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a b s t r a c t 

Dissolved organic matter (DOM) derived from various composts can promote significant 

changes of soil properties. However, little is known about the DOM compositions and their 

similarities and differences at the molecular level. In this study, the molecular compositions 

of DOM derived from kitchen waste compost (KWC), green waste compost (GWC), manure 

waste compost (MWC), and sewage sludge compost (SSC) were characterized by electro- 

spray ionization coupled with Fourier transform ion cyclotron resonance mass spectrom- 

etry (ESI FT-ICR MS). The molecular formulas were classified into four subcategories: CHO, 

CHON, CHOS, and CHONS. The KWC, MWC, and SSC DOM represented the highest fraction 

(35.8%-47.4%) of CHON subcategory, while the GWC DOM represented the highest fraction 

(68.4%) of CHO subcategory. The GWC DOM was recognized as the nitrogen- and sulfur- 

deficient compounds that were less saturated, more aromatic, and more oxidized compared 

with other samples. Further analysis of the oxygen, nitrogen-containing (N-containing), and 

sulfur-containing (S-containing) functional groups in the four subcategories revealed higher 

organic molecular complexity. Comparison of the similarities and differences of the four 

samples revealed 22.8% ubiquitous formulas and 17.4%, 11.1%, 10.7%, and 6.3% unique for- 

mulas of GWC, KWC, SSC, and MWC DOM, respectively, suggesting a large proportion of 

ubiquitous DOM as well as unique, source-specific molecular signatures. The findings pre- 

sented herein provide new insight into the molecular characterization of DOM derived from 

various composts and demonstrated the potential role of these different compounds for 

agricultural utilization. 
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∗ Corresponding authors. 
E-mails: liumr@ms.giec.ac.cn (M. Liu), yuer-17@163.com (C. Chen), tangzh@ms.giec.ac.cn (Z. Tang). 

https://doi.org/10.1016/j.jes.2020.06.011 
1001-0742/© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V. 

https://doi.org/10.1016/j.jes.2020.06.011
http://www.sciencedirect.com/science/journal/99999994
http://www.elsevier.com/locate/jes
mailto:liumr@ms.giec.ac.cn
mailto:yuer-17@163.com
mailto:tangzh@ms.giec.ac.cn
https://doi.org/10.1016/j.jes.2020.06.011


journal of environmental sciences 99 (2021) 80–89 81 

Introduction 

Kitchen waste, green waste, manure waste, and sewage sludge 
are the typical organic solid wastes in China ( Liu et al., 2017 ; 
Wang et al., 2016 ; Wu et al., 2017 ; Zhang and Sun, 2017 ). The 
suitable disposal of these wastes has become a crucial prob- 
lem due to their rapid increase in production. Since compost- 
ing is environmental friendliness and economic viability, it 
has been recognized as a popular method for the disposal 
of organic solid wastes ( Huang et al., 2006 ; Wei et al., 2007 ; 
Yang et al., 2019 ). 

During composting, dissolved organic matter (DOM) is con- 
verted from particulate organic matter by microorganisms 
( He et al., 2019 ; Xiao et al., 2019a ). Many studies have shown 

that DOM is a heterogeneous mixture, including aliphatic, 
hydroxyl, carboxyl, carbonyl, and ester functional groups 
( Guo et al., 2019 ; Xiao et al., 2019a ). Thus, when composting 
product is applied to arable land as a fertilizer or conditioner, 
the DOM may promote significant changes of soil properties 
( Beiyuan et al., 2018 ). Specifically, DOM can complex with mul- 
tiple metals such as copper, lead, and zinc to change the solu- 
bility, transport, and toxicity of these metals in soil ( Guo et al., 
2019 ). DOM is also considered as an effective additive for the 
remediation of organically contaminated soil ( Yu et al., 2011 ). 
The presence of DOM can significantly influence the behav- 
iors of polycyclic aromatic hydrocarbons (PAHs), and polychlo- 
rinated biphenyls (PCBs) in soil ( Badea et al., 2014 ; Smith et al., 
2011 ; Yu et al., 2011 ). However, due to the heterogeneous na- 
ture of DOM, there have been inconsistent reports of the re- 
action between the DOM with contaminants ( Xu et al., 2019 ). 
For example, algal-derived DOM and soil-derived DOM exhib- 
ited significantly different patterns of Cu(II) binding, indicat- 
ing source-dependent metal binding heterogeneities of DOM 

( Xu et al., 2018 ). Therefore, for better agricultural utilization of 
various composts, it is essential to study the characteristics of 
the DOM derived from them. 

Many technologies, particularly spectroscopic methods, 
have been applied to study the composition of compost- 
derived DOM, including fluorescence excitation/emission ma- 
trix (EEM), Fourier transform infrared (FTIR), ultraviolet/visible 
(UV/vis), and nuclear magnetic resonance (NMR) spectra 
( El Fels et al., 2014 ; Guo et al., 2019 ; Huang et al., 2018 ; 
Kovacevic et al., 2018 ; Liu et al., 2020b ; Xiao et al., 2019b ). 
These methods can reveal some information about the DOM 

features, such as elemental composition, apparent molecu- 
lar weight, and the relative abundance of chemical groups 
( Lv et al., 2016a ). However, due to the limitations of the meth- 
ods used, more deriving information on DOM at the molecular 
level remain unknown ( Lv et al., 2016b ). 

