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Introduction: Composting is a highly effective method for managing the growing
quantity of agricultural waste, promoting nutrient recycling, and advancing sustainable
agriculture. However, the significant amounts of volatile inorganic compounds
(VICs) and volatile organic compounds (VOCs) generated during the composting
process cannot be ignored due to their serious ecological environmental hazards
and detrimental impact on human health. The types and pathways of VICs and VOCs
produced during the composting process remain not well understood.

Methods: In this study, we investigated the VOCs produced during chicken manure
and straw composting using gas chromatography—mass spectrometry (GC/MS).
We performed qualitative and quantitative analyses of VOCs in composting emissions
gases and their correlation with odor.

Results: Our results showed that 44 VOCs were detected during composting, including
4 oxidation-containing compounds, 2 sulfur-containing organics, 5 alkanes, 19
halogenated compounds, and 14 aromatic compounds. Aromatic compounds were
found to be the main component of VOCs, accounting for 59.14% of the total content.
The highest VOC content was found in the pre-composting period, and the highest
emitting VOC was p-Isopropyl Toluene, which reached 7870.50ug/m®. We identified
eight substances that were highly correlated with odor concentration (p<0.01) and are
the main odor-causing substances that need to be monitored and controlled.

Discussion: Our study provides important insights into the transformation of volatile
gases during the composting process. It highlights the need for proper management
practices to control VOCs emissions and reduce their environmental impact.

composting, volatile inorganic compounds, volatile organic compounds, emission
characteristics, transformation pathway

Highlights

- 'The highest VOC emission in composting is p-Isopropyl Toluene, 7870.50 pg/m’.
- The aromatic compounds were the main component of VOCs, accounting 59.14%.
- Eight VOCs were highly positive correlated with the total odor concentration.

- The conversion pathways of VOCs emitted were quantified.
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1. Introduction

Aerobic composting has emerged as a popular technology for
agricultural waste reutilization due to its advantages of low cost, high
safety, and high treatment capacity (Awasthi et al., 2020). This
process eliminates potentially dangerous viral organisms and helps
address associated environmental problems, such as nutrient
recycling (Wang et al., 2018; Yang C. et al., 2019), making it vital for
achieving sustainable agricultural development (Zhao et al., 2022).
The organic fertilizer produced through aerobic composting
contains comprehensive crop-demand nutrients, such as nitrogen
and phosphorus, and ample organic nutrients, including amino
acids, proteins, and humus. As a result, it is commonly used in
agricultural production. However, it is essential to note that aerobic
composting can also lead to secondary pollution. Aerobic
composting contributes to greenhouse gas emissions that damage
the environment and thus affect the carbon cycle in the ecosystem
(Ochoa-Hueso et al, 2017; Chen et al, 2022). During the
decomposition of metabolites and nutrients by microorganisms,
diverse Volatile Inorganic Compounds (VICs) and Volatile Organic
Compounds (VOCs) are emitted, including ammonia, hydrogen
sulfide,
compounds. These emissions can result in environmental pollution,

alkanes, sulfur-containing organics, and aromatic
nutrient loss, and human health threats (Rincon et al., 2019; Zhang
7. etal, 2021).

Agricultural waste, including straw and livestock manure, is
produced at an alarming rate of nearly 9 billion tonnes globally each
year due to economic development and population growth (Zhang
X.etal, 2021). Shockingly, one-third of this waste is not disposed of
safely but rather dumped, landfilled, or burnt, leading to the soil,
water, and atmospheric pollution (Yao et al., 2021). Northeast China,
a central corn-producing region, total corn production reached 93.56
million tons, is responsible for large quantities of corn straw burning,
contributing to China’s air pollution (Zhiyu et al., 2021; China
Statistics Press, 2022). With the rapid development of China’s livestock
industry, 12 billion poultry are slaughtered each year, producing
chicken manure as the most representative organic waste with ~1.63%,
1.54%, 0.85% of trace elements such as nitrogen, phosphorus, and
potassium (National Bureau of Statistics of China, 2020). However,
improper treatment of chicken manure can lead to serious
environmental problems, including strong odors and heavy metal
pollution (Gay et al., 2003). Thus, properly treating chicken manure
and straw is crucial for agroecological protection.

NH; and H,S are recognized as the main components of
malodorous air pollutants and precursors for haze formation among
VICs during the aerobic composting process (Zheng et al., 2021).
These gases can easily harm human cardiovascular and respiratory
systems due to their low olfactory thresholds (Wu et al., 2017). NH;
emissions are the primary pathway for nitrogen loss during
composting, reducing 20-60% of total nitrogen fertilization efficiency
(Jiang et al., 2018; Chen et al., 2018a; Li et al., 2020). Recent studies
have also shown that H,S is the primary constituent of malodor gas
emitted during the composting process, with an odor threshold of
only 0.5-2 ppb in air. This gas produces a unique ‘rotten egg’ smell and
has attracted significant attention recently (Li et al., 2022). To mitigate
these issues, researchers have explored biotrickling filters packed with
polyhedral spheres, which have demonstrated the best efficiency in
compost deodorization (Huan et al., 2021). Therefore, managing NH;
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and H,S emissions during composting is crucial to reduce their
negative impacts on human health and the environment.

