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Characterize the distribution of organic matter during composting
of sewage sludge using chemical and spectroscopic approach

Chuandong Wu', Yunbei Li °, Weiguang Li *“*, Ke Wang"®

The present study aimed to investigate the evolution of organic matters during sewage sludge composting with different
carbon additives including glucose, sucrose and straw. The organic matters were divided into hot water soluble fraction
(SOL-H,0), neutral detergent soluble fraction (SOL-ND), hemicellulose-like fraction (HEM), cellulose-like fraction (CEL) and
lignin-like fraction (LIG) by modified Van Soest procedure. Parallel factor (PARAFAC) analysis was applied to identify the
number of fluorescent components in excitation—emission matrixs (EEMs) and its relative concentration in each water
extractable organic matter (WEOM) sample. The results showed that the degradation of total organic carbon (TOC) in SOL-
H,O and SOL-ND, as well as HEM and CEL fractions was accelerated by adding glucose and sucrose. While the straw
powder increased the amount of TOC in the HEM and CEL fractions, but no promotion on the degradation of TOC was
observed. Four components including humic-like, tryptophan-like, microbial byproduct-like and fulvic-like substances were
identified by PARAFAC analysis of EEMs. The percentage of humic-like substances in the composted material increased
from 42.7% to 51.6% due to the addition of sucrose. The results suggested that adding glucose and sucrose in sewage

sludge composting could promote the degradation and humification of organic matters.

1. Introduction

Composting is a process of biodegradation and humification in
which organic matters are transformed into inorganics and stable
organic substances by microorganisms under control conditions.
The raw organic matters are converted into biologically stable and
nutrient-rich materials which can be safely applied to improving soil
physical and chemical quality. At the same time, large amounts of
CO,, H,0 and NH; emitted during the oxidation of the organic
matters. The emission of NH; can lead to odor pollution and
reduction of fertilizer efficiency. Several factors, such as pH,
temperature, C/N ratio, moisture content, aeration, etc., impact
NH; emission rate. Theoretically, the initial C/N ratio of sewage
sludge is low (6-10), the excess nitrogen is easily lost in the form of
NH; during thermophilic composting. Thus, addition of extra-carbon
source could increase C/N ratio, which seems to be a solution to
this problem. However, according to our previous results, the NH;
emission were correlative with the degradation degree of organic
matters’.

The addition of extra-carbon source not only increases the C/N
ratio of composting materials, but also affects the transformation of
organic matter. Although monitoring transformation of organic
matter always plays an important role in evaluating the
performance of composting process, much attention was paid to
the effects of bulking agent and the running condition on compost
process.z’ ® There is little information available in literature
regarding the evolution of organic matter in the sewage sludge with
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different extra-carbon sources. Shin and Jeong4 found that C/N ratio
of composting materials was not convictive enough to describe the
decomposition pattern and bio-availibility of C and N presented in
organic matter. The composting substrates with similar C/N ratios
but various chemical compositions showed a significant difference
in organic matter evolution. The organic matter can be divided into
several components based on its biodegradability, including readily
degradable substrate (water soluble material), slowly degradable
substrate (hemicelluloses and cellulose), and resistant degradable
substrate (Iignin).s‘ ® The chemical composition of organic matter
had significant influence on microbial diversity. Chang and Chen’
indicated that the period for composts reaching maturity could
increase when a large amount of lignin-based bulking agent was
presented in composting substrate.

In recent years, spectroscopic techniques such as FTIR, UV, NMR
and fluorescence spectroscopy have been used to investigate the
variations of organic matter structure during composting process.
Among these techniques, fluorescence spectroscopy combined with
parallel factor (PARAFAC) analysis is widely used in tracking protein-
like, fulvic acid-like and humic acid-like substances dynamics.8 The
PARAFAC analysis was first proposed by Brog, who commented that
PARAFAC was one of suitable decomposition methods for multi-way
data. The author discussed different multivariate decomposition
methods on analysing excitation—emission matrix (EEM) data, and
demonstrated that PARAFAC could successfully divided complex
EEM data into individual fluorescence component. Moreover,
several studies suggested that the EEM companied with PARAFAC is
an accurate method to evaluate composts stability. 1o-13

The purpose of this study is to investigate the effects of carbon
sources additives on the evolution of organic matters during
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sewage sludge composting process. Six composting experiments
with different carbon additives (including glucose, sucrose and
straw) were conducted using laboratory-scale composting reactors.
Chemical and spectroscopic features of the organic matters were
analyzed by a modified Van Soest procedure and fluorescence
spectroscopy as EEM.

