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Abstract
Dissolved organic matter (DOM) not only reflects the biochemical transformation of organic matter during the composting 
process, but also evaluates the humification degree of composting. However, most research focuses on laboratory compost-
ing of DOM. In this study, the stability and maturity of DOM in large-scale industrial sludge compost were studied by 
basic physical, chemical parameters and spectral technology. The results showed that the initial temperature of compost 
increased rapidly, the high temperature period was longer, and the pH value first increased and then stabilized. The increase 
in the UV–Vis characteristic values  SUVA280 and  SUVA254 and the decrease in  E250/E365 and  SR indicated an increased 
humus content. Fourier transform infrared spectroscopy (FTIR) analysis showed that easily degradable substances such as 
polysaccharides and carbohydrates were decomposed into humic substances. The absorption rate of 1645  cm−1/1103  cm−1, 
1645  cm−1/1400  cm−1, and 1645  cm−1/2930  cm−1 confirmed that humic substances increased with the decomposition of 
polysaccharide compounds and alcohols. Fluorescence excitation-emission matrix spectroscopy (EEM) combined with 
parallel factor analysis (PFA) showed a gradual decrease in the C3 fraction representing the protein, with decomposition and 
conversion to humic and xanthate fractions, which was also confirmed by the four-component model (Fmax), the fluorescence 
region integral (FRI), and the humification index (HIX). This study uses a variety of spectral techniques combined with 
basic physicochemical parameters to assess the humification of industrial sludge composting, which provides a reference 
for guiding large-scale composting.
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1 Introduction

In recent years, the production of municipal sewage sludge 
wastes has remarkably increased in China. Meanwhile, it 
threatens the ecological environment, living organisms, 
and human beings. Ministry of Housing and Construction 
of China estimated that urban sludge production was about 
58 million tons in 2020, while it was 37 million tons in 2015, 
showing that the average annual sludge production increased 
more than 26% [1]. The most common nutrients in mud are 

nitrogen (N), phosphorus (P), and potassium (K). In addi-
tion, it also contains more than 50% of protein, polysac-
charide, lipid, and other organic substances [2]. Therefore, 
it can be used as a fertilizer in soil [3, 4]. However, sewage 
sludge contains a large number of organic and chemical pol-
lutants including pathogens, heavy metals, parasites, and 
other pollutants [5, 6], which can be toxic to soil and plants. 
If untreated sludge is directly applied to the soil, it leads 
toward soil pH change and fertility loss. For this reason, the 
harmless disposal of sludge as a resource has become an 
issue that needs to be addressed in modern society [2, 7].

Nowadays, the main treatment methods of sludge in the 
world are sanitary landfill, incineration, and composting 
[8, 9]. At present, the main method of sludge treatment 
in China is sludge landfill [8, 10]. Compared with other 
methods, sanitary landfills has the advantages of being 
simple, ease of operation, low cost, and strong adapta-
bility, but the disadvantages of subsequent management 
and maintenance difficulties make the future of sanitary 
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landfill doubtful [8]. Composting is an economically via-
ble, environmentally friendly, and sustainable method of 
sludge treatment [6, 11], which can stabilize the organic 
matter in sludge, inactive the pathogen flora and reduce 
the content of organic pollutants, and N, P, and K can be 
retrieved from sludge [3, 7, 12]. If the sludge has a low 
C/N ratio, then it is highly water-soluble and has a small 
particle size, making it unsuitable for composting alone. 
Generally, it needs to be mixed with straw, rice bran, and 
other auxiliary materials for composting [13, 14].

Compost is a biological process in which microbes are 
mineralized and humified. The development and activ-
ity of microorganisms in the water-soluble stage bring a 
biochemical transformation of organic matter in the reac-
tor, and the resulting DOM characteristics can directly 
reflect the majority of the transformation processes of 
organic matter [8, 15, 16]. DOM is an active component 
in composting organic matter, including small molecular 
substances (free amino acids and sugars) and macromo-
lecular substances (proteins and humus) [17]. Therefore, 
the analysis of DOM can provide key information for the 
assessment of humification. In the composting process, 
DOM will complex heavy metals, causing some environ-
mental pollution.