Volatile organic compounds (VOCs) typically have small
molecular weights and low melting points and can arise from the raw
materials themselves or incomplete organic matter decomposition.
Studies have revealed that VOCs and their emissions vary significantly
throughout the composting process. A diverse range of VOCs can
be generated during composting, with many appearing during the
early stages of the process. The concentration of total volatile organic
compounds (TVOCs) is highest in the early stages, with levels
reaching 3,000-14,000 mg/m’, which is 1.5-2 times greater than those
in the middle and late stages (Eitzer, 1995; Turan et al., 2007; Gao
et al,, 2010; Kumar et al., 2011). Many VOCs are malodorous, and
some can be toxic, irritating, and carcinogenic (Sanchez-Monedero
et al., 2019), posing threats to human health (Nicell, 2009), VOCs
cause air pollution that further affects ecosystems (De Marco et al.,
2019), and potential impacts on the greenhouse effect and global
climate change (Shen et al., 2012). Studies have demonstrated that
different compost materials can lead to the production of different
VOGCs, including methyl sulfide, dimethyl disulfide, methanethiol,
ethylbenzene, methylamine, p-isopropyl toluene, ammonia, acetic
acid, and dimethyl trisulfide, among others (Van Durme et al., 1992;
Noble et al., 2001; Tsai et al., 2008; Zhang et al., 2012; Shen et al,,
2016). Although research has focused on the generation period and
types of VOC:s, little research has explored the transformation
pathways of VOCs during different periods. Therefore, a clear
understanding of the transformation pathways of VOCs is crucial for
further control VOCs pollution for an ecological environment
sustainable future development exploration (Nie et al., 2019; Huang
etal., 2020; Aryal et al., 2022; Guan et al., 2023).

The objectives of this study are, therefore to (1) clarify VICs and
VOCs conversion paths at different periods in the composting process.
(2) Gain insights into the release characteristics of VICs and VOCs
during composting. (3) Identify the main odor-causing substances in
volatile gases to provide an accurate reference for effective control of
composting odor gas emissions to deliver a sustainable future.

2. Materials and methods
2.1. Composting materials and processes

2.1.1. Composting materials

Corn straw and chicken manure were used as composting
material, corn straw and chicken manure were taken from the waste
of Changchun Jiaxin farm. The composting unit was a solid fermenter
type 30SS-2020. The chicken manure and corn straw were naturally
dried and then prepared. Each sample was analyzed thrice within 24h
after collection, and the average concentration was used for analysis.
The basic physical and chemical properties of the chicken manure and
corn straw are shown in Table 1.

2.1.2. Composting processes

The composting material used in this study was a mixture of
air-dried chicken manure and trampled sections of corn straw. To
achieve an appropriate carbon-to-nitrogen ratio required for aerobic
fermentation and to maintain good ventilation, the corn straw was
crushed into small sections of approximately 1cm (Figure 1A).
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TABLE 1 Basic properties of the composting materials.

10.3389/fevo.2023.1192132

Material pH Water content/% Total organic carbon (TOC)/%  Total Nitrogen (TN)/% C/N Ratio
Chicken manure 7.91 %0.01 67.68 +0.35 32,92 +0.43 3.11£0.03 10.59 + 0.09
Corn straw 6.53+0.02 12.14 +0.19 4344 +0.34 0.62%0.01 70.06 + 0.57

FIGURE 1
Processed composting raw materials (A) and composting equipment (B).

Chicken manure and corn straw were mixed in a ratio of C:N =25:1.
The initial moisture content was controlled at 60%, and aeration was
adjusted to maintain a concentration of oxygen in the exhaust gas of
no less than 10%. Air samples were collected using the SOC-01
sampling system at the fermenter exhaust port (Figure 1B). The system
was connected to an 81 polyester sample bag operated according to the
lung principle (Ding et al., 2007). A mass flow controller was used
with a collection rate of 151/min. Each ambient air sample was
collected over 20s, resulting in a sample volume of approximately 51.
Each sample bag was collected and vented for air cleaning 3 times at
the sampling point before the sample was collected to minimize the
effect of VOCs in the bag. The input and connection lines each contain
a Teflon sampling tube. Each sample was analyzed thrice within 24h
after collection, and the average concentration was used for analysis.

The composting period was from 25 July 2022 to 20 August 2022,
with a composting time of 26 days. Gas was collected during the
pre-composting period (measured on day 3 of composting, 28 July
2022), mid-composting period (measured on day 14 of composting,
8 August 2022), and end-composting period (measured on day 21 of
composting, 15 August 2022).