Mass spectrometry can also be used to investigate the 
structural characteristics of DOM. Recently, the development 
of a novel mass spectrometry analytical method, electrospray 
ionization coupled with Fourier transform ion cyclotron res- 
onance mass spectrometry (ESI FT-ICR MS), has facilitated 

the more detailed analysis of DOM molecular composition 

( Kellerman et al., 2014 ). EST FT-ICR MS can measure the ion 

mass-to-charge ratio ( m/z ) based on the ion cyclotron fre- 
quency for a given magnetic field ( Wang et al., 2018b ). This 
method allows the sensitive detection of ionized organic com- 
pounds and classification of thousands of molecular formulas 
into major categories at the molecular level, such as CHO (con- 
taining only C, H, and O), CHON (containing C, H, O, and N), 
CHOS (containing C, H, O, and S), and CHONS (containing C, 
H, O, N, and S) ( Chen et al., 2018 ). Many previous works have 
confirmed the use of ESI FT-ICR MS as an excellent technique 
to characterize DOM molecular compositions in atmospheric 
aerosols ( Schmitt-Kopplin et al., 2010 ), rivers ( Gonsior et al., 

2016 ), leachate concentrates ( Yuan et al., 2017 ), terrestrial soils 
( Chen et al., 2018 ), and hyperthermophilic composts of sewage 
sludge ( Yu et al., 2019b ). However, to the best of our knowledge, 
no study has utilized ESI FT-ICR MS to investigate the molecu- 
lar characteristics of DOM derived from different source com- 
posts. 

The goals of this study were to: (1) characterize the DOM 

molecular compositions of kitchen waste compost (KWC), 
green waste compost (GWC), manure waste compost (MWC), 
and sewage sludge compost (SSC) using ESI FT-ICR MS; (2) 
determine the similarities and differences of the source- 
dependent DOM molecular formulas; and (3) provide insights 
into the potential activities of various source composts during 
agricultural utilization. 

1. Materials and methods 

1.1. Compost samples collection and DOM extraction 

Four compost samples (KWC, GWC, MWC, and SSC) were 
collected from full-scale composting plants, respectively lo- 
cated in Dongguan, Foshan, Baoding, and Zhengzhou of China, 
which respectively utilize kitchen waste, green waste, ma- 
nure waste, and sewage sludge as the major composting raw 

materials. The composting took place in an in-vessel system 

and the loading capacity of each composting plants are more 
than 5 tons per day. Collected compost samples were deter- 
mined to be mature, with a total duration of around 40 days. 
Two portions were taken from each sample. One was used to 
determine physicochemical properties, while the other was 
stored at 4 °C, before extracting the DOM. Details of the sample 
physical-chemical properties are listed in Appendix A Table 
S1 . 

DOM was extracted according to the method previously 
described by Yuan et al. (2012) . Briefly, about 10 g of com- 
post sample was mixed with 100 mL ultrapure water (puri- 
fied with a Milli-Q purification system) and shaken in an os- 
cillator at a rotational speed of 200 r/min for 24 hr. Then, 
the supernatant was centrifuged for 20 min at a rotational 
speed of 20,000 r/min and 4 °C. Finally, DOM was obtained 

when the supernatant was gravity-fed through a 0.45 μm filter. 
The amount of dissolved organic carbon (DOC) in each DOM 

sample was determined using a TOC instrument (TOC-L, Shi- 
madzu, Japan). Subsequently, the four DOM samples were di- 
luted to 20 mg/L DOC and acidified to pH 2 by the addition of 
high-purity hydrochloric acid for subsequent solid-phase ex- 
traction (SPE). 

1.2. Solid-phase extraction and ESI FT-ICR MS analysis 

SPE cartridges (Oasis HLB, USA) were used to purify the DOM 

samples. First, SPE cartridges were activated with 30 mL 
methanol (Chromasolv, Sigma Aldich) and then rinsed with 

30 mL acidified ultrapure water (Milli-Q, pH 2, hydrochloric 
acid). Then, 10 mL DOM solutions were injected into the SPE 
cartridges. After allowing the DOM solutions to pass through 

the cartridges by gravity flow, the cartridges were again rinsed 

with 30 mL acidified ultrapure water (Milli-Q, pH 2, hydrochlo- 
ric acid). The moisture in the cartridges was completely evap- 
orated under a gentle N 2 stream. Finally, the samples were 
eluted from the SPE cartridges with 10 mL methanol (Chro- 
masolv, Sigma Aldich). The purified methanolic DOM samples 
were obtained and stored at -18 °C prior to ESI FT-ICR MS anal- 
ysis ( Fan et al., 2016 ). 

According to the previous method ( Yu et al., 2019b ), a 
SolariX XR FT-ICR MS (Bruker Daltonik GmbH, Germany) 



82 journal of environmental sciences 99 (2021) 80–89 

equipped with a 9.4T refrigerated actively shielded supercon- 
ducting magnet (Bruker Biospin, France) and a Paracell ana- 
lyzer cell were employed to analyze the purified DOM samples. 
ESI ion mode (Bruker Daltonik GmbH, Germany) was used to 
ionize the DOM molecules, using an m/z range between 150 
and 1200 and an ion accumulation time of 0.6 sec. The average 
mass resolution was > 450,000 at m/z 319 with < 0.3 ppm abso- 
lute mass error. Blank filters were similarly processed without 
sample application to detect possible contamination. 