2 Materials and methods
2.1 Composting process

The detail descriptions of composting procedure could be found in
the paper by li* and is briefly presented below. Sewage sludge was
mixed with different carbon additives. The additives of experiment
R1 to R6 were glucose, sucrose, straw powder, straw powder and
glucose, straw powder and sucrose and blank respectively.
Glucose ,sucrose and straw powder were all added at the ratio of
50:1 (sludge: carbon source). Sawdust was used as bulking agent to
ensure the suitable moisture content and porosity of composting
materials. The mixing ratio of sludge: sawdust was 6:1 (wet
weight).14 To simulate a natural self-heating process of compost,
the temperature procedure was operated according to Lashermes™.
During the 22-days composting, samples were collected at 0, 72,
144, 518 hours.

2.2 Chemical analysis

Moisture content was determined by weight loss of the compost
sample after drying at 105 °C for 24h. The total organic carbon was
detected following the standardized method of Walkley-Black wet
combustion method. According to the chemical structural of
substrate, the organic matter could be divided into five components:
1) hot water soluble fraction (SOL-H,0); 2) neutral detergent
solution fraction (SOL-NDS); 3) hemicellulose-like fraction (HEM); 4)
cellulose-like fraction (CEL); 5) lignin-like fraction (LIG). The
distribution of these fractions in composting substrates was
determined using a modified version of Van Soest™® . Before analysis,
all samples were drying at 60°C to eliminate organic matter loss
caused by heating. The hot water soluble fraction was the weight
loss after extracting with water at 100 °C for 30 min. Next
procedure was to extract the residue with neutral detergent
solution at 100 °C for 60 min. The fraction dissolved in neutral
detergent solution was neutral detergent solution fraction. Similarly,
the residue was extracted by acid detergent solution and the weight
loss after drying was hemicellulose-like fraction. The fraction which
was not soluble in acid detergent solution but soluble in 72% H,SO,
was named as cellulose-like fraction. The last procedure was to
burn the residual which contained the lignin-like fraction and inert
materials. After burning, the residue ash was inert materials.

The distribution of C within the different fractions was measured
and expressed as a percentage of total organic carbon (TOC). The
biochemical fractions were expressed as a% of DM (dry matter).

2.3 Spectroscopic analysis

Fluorescence determination and analysis techniques referred to
Yu™ and Tian®, Water extractable organic matter (WEOM) was
obtained by mixing the composting samples with deionized water
(solid to water ratio of 1:50) and keeping 120remin™ oscillation
frequency for 24h at room temperature. The extracts of composting
samples were centrifuged at 8000 rpm for 10 min. Afterward, the

2 | RSC Advances, 2015, 07, 1-3

extracts were filtered using 0.45-um membrane filter and the
filtrates were further diluted to adjust dissolved organic carbon
(DOC) to 12 mg/L.13 Fluorescence EEMs were measured with Jasco
FP-6500 Spectrofluorometer. The excitation wavelength was set
from 220 to 450 nm with a 5 nm increment, while the emission
wavelength increased from 250 to 500 nm with a 2 nm increment.
The scan speed was 1200 nm/min, using excitation and emission slit
monochromators of 5 nm. The voltage of the photomultiplier tube
(PMT) was set at 700 V for low level light detection. The
temperature of the samples was maintained at room temperature
(20 °C) during the analyses. The spectrum of pure water was used
as the blank and it was subtracted from the EEMs of all samples
examined to decrease the influence from the first and second-order
Rayleigh and Raman scattering. Each scan data of EEM was
composed of 151 Em (row) x 47 Ex (column) wavelengths. The EEMs
datas were handled by PARAFAC model which is is a three-way
decomposition method. The PARAFAC analysis was carried out on
MATLAB 6.5 (Mathworks) according to Stedman”, and the relative
algorithms and source code could be load at website of
www.models.life.ku.dk/algorithms. Based on the PARAFAC model,
the fluorescence EEMs are arranged in a three-way array named as
X with IxJxK, where | is the number of samples, J is the number of
emission wavelengths, K is the number of excitation wavelengths.
The detail descriptions of PARAFAC analysis could be found
elsewhere.” The concentration of each component was calculated
with following equations.B‘ 18
I, = Scorey, * Exy(Anax) * EMy(Amax)
Iror =211 (2)
Bo="n/,  x100% 3)