2.2. Gas determination methods

2.2.1. Devices and reagents
The Devices and reagents used for the test are listed in Table 2.

2.2.2. Measurement methods

To measure the concentration of ammonia (NHj;) in the exhaust
gas from the composting process, a gas wash bottle containing 100 mL
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of 2% boric acid solution was connected to the fermenter exhaust
using a rubber tube. The gas wash bottle was sealed with a rubber
stopper, and two glass tubes were inserted into the plug to allow the
exhaust gas to enter and exit the bottle. The exhaust gas was directly
discharged into the boric acid solution flask. After absorbing the
ammonia in the exhaust gas for 15 min, the concentration of NH; was
measured using the H,SO, titration method. This method ensured
accurate measurement of NH; concentration in the exhaust gas during
the composting process.

To determine the concentration of H,S in the composting process,
a biological gas measuring instrument was employed. The exhaust gas
discharged from the fermenter exhaust port was first passed through
a desiccant bottle and then directly connected to the gas receiving pipe
of the biological measuring instrument. The instrument is equipped
with a built-in pump, and the H,S content data stabilized after
approximately 1 min of pumping. The concentration of H,S gas was
then read directly from the data window of the measuring instrument.

The determination of VOCs in the composting process was
carried out using gas chromatography-mass spectrometry (GC-MS)
following the method reported by Gonzilez et al. (2019) and Wang
et al. (2013). The mass spectrometry method was qualitative in full
scan mode, and the peak area external standard method was used for
quantitative analysis. The experimental conditions of the instrument
setup were as follows: a thermal desorption instrument was used with
a transmission line temperature of 130°C; the initial temperature of
the adsorbent tube and the focus tube was 35°C; the desorption
temperature of the adsorbent tube and the focus tube was 325°C with
a desorption time of 3min and 5min, respectively; the primary
desorption flow rate was 40 ml/min; the aging temperature of the
focus tube was 350°C. The GC setup conditions were as follows: the
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TABLE 2 Devices and reagents required for the test.

10.3389/fevo.2023.1192132

Devices and reagents Production company

Thermal desorption model (ATDS-20A)

Beijing Zhongyi Yusheng Technology Co., Ltd

Purge trap device (ATOMX XYZ)

Tecma, USA

Analytical instrument model (7890B-5977B GC/MS)

Agilent Technologies Ltd.;

Adsorption tube glass (6 x 130 mm)

Yancheng Huayu Instrument Co. Ltd

TVOC sampling tube

Fujian Fine Analytical Instruments Co., Ltd

Biogas Detector

Geotech, UK

Sulfur-containing odor standard gases (methyl mercaptan, methyl sulfide, dimethyl

disulfide, and carbon disulfide mixture)

Organic Standard Solutions International (USA)

TVOC standard gases

Dalian Dart Gas Co. Ltd

inlet temperature was set at 200°C with helium gas as the carrier gas
and a shunt ratio of 5:1; the column flow rate was 1.2 ml/min with a
ramp-up procedure of initial temperature at 30°C, hold for 3.2 min,
ramp up to 200°C at 11°C/min, and hold for 3min; the capillary
column used was DB-624 with a dimension of 30 m x 0.25 mm x 1.4 pm
film thickness. The mass spectrometer was fully scanned with a
scanning range of 35~270amu, ionization energy of 70eV, and
interface temperature of 280°C.

2.3. Statistical analysis

The statistical analyses were performed using IBM SPSS Statistics
version 23 (IBM, Armonk, NY, USA), with a significance level set at
p<0.05. Correlations were calculated by Pearson correlation. Data
visualization was conducted using Origin Pro 2021 (Origin Lab,
Northampton, MA, USA). Microsoft Excel 2016 was used for
basic calculations.