1.3. Data visualization and interpretation 

Mathematically possible formulas for compounds in the four 
compost-derived DOM samples were calculated using custom 

software. The signal-to-noise ratio was above 10, and the mass 
tolerance was ±1 ppm. The double bound equivalent (DBE) in- 
dicated the degree of unsaturation (hydrogen deficiency) of a 
compound and was obtained according to the following equa- 
tion: DBE = (2 c + 2 − h + n ) / 2 ( Hockaday et al., 2006 ); The mod- 
ified aromaticity index (AI mod ), an empirical formulae of non 

aromatic (AI < 0.5), aromatic (AI > 0.5), and condensed aro- 
matic (AI ≥ 0.67) compounds was calculated by the following 
equation: AI mod = (1+c−0 . 5 o−s−0 . 5 h ) / (c−0 . 5 o−s−n ) ( Koch and 

Dittmar, 2006 ). In the stated equations, the c, h, o, n, s represent 
the number of carbon, hydrogen, oxygen, nitrogen, and sul- 
fur atoms in molecules, respectively. The processing details 
of other intensity-weighted averaged (w) values, such as the 
intensity-weighted averaged molecular weight (MW w 

), H/C w 

, 
O/C w 

, N/C w 

, S/C w 

, DBE w 

, and AI mod,w 

, were previously de- 
scribed in the supporting information of Yuan et al. (2017) and 

Song et al. (2018) , and are abbreviated as follows: P w 

= 

∑ 

(I i ×P i ) ∑ 

I i 
, 

where P w 

is the intensity weighted averaged (w) value of 
molecular weight, H/C, O/C, N/C, S/C, DBE, and AI mod ; I i refers 
to the intensity for each individual molecular formula; and P i 
represents the molecular weight, H/C, O/C, N/C, S/C, DBE, and 

AI mod values for each individual molecular formula. 
Van krevelen (VK) diagrams are widely used to show spe- 

cific biochemical classes of DOM formulas based on differ- 
ent O/C and H/C ratios, including lipids, aliphatic/proteins, 
lignins/carboxylic-rich alicyclic molecules (CRAM), carbohy- 
drates, unsaturated hydrocarbon, aromatic structures, and 

tannin ( Yuan et al., 2017 ). VK analysis was classified as follows: 
lipids, H/C = 1.5–2.0, O/C = 0–0.3; aliphatic/proteins, H/C = 1.5–
2.2, O/C = 0.3–0.67; lignins/CRAM, H/C = 0.7–1.5, O/C = 0.1–
0.67; carbohydrates, H/C = 1.5–2.4, O/C = 0.67–1.2; unsatu- 
rated hydrocarbons, H/C = 0.7–1.5, O/C = 0–0.1; aromatic struc- 
tures, H/C = 0.2–0.7, O/C = 0–0.67; and tannin, H/C = 0.6–1.5, 
O/C = 0.67–1.0. 

2. Results and discussion 

2.1. General molecular characterizations of different 
compost-derived DOM 

Four compost-derived DOM samples were prepared for anal- 
ysis. Appendix A Fig. S1 shows the ESI FT-ICR mass spectra 
of the four samples. Thousands of peaks were observed be- 
tween m/z 150 and 800 for each sample, and the vast major- 
ity of peaks were distributed within the m/z range of 200–600, 
similar to the results of previous DOM studies ( Cao et al., 2015 ; 
Zhang et al., 2012 ). The mass spectra contours of the four DOM 

samples differed from each other in m/z values and inten- 
sities. According to the peak abundances, more than seven 

thousand molecular formulas were detected in each sample 
( Table 1 ). Those molecular formulas were classified into four 

major subcategories of CHO, CHON, CHOS, and CHONS based 

on their C, H, O, N, S compositions. Fig. 1 shows the VK diagram 

of the four major subcategories, their respective contributions, 
and biochemical classes for the four DOM samples. The per- 
centages of CHON subcategory (35.8%-47.4%) and CHO sub- 
category (30.6%-40.9%), respectively represented the highest 
and the second highest fractions in KWC, MWC, and SSC DOM 

samples, while the percentage of CHO subcategory (68.4%) was 
the highest fraction and the percentage of CHON subcate- 
gory (26.4%) was the second highest fraction in GWC DOM 

sample ( Fig. 1 b ). These results indicate larger proportions 
of nitrogen-containing (N-containing) species in KWC, MWC, 
and SSC DOM compared to the amount in GWC DOM. This 
difference may be explained based on the different compost- 
ing raw materials used to generate these compost samples, 
because kitchen waste, manure waste, and sewage sludge 
generally have a lower C/N than green waste ( Duan et al., 
2019 ; González et al., 2019b ; Yu et al., 2019a ; Zhang et al., 
2016 ). In addition, categories containing sulfur compounds 
(CHOS and CHONS) were 33.6% in SSC DOM, which accounted 

for the largest proportion among the four DOM samples. 
This was followed by MWC (22.9%), KWC (11.7%), and GWC 

(5.3%). Since odorous substances produced during composting 
mainly contain ammonia and hydrogen sulfide compounds 
( González et al., 2019a ), it is highly important to control the 
odor for composting plants that use kitchen waste, manure 
waste, and sewage sludge as raw materials. Furthermore, 
since compost products are ultimately attributed to agricul- 
tural utilization, their nitrogen and sulfur contents may be 
tightly related to the soil nitrogen and sulfur cycles. 

