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Composting can convert organic materials into stable humus (HS), resulting

in high-fertility organic fertilizers that were widely used in the treatment of

agricultural wastes. Therefore, it would be beneficial to strengthen the

degree of composting humification by exploring the formation law and

the main influencing factors of composting humification for different

agricultural wastes. In this study, straw, cabbage, chicken manure, and pig

manure were used as research objects, and the industrial mixed-material

strip-stack composting and the single-material laboratory reactor

composting were carried out, respectively. The results showed that the

industrial mixed-material composting mode was beneficial to the

continuation of the high-temperature period for composting (the heat

lasts for 20 days), and the high lignin treatment T2 (straw + chicken

manure composting) helped to promote the degradation of lignin and

formation of humic acid (HA). At the end of composting, the absolute

degradation of lignin in T2 treatment increased by 13.18% and 120.02%

(p < 0.01) compared with T1 (straw + cabbage + chicken manure) and T3

(straw + pig manure) treatments, respectively (p < 0.01), and the humic acid

(HA) content increased by 11.78% and 26.59% (p < 0.05). In the single-

material laboratory reactor composting system, the continuous high-

temperature period (31 days) contributed to the degradation of the

composting materials and the formation of HA in the straw (TS)

composting treatment; at the end of composting, the absolute

degradation amount of TS lignin increased by 137.98%, 170.99%, and

196.82% compared with TV (cabbage), TC (chicken manure), and TP (pig

manure) treatments (p < 0.01), and the HA content increased by 281.76%,

377.57%, and 460.71% (p < 0.01), respectively. Redundancy analysis showed

that temperature was the main environmental factor affecting the

decomposition and humification process of composting organic

materials; the increase of lignin absolute degradation was helpful to

promote the formation of HA. This study found that temperature was the

main environmental factor that drove lignin degradation and promoted the

humification process of agricultural waste composting; the lignin content in

the composting material was the basis for the formation of HA, and the
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absolute degradation amount of lignin was the main material factor that

promoted the humification process.

KEYWORDS

different agricultural wastes, lignin degradation, humification process, humic acid,
composting

1 Introduction

With the rapid development of the social economy and

population, the output of agricultural waste in China is

growing increasingly, which is harmful to human life,

production, and the environment (Gao et al., 2021). So far,

the annual output of straw wastes is as high as 900 million

tons, of which about 30% are unused (Chang et al., 2021); the

annual output of vegetable waste reached 500 million tons, and

the unused proportion exceeded 90% (Chang et al., 2019); the

annual output of livestock and poultry manure is as high as

3.8 billion tons, and the comprehensive utilization rate is less

than 60% (Baldi et al., 2020). As a process of degradation of

organic waste in an aerobic environment, composting has

become an eco-friendly and economically feasible way to treat

organic waste (Cheng et al., 2013; Awasthi et al., 2016). The main

goal of composting is to convert efficiently organic matter into

more stable humus (HS) (Bhatia et al., 2013; Jurado et al., 2015).

HS is not only an important product of aerobic composting but

also one of the most important criteria for evaluating the aerobic

composting process (Wu et al., 2017b). As a part of HS, humic

acid (HA) mainly contains abundant functional groups such as

carboxyl, quinone, and hydroxyl (Gao et al., 2019; Wu et al.,

2018; Wu et al., 2017a), which can complex with various

pollutants, thereby reducing the migration and transformation

of toxic and harmful substances in the environment (Wong et al.,

2009; Guo et al., 2016; Jurado et al., 2015; Canellas et al., 2015;

Guo et al., 2019). Therefore, it is very essential for environmental

management to deal effectively with agricultural wastes from

different sources and explore the formation law of HA in

composting.

Agricultural waste composting treatment usually uses

straw with high carbon content and livestock manure with

high nitrogen content to adjust the appropriate C/N ratio and

moisture co-composting (Guerra-Rodríguez et al., 2006; Wu

et al., 2019; Bai et al., 2020). Straw was generally considered to

be the main factor limiting the rapid and efficient composting

of agricultural waste due to a large amount of aromatic

compound lignin (McCann and Carpita, 2015; Yang et al.,

2016; Kurata et al., 2018). However, when composting with

materials that are rich in lignocellulose, lignin is not only the

source but also the skeleton of HA (Wang et al., 2021). The

addition of higher lignin materials will enhance the

temperature and duration of the high-temperature phase of

composting to a certain extent (Hemati et al., 2021) and

sustain high temperature, which is contributed to the

degradation of lignocellulose and the formation of HA

(Chen et al., 2019; Ning et al., 2020). The formation of HA

in composting takes place in two parts: the degradation of

lignin and the condensation of precursor substances (Guo

et al., 2019). On the one hand, lignin can be partially oxidized

into polyphenols and quinones under the action of

microorganisms (Paradelo et al., 2013; Kulikowska, 2016);

on the other hand, lignin and its oxidation products can

participate in the formation of HS through condensation or

polymerization together with microbial degradation products

such as amino acids and reducing sugars (Zhang et al., 2019).