Spectroscopic techniques are widely used in the study of 
DOM methods for judging humification. Ultraviolet spec-
troscopy (UV–visible) can accurately and quickly evaluate 
compost humification. Parallel factor analysis and fluores-
cence spectroscopy can be used to identify the transforma-
tive changes and origins of DOM. FTIR can identify the 
changes of chemical groups in DOM and better explain the 
maturity of compost [18–22]. However, due to the complex-
ity and dispersion of the molecular composition of DOM, a 
single spectroscopic technique can not accurately and com-
prehensively assess the humification of compost [21, 23]. 
The UV–visible and FTIR examination of date palm com-
post (DOM) presented the degradation of organic matter and 
hydrophilic compounds which suggest the biodegradation 
and mineralization of organic matter in different compost 
samples [24]. DOM analysis of sludge and kitchen waste 
compost shows the soluble microbial by-products such as 
tyrosine and tryptophan loss with the gradual appearance of 
humic acid-like substances based on fluorescence excitation-
emission spectroscopy [9]. Abaker [25] uses UV–visible and 
fluorescence spectroscopy combined with mathematical pro-
cessing for sludge and green waste co-composting analysis 
to screen parameters for evaluating the chemical stability of 
compost. FTIR analysis of co-composting sludge with olive 
processed waste showed microbial degradation of lipids and 
carbohydrates [5]. However, most of the research reports 
sludge composting under laboratory conditions, while lim-
ited studies focused on large-scale industrial sludge com-
posting performed in composting plants.

Considering the present gap in literature, this study 
focused on large-scale industrial sludge composting, while 
the objective of this study was (1) preliminary determina-
tion of compost maturity by basic physicochemical param-
eters; (2) determination of humification degree at large-scale 
industrial sludge compost by changes in spectral character-
istics of DOM by UV–visible, FTIR, and EEM-PARAFAC; 
(3) combined with correlation analysis, the relationship 
between compost maturity and spectral indicators and physi-
cal and chemical parameters was clarified, and parameters 
that could accurately evaluate the degree of compost humi-
fication were found. As a result of this study, a reference 
can be provided for large-scale industrial composting, and 
spectral indicators can be used to determine the degree of 
humification in the composting process.

2  Materials and methods

2.1  Composting process and sampling

Composting raw materials included sludge (which was the 
excess sludge produced by the sewage treatment plant in 
Guilin city of China during the urban sewage treatment 
process) and rice bran (obtained from a local agricultural 
and sideline product processing plant). Rice bran and sludge 
(1:4) were mixed together for aerobic composting. The treat-
ment plant adopts static closed bin type fermentation for 2 
bins (8 stacks per bin, each stack 43 m × 1 m × 1 m), with 
bottom aeration and controlled temperature at 55 ℃, up to 
70 ℃. The fermentation for static bin was 20 days, while 
dynamic fermentation (post-ripening fermentation) matu-
ration was 7–11 days. The whole composting cycle was 
31 days. Three parallel compost samples (each about 0.5 kg) 
were collected at 0, 4, 8, 20, and 31 days. The samples were 
uniformly mixed from the top, middle, and bottom of the 
pile.

2.2  The extraction of dissolved organic matter

In order to extract DOM, compost samples were collected, 
and a specific procedure was employed. The extracted sam-
ple was freeze-dried with deionized water (1:10, dry weight) 
and shaken for 24 h at 25 ℃ in the dark using a reciprocating 
shaker at 200 rpm/min, and the suspension was centrifuged 
at 12,000 rpm for 20 min following filtration through a filter 
of 0.45 µm. The extracted DOM was freeze-dried and used 
for UV–visible, FTIR, and EEM-PARAFAC analysis. A Shi-
madzu L series TOC analyzer (Shimadzu, Japan) was used 
to measure the dissolved organic carbon content of DOM 
[16].
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2.3  UV–visible spectroscopy

The UV absorbance of DOM ranging from 200 to 800 nm 
was recorded using a Shimadzu UV-1800 spectrophotom-
eter, and deionized (DI) water was used as a reference. To 
characterize DOM, two mass parameters, such as  SUVA254 
and  SUVA280, were decided  (SUVA254 =  ABS254 × 100/TOC; 
 SUVA280 =  ABS280 × 100/TOC); the absorbance ratio of 
250 nm and 365 nm  (E250/E365) was determined to describe 
the humification intensity [24].  SR  (S275-295/S350-400)  (S275-295: 
the slope of the absorption curve in the UV wavelength 
range of 275 to 295 nm;  S350-400: the slope of the absorp-
tion curve in the UV wavelength range of 350 to 400 nm) 
was calculated, and this value was negatively correlate with 
compost humification intensity [26].