As shown in Fig. 1 a , the VK diagram of DOM samples was 
divided into seven regions including lipids, aliphatic/proteins, 
carbohydrates, unsaturated hydrocarbons, lignins/CRAM, aro- 
matic structures, and tannin. The percentages of the seven 

compounds are described in Fig. 1 c . The lignins/CRAM struc- 
tures were the most prevalent compounds in all DOM sam- 
ples, accounting for 66.5%, 63.1%, 56.7%, and 51.6% of the 
KWC, GWC, SSC, and MWC DOM, respectively. In many natural 
DOM, such as material from rivers, terrestrial soils, and ma- 
rine settings, the lignins/CRAM structures are always present 
at the highest levels and are typically the most stable com- 
pounds ( Chen et al., 2018 ). The various DOM samples derived 

from composts may be an important source of stable soil 
organic carbon, which could contribute to the sequestration 

and storage of global organic carbon ( Cooper et al., 2020 ). As 
shown in Fig. 1 c , there were significantly higher proportions 
of aliphatic/protein structures in MWC DOM (25.1%) and SSC 

DOM (23.1%) compared to those in KWC DOM (15.3%) and GWC 

DOM (10.5%). This may be attributed to the presence of nu- 
merous N-containing compounds included in manure waste 
and sewage sludge. Protein structures are labile and continu- 
ously decomposed by microorganisms ( Tuomela et al., 2000 ), 
and may eventually be transformed into humic substances. 

The intensity-weighted averaged values for the molecu- 
lar compositions of the four DOM samples were determined 

and are presented in Table 1 . A total of 363, 385, 359, and 

349 Da MW w 

were observed in the KWC, GWC, MWC, and SSC 

DOM samples, respectively. Compared with the results from 

other works ( Gonsior et al., 2016 ; Song et al., 2018 ), a source- 
dependent MW w 

heterogeneity was observed in this study. 
The H/C w 

, DBE w 

, and AI mod,w 

values were previously related 

to unsaturated and aromatic components ( Yuan et al., 2017 ). 
Compared to the KWC DOM (H/C w 

= 1.28, DBE w 

= 7.75, and 

AI mod,w 

= 0.26), MWC DOM (H/C w 

= 1.34, DBE w 

= 7.00, and 

AI mod,w 

= 0.24), and SSC DOM (H/C w 

= 1.34, DBE w 

= 6.53, and 

AI mod,w 

= 0.22), the GWC DOM (H/C w 

= 1.15, DBE w 

= 8.82, 
and AI mod,w 

= 0.26) exhibited a lower H/C w 

and higher DBE w 
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Table 1 – Number of formulas and intensity weighted averaged (w) values for molecular composition of the four DOM 

samples. 

Samples Number of formulas MW w H/C w O/C w N/C w S/C w DBE w AI mod,w 

KWC 7966 363 1.28 0.46 0.05 0.009 7.75 0.26 
GWC 7947 385 1.15 0.51 0.02 0.004 8.82 0.26 
MWC 7568 359 1.34 0.47 0.05 0.018 7.00 0.24 
SSC 8324 349 1.34 0.50 0.04 0.028 6.53 0.22 

KWC: kitchen waste compost; GWC: green waste compost; MWC: manure waste compost; SSC: sewage sludge compost (SSC). 

Fig. 1 – Comparison of DOM compositions in KWC, GWC, MWC and SSC samples. Dot diagrams (a) show the Van Krevelen 

diagram of the major subcategories (CHO, CHON, CHOS, CHONS) of the four samples. The composition domains separated 

by the black lines are the molecular formulae similar to lipids, aliphatic/proteins, carbohydrates, unsaturated hydrocarbons, 
lignins/CRAM-like, aromatic structures and tannin. Bar diagram (b) shows the contribution of the major subcategories (CHO, 
CHON, CHOS, CHONS). Bar diagram (c) shows the contribution of the major biochemical classes recognized in the Van 

Krevelen diagrams. 

and AI mod,w 

values, suggesting that GWC DOM contained the 
most unsaturated and aromatic compounds. The O/C w 

val- 
ues of the four DOM samples exhibited the following trend: 
GWC > SSC > MWC > KWC. A higher O/C w 

value indicates a 
higher degree of oxidation in DOM compounds ( Yuan et al., 
2017 ), suggesting the GWC DOM may have more oxidized com- 
pounds. 