3. Results and discussion
3.1. NH; and H,S emission characteristics

NH,"-N is a critical precursor of NH; and a substrate for
nitrification and assimilation, playing a vital role in the nitrogen
conversion process of compost. The NH,"-N content can be reduced by
increasing the rate of ammonia oxidation, which in turn reduces NH;
release. Figure 2A shows the measured NH; concentrations during the
pre-, mid-, and post-composting sampling. NH; concentrations were
highest in the early stage and gradually decreased as the composting
progressed. In the early stage of composting, high water content resulted
in the ammonia produced by the decomposition of organic nitrogen,
such as amino acid nitrogen, mainly present in a pile as NH,*-N. During
the high-temperature period, NH,*-N was converted into NH; and
released from the pile due to its high temperature and high pH. The
production of NHj is closely related to NH,*-N, and the more NH,*-N
is produced, the more NH; is released. Under poor ventilation
conditions, denitrifying bacteria convert nitrite to N,O or N, (Zhao
etal., 2021). Nitrifying bacteria are predominantly mesophilic, and their
activity is inhibited in the high-temperature phase (Hort et al., 2009),
preventing the timely conversion of ammonium nitrogen to nitrate
nitrogen and intensifying the volatilization of ammonia. However, as
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the composting progresses, the activity of nitrifying bacteria increases,
with decreasing ammonium nitrogen and increasing nitrate nitrogen,
significantly reducing the volatilization of NH;. Some incomplete
nitrification of NH,*-N or denitrification of NO,-N and NO;-N in the
local anaerobic environment will produce by-products, mainly N,O,
NO,, and other nitrogen oxides (Jarvis et al., 2009; Yang F. et al., 2019).
The volatilization of NH; is mainly produced from the decomposition
of nitrogenous organic matter in the material. Organic components
such as proteins in livestock manure and straw are decomposed by
ammonifying bacteria, producing a large amount of NH,*-N, which
increases the pH and causes ammonia to volatilize directly in the
presence of sufficient oxygen. As the temperature of the pile increases,
the solubility of NH; decreases, and NH; is transformed from NH;-H,O
in the aqueous phase to the gaseous state and volatilized to the
atmosphere. The higher the temperature, the greater the volatilization.
The emission of NH; produces odor, and long-term exposure to
excessive NH; threatens human health and causes the loss of compost
nutrients, so it should be controlled during the composting process.
The composting of corn straw and chicken manure under aerobic
fermentation conditions in this study resulted in high oxygen
consumption in the early stages, leading to the presence of local
anaerobes in the pile. Anaerobic conditions during the decomposition
of sulfate-reducing bacteria and sulfur-containing organic matter
produced H,S, which has a low odor threshold and is highly
malodorous. It is crucial to explore the release pattern of H,S gas.
Figure 2A indicates that the H,S concentration was highest in the
pre-composting period and gradually decreased in the middle and late
composting periods. In the early stages, the temperature rose rapidly,
causing local anoxia while producing sulfur-containing compounds,
and microbial activity increased, leading to the rapid decomposition
of easily decomposable organic matter. Sulfite compounds
decomposed into S*-, combined with H* to release H,S in gas form. In
the middle and late stages, microbial activity weakened, and oxygen
consumption decreased, gradually decreasing H,S gas concentration.
Biodegradation of sulfur-containing amino acids such as cysteine and
methionine in compost can form H,S and methyl mercaptan (MT). In
contrast, methylation of H,S and MT can form MT and methyl sulfide
(DMS), respectively (Figure 2B). MT can be oxidized to form dimethyl
disulfide (DMDS) (Higgins et al., 2006; Arellano-Garcia et al,, 2018).
Moreover, MT and DMS from sulfide methylation reactions produce
H,S during methanogenesis by methanogens. Under low redox
potential (ORP) conditions, H,S lacks electron acceptors such as
dissolved oxygen (DO), Cl,, NO*7, Fe**, ClO-, and KMnO*"", and
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Concentration changes (A) and main transformation pathways (B) of NHz and H,S in different composting stages.

sulfides are formed under anaerobic conditions (Delgado et al., 1999).
The optimal ORP for H,S production in compost has been identified
to be within the range of —100 to —250mV (Boon, 1995). Thus,
increasing the redox potential can reduce H,S production (Zhang
et al,, 2008) by adding favorable electron acceptor compounds such
as oxidants.

3.2. Emissions and changes of VOCs in the
composting process

3.2.1. Qualitative analysis of VOCs

Gas chromatography-mass spectrometry analysis was performed
on compost samples collected from different stages of the composting
process to identify and quantify volatile organic compounds (VOCs).
A total of 44 VOCs were detected and identified based on
chromatograms, standard spectra search, and manual analysis. The
identified VOCs included 4 oxygen-containing compounds
(tetrahydrofuran, acetone, 2-butanone, 2-ketone), 2 sulfur-containing
organics (dimethyl disulfide, carbon disulfide), 5 alkanes (n-tridecane,
n-tetradecane, 19
halogenated compounds (dichlorodifluoromethane, chloromethane,

n—pentadecane, n-eicosane, n-twenty-six),
bromo-methane, chloroform, carbon tetrachloride, trichloroethylene,
1,2-dichloropropane, 1,1,2-trichloroethane, tetrachloroethylene,

dibromochloromethane, 1,2-dibromoethane,  chlorobenzene,
1,3-dichlorobenzene, bromobenzene, 2-chlorotoluene, 1,2-dibromo-
3-chloropropane, 1,2,4-trichlorobenzene, hexachlorobutadiene,
1,2,3-trichlorobenzene), and 14 aromatic compounds (benzene,
toluene, ethylbenzene, m,p-xylene, styrene, isopropylbenzene,
n-propylbenzene,  1,3,5-trimethylbenzene, tert-butylbenzene,
1,2,4-trimethylbenzene, sec-butylbenzene, p-Isopropyl Toluene,
n-butylbenzene, naphthalene) (Supplementary Table S1).

The VOCs produced by different compost substrates are
different. Schiavon et al. (2017) found that the VOCs produced by
using different substrates for composting were different. The VOCs
sludge

produced by mainly

organosulphur compounds and esters. Using municipal solid waste

composting were terpenes,

and green waste composting, the main VOCs detected were terpenes,
which may originate from fruit and vegetable waste, and as
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intermediate products of aerobic degradation of organic matter. A
variety of VOCs are generated in the process of using food waste to
degrade diesel composting, and they can be classified as alkanes,
cycloalkanes, aromatics, alcohols, esters, ketones, aldehydes, alkenes,
sulfurs, amines, and terpenes (He et al., 2020). Since the diesel
component consists of 79% alkanes and 20% benzene rings, a large
amount of alkanes, cycloalkanes and benzene rings are produced in
the pre-composting stage (Schiavon et al., 2017; Nie et al., 2019).
Kitchen waste compost has a strong odor due to amines and sulfides
(Bruno etal,, 2007). Lin et al. (2023) showed that trimethylamine is
the most common amine. Sulfide and amines may come from
kitchen meat protein because it contains N and S elements, these are
the primary source of compost odor (Koyama et al., 2018). Gonzalez
et al. (2019) research found that Terpenes, organosulphur
compounds, ketones and carboxylic acids were found to be the most
abundant VOCs present in the gaseous emissions. Nie et al. (2019)
research found that the use of sludge composting produced
VOC-like with the highest of
oxygenated compounds.