I, is the fluorescence intensity of component n; Score, is the
relative fluorescence intensity of component n obtained from
PARAFAC analysis; Ex,(Anax) is the max excitation loading for
component n and Emg(Am.) is the max emission loading for
component n; lior is the sum of the fluorescence intensity of all
components; P, is the percentage of the component n.

(1)

3 Results and Dicussion
3.1 Compost properties

In our study, the peak temperature values were observed around
72h in the six composting reactors. The thermophilic phase (T >
55 °C) was maintained for 60 hours because of the smaller size of
the laboratory-scale reactor. The temperature differences among
the six runs were not significant since the amount of additive
carbon sources was not sufficient to generate enough energy to
influence the pile temperature.

The initial pH decreased in all runs except the straw powder one
which might be caused by bioconversion of glucose and sucrose
into acid intermediates species.19 Then pH increased from 8.0-8.5 in
all runs on the third day. This increase might be the result of the
formation of ammonium ions during protein decomposition.20
Afterward, a combined effect of both ammonia volatilization and
biological oxidation of nitrogen to nitrites or nitrates led to the pH
change towards neutrality. 2

The variation of moisture content maintained within normal
range. The moisture contents of all runs fell below 60% at the end

This journal is © The Royal Society of Chemistry 20xx
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of composting which lead to volume reduction of sludge. Slightly
lower moisture content than the control was observed in the runs
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with addition of readily biodegradable carbon sources because of
more repiration heat production from organic biodegradation.
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Fig.1 Evolution of TOC amounts in the biochemical fractions estimated by the Van Soest procedure ( expressed as a % of the initial TOC

amount)

Csow-n,0 Cno-v,0 EPAanev B el B (16

3.2 C distributions in different soluble fractions

Fig.1 shows the quantitative analysis of TOC amounts in different
biochemical fractions. Among the five fractions, SOL-H,0 and ND-
H,0 fractions belong to readily degradable substances which can be
preferentially used by microorganisms. Water environment is the
mass transport media for series of microbial reactions. So many
researchers evaluated the stability of compost products through
studying the variation of water-soluble components.zz’ 2

At the beginning of composting progress, the amount of SOL-H,0
fraction rapidly decreased in the six treatments, and the declining

This journal is © The Royal Society of Chemistry 20xx

glucose

trend slowed down until the thermophilic phase. In R1, R2, R4 and

R5, the TOC percentage of SOL-H,0 fraction was 27.7%, 27.3%, 26.8%
and 26.4% at the beginning respectively, much higher than that in

the R3 and R6 due to the addition of glucose and sucrose. However,
the TOC percentages of SOL-H,0 fraction in the above runs became

lower than R3 and R6 at the end of composting. It indicates that the
and sucrose added were rapidly degraded by
microorganisms, and meanwhile the consumption of the readily

degradable organic matter in the original part of material could be
accelerated as well.

J. Name., 2013, 00, 1-3 | 3
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For SOL-H,0 fraction, an obvious decline was observed during the
heating phases and the thermophilic phase. The composition of
SOL-ND section is usually grease-like substances, so there is no
significant impact on the TOC percentage of SOL-ND section after
adding glucose and sucrose. However, at the end of composting, in
R1, R2, R4 and R5, the TOC percentage of SOL-ND fraction was 7.8%,
7.7%, 5.6% and 5.3% respectively, which were much lower than
that of R3 and R6. It was similar to the phenomena observed in SOL-
H,0, as well as HEM and CEL fractions. This result indicates that the
carbon sources additives not only promoted the degradation of
readily biodegradable carbon sources, but also accelerated the
biodegradation of hemicellulose and cellulose. This promotion was
similar with the co-metabolic biodegradation, which was described
as that addition of the readily biodegradable carbon sources could
enhance the consumption of organic matters in original material.?*