2.2. CHO, CHON, CHOS, and CHONS compounds of DOM 

from different composts 

2.2.1. CHO compounds 
As shown in Appendix A Table S2 , a total of 2178, 3653, 2157, 
and 2054 molecular formulas could be assigned to CHO com- 
pounds in the KWC, GWC, MWC, and SSC DOM respectively. 
GWC DOM accounted for the highest fraction of the overall 
CHO compounds. A total of 338, 349, 357, and 379 Da MW w 

were observed in SSC, KWC, MWC, and GWC DOM respectively. 
Compared with the MW w 

of CHON, CHOS, and CHONS com- 
pounds, the MW w 

of CHO compounds were much lower. 
As the oxidation degree and unsaturation level of DOM 

compounds play a critical role in their adsorption behaviors 

and binding characteristics to contaminants ( He et al., 2019 ; 
Wang et al., 2018a ), the number of oxygens in the O x class 
and the DBE w 

of the CHO compounds was evaluated ( Fig. 2 ). 
In general, oxygen atoms between 6 and 12 in the KWC and 

SSC DOM were well fitted by linear regression with DBE w 

values, with coefficient of determination (R 

2 ) values of 0.971 
and 0.962, respectively. The number of oxygen atoms in the 
GWC DOM (6–19) and MWC DOM (6–16) were also well fit- 
ted by linear regression with DBE w 

values, with R 

2 values 
of 0.991 and 0.977, respectively. As shown by the dot dia- 
gram in Fig 2 , outside of the ranges described above, there 
was no significant correlation between oxygen atoms and 

DBE w 

. 
The slopes and y-intercepts were also calculated. A slope 

of 0.5 was observed in the KWC DOM, indicating that approxi- 
mately two oxygen atoms contribute to one DBE w 

. Since a car- 
boxyl group contains two oxygen atoms and one double bond, 
the CHO compounds in the KWC DOM may be carboxyl-rich, 
and their core molecular structures may not change signifi- 
cantly with only the subtraction or addition of multiple car- 
boxyl groups. Since carboxyl groups in DOM were shown to 
exhibit a faster complex response to heavy metals, such as Cd 
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Fig. 2 – DBE w 

is given as a function of the number of oxygen 

atoms obtained from CHO compounds of the four samples. 

and Cu ( Tang et al., 2019 ), KWC has potential for the efficient 
remediation of heavy metal-contaminated soil. The GWC and 

MWC DOM data exhibited slopes of 0.71 and 0.99, respec- 
tively, suggesting that the addition of two oxygen atoms re- 
sulted in approximate increases of 1.4 and 2.0 DBE w 

. The larger 
DBE w 

values can also be attributed to carboxyl groups, and 

other cyclic structures or unsaturated chemical bonds are also 
likely present. Alcohol and ether groups may also be present, 
but since they do not contain double bonds, there should 

be a much larger contribution of cyclic structures or unsat- 
urated chemical bonds. Cyclic structures or unsaturated com- 
pounds exhibit higher adsorption capacity for organic pollu- 
tants ( Wang et al., 2019 ), so they will affect the transfer and 

transformation of soil pollutants. In addition, a lower slope of 
0.30 was observed in the SSC DOM, indicating that the addi- 
tion of two oxygen atoms results in an increase of 0.6 DBE w 

. 
This may reflect an increase of alcohol and ether groups and a 
decrease of carboxyl groups, cyclic structures, or unsaturated 

chemical bonds. 

2.2.2. CHON compounds 
As presented in Appendix A Table S1 , the detected CHON com- 
pounds included 2979–3719 molecular formulas in the four 
samples. The MW w 

values of CHON compounds were gen- 
erally higher than those for CHO compounds. This indicated 

that an increase of N atoms resulted in a larger MW w 

value. 
In addition, compared with the lower N/C w 

value (0.073) de- 
termined for the GWC DOM, higher N/C w 

values (0.093, 0.091, 
and 0.096) were observed in KWC, MWC, and SSC DOM. These 
observations once again demonstrated that GWC DOM con- 
tains compounds with lower levels of nitrogen. 

Because nitrogenous compounds have vital effects on soil, 
further research was carried out on the CHON compounds 
subgroups according to the number of N and O atoms. As 
shown in Fig. 3 , a total of 29 subgroups were identified in- 
cluding N 1 O x (N 1 O 1 - N 1 O 15 ) and N 2 O x (N 2 O 1 - N 2 O 14 ) com- 
pounds. According to a previous study ( Song et al., 2018 ), some 
N 2 O x compounds may be dimers of N 1 O x compounds. For 
N 1 O x compounds, relatively high intensity contents were ob- 
served for N 1 O 7 -N 1 O 9 (O/N = 7–9). This suggests that all the 
CHON subgroups present at relatively high abundance were 
rich in oxygen (O/N ≥ 7), and these compounds may also con- 
tain oxidized nitrogen functional groups such as −NO 2 and 

–NO 3 groups, as well as other oxygenated functional groups 
( Song et al., 2018 ). In contrast, for N 2 O x compounds, high in- 

tensity contents were observed for N 2 O 6 -N 2 O 9 (O/N = 3–4.5), 
suggesting the potential presence of amide groups ( Song et al., 
2018 ). The N 2 O x compounds accounted for 16% of the CHON 

compounds in GWC DOM, which was significantly lower than 

the proportion of N 2 O x compounds in KWC DOM (40%), MWC 

DOM (35%), and SSC DOM (39%), suggesting that more N 1 O x 
compounds were present in GWC DOM. 