compounds, emissions

3.2.2. Quantitative analysis of VOCs

Figure 3 illustrates the total amount of gases released during
different stages of composting, which were analyzed based on their
emission patterns. The pre-composting phase exhibited the highest
concentration of volatile organic compounds (VOCs), with 43 types
of VOC:s detected, and the total emitted gases reached 35537.76 pg/
m®. In the middle and late stages, 23 and 17 types of VOCs were
detected, respectively, with a significant reduction in both the types
and the total amount of emitted gases, measuring 14,831.07 and
14,462.07 pg/m’, respectively. The high concentration of VOCs in the
early phase of composting can be attributed to the intense microbial
activity and rapid decomposition of easily degradable organic
substances, which produce large amounts of VOCs coupled with low
oxygen concentration and high moisture content in the composting
material. As the easily degradable organic matter decreases in the later
stages, the temperature also decreases, reducing the production of
VOCs. The pre-composting period plays a crucial role in controlling
gas emissions. The high temperature in composting can accelerate the
decomposition of materials but leads to a higher emission of VOCs,
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Total gas emissions in different composting stages.

which can significantly impact human health and the surrounding
environment. Using a standard external method, 44 VOCs were
quantified and analyzed in different periods of the composting
process, with p-Isopropyl Toluene exhibiting the highest concentration
of 7870.50pg/m® measured in the pre-composting period
(Supplementary Table 52). These findings highlight the need to control
VOC emissions during composting and implement measures to
mitigate their impact on the environment and human health.

3.2.3. Analysis of the release characteristics and
mechanism of VOCs in the composting process

The concentration of most VOCs during composting is highest in
the initial stages of the process. However, due to the significant
differences in the concentration levels of various types of VOCs
during the same composting stage, the high-concentration VOCs can
mask the variation patterns of the low-concentration VOCs. Therefore,
it is important to investigate the concentration variations and emission
mechanisms of different types of VOCs during composting.
Understanding the various patterns and mechanisms of VOC
emissions can help develop strategies to effectively control and reduce
the emission of harmful VOCs during composting.

3.2.3.1. Oxygenated compounds

The composting process is known to produce various oxygenated
compounds, such as acetone, 2-ketone, and 2-butanone, which are
standard products in agricultural waste composting. However, the
concentration and production patterns of these compounds can vary
throughout the composting process. In this study, Figure 4A shows that
tetrahydrofuran was only produced in the pre-composting period,
indicating local anaerobic conditions and insufficient oxygen supply.
Although this test is aerobic fermentation composting, in the early
stage of composting, the water content of the pile is high, the microbial
activity increases, the range of easily degradable organic matter is
relatively abundant, and the frequent microbial activities lead to the
relatively low oxygen concentration in the pile, which may have local
anaerobic and produce ether tetrahydrofuran. On the other hand,
acetone was mainly produced in the middle of the composting period,
possibly due to the hydrolysis of compost raw materials such as sugar,
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starch, and cellulose in straw. Acetone is mostly produced by hydrolysis
of compost raw materials such as sugar, starch, and cellulose in straw.
Its potential source is the decomposition by-products of easily
degradable organic matter in waste, and acetone is only produced in
the middle of composting, probably because there is more pyruvate in
the middle of composting, and the intermediate products produced by
the tricarboxylic acid cycle are metabolized by ketone bodies to
produce acetone, and later in composting, as the pH rises, pyruvate
gradually decreases and does not produce acetone. In contrast,
2-ketone was only produced in the early stages and low concentrations.
At the same time, 2-butanone had the highest concentration in the
early stage of composting, which may be due to the abundance of
soluble organic matter and free microbial activity. 2-ketone is produced
by the conversion of complex carbohydrates in an acidic environment,
and 2-ketone is only produced in the early stages and low
concentrations because the high metabolic activity of microorganisms
in the early stages leads to anoxic conditions, which means that the
system gradually becomes anaerobic and 2-ketone is not oxidized,
while as microbial activity decreases in the middle and late stages,
2-ketone is no longer oxidized. The highest concentration of
2-butanone in the early stage of composting may be due to the
abundance of soluble organic matter (TOC) in the compost material
used. Microbial activity is not limited by the concentration of substrate,
resulting in the release of a large amount of butanone as a metabolic
intermediate product, in the middle stage of composting, the
temperature is lower than in the early stage of composting, and the
solubility of 2-butanone increases and the emission decreases, while in
the late stage of composting, the oxygen content increases, the pH
increases, and a large amount of acetone was converted to butanone,
which increased the emission compared with the middle stage of
composting. These oxygenated compounds are essential contributors
to composting emissions from agricultural waste such as vegetable and
fruit, garden waste, and livestock manure. Understanding their
production patterns can help improve composting practices and
reduce emissions.