HEM and CEL substances are the main components of straw
waste, such as straw and corn stalks. In R3, R4 and R5, the TOC of
HEM and CEL fraction increased because of straw addition.
Degradation of HEM and CEL fractions mainly began at the latter
period of thermophilic phase. Most of the carbon sources needed
by the reactions occurred at the later period of composting was
provided by the degradation of HEM and CEL substances provided.3
This might explain that the percentage of the SOL-H,0 TOC
increased at the end of composting. Eklind, Y?* found that the

450

degradation of HEM and CEL substances was closely related with
the component of substrate. The main component of the CEL
fraction in the straw is lignocellulose. The maturity progress could
be directly affected by the degradation of macromolecular organic
compounds like cellulose and lignin. The highest TOC percentage of
LIG fraction was observed in all runs, but the TOC of this fraction
decreased slightly since the low amount of lignin was degraded
during the cooling phase. It could be related with the complicated
structure of lignin.

Degradation of soluble fractions was mainly conducted at the
heating and thermophilic phases as described above. Nitrogen loss
was also mainly occurred during these phases through ammonia
volatilization. Researchers have proposed that ammonia
volatilization could be reduced by improving C/N ration through
adding carbon sources in previous studies. 20,26 Although increasing
the C/N ratio can be achieved by adding different kinds of carbon
additives, their impacts on degradation process of organic carbon
were different. In another word, bioavailability of different carbon
sources is varied. Some carbon sources were difficult to be
biodegraded such as straw, rice straw, leaves and sawdust, while
their effects on control of N loss were not satisfactory.27 In addition,
composting reaction period was extended and running cost was
increased. Therefore, the bio-availability the carbon sources could
affect the nitrogen loss.

Em (nm)

Fig. 2. The EEM spectra of WEOM at different stages of composting.

3.3 PARAFAC analysis of EEM spectra

3.3.1 EEM contours of WEOM from different composts. The EEM
contours of WEOM from the treatments of R1-R6 before and after
composting were shown in Fig. 2. In general, the fluorescence peaks
observed in water samples can be divided into five Regions,
including: Region | (Ex/Em=200-250/250-330), Region II
(Ex/Em=200-250/330-380), Region Ill (Ex/Em=250-340/250-380),
Region IV (Ex/Em=250-400/380-450) and Region V (Ex/Em=200-
250/380-450). According to Henderson?® and Haozg, Region I, Il

4 | RSC Advances, 2015, 07, 1-3

were related to simple aromatic proteins, such as tryptophan and
tyrosine, Region Ill belonged to microbial byproduct-like substances,
whereas Region IV belonged to humic-like substance and Region V
was reported as fulvic-like substance. Obviously, peaks could be
observed only in Regions |, Il and Il in the samples taken before
composting. The existence of these fluorescence EEM peaks
indicated that the composting materials were unstable because of
the existence of a large number of protein-like substances. As the
composting process proceeded, the peaks in Region Il and Region

Il disappeared because of the degradation of protein-like

This journal is © The Royal Society of Chemistry 20xx
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substances by microorganisms. After composting, two dominate
peaks could be identified in Region IV and V of each sample EEM
contours. We attributed this phenomenon to the reason that the
readily degradable organic matters were converted to stable humic-
like substances. Several investigators have observed similar peaks in
composting samples.ao‘ 3 According to previous studies, the
presence of the peaks in Regions IV and V is associated with the
humic-like substances and indicates the degree of humification and
maturation.® In the treatment of R1, R2, R4 and R5, the
fluorescence intensities in the Regions IV and V were higher than
those in the treatments of R3 and R6, in which no glucose and
sucrose were added. The possible explanation was that addition of
glucose and sucrose could enhance microbial activity and thus
accelerated maturity process of composting. There is evidence that

Component 1
550

350
Ex. (nm)

Component 3

350 400 450

Ex. (nm)

Fig. 3 The EEM spectra of the four components identified by PARAFAC analysis.