As shown in Fig. 3 , N 1 O 8 , N 1 O 9 , N 1 O 9 , and N 1 O 7 class 
species were present at highest intensity in KWC, GWC, MWC, 
and SSC DOM; their DBE values versus carbon number are 
shown in Fig. 3 . All of the highest intensity species contain 

more than 7 oxygen atoms. This may be related to the com- 
posting process in which organic substances are continuously 
oxidized, leading to an increase of carbonyl, carboxyl, and hy- 
droxyl groups on the aromatic ring ( Asses et al., 2018 ). We 
recognized several high-intensity formulas of the four class 
species, including C 18 H 29 O 8 N 1 , C 17 H 25 O 8 N 1 , and C 18 H 27 O 8 N 1 
in KWC DOM; C 14 H 15 O 9 N 1 , C 13 H 13 O 9 N 1 , and C 16 H 17 O 9 N 1 in 

GWC DOM; C 33 H 59 O 9 N 1 , C 28 H 47 O 9 N 1 , and C 33 H 57 O 9 N 1 in MWC 

DOM; and C 11 H 15 O 7 N 1 , C 11 H 17 O 7 N 1 , and C 12 H 13 O 7 N 1 in SSC 

DOM. The C numbers of the high-intensity N 1 O 8 species were 
17–18 in KWC DOM, with DBE values 5–7. Compared with 

KWC DOM, lower C numbers (13–15, 10–12) and higher DBE 
values (8–9, 10–12) were observed in GWC DOM and SSC 

DOM, respectively. The C numbers of the high-intensity N 1 O 9 
species in MWC DOM were much higher than those of the 
other three samples. their C numbers were around 30 and 

their DBE values were maintained at 5–7. According to VK 

diagram, the high-intensity compounds of MWC DOM were 
almost classified into lipid, which may be related to some 
nitrogen-containing secondary metabolites in feed additives 
( Reddy et al., 2020 ),while those of the other three compost- 
derived DOM were almost classified into lignins/CRAM. Ac- 
cording to the C, H, O, N numbers and DBE values of those com- 
pounds, it is not surprising that the aromatic and other het- 
erocyclic aromatic compounds were dominant in those com- 
pounds, as well as oxygen-containing groups such as carbonyl, 
phenolic hydroxyl and carboxyl. According to the method of a 
previous study ( Fang et al., 2017 ), one of the supposed struc- 
tures of these most high-intensity compounds are listed in 

Fig. 3 except for MWC DOM, because their C numbers were 
much larger, and their structures were more complicated. 

2.2.3. CHOS compounds 
The number of molecular formulas for CHOS compounds 
ranged from 798–1692 (Appendix A Table S2 ). The lowest 
number (798) was found in the GWC DOM, which indicates 
a lower amount of sulfur-containing (S-containning) com- 
pounds. There were obviously lower numbers of CHOS molec- 
ular formulas than the numbers of CHO and CHON com- 
pounds. The MW w 

values of the CHOS compounds were larger 
than those of CHO and CHON compounds, potentially due to 
the increase of sulfur atoms. The S/C w 

values ranged from 

0.069 to 0.081 in the four samples. The minimum S/C w 

value of 
0.069 was detected in GWC DOM, and the values were around 

0.080 in the other three DOM samples. Similar to the results 
for the CHON compounds, the observations suggested that 
GWC DOM was also sulfur-deficient. This may be attributed 

to a lower N and S content in green waste ( Bustamante et al., 
2016 ). 

According to the number of S and O atoms, a total of 24 
subgroups were identified including O x S 1 (O 3 S 1 -O 15 S 1 ) and 

O x S 2 (O 6 S 2 -O 16 S 2 ) compounds. As shown in Fig. 4 , the results 
clearly showed that most species were O x S 1 compounds. The 
highest intensity species were O 3 S 1 , O 5 S 1 , O 8 S 1 , and O 5 S 1 in 

KWC, GWC, MWC, and SSC DOM, respectively. For O 3 S 1 com- 
pounds in KWC DOM, possible structures may include one 
C-O-S group and other alcoholic hydroxyl groups, such as 
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Fig. 3 – Classification of CHON compounds into different subgroups according to the number of N and O atoms in their 
molecules. The column is the sum of peak intensities in each subgroup. Attached figures exhibited the DBE values versus 
carbon number distribution of the highest intensity N 1 O 8 , N 1 O 9 , N 1 O 9 and N 1 O 7 class species in KWC, GWC, MWC and SSC 

respectively. The possible structures were proposed based on the molecular composition (the structures are just possible 
but not detected). 

C 14 H 28 O 3 S 1 and C 16 H 32 O 3 S 1 , both with 1 DBE value. In addi- 
tion, we recognized the possible structure of the highest in- 
tensity compound (C 17 H 28 O 3 S) in O 3 S 1 species ( Fig. 4 ), it may 
be humic-like substances which are widely produced during 
composting, and those compounds are stable and can resis- 
tant to biodegradation ( Cui et al., 2019 ). According to a pre- 
vious study ( Lu et al., 2015 ), when O/S ≥4, organosulfates (R- 
O-SO 2 -O-R’, where R and R’ can be alkane or aromatic hydro- 
carbon) may be present in CHOS compounds. Another report 
( Song et al., 2018 ) demonstrated that CHOS compounds such 

as C 8 H 10 O 5 S 1 may include an alkylbenzene ring substituted 

with one sulfate and one hydroxyl group. Based on the molec- 
ular composition, the supposed structures of the highest in- 
tensity compounds in O 5 S 1 , O 8 S 1 , and O 5 S 1 species in GWC, 
MWC, and SSC DOM are presented in Fig. 4 . These compounds 
may include one alkylbenzene ring substituted with one sul- 
fate and other hydroxyl or carbonyl groups. Additionally, the 
O x S 2 species in CHOS compounds may contain both sulfinate 
and sulfonate groups ( Fang et al., 2019 ). 