3.2.3.2. Sulfuric compounds

Carbon disulfide and dimethyl disulfide have been detected in all
stages of composting, with the highest concentrations found in the
initial phases of composting and gradually decreasing as composting
progresses. Sulfur-containing organic matter is mainly produced in
semi-aerobic and anaerobic conditions. Degradation of sulfur-
containing amino acids releases sulfur compounds, including
dimethyl sulfide, carbon disulfide, and styrene, all categorized under
the Emission Standards for Odorous Pollutants (GB 14554-93) by the
Chinese Ministry of Environmental Protection. In this study, the main
components of sulfur-containing compounds were dimethyl disulfide
and carbon disulfide, which aligns with previous findings (Maulini-
Duran et al,, 2015). Methanethiol is produced during composting, and
its oxidation results in the formation of dimethyl disulfide. The
equation explains this reaction, where R is typically an aromatic
compound (Han et al., 2018).

R-0O-CH3+HS > R-0OH + CH3SH (1)

CH3SH + CH3SH +0.50, > H,0+ CH3S = SCH3  (2)
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FIGURE 4
Concentration changes of Oxygenated Compounds (A), Sulfuric Compounds (B), Alkanes (C), Halogenated Compounds (D), Aromatic Compounds
(E), in different composting stages.

Figure 4B shows that sulfuric compounds concentration changes in
different composting stages. During the early stages of composting,
volatile sulfides are rapidly formed from biodegradable organic sulfur,
resulting in a significant increase in dimethyl disulfide and carbon
disulfide emissions (Han et al., 2019; Cao et al., 2022). However, as
composting progresses, the biodegradable organic sulfur content
decreases, and the oxygen supply increases, reducing carbon disulfide
and dimethyl disulfide emissions. Chicken manure, a common
composting material, is rich in proteins containing -SH groups that
generate sulfur-containing amino acids like cystine, cysteine, and
methionine under enzyme action. These amino acids then undergo
desulfurization under anaerobic conditions, resulting in the production
of H,S, which can be oxidized to sulfate via sulfidation under aerobic
conditions. However, when composting lacks sufficient oxygen supply,
slow sulfidation leads to the accumulation of H,S, resulting in the
generation of methyl sulfide and dimethyl sulfide as intermediate
products of the desulfurization reaction. Therefore, ensuring adequate
oxygen supply is crucial in controlling the production and emission of
sulfur-containing VOCs (Fisher et al., 2018).

3.2.3.3. Alkanes

Figure 4C shows that Alkanes concentration changes in different
composting stages. The concentration patterns of five alkanes
(n-tridecane, n-tetradecane, n-pentadecane, n-eicosane, and
n-twenty-six) were examined during composting. It was observed that
the highest concentrations were present in the pre-composting stage,
followed by a decline in concentration as composting progressed.
Alkanes with low molecular weight (<C10) are considered short-chain
alkanes, while those with high molecular weight (>C10) are classified
as long-chain alkanes (Tassi et al., 2009; Duan et al., 2014). Long-chain

alkanes, especially, have been linked to particulate matter (PM 2.5)
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pollution in urban areas. Alkanes are primarily associated with the
decomposition of organic matter in livestock manure (Mustafa et al,
2017).
fermentation at elevated internal temperatures and humidity (Komilis

Furthermore, alkanes will likely be released during

et al,, 2004; Tan et al,, 2017). During the pre-composting stage, the
material undergoes adequate aerobic fermentation, leading to a higher
concentration of alkane emission. The concentration of alkanes
decreases as composting progresses due to two reasons. Firstly, long-
chain molecules of hydrocarbons break down into various short-chain
gaseous hydrocarbons and a small number of liquid hydrocarbons.
Secondly, halogens are produced during the composting process, and
the hydrogen atoms in the alkanes are replaced by halogens in
halogenation reactions, leading to a reduction in the concentration of
the alkanes. The temperature decrease during composting makes
long-chain alkanes more stable. In contrast, the boiling point of
alkanes increases with the increase of carbon atoms, making short-
chain alkanes easier to separate than long-chain alkanes. This also
explains why the gas concentration of n-twenty-six alkanes changes
the least in the middle and late stages of composting.