The analysis result is sensitive to the number of components. The
core consistency diagnostic is a suggested approach to find the
appropriate number of components.35 The core consistency of the
model can give a realistic description of he data. It should be close
to 100%. According to the results of the core consistency diagnostic
(Fig.4), the core consistency decreased from approximately 100% to
60% when the number of components changed from 3 to 4 or 5.
Then the residual sum of squares method was used to test whether
the numbers of components were reasonable. Generally, a higher
number of components has a lower residual sum of squares. When
no significant changes can be observed on the residual sum of
squares, there is no need to increase the number of components.
Based on the results of residual sum of squares, four-component
model had lower residual sum of squares than three-component
model. Simultaneously, when the number increased from 4 to 5,
small change occurred on the residual sum of squares. Hence, the
four-component model for PARAFAC analysis was optimal.

After determining the number of components, the PARAFAC
model outputted the fluorescence peak positions and intensities
(Fig. 3). All the EEM contours of composting samples could be
distinctly divided into four components, including component 1
[Ex/Em= 355/426], component 2 [Ex/Em=275/306], component 3

This journal is © The Royal Society of Chemistry 20xx

the formation of humic-like substance is related to microbial
activity and degradation of organic matter.® * Therefore, the
results of fluorescence EEMs showed that addition of carbon
sources influenced the degradation and maturity process of organic
matter in the compost products.

3.3.2 PARAFAC analysis. The analysis presented above is
qualitative determination of EEM contours by visual observation.
However, it is not hard to see that there is distinct overlapping
phenomenon among peaks. To accurately measure the
characterization of EEM contours and peaks intensity, PARAFAC
analysis has been applied. Recent studies have indicated that
PARAFAC analysis can provide a useful way of analysis multi-way
spectral data.>*

Component 2

Em. (nm)

300 350
Ex. (nm)

Component 4

Em. (hm)

250 300 350 400 450

Ex. (nm)

[Ex/Em=290/390] and component 4 [Ex/Em=250/478]. According to
Chense, component 1 was originated from humic-like substances,
component 4 was associated with fulvic-like substances, whereas
component 2 belonged to tryptophan-like
component 3 was similar to the terrestrial humic-like substances.””

substances and
3 ARAFAC analysis can provide quantitative information about the
distribution of different components. The distribution of P, for the
various components in each sample is shown in Fig.4.

P1, P2, P3 and P4 represented the fluorescence intensity of
component 1, 2, 3 and 4, respectively. Obviously, the fluorescence
intensity of component 1 and 4 increased significantly, whereas
component 2 decreased after composting. This result indicates that
the protein-like substances were rapidly degraded by composting
microorganisms, meanwhile, a large amount of humic-like
substances was generated.

During the composting, humification reactions were closely
related with the degradation of readily degradable substances such
as (:arbohydrates.g’9 The formation of humic substances was caused

by the reactions of polymerization/repolymerization which were

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 Distribution of the percentage of the four components in each
sample.

determined by microbial activity and enzymes.40 The percentages of
humic-like substances were 51.5% and 51.6% in R2 and R5, which
were higher than the control experiment R6 of 42.7%. This ratio
seemed to be most sensitive to describe the humification degree, as
reported by several authors.”' One possible reason for this is that
humification process could be promoted by addition of readily
degradable carbon sources. This point could also be illustrated from
the analysis of Fig. 2. The higher intensity of the fluorescence peaks
in Regions IV and V was observed in the treatment of experiments
in which readily degradable carbon additives (glucose and sucrose)
were added. On the other hand, microbial activity was stimulated
because of addition of sucrose and glucose as mentioned above.
The conversion rate of organic matter, which was closely related to
the humification process, was promoted as well.

Conclusions

The evolution of organic matter during co-composting of sewage
sludge with various carbon additives were characterized by both C
mass loss in biochemical fractions and Fluorescence EEMs. The
results indicated that addition of glucose and sucrose increased the
amount of C in SOL-H,O fraction by 12.6% and 11.4% compared
with the control group. The addition of straw increased the amount
of C in HEM and CEL fractions. The addition of mixture of sucrose
and straw promoted the carbon degradation in all biochemical
fractions except LIG fraction. The PARAFAC analysis showed that
the protein-like substances were rapidly biodegraded, and a large
amount of humic-like substances was generated after composting.
Sucrose and straw were the best carbon sources which could
promoted the maturity progress. Furthermore, the results
suggested that the readily degradable carbon additive had a better
performance on degradation and humification of organic matters in
composting process as compared with straw.
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