However, this process is affected by various physicochemical

parameters, such as feedstock type, temperature, etc. (Petric

et al., 2012; Silva et al., 2014; Guo et al., 2019; Ge et al., 2022).

Different sources and types of organic materials used for

composting can lead to different lignocellulose contents and the

sources of HA precursors, and thus has different effects on the

microbial community and structure. Ultimately, this results in

the synthesis of different HA contents that produced were by

composting (Gao et al., 2019); the composting temperature was

the main environmental factor that dominated this process (Rich

et al., 2018).

Considering the abovementioned reasons, it is clear that

the lignin content played a major role in composting

humification and increasing the amount of lignin

degradation in composting materials was expected to

improve the degree of composting humification. At present,

many studies have explored the enhancement of the

composting humification process by regulating

environmental factors and exogenous inoculation of

microorganisms (Chen et al., 2019; Xu et al., 2022b; He

et al., 2022), but there are few studies on the formation law

of HA and the main impact factors during the composting

process of different raw materials. Therefore, it is speculated

that increasing the lignocellulose content and degradation

amount of composting organic materials may strengthen the

composting humification process and increase the HA content

of the compost. On this basis, straw, cabbage, chicken manure,

and pig manure were used as the main raw materials in this

study, and the HA formation rules and influencing factors

were studied by the industrial mixed-material composting and

the single-material laboratory reactor composting mode,

respectively. The research objectives are (1) to explore the

relationship between lignocellulose degradation and HA

formation during aerobic composting and (2) to analyze

the main material factors that drive the formation of HA.
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2 Materials and methods

2.1 Experimental materials

In this study, straw, cabbage, chicken manure, and pig

manure were used as the main raw materials. The basic

physical and chemical properties are shown in Table 1.

2.2 Experimental design

In this study, two composting methods were set up: one

was a factory-based mixed-material composting mode and the

other was a single-material laboratory reactor

composting mode.

In the industrial mixed-material composting system, straw

was used as the main carbon source for composting, and

cabbage, chicken-manure, and pig-manure were the nitrogen

sources. The method of stacking composting was adopted (the

length, width, and height of the pile body are 50, 2, and 1.5 m,

respectively.), and three groups of treatments, T1 (straw +

cabbage + chicken manure), T2 (straw + chicken manure), and

T3 (straw + pig manure) were set up, and each group was

repeated three times. For every 100 kg of the composting

material, the additional amounts of straw added were

31.13, 47.28, and 15.43 kg, respectively. The initial C/N of

the composting material was adjusted to 25 kg and the

moisture content was adjusted to about 60% for compost

fermentation. The mixed material was loaded into a mesh

bag, weighed, and then buried in the upper, middle, and lower

positions of each composting system to calculate the

degradation rate of the composting material. The

ingredients were turned once a day during the composting

process until fermentation was complete. In the single-

material laboratory reactor composting system, the straw

and cabbage were crushed to 2–3 cm, and the pig and

chicken manures were sun-dried. The four single-material

composting treatments, TS (straw), TV (cabbage), TC

(chicken manure), and TP (pig manure) were designed,

respectively, and each group was repeated three times; the

moisture content was adjusted to 55% for composting and

fermentation. At different positions of the upper, middle, and

lower parts of each composting reactor, a mesh bag containing

100.00 g of the composting material was buried, and sampling

was executed to measure the degradation rate of the organic

material. The composting reactor was mainly made of

304 stainless, steel with a diameter of 0.42 m and a height

of 0.72 m. Each fermenter was equipped with an aerobic

sensor, a temperature probe, a display, and a metal grid of

1 × 1 mm two holes was fixed at 7 cm from the bottom to

support the composting material and allow composting and

aeration from the bottom (Figure 1). During the fermentation

process, the aeration rate was set to 5 L min−1 and the

ventilation frequency was 6 min h−1; forced aeration was

conducted and the heap was turned every 3 days until the

fermentation was completed.