2.4  Fourier transforms infrared spectroscopy

Nicolet Nexus FTIR spectrophotometer was employed 
for the investigation of functional group changes in the 
required sample and the spectra were recorded ranging 
from 4000 to 400  cm−1. For this purpose, 1 mg of freeze-
dried DOM with 300 mg of dried spectral grade KBr was 
used to obtain FTIR spectra. Changes in organic structure 
and aromaticity in DOM were assessed using peak intensity 
ratios of 1645  cm−1/1103  cm−1, 1645  cm−1/1400  cm−1, and 
1645  cm−1/2930  cm−1.

2.5  Fluorescence spectroscopy

DOM extracted from samples of different composting 
times were subjected to fluorescence measurement by using 
F-7000 fluorescence photometer (F-7000; Hitachi, Japan) in 
scanning mode [27]. The slit width of the excitation spec-
trum was 10 nm, while emission spectrum was 1 nm, with 
a scanning speed of 1000 nm  min−1. The emission spectra 
ranging from 280 to 520 nm were obtained at excitation 
wavelength of 254 nm, and the excitation spectra in the 
range of 300–600 nm were obtained at the emission wave-
length of 520 nm. Synchronization was achieved by using 
wavelengths between 200 and 500 nm for excitation and 250 
and 550 nm for emission [28].

2.6  PARAFAC analysis

PARAFAC analysis of EEM spectral data was performed in 
MATLAB 2017a using the freely downloadable DOMFlour 
(www. models. life. ku. dk) toolbox, following [29] tutorials 
for processing EEM data to minimize scattered rays and 
other effects in the EEM landscape.

The EEM data of the control Milli-Q water sample were 
subtracted from each EEM in the DOM sample to remove 
the lower Raman scattering rays, followed by the removal 

of first- and second-order Rayleigh and Raman scattering 
according to the protocol of Bahram et al. PARAFAC mod-
els were calculated for 2 to 7 components, and the identified 
components were examined by visual determination, resid-
ual analysis and splitting analysis. In this study, the maxi-
mum fluorescence intensity (Fmax) (a.u) values were used 
to calculate the relative concentrations of the corresponding 
components [30]. EEM matrices with excitation wavelengths 
of 200–500 nm and emission wavelengths of 250–550 nm 
were used for PARAFAC modeling.

2.7  Statistical analysis

The data was statistically analyzed by using Origin 2018 and 
MATLAB 2017a with SPSS v18.0 software.

3  Results and discussion

3.1  Changes in pH, MC, and temperature 
during composting

The temperature is one of the most intuitive and important 
parameters when evaluating the humification process of 
compost, reflecting information such as the metabolic activ-
ity of microorganisms in the pile [24, 31]. The temperature 
of the pile was kept above 60 ℃ in the first 3 days of com-
posting (Table 1) which was due to the abundant amount of 
nutrients decomposition in pile by microorganisms. The pro-
duction and metabolic activities were vigorous which release 
a large amount of heat [32]. The fluctuation of temperature 
in composting process is caused by the sampling of pile 
turnover. The oxygen content in the turned pile increases, 
and the temperature rises after a short mixing period, as evi-
denced by the temperature on the 4th and 8th days. During 
the high-temperature period of composting, the thermophilic 
microorganisms in the pile will multiply and dominate, caus-
ing the organic matter in the pile to be further decomposed 
with continuous heat emission. During this period, parasites 
and pathogenic microorganisms in the compost are killed, 

Table 1  Basic physicochemical parameters of DOM samples at dif-
ferent times of industrial composting

Composting 
duration (day)

pH Moisture 
content (%)

Windrow tem-
perature (℃)

Ambient 
temperature 
(℃)

0 d 8.45 60.1 66.3 9.5
4 d 9.32 56.5 56 15.2
8 d 9.19 53.4 57.3 20.2
20 d 7.30 49 18.2 13.8
31 d 7.14 46.1 15.6 13.8

http://www.models.life.ku.dk
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reaching the hygienic target that the compost temperature is 
greater than 50 ℃ for more than 3 days [2, 5].