2.2.4. CHONS compounds 
As shown in Appendix A Table S2 , 1074, 437, 1148, and 1599 
CHONS compounds were detected in KWC, GWC, MWC, and 

SSC DOM, respectively. The CHONS compounds in GWC DOM 

(437) were significantly less than the other three samples. 
Compared with CHO, CHON, and CHOS compounds, CHONS 
compounds have the least molecular formulas and the high- 
est MW w 

values. The presence of N and S atoms increases the 
MW w 

values. The AI mod,w 

values were 0.137, 0.306, 0.192, and 

0.199 in KWC, GWC, MWC, and SSC DOM, respectively. Since 
the AI mod,w 

is a criterion of the compounds aromaticity, sug- 
gesting that S-containing compounds may contain fewer aro- 
matic structures than CHO and CHON compounds. 

As shown in Fig. 5 , according to the number of N, O, and S 
atoms, the CHONS compounds included a wide variety of class 
species. N 1 O 4 S 1 -N 1 O 12 S 1 compounds were most abundant in 

all samples. It was obvious that the total intensities of N 1 O 4 S 1 - 
N 1 O 12 S 1 compounds in MWC DOM and SSC DOM were higher 
than those in KWC DOM and GWC DOM. There were also con- 
siderable amounts of N 2 O 6 S 1 -N 2 O 11 S 1 in KWC, GWC, and SSC 

DOM. In all samples, there were more compounds contain- 
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Fig. 4 – Classification of CHOS compounds into different subgroups according to the number of S and O atoms in their 
molecules. The column is the sum of peak intensities in each subgroup. Attached figures exhibited the DBE values versus 
carbon number distribution of the highest intensity O 3 S 1 , O 5 S 1 , O 8 S 1 and O 5 S 1 class species in KWC, GWC, MWC and SSC 

respectively. The possible structures were proposed based on the molecular composition (the structures are just possible 
but not detected). 

ing one sulfur atom and one nitrogen atom than other com- 
pounds, such as compounds containing one sulfur atom and 

two nitrogen atoms or containing two sulfur atoms and one 
nitrogen atom. N 1 O 10 S 1 , N 1 O 7 S 1 , N 1 O 7 S 1 , and N 1 O 8 S 1 were the 
most abundant species detected in KWC, GWC, MWC, and SSC 

DOM samples, respectively. With a relatively high number of 
O atoms ( > 7), this result may imply that some nitrogen atoms 

in CHONS compounds may exist as –NO 2 groups, and some S 
atoms may exist as sulfonate groups, as well as sulfonamides 
or other metabolites ( Yuan et al., 2017 ). 

Table 2 – Number of formulas and intensity weighted averaged (w) values for similar and unique molecular composition 

of the samples. 

Samples Number of formulas MW w H/C w O/C w N/C w S/C w DBE w AI mod,w 

Similar Four DOM samples 3062 337 1.28 0.45 0.04 0.001 7.24 0.28 
Unique KWC 1486 524 1.37 0.44 0.05 0.030 9.83 0.24 

GWC 2338 532 1.01 0.56 0.01 0.006 12.80 0.36 
MWC 850 476 1.48 0.40 0.04 0.032 8.17 0.26 
SSC 1478 427 1.47 0.48 0.03 0.065 6.56 0.18 
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Fig. 5 – Classification of CHOS compounds into different 
subgroups according to the number of N, S and O atoms in 

their molecules. The high column is the sum of peak 

intensities in each subgroup. 

2.3. Similarities and differences of DOM derived from 

different composts 

Venn diagrams are widely used to represent overlap of molec- 
ular formulas ( Qiu et al., 2020 ). In our study, the similarities 
of the four DOM samples were represented by the ubiqui- 
tous molecular formulas which were shown as overlapping 
molecular formulas in Fig. 6 a and accounted for 22.8% of the 
total compounds. The differences of the four DOM samples 
were represented by the unique molecular formulas which 

did not overlap with the formulas of compounds in the other 
three samples ( Fig. 6 a ), with 17.4%, 11.1%, 10.7%, and 6.3% 

for GWC, KWC, SSC, and MWC DOM respectively. To better 
understand the similarities and differences of the four sam- 
ples, the shared and unique compounds were investigated. As 
shown in Table 2 , 3062 molecular formulas were common to 
all four samples, a number that is obviously higher than the 
number of unique molecular formulas of KWC DOM (1486), 
GWC DOM (2338), MWC DOM (850) and SSC DOM (1478). Com- 
pared with the MW w 