2.3 Sample collection and index
determination

2.3.1. Sample collection
Compost sampling was carried out using the five-point sampling

method after each pile turnover was completed. Also, thefive samples

TABLE 1 Basic physical and chemical properties of the composting materials (n = 3).

Raw material Lignin contents (%) C/N Moisture content (%)

Straw 17.2 ± 0.53 50.88 ± 9.45 16.64 ± 1.76

Cabbage 7.5 ± 0.28 16.33 ± 4.93 92.53 ± 2.48

Chicken manure 8.6 ± 0.36 9.08 ± 3.22 68.97 ± 4.13

Pig manure 6.5 ± 0.19 18.98 ± 6.45 75.23 ± 3.21

FIGURE 1
Schematic diagram of the lab-scale forced ventilation
circular cylinder reactor (100 L capacity).
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were mixed absolutely and divided into two parts, one of which was

stored at 4°C for the humification progress indicator determination,

and the other part was air-dried and passed through a 0.1 mm sieve

for other chemical analyses. In the industrial mixed-material

composting system, samples were collected on days 0, 3, 6, 15, 20,

25, 30, 35, and 40 of composting, respectively, and samples were

taken on days 0, 3, 6, 12, 24, and 40of composting in a single-material

laboratory reactor composting system.

FIGURE 2
Changes in (A) the temperature and (B) germination index of composting in mixed material.

FIGURE 3
Changes in (A) humus, (B) fulvic acid, and (C) humic acid of composting in mixed material.
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2.3.2. Test indicators and methods
The composting temperature was measured and recorded

with a thermometer (JRS-LCD 105). The seed germination

index (GI) of the composting samples was determined

according to the method of Yu et al. (2011). The lignin

content was determined according to the analytical method

reported by Xu Y. et al. (2022). After the air-dried composting

samples were made into powder, it was treated with acidic

detergents, neutral detergents, and sulfuric acid to extract the

lignin and determine its content. HS, FA, and HA were

extracted and determined according to the method

described by Zhang and Sun (2015).

2.4 Statistical analysis

Physicochemical properties were determined on three parallel

samples. Differences in the physicochemical properties of samples

were expressed asmeans and compared statistically usingANOVA

testing at the 5% level of significance, and by the Least Significant

Difference (LSD) test in SPSS 19 for Windows® software (IBM

Corp., Armonk, NY, United States) to determine changes in the

parameters with time. Excel® software (Microsoft, Inc., Redmond,

WA, United States) was used to plot the analytical results.

Differences between values at p > 0.05 were considered not

significantly different.

3 Results and discussion

3.1 Factory-made mixed-material
composting system

3.1.1 Variation of temperature and the seed
germination index in the industrial mixed-
material composting system

The change in the pile temperature was the main indicator

to characterize the decomposing process and the microbial

activity of organic materials, and it is also a key factor in the

whole composting process (Rich et al., 2018). As shown in

Figure 2A, in the industrial mixed-material composting

system, the T1, T2, and T3 treatments entered the high-

temperature phase (≥50°C) on days 5, 5, and 7,

respectively, and the high-temperature stage lasted for

20 days, which met the standard requirements of the

composting harmless treatment (Joseph et al., 2018).

Compared with the composting systems of straw + cabbage

+ chicken manure (T1) and straw + chicken manure (T2), the

time of straw + pig manure (T3) composting entering the

high-temperature stage (≥50°C) was delayed by 2 days

(Figure 2A). Due to the different compositions of

composting raw materials, different heterogeneous

environments were formed to mediate the metabolic

activities of organisms, which was the main reason that

FIGURE 4
The degradation rate changes in the raw material and lignin in mixed material composting.
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affected the slow warming of the T3 treatment (Gabhane et al.,

2012). Therefore, further understanding of the degradation of

organic materials in different material composting systems

due to temperature changes may be helpful to evaluate the

process and law of composting humification.

The seed germination index (the GI value) has always been

considered to be the most reliable, sensitive, and effective

indicator to reflect the maturity and harmlessness of the

compost (Banegas et al., 2007; Meng et al., 2018). When

GI ≥50%, the toxicity of the composting materials was low;

when GI ≥80%, the complete decomposing of the composting

materials will not affect the growth and development of plants

(Saidi et al., 2009; Wong et al., 2017). As shown in Figure 2B, at

the end of composting, the T1, T2, and T3 treatments could all

meet the fermentation standard (GI≥80%), and the GI values

were 92.3%, 97.5%, and 88.3%, respectively, among which the

T1 and T2 treatments were significantly higher than that of

T3 treatment (p <0.05); the results showed that there were

differences in the composting maturity of different material

compositions. Among them, the decomposing effect of the

T2 treatment was the best, which may be related to the

relatively high content and the lower toxicity of lignin in this

system (Figure 4B).