3.2.3.4. Halogenated compounds

Halogenated compounds are a concerning class of pollutants that
can be emitted during composting processes. Figure 41D shows that
Halogenated compounds concentration changes in different
composting stages. In this study, we observed that the concentration
patterns of the 19 halogenated compounds seen were highest at the
beginning of composting, decreasing as composting progressed, and
no longer detected at the middle and end of composting. This may
be due to the production of tetrachloroethylene and bromomethane
by aerobic fermentation and composting of the material, which is
the and

mainly produced by degradation of chlorine-
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Percentage content (A) and main transformation paths (B) of various VOCs in different composting stages.

bromine-containing compounds (Liu et al., 2009). These compounds
are commonly used in agriculture and can be present in chicken
manure and straw. The production of halogenated compounds during
composting is also attributed to chlorinated and brominated organic
compounds and other solvents in the composted materials (Duan
etal, 2014; Mustafa et al., 2017). The high temperature and microbial
activity during the early stage of composting lead to the production of
organic compounds containing chlorine and bromine, and a large
number of hydrogen atoms on alkanes are replaced by organic
compounds containing chlorine and bromine, generating a variety of
halogenated compounds through substitution reactions. As
composting proceeds, the decomposition reaction reduces, leading to
a gradual decrease in the concentration of halogenated compounds in
the later stages. Despite their highest emissions only at the beginning
of composting, the emissions of halogenated compounds require
attention because they have a low olfactory threshold and may pose a
greater toxicological risk to the surrounding population.

3.2.3.5. Aromatic compounds

During the composting process, the concentrations of 8 out of the 14
aromatic compounds - including benzene, toluene, ethylbenzene,
n-propylbenzene, tert-butylbenzene, sec-butylbenzene, p-Isopropyl
Toluene, and n-butylbenzene - were highest in the early stage and
gradually decreased over time or ceased to be produced altogether. On the
other hand, the concentrations of the remaining 6 aromatic compounds -
m,p-xylene, styrene, isopropylbenzene,
1,2,4-trimethylbenzene, and naphthalene - followed a different pattern.

1,3,5-trimethylbenzene,

Their concentrations were highest in the early stage of composting,
decreased in the middle stage, and then increased again in the late stage.

Figure 4E shows that Aromatic compounds concentration changes
in different composting stages. Fourteen aromatic compounds were
detected in the samples, with toluene being the primary aromatic
compound, accounting for about 35% of the aromatic compound
concentration on average (Sanchez-Monedero et al., 2018). Toluene
dominates in aromatic compounds, and its concentration during
composting decreases sequentially with composting time, consistent
with previous findings (Moreno et al., 2014). Toluene is commonly used
as an intermediate in the degradation of organic waste (Chiriac et al.,
2011), and it is biological sources are very common in the composting
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process (Shao et al., 2014). Aromatic compounds are also classified as
exogenous due to their biological sources in the composting process. The
ratio of benzene to toluene (B:T ratio) is commonly used to identify
sources of aromatic emissions. In this study, the average B:T ratio ranged
from 0.01-0.02, significantly smaller than that of other studies, such as
0.4-1.0 from vehicle exhaust in Beijing city and 0.2-0.7 from Hangzhou
landfill (Wang et al.,, 2012). Therefore, the sample’s concentration and
composition of aromatic compounds were less affected by external
influences. The most common aromatic compounds in the chicken
manure composting process are benzene, toluene, ethylbenzene, and
xylenes (m-xylene, p-xylene, and o-xylene). Exposure to these
compounds can lead to various health problems (Durmusoglu et al.,
2010). Thus, it is important to know the potential health risks to people
exposed to these compounds in or near composting plants.

3.2.4. The main transformation pathways of VOCs
in the composting process

Figure 5A depicts the percentage changes of various categories of
VOCs during composting. It can be observed that the percentage of
alkanes and halogenated compounds decreased gradually, whereas the
percentage of aromatic compounds increased. The percentage of
sulfur-containing compounds exhibited an initial increase followed by
a decrease, while the percentage of oxygen-containing compounds
first decreased and then increased.

Figure 5B illustrates the transformation pathways of VOCs
during composting. Our findings indicate that the emission of
oxygenated compounds is mainly influenced by temperature and
the degree of material fermentation. In the pre-composting period,
microbial activity is more frequent, and the temperature rises faster
when cellulose in the straw produces alkanes through pyrolysis
(Mellouki et al., 2015). Alkanes can undergo substitution reactions
with Cl or Br to produce halogenated hydrocarbons that
subsequently undergo hydrolysis reactions to produce alcohols.
Alcohols can be oxidized to produce ketones. O, is a key factor in
the degradation of organic matter. It is important that the
microorganisms are provided with adequate oxygen to maintain
their metabolic activities throughout composting. The oxygen
consumption in the early stage of composting is high, leading to a
semi-consumptive and semi-anaerobic state in the pile that
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produces a large amount of H,S. H,S can generate methanethiol
with alcohols, and methanethiol can be oxidized to generate sulfur-
containing compounds such as dimethyl disulfide (Equations 1, 2).
The presence of oxygen can influence the composition classes of
VOCs (Zheng et al., 2022). In the anaerobic zone of the composting,
large amounts of dimethyl sulfide, dimethyl disulfide, H,S, carbonyl
sulfide, carbon disulfide and methyl mercaptan are produced, and
these compounds are generated by bacterial sulfate reduction and
decomposition of sulfur-containing organic matter under anaerobic
conditions (Dhamodharan et al.,, 2019; Duan et al., 2022). In the
aerobic zone of the composting, aerobic microorganisms gradually
come into play, with lower emissions of sulfur-containing
compounds and higher emissions of alkanes and halogenated
compounds, such as n-tridecane, n-tetradecane,
1,3-dichlorobenzene, bromobenzene, 2-chlorotoluene. Halogenated
hydrocarbons can generate olefins at high temperatures, alkenes can
form aromatic compounds by addition reaction (Atkinson and
Arey, 2003). However, it is known that the conversion of olefins to
aromatic compounds by addition reactions is more demanding
(Sun et al., 2013; Chen et al.,, 2018b). Since the olefin emissions in
this study were below the detection limit, we speculate that the
emissions of aromatic compounds are related to the high organic
compounds such as pesticides and chemical fertilizers left in the
compost matrix (Rincon et al,, 2019; Yang F et al,, 2019). In the
middle and late stages of composting, oxygen consumption
gradually decreased, leading to an increase in the concentration of
oxygenated compounds. As the temperature of the pile gradually
decreases and the straw in the material tends to decay, the
concentration of alkanes produced through cellulose pyrolysis
decreases. With the emission of gases containing Cl and Br in the
pile, the concentration of halogenated hydrocarbons decreases to
below the detection limit (He et al,, 2019). Because aromatic
compounds are structurally stable and do not break down easily,