(427–532 Da) of unique molecular com- 
positions, a lower MW w 

(337 Da) was observed for the com- 
mon molecular compositions. Since DOM with low molecular 
weight are highly labile and easily used by microorganisms 
( Brailsford et al., 2017 ), these widespread compounds may be 
more preferentially converted in soil. The compounds present 
in all four DOM samples would have similar effects on soil 
properties, but the unique compounds may result in differ- 
ent effects for agricultural applications. The N/C w 

and S/C w 

values of unique molecular compositions were significantly 
different. The highest N/C w 

value (0.05) was found in KWC 

DOM, which might be attributable to a greater percentage of 
the sequestration N formed during kitchen waste compost- 
ing ( Liu et al., 2020a ). This result suggested that KWC DOM 

has a more stable supply of organic nitrogen to soil than the 
other three DOM. The highest S/C w 

value (0.065) of unique 
molecular compositions was observed in SSC DOM, Since or- 
ganic S-containing compounds can be converted into more 
labile S compounds including SO 4 

2 − in the presence of mi- 
crobes ( Luo et al., 2014 ). Long-term application of SSC may 
cause soil acidification. The S/C w 

values in unique formulas 
were 0.030, 0.006, 0.032, and 0.065, which were much higher 
than that 0.001 for the common compounds. This suggested 

that the presence of sulfur-containing compounds explained 

the differences of the four samples. The H/C w 

, DBE w 

, AI mod,w 

, 
and O/C w 

values between similar and unique molecular com- 
positions did not exhibit obvious patterns, but interestingly, 
the lowest H/C w 

and the highest DBE w 

, AI mod,w 

, and O/C w 

were 
observed in unique compositions of GWC DOM. This further 
indicated that the unique compounds in GWC DOM were less 
saturated, more aromatic, and oxidized. 

To further compare the similarities and differences of the 
four samples, a comprehensive description of C numbers, 
DBEs, peak intensities, and O atoms of the ubiquitous and 

unique molecular compounds is presented in Fig. 6 b and 

Fig. 6 c . The C numbers of ubiquitous molecular formulas 
mainly ranged from 10 to 30, and the DBE values were dis- 
tributed in a range of 0–20. The high-intensity compounds of 
ubiquitous compositions were mainly concentrated in two re- 
gions: C numbers (10–20) with DBE values (4–8) and C num- 
bers (25–30) with DBE values (16–18). Both sets of compounds 
had relatively lower amounts of oxygen. Moreover, C numbers 
with a range of 0–40 were observed in all unique compositions. 
A wide range of DBEs (0–20) was also detected in all unique 
compositions. In addition, a clear trend toward increasing DBE 
values with increasing carbon numbers was also found in all 
unique compositions. The most represented compounds with 

unique compositions were mostly compounds with relatively 
higher oxygen levels, and their distributions showed signifi- 
cant variability, such as the majority of compounds in GWC 

DOM had C numbers of 10–30 and DBE values of 5–15, but the 
majority of compounds in SSC DOM had C numbers of 10–
20 and DBE values of 4–8. These observations suggested that 
DOM derived from different compost sources contained dis- 
tinct compounds. 

3. Conclusions 

This study comprehensively characterized the molecular 
compositions of DOM from KWC, GWC, MWC and SSC and de- 
termined the similarities and differences in the DOM samples 
based on the detection of common and unique molecular for- 
mulas. The source heterogeneity of DOM molecular composi- 
tions could influence the behaviors of various composts dur- 
ing agricultural utilization. Here, GWC DOM were deficient in 

nitrogen- and sulfur-containing compounds, suggesting that 
they may not be ideal for treatment of nitrogen-deficient soil. 
KWC, MWC and SSC DOM might be better choices, but the 
higher sulfur content of these composts especially in SSC 

DOM is worth consideration. The highest percentage of lignin 

compounds in all DOM samples suggested that composts may 
be a source of stable organic carbon for soil, and could con- 
tribute to the sequestration and storage of global organic car- 
bon. The recognition of possible structures of CHO, CHON, 
CHOS and CHONS subcategories of the four DOM samples 
could help us to better understand the potential role of dif- 
ferent composts for soil remediation. Furthermore, the com- 
pounds present in all four samples exhibited relatively lower 
MW w 

and oxygen contents, suggesting these compounds may 
be more preferentially converted in soil. While, the unique 
compositions in the four samples showed relatively higher 
MW w 

and oxygen contents, mainly due to the presence of 
sulfur-containing compounds. Our work showed that ESI FT- 
ICR MS was very effective to achieve a better understand- 
ing of the molecular compositions of DOM derived from vari- 
ous composts. However, some questions still remain to be an- 
swered in the future. The potential changes of the molecular 
characteristics of DOM during the composting process should 

be further determined; the transformation of DOM derived 

from different composts in soil should be characterized at the 
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Fig. 6 – Venn diagram (a) shows the relative distributions of all molecular formulas present in the four samples. In Venn 

diagram, percentages in areas of overlap are percentages of molecular formulas that appear in both, three or all four of 
those samples. Percentages in areas with no overlap are unique to that individual sample. Dot diagram (b) shows the C 

number and DBEs of the overlap molecular compounds of the four samples. Dot diagram (c) shows the C number and DBEs 
of the unique molecular compounds of the four samples. The circle size and the color bar represent the peak intensities and 

the number of O atoms respectively. 

molecular level; additionally, the detailed mechanisms of how 

DOM interacts with soil contaminants should be investigated. 
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