3.1.2 Variation law of the humification process in
an industrial mixed-material composting system

In this study, the variation trend of the HS content in the

industrial mixed-material composting system followed the

typical evolution of aerobic composting. During the

composting process, the HS content of all treatments

increased rapidly (Figure 3A), and at the end of

composting, the HS contents of T1, T2, and T3 treatments

were 104.2, 110.03, and 100.97 g kg−1, respectively, in which

the HS content in the T2 treatment was significantly higher

than those of T1 and T3 treatments (p < 0.05),. The reason

may be directly related to the relatively high lignin content in

the T2 treatment (Figure 4B), which indicated the

importance of lignin content in the composting material

to HS formation.

Fulvic acid (FA) is a component of HS with a relatively

small molecular weight and simple structure, which was

decomposed easily by microorganisms (Li et al., 2015;

Wong et al., 2017; Zhang et al., 2018). In the industrial

mixed-material composting system, the FA content of each

treatment increased first and then decreased slowly

(Figure 3B), and the rapid decomposition of lignin by

microorganisms at high temperature was the main reason

for the rapid increase of FA. Subsequently, one part was

decomposed by microorganisms, and the other part was

used by microorganisms as an energy material to form

more stable HA, which was the main reason for the slow

decline of FA in the cooling and decomposing period (Wu

et al., 2018; Xie et al., 2019); these results were consistent with

the research of Li et al. (2015).

As shown in Figure 3C, the changing trend of the HA

content was consistent with that of conventional composting

(Zhang et al., 2018). In an industrial mixed-material

composting system, at the end of composting, the HA

content of the T2 treatment was significantly higher than

those of T1 and T3 treatments (p < 0.05), reaching

67.37 g kg−1, an increase of 11.78% and 26.59% compared

with T1 and T3, respectively. Since lignin as the source and

skeleton of HA (Stevenson, 1982; Wang et al., 2021) played an

important role in the condensation or polymerization of

FIGURE 5
Changes in (A) the temperature and (B) germination index of composting in a single material.
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composting HA, the significant increase of lignin absolute

degradation (Figure 4D) can well explain the increase of HA

in the T2 treatment (Lu et al., 2018).

3.1.3 Degradation of organic materials in a
factory-made mixed-material composting
system

The degradation rate of raw materials during the composting

process can reflect the decomposing progress of composting (Xu

et al., 2016; Zhao et al., 2016). As shown in Figure 4A, the

cumulative degradation of organic materials showed an upward

trend in the whole process of mixed-materials composting; the

long duration of the high-temperature period affected the

respiration and the release of the heat of composting

microorganisms, promoting the biodegradation of composting

organic materials, which was the main reason for the rapid

degradation of organic materials in each treatment of

composting (Qiao et al., 2019). At the end of composting, the

degradation rates of organic materials in T1, T2, and

T3 treatments were 21.2%, 18.5%, and 21.5%, respectively,

and the cumulative degradation of organic materials in

T2 treatment was 14.59% and 16.22% lower than that of

T1 and T3 treatments, respectively (p < 0.05). Due to the

abundant presence of the aromatic compound lignin

(Figure 4B), the strong resistance to biodegradation during the

composting process was the main reason that the cumulative

degradation of organic materials in straw + chicken manure (T2)

treatments was relatively slow (Kurata et al., 2018; McCann and

Carpita et al., 2015; Yang et al., 2016). The decomposition of

lignin played an important role in the condensation of HA in

composting (Stevenson, 1982), and the decomposition of

macromolecular organic carbon such as lignocellulose was a

key factor determining the composting maturity process (Zhu

et al., 2021). As shown in Figure 4B, the lignin content of T1, T2,

and T3 treatments decreased from 10.837 kg/100 kg, 12.728 kg/

100 kg, and 8.105 kg/100 kg at the beginning of secondary

fermentation to 5.23 kg/100 kg, 6.24 kg/100 kg and 5.9 kg/

100 kg at the end of composting, respectively. In terms of

relative degradation rates, they were significantly higher in

T1 and T2 treatments than that in the T3 treatment (p <
0.01), which were 51.74%, 50.97%, and 27.21% at the end of