and the concentration of aromatic compounds increases as a

10.3389/fevo.2023.1192132

percentage, accounting for up to 73.67% of the total VOCs
emissions. However, the high toxicity of aromatic compounds
suggests that although the total emissions of VOCs decreased in the
middle and late stages of composting, the increase in the percentage
of aromatic compounds does not mean that the toxicity of the
emitted gas decreased. Instead, the toxicological risk to humans
may increase.

3.3. Correlation analysis of the main
odor-causing substances in VOCs with the
total odor concentration

The odors that are produced due to the presence of volatile
substances, such as VICs (NH; and H,S) and VOCs (dimethyl sulfide,
1,3,5-
trimethylbenzene, 1,2,4-trimethylbenzene, and naphthalene), during

carbon disulfide, toluene, -ethylbenzene, m,p-xylene,
the composting of chicken manure have an impact on people’s lives
due to their low olfactory threshold. According to the olfactory
threshold criteria for odor-causing substances (Devos, 1995), although
low, the concentration of an individual odor-causing substance is
enough to cause an unpleasant experience. This is evidenced by the
low olfactory threshold criteria, combined with the gases measured in
different periods of composting, which resulted in the selection of 10
major odor-causing gases exceeding the limited olfactory
threshold criteria.

The correlation analysis of the emission concentration of each
malodorous substance and the total odor concentration conducted
6) that,

1,2,4-trimethylbenzene, all the other eight malodorous substances

(Figure revealed except for ethylbenzene and

showed a highly significant correlation (p<0.01) with the odor
concentration, indicating that these eight malodorous substances are

the main odor-causing substances of the odor produced by chicken
manure composting and should be monitored and controlled with
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emphasis (Hanajima et al., 2010). The correlation also showed that the
eight main odoriferous substances could be divided into two groups,
one comprising NH;, H,S, dimethyl disulfide, and carbon disulfide,
and the other of toluene, m,p-xylene, 1,3,5-trimethylbenzene, and
naphthalene, with a significant positive correlation (p <0.05) between
the concentrations of each odoriferous substance within the group.
This indicates that there are similar emission patterns in the same
group of substances and that the highest emissions of these eight main
odor-causing substances are observed in the pre-composting period,
making it the main period to focus on when monitoring and removing
malodorous substances.

NH; and H,S are significantly positively correlated, with a low
olfactory threshold and high sensitivity to humans, making them
ideal indicators for odor pollution. Monitoring them, but also
according to their concentrations, to test the effectiveness of odor
removal. The main point as an indicator of odor pollution is that
the concentration of the indicator should change with all or most
of the major odor-causing substances with a high degree of
consistency so that the indicator can respond to the emission of
other malodorous substances, followed by the monitoring of odor
indicators to facilitate the emission of odor indicators, odor
pollution indicators should try to choose a higher concentration
of gas to improve the accuracy of monitoring.

4. Conclusion

During the pre-composting period, the highest concentration of
volatile gases and the largest concentration of major odoriferous
substances were detected, with 44 kinds of VOCs identified, including
4 oxidized compounds, 2 sulfur-containing organics, 5 alkanes, 19
halogenated compounds, and 14 aromatic compounds. Aromatic
compounds were the main component of VOCs, accounting for
59.14%. P-Isopropyl Toluene was found to have the highest content
of VOCs, reaching 7870.50 pg/m®. Among the odors generated by the
composting process, NH;, H,S, dimethyl disulfide, carbon disulfide,
toluene, m,p-xylene, 1,3,5-trimethylbenzene, and naphthalene were
found to have highly significant concentrations (p <0.01) and are the
main odor-causing substances. As composting proceeds, the
percentage of alkanes and halogenated compounds decreases
gradually, whereas the percentage of aromatic compounds increases.
The percentage of sulfur-containing compounds exhibited an initial
increase followed by a decrease, while the percentage of oxygen-
containing compounds first decreased and then increased.
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