It is important to maintain sufficient water content in the 
pile to ensure microorganism growth and their metabolism 
and to provide the medium for biochemical reactions. High 
moisture content affects the voids in the stack and weakens 
the ventilation effect, which is not conducive to the normal 
decomposition of compost [33]. The moisture content of 
the pile was gradually decreased due to the evaporation of 
water from the pile as heat generated during the composting 
process, which leads to decrease in microbial decomposition 
rate (Table 1). It is worth noting that there is a small rebound 
in water content on 4th and 8th day of high-temperature 
period, which may be due to the hydrolysis of some organic 
substances during the composting.

Another important factor that affects the quality of com-
post is pH value of compost [2, 34]. In compost with proper 
pH, microorganisms can grow and multiply better, further 
break down organic material, and improve compost matu-
rity [23]. At the initial stage of composting, the pH value 
of the compost showed an increasing trend which was due 
to the massive metabolic decomposition of proteins in the 
pile by microorganisms during the high-temperature period 
resulting in the accumulation of  NH4

+-H, which leads 
toward rise in pH (Table 1) [2]. When the compost enters 
the cooling decomposition stage, as the easily decomposed 
organic material is consumed, the microorganisms begin to 
decompose the more difficult to decompose organic material. 
The biodegradation of refractory organic matter produces 
low molecular weight organic acids, such as acetic acid and 
butyric acid, which lower the pH of the compost [2, 4, 24]. 
Small fluctuations in pH occur during the compost humi-
fication period but maintained at a certain level due to the 
biosynthesis of humus which act as pH buffer [4]. The pH 
of the final compost product was ranging from 6.7 to 9.0 
indicating that the compost had been decomposed [23, 24].

3.2  UV–visible spectroscopy of DOM

According to Albrecht’s study, a class of shoulder peaks 
appearing at 280 nm in the UV–visible spectrum is the 
absorption of UV light by conjugated structures in humic 
substances and aromatic substances present in DOM causing 
electron π-π* leap, and the UV–visible absorption intensity 
of humic substances increases as the unsaturated conju-
gated double bond structure of humic substances and aro-
matic substances increases [18, 35]. It can be seen that the 
UV–visible absorption intensity of DOM shows a gentle and 
gradual decrease with an increase in wavelength indicating 
that DOM contains humus-like substances and the aroma-
ticity, unsaturation, and degree of humification of humus 
substances gradually increase with the composting process 
(Fig. 1) [31, 36].

In order to gain more insight into the chemical compo-
sition and change of DOM from UV–visible spectra, sev-
eral representative parameters  SUVA254,  SUVA280,  E250/
E365, and  SR were calculated [26, 37]. The initial value of 
 SUVA254 and  SUVA280 was 0.86 and 0.71 which reached 
their maximum value of about 3.73 and 3.12 at the end 
of composting (Table 2, indicating the incomplete deg-
radation of condensed amino acids and increased lignin 
content in the pile; the non-humic substances in the pile 
were continuously transformed into humic substances dur-
ing the composting process, and the organic matter with 
large molecular weight in DOM increased, the humifica-
tion of the pile deepened, and the aromatization of humic 
substances increased [38, 39].  E250/E365 and  SR were 5.00 
and 3.05 at the beginning of composting and decreased to 
3.35 and 1.08 at the end of composting. The decrease of 
 E250/E365 indicated that the molecular weight of organic 
matter and the degree of humification in DOM increased 
with the deepening of composting [40]. The decrease in 
 SR with composting is because a large number of small 
molecules in the pile are degraded and converted into large 
molecules by microbial degradation and aggregation along 
with compost humification [26].