composting, respectively (Figure 4C). The content and

degradation rate of lignin significantly correlated with the

formation of HA (p < 0.05), which was consistent with the

research by Kulikowska and Sindrewicz (2018). Lignin

biodegradation products (phenols and quinones) are

important precursors for HA formation (Guo et al., 2019),

and at the end of composting, the absolute degradation

amounts (referred to as the quality of lignin degraded during

the composting) of lignin were 6.72 kg/100 kg, 7.64 kg/100 and

3.47 kg/100 kg, respectively, in the T2 treatment, which were

13.70% and 120.17% higher than those in T1 and T3 treatments

FIGURE 6
Changes in (A) humus, (B) fulvic acid, and (C) humic acid of composting in a single material.
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(Figure 3D), which were positively correlated with HA

(Figure 3A); this result further validated the importance of

lignin in HA formation.

3.2 Single-material laboratory reactor
composting system

3.2.1 Variation of temperature and the seed
germination index in the single-material
laboratory reactor composting system

In the single-material laboratory reactor composting system,

the change curve of the composting temperature also followed

the evolution law of the aerobic composting process (Figure 5A).

The temperature of all treatments increased sharply during the

composting process. TS, TV, TC, and TP treatments reached the

high-temperature phase (≥50°C) on days 4, 2, 2, and 1,

respectively, and the duration of the high-temperature period

was 31, 8, 7, and 9 days, respectively. Among them, the highest

temperature of single-straw (TS) composting reached 73°C, and

the highest temperature of the other treatments did not exceed

57°C (Figure 5A), which may be directly related to the abundant

existence of lignocellulose in straw to provide a sufficient carbon

source for microbial respiration and metabolism. The results

showed that aerobic composting of lignin-rich organic materials

can enhance the temperature and prolong the duration of the

high-temperature period of composting, thereby accelerating the

decomposition of lignocellulose.

The seed germination index can reflect the maturity degree of

the compost to a certain extent, as shown in Figure 5B; the GI value

of the single-material laboratory reactor composting decreased

first and then increased, and the reason for the decrease was related

to the secretion of organic acids and the production of ammonia

(Awasthi et al., 2014; Wang et al., 2016); at the end of composting,

only TC composting failed to meet the maturity standard

(GI<80%), which may be related to the release of a large

amount of inorganic salt in the chicken-manure fermentation

process on the one hand (Chen et al., 2020), and the relatively low-

fermentation intensity on the other hand (Figure 5A). The longer

duration of the high-temperature period (31 days) was the main

reason that the GI value of the straw compost (TS) was higher than

those of other treatments (p < 0.05).

3.2.2 Variation law of the humification process in
the single-material laboratory reactor
composting system

In the single-material laboratory reactor composting

system, the HS content showed an overall upward trend in

FIGURE 7
The degradation rate changes in the raw material and lignin in single material composting.
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the straw (TS) and cabbage (TV) composting treatment. In

terms of the increasing rate, TS was 286.67% of the TV

treatment at the end of composting; the HS content in TC

(chicken-manure) and TP (pig-manure) treatments showed a

decreasing trend in the whole fermentation process

(Figure 6A). The prolonged high-temperature period

(31 days) (Figure 5A) accelerated the continuous

decomposition of lignin (Figure 7D), which was the main

reason for the significant increase of FA in the TS treatment

(Figure 6B). At the end of composting, the HS contents of TS,

TV, TC, and TP treatments were 179.8, 46.5, 27.6, and

26.5 g kg−1, respectively; the continuous high temperature

promotes the rapid degradation of lignin to form a large

number of HA precursors (phenols and quinones) to

strengthen the polymerization of HA, which was the main

reason for the significant increase in the HS TS treatment (Wu

et al., 2017b). At the end of composting, the HA content of the

TS treatment reached 125.6 g kg−1, an increase of 281.76%,

377.57%, and 460.71% compared with each treatment,

respectively (Figure 6C), which was positively correlated

with the absolute degradation of lignin (p < 0.05). Lignin is

the source and skeleton of HA formation (Stevenson, 1982;

Wang et al., 2021), and the excessive lignin content in straw

(Figure 7B) provided a possibility for the formation of HA

during the straw composting process. In addition, the longer

duration of the high-temperature period and the higher

temperature (Figure 5A) enhanced the massive degradation

of lignin (Figure 7D), which was the main reason why the HA

content in the TS treatment was significantly higher than those

of TV, TC, and TP treatments. The abovementioned results

further verified the importance of the lignin content in the

composting material to the humification process.

