirectly related to the conversion of
lignocellulose. Therefore, the selection of microbial species,
the mechanisms underlying the interactions of the microor-
ganisms with lignin and CL, and the environment affecting
the interactions strongly influence the degradation of lignocel-
lulose and then affect the Hu content and stability of the final
products of composting. Based on the results of this study,
coinoculation with rice straw and microorganisms promoted
the degradation of xylem fibers and led to an increase in the
HA content and HI, facilitating rapid maturation of rice straw
biogas residue and stabilization of compost quality. The un-
derlying reasonmay be that lignocellulose decomposition pro-
motes the formation of HA precursors [45].

4 Future research

Excessively high temperatures in the high-temperature phase
during composting are not conducive to the survival of CL-
decomposing bacteria [28], and the duration of the low-
temperature phase should be appropriately extended to facili-
tate the decomposition of lignocellulose by fungi [34]. In par-
ticular, the theory of HA formation shows that the decompo-
sition products of lignocellulose undergo polycondensation at
low temperatures and form HA polymers, which leads to an
increase in the humification rate [6]. Therefore, proper control
of the maximum temperature to achieve the succession of
microbial colonies during composting andmoderate extension
of the cooling phase to promote the complexation of HA pre-
cursors into stable HAs are important regulatory directions for
improving the humification rate and HA content of compost in
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the future [30]. Therefore, in future research, these theories
can be applied to composting practice to further enhance the
humification rate and HA content, thereby realizing the pro-
duction of high-quality HA fertilizer from biomass materials
with high lignocellulose content. Second, microorganisms
need to utilize nitrogen to synthesize essential living matter
[25]. Therefore, the existing forms of nitrogen in different
materials themselves may affect the humification of compost.
This is another key factor that is worth considering in future
studies.

5 Conclusion

This study aimed to propose a method for rapid humification
of rice straw biogas residue to obtain safe, harmless, high-
quality, and stable HA fertilizer, and the results of this study
led to the following conclusions:

1. The combination of rice straw supplementation and mul-
tifunctional microbial inoculation of rice straw biogas res-
idue for aerobic composting achieved maturation 30 days
earlier than composting alone, in terms of temperature,
EC, and GI.

2. The combinatorial method accelerated the aerobic decom-
position of rice straw biogas residue. Compared with
composting alone, the combination method increased
the degradation rates of HCs, CL, and lignin by 29.4%,
34.8%, and 40.5%, respectively.

3. The HA content and humification rate of the composted
materials increased significantly in the same period.
Compared with composting alone, the combination
composting method increased the HA and HI by 7.58%
and 0.91, respectively.

4. The addition of rice straw and inoculation with
lignocellulose-degrading microorganisms can improve
the quality and enhance the stability of composted fertil-
izer made from rice straw biogas residue. The added rice
straw improves the physiochemical environment during
composting by adjusting the OM content and the C/N
ratio and promotes the succession of functional microor-
ganisms, leading to rapid humification of rice straw bio-
gas residue, thereby producing a highly stable product
with a high HA content. This product can be applied in
actual agricultural practice in the form of organic fertilizer
to promote the substance and energy recycling of the rice
straw resource.
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