Fig. 1  UV–Vis spectra of DOM samples at different times

Table 2  UV–Visible spectral index of DOM samples at different 
times

Sample SUVA254 SUVA280 E250/E365 SR

0 d 0.86 0.71 5.00 3.05
4 d 0.93 0.82 3.39 1.42
8 d 1.50 1.31 3.12 1.18
20 d 2.06 1.78 3.16 0.95
31 d 3.73 3.12 3.35 1.08



12191Biomass Conversion and Biorefinery (2024) 14:12187–12196 

1 3

3.3  Fourier transforms infrared spectroscopy 
of DOM

The composition and structure analysis of functional groups 
of organic compounds in composting are often determined 
by the wavelengths of specific absorption peaks in FTIR [23, 
37]. Different days DOM sample showed absorption peaks at 
2930  cm−1, 1645  cm−1, 1400  cm−1, 1103  cm−1, 1000  cm−1, 
760  cm−1, and 620  cm−1 (Fig. 2). The peak at 2930  cm−1 
is ascribed to the stretching of C-H,  CH2, and  CH3 groups 
in aliphatic and carbohydrates group within the stack [5, 
41–43]. Peak at 2930  cm−1 is weak at the initial stage of 
composting indicating that fatty substances and carbohy-
drates were continuously consumed as the composting pro-
gressed. Meanwhile, the peak at 1645  cm−1 was weakened 
which corresponds to the C = C and C = O stretching vibra-
tions of the aromatic components in the amide group and 
the benzene ring structure in lignin, suggesting that lignin 
is consumed within the pile as the composting progress 
[36]. The peak at 1400  cm−1 is ascribed to C = N stretching 
in amides or COO stretching in carboxylic acids [9, 43]. 
Peak at 1103  cm−1 corresponds to the C-O tensile prop-
erties of secondary alcohols, ethers, and polysaccharides 
[5, 43, 44]. Furthermore, the band appear at 1000  cm−1 is 
associated with the carbon–oxygen stretching of the main 
polysaccharide compounds in the pile, and the comparison 
before and after composting showed that the wave signal 
weaken which indicates the consumption of main polysac-
charide compounds [45]. Peak at 760  cm−1 is ascribed to the 
wobble vibration of  CH2 in cellulose [45], while the band 
at 620  cm−1 is ascribed to the bending bands of N–H and 
amino compounds within the stack.

Different peaks in FTIR spectrum express useful infor-
mation about the DOM [43]. As shown in Table 3, peak 

at 1645  cm−1/1103  cm−1 (aromatic carbon/alcohol carbon) 
reached its peak on the 8th day of composting showing an 
overall increasing trend. The increase in this ratio may be 
due to the rapid degradation of alcohols and ethers within 
the compost pile in the early stages and the decomposition 
of some aromatic structures in the later stages [43, 45]. Peak 
at 1645  cm−1/1400  cm−1 (aromatic C/carboxyl C) decreases 
in the initial stage following the gradual increases during 
composting; this fluctuation is due to the organic waste 
decomposition and oxygen reaction in pile for carboxy C 
conversion, which latterly expressed the discharge of  CO2 
[23, 43]. Peak at 1645  cm−1/2930  cm−1 (aromatic C/aliphatic 
C) increased in comparison with an initial stage of compost-
ing which might be due to the enhanced activity of micro-
organisms and rapid organic matter degradation of aliphatic 
structure in DOM [45].

3.4  Fluorescence spectroscopy of DOM

The fluorescence EEM spectra of DOM at different com-
posting time intervals are shown in (Fig. 3). According to 
Yu et al. [9, 16], the EEM spectra are generally divided into 
five different regions (Fig. 3). In the initial stage of compost-
ing (0 days), a clear fluorescence peak appears in region IV: 
peak A (Ex/Em = 275/340) which is associated with soluble 
microbial by-products [9, 16]. Finding suggests that some 
biodegradable substances in the compost pile were rapidly 
decomposed by microorganisms at the early stage of com-
posting, and the growth and metabolic activities were vigor-
ous. From the 4th day, the fluorescence intensity of the peak 
A decreased continuously which was due to the exhaustion 
of easily biodegradable substances, the gradual decrease of 
microbial activity, and the decrease of soluble by-products 
[27, 42]. From the 4th day to 31st day, a new fluorescence 
C-peak appeared in the five regions: (Ex/Em = 348/428 nm), 
which is associated with humic-like substances, and the 
fluorescence C-peak increases initially and then gradually 
decreases. The increase in C-peak was due to the continuous 
production of fulvic acid and humus-like substances within 
the pile along with composting process which increases the 
molecular weight and also improves the chemical stabil-
ity of pile [42, 43]. Fulvic acid and humus-like substances Fig. 2  FTIR spectra of DOM samples at different times