3.2.3 Degradation of organic materials in a
single-material laboratory reactor composting
system

Exploring the degradation of organic materials was helpful for

further analysis of the composting fermentation process. As shown in

Figure 7A, the cumulative degradation rate of organicmaterials in the

single-material laboratory reactor composting system was consistent

with the changing trend of the industrial mixed-material composting

mode (Figure 4A). However, the degradation of organic materials in

each treatment of single-material composting mainly was

concentrated in the early stage of composting (0–12 days), which

was basically consistent with the duration of the high-temperature

period of composting (Figure 5A), further indicating the importance

of temperature on the decomposition of organic materials, consistent

with the research results of Zhao X. et al. (2022) and He et al. (2022).

In terms of the change in the lignin content, the lignin content of the

straw (TS) composting treatment was most rapidly decomposed

(Figure 7B) in the whole single-material composting system, which

may be related to the long duration of the high-temperature period

(31 days) during the composting process to promote the continuous

decomposition of lignin (Figure 5A). As shown in Figure 7C, the

relative degradation rate of lignin in the TV treatment was

significantly higher than those of TS, TP, and TC treatments (p <
0.05), which may be directly related to the relatively low lignin

content in the cabbage composting system (Figure 7B) and the

relatively suitable initial C/N of cabbage composting (initial C/N was

29.1). In terms of the absolute degradation amount of lignin, it was

significantly higher in the TS treatment than those in other

treatments (p < 0.01); at the end of composting, the absolute

degradation amounts of the TS, TV, TC, and TP lignin per

100 kg material were 11.98, 4.91, 4.31, and 3.95 kg, respectively

(Figure 7D), which positively correlated with the formation of HA

FIGURE 8
Redundancy analysis (RDA) of two composting methods: mixed material (A) and single material (B). Red and black arrows represent
environmental and humic acid parameters, respectively. Note: T: temperature; LC: lignin content; DR: the cumulative degradation rate of organic
materials; A-d: absolute degradation of lignin; R-d: the relative amount of lignin degradation; HS, humus; FA, fulvic acid; HA, humic acid.
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(p < 0.05). In addition, it was found that the decomposition of lignin

played an important role in the formation of HA in composting, and

the significant increase in the absolute degradation amount of lignin

in the straw composting system was the main reason for the

significant increase in the HA content in the TS treatment

(Figure 6C).

3.3 Redundancy analysis of physical and
chemical parameters and the humification
process of two composting modes

In general, composting humification processes were affected by

changes in environmental parameters (Bhatia et al., 2013).

Furthermore, the breakdown of lignocellulose was very important

for theHA synthesis because their degradation products served as the

basic skeleton for HA formation (Stevenson, 1982). In order to study

the key factors that affected the humification process, redundancy

analysis (RDA) was used to evaluate the industrial mixed-materials

composting of organic materials from different sources and the

correlation between the degradation of organic materials and HA

formation in the single-material laboratory reactor compostingmode

(Figure 8). The results showed that the relative degradation rate,

material degradation amount, and absolute degradation amount of

ligninwere positively correlatedwith theHAcontent (p< 0.01), while
the content of lignin was negatively correlated with the HA content

(p < 0.01) under the conditions of the industrial mixed-materials

composting; in addition, temperature also had a significant effect on

the humification process (p< 0.01) (Figure 8A), whichwas consistent

with the result found in the reports of Zhao Y. et al. (2022) and Xu

et al. (2022c), indicating that the lignin content during the

composting process was the basis for the formation of HA. The

temperature was the main environmental factor affecting the

humification process, and the degradation amount of lignin was

another major factor for HA formation. The redundancy analysis

(RDA) of the single-material laboratory reactor composting system

showed that the absolute degradation amount and the relative

degradation rate of lignin had the most significant effects on the

formation of HA (p < 0.01), followed by the degradation of organic

materials (Figure 8B), which further proved the important role of the

degradation amount of lignin in the composting humification

process.

4 Conclusion

Temperature is the main environmental factor driving the lignin

degradation and promoting the humification process for agricultural

waste composting. Also, the lignin degradation can promote the

increase in the composting temperature. The lignin content was the

basis for the formation of composting HA, and the absolute

degradation amount of lignin was an important factor driving the

formation of HA. Therefore, increasing the lignin content and

absolute degradation amount in composting materials is one of

the main means to strengthen the composting humification process.
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