Table 3  The peak intensity ratio of DOM samples at different times

Composting dura-
tion (day)

Absorbance ratio at specific wavenumber

1645/1103 1645/1400 1645/2930

0 d 0.37 0.73 1.00
4 d 0.72 0.29 0.86
8 d 1.66 0.31 5.30
20 d 1.27 0.43 1.62
31 d 1.32 0.61 2.76
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were stable relative to protein-like substances, but they were 
decomposed and converted to higher levels of stable struc-
tures and insoluble humic substances in the later stages of 
composting which could be a reason behind the decrease in 
C-peak fluorescence intensity from the 20th day to the 31st 
day [28, 42].

More information on the characterization of DOM can be 
obtained by EEM-PARAFAC [44]. In this study, four differ-
ent components (Ex/Em = 350/435 nm (Component 1, C1), 
280/340 nm (Component 2, C2), (250,410)/490 nm (Compo-
nent 3, C3), and 330/390 (Component 4, C4)) were obtained 
by EEM-PARAFAC. C1 and C3 represent humic substances, 
while C2 represents proteins (including tyrosine and trypto-
phan), and C4 represents xanthohumic acid-like components 
[17, 24]. The maximum fluorescence intensity (Fmax) of 
the DOM samples at different composting times is shown in 
Fig. 4a. While C2 representing protein decreased, humus and 

C1, C3, and C4 representing fulvic acid tended to increase, 
indicating that protein substances (tyrosine, tryptophan, etc.) 
were easily absorbed as composting progressed [46].

Fluorescence area integral (FRI) is often used to calculate 
the fluorescence area of the EEM spectrum of a sample [47]. 
The fluorescence area integration rates ((P i,n) (i=I, II, III, IV, V)) 
shows that  PI, n and  PII, n are associated with the presence of 
structurally simple aromatic proteins (tyrosine and trypto-
phan) as presented in Fig. 4b [35].  PIII, n is associated with 
fulvic acid-like substances [48], while  PIV, n is generally con-
sidered to be soluble microbial by-product-like substances 
[23], and  PV, n is a complex molecular structure of humic 
substances [44]. As composting progress, humus-like sub-
stances with complex molecular structures were increased, 
while protein-like substances and soluble microbial by-prod-
ucts were declined [47].  PV, n/PIII, n is usually used to char-
acterize the maturity of compost [35].  PV, n/PIII, n increased 

Fig. 3  Fluorescence excitation-
emission matrix spectra of 
DOM samples at different times
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continuously and reached the highest level on the 20th day, 
but the ratio decreased on the 31st day which may be due to 
the fact that biodegradable substances had been decomposed 
completely at the end of composting and microorganisms in 
the pile could only decompose humus as nutrients.

Fluorescence index (FI) represents the proportion of 
aromatic amino acids to non-aromatic amino acids in the 
fluorescence intensity of DOM and can be used to assess 

the source of DOM [49, 50]. Table 4 shows that the FI of 
DOM is more than 1.6 on different days, indicating that the 
source of DOM in the heap is mainly due to microorganisms 
in the sludge and there is no exogenous influence [27, 51]. 
HIX is an important indicator for characterizing the degree 
of DOM humification ranging from 0 to 1, as the value 
increases the degree of DOM humification and the strength 
of aromaticity was also increased [50]. HIX increased from 

Fig. 4  a Distribution of the four 
PARAFAC-derived components 
of DOM samples at different 
times. b Fluorescence area 
integration of DOM samples at 
different times
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0.14 (0th day) to 0.62 (31st day) indicating that as compost-
ing progressed, protein-like substances were degraded by 
microorganisms, the content of aromatic-based substances 
increased, the degree of humification deepened, and the 
compost gradually reached a stable state [20, 27]. BIX was 
used to characterize the bioavailability of DOM and was 
positively correlated with the degree of humification [20]. 
When the value of BIX is between 0.6 and 0.8, it means that 
there are fewer internal sources and more external sources 
of DOM. When the value is between 0.8 and 1.0, it means 
that the sources of DOM are between internal and external 
sources, while when the value is greater than 1, it means that 
DOM is mainly internal sources [52]. BIX value decreases 
with the composting process and remains around 0.73 in 
the later stages of composting, indicating that DOM within 
the pile is strongly influenced by land sources as mentioned 
in Table 4. Another study showed that BIX can reflect the 
protein-like substance content of DOM, and larger the BIX, 
the greater the contribution of protein-like fraction [53], and 
this result could be mutually proved with EEM-PARAFAC.

3.5  Correlation analysis

Temperature, moisture content, and pH are the basic physic-
ochemical parameters for evaluating the composting process 
and determining the degree of compost humification [23, 
33, 37]. pH and temperature were significantly and posi-
tively correlated with water content (R = 0.879, p = 0.050; 
R = 0.940, p = 0.017), which indicates that the underly-
ing physicochemical properties can be used to assess the 
degree of compost maturity (Fig.  5).  SUVA280 showed 
a highly significant positive correlation with  SUVA254 
(R = 1.000, p = 0.000), indicating that the degree of humi-
fication and aromaticity of DOM in the pile increased as 
the composting proceeded.  SUVA254 showed a signifi-
cant negative correlation with  SUVA280 and water content 
(R =  − 0.916, p = 0.029; R =  − 0.928, p = 0.023), HIX and 
water content exhibited a highly significant negative cor-
relation (R =  − 0.962, p = 0.009) because microbial activity 
in aerobic composting of sludge requires suitable moisture, 
and a decrease in water content decreases microbial activity 
and slows down the humification process. The decrease in 
water content leads toward reduction in microbial activity 

and humification process.  E250/E365 and  SR showed a highly 
significant positive correlation (R = 0.986, p = 0.002) which 
indicates that with the deepening of humification process, 
small molecular organic matter decomposes and polymer-
izes into large molecular organic matter, and the humifica-
tion degree of DOM is further deepened. BIX and  E250/E365 
were highly significantly and positively correlated with  SR 
(R = 0.988, p = 0.02; R = 0.982, p = 0.03) which indicates 
that BIX can be used to analyze the humification degree in 
compost.

4  Conclusions

In large-scale industrial sludge composting, combined with 
basic physical and chemical parameters and a variety of 
spectral techniques, the maturity of compost can be well 
evaluated, and safe and healthy mature products can be 
obtained. The results showed that (1) the duration of the 
compost > 50℃ and the pH in the range of 6.7–9.0 indi-
cated that the compost was mature, which was confirmed 
by subsequent spectroscopic analysis; (2) the results of FTIR 
and EEM spectra show that the decomposition of different 
substances in the pile can be seen by infrared spectra, as 
evidenced by three different absorption ratios, while the 
EEM spectra reflect the conversion of easily decomposed 
substances into fulvic acid and humic-like substances in the 
pile; and (3) fluorescence spectroscopy parallel factor (EEM-
PARAFAC) analysis proved the conversion of protein mate-
rial fraction to humus-like material fraction. In this paper, 
it evaluates the maturity of industrial composting of sludge, 
but the subsequent determination of nitrogen, phosphorus, 
and potassium content and heavy metal content of compost 
products is not carried out, and the subsequent agricultural 
application of sludge is still a huge challenge.

Table 4  Fluorescence parameters of DOM samples at different times

Time (day) FI BIX HIX Pv,n/PIII,n

0 d 1.75 2.47 0.14 14.77
4 d 1.86 0.75 0.39 29.56
8 d 1.90 0.77 0.43 31.68
20 d 1.83 0.73 0.55 36.97
31 d 1.87 0.73 0.62 33.33

Fig. 5  Correlation of different parameters of compost DOM
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