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Diethylhexyl phthalate (DEHP) is a common plasticizer in industrial production. Recently, environmental problems caused by
microplastics have drawn wide attention. As the microplastics have a large specific surface area, the release rate of the plasticizer
from the microplastics to the environment is accelerated. The DEHP in the wastewater enters the wastewater treatment plants
(WWTPs) along with the urban pipeline. After DEHP enters the WWTPs, it may affect the anaerobic fermentation with waste
activated sludge (WAS) as raw material. So far, there has been no study on the effect of DEHP on anaerobic fermentation of WAS.
Our study focused on the impact of exogenous DEHP on WAS anaerobic fermentation, and the results showed that DEHP mainly
affects the solubilization stage of sludge anaerobic digestion, but has no significant effect on other stages. It does not affect the total
yield and composition of short-chain fatty acids (SCFA). However, DEHP inhibited the solubilization process of WAS anaerobic
fermentation, which was mainly manifested by the changes of soluble protein and soluble polysaccharide in the system. The results
of the analysis of microbial communities revealed that the addition of DEHP did not change the diversity of microbial com-
munities, but caused a change in the abundance of microbial organisms. DEHP reduced the abundance of acetogen bacteria and
increased the abundance of methanogens. This work provides some insights into WAS fermentation systems in the presence of

DEHP and helps to gain a better understanding of the potential environmental hazards of microplastics.

1. Introduction

Phthalate esters (PAEs) are one of the most widely used
groups of industrial products [1-3]. They are primarily used
in the production of polyvinyl chloride to make it more gentle
and flexible [3-5] and as plasticizers for building materials
and furniture, food packaging, and mosquito repellents [5-7].
The exceptional performance of PAEs has promoted them as
plasticizers and additives in the plastic production industry
for decades [8]. PAEs are not chemically bonded to the
polymeric matrix, so they can enter the environment by
leaching from final manufacture products or through losses
during the manufacturing processes [6], which leads to their
ubiquitous occurrence in environmental matrices such as
water [5, 9, 10], air [11-13], soil [14-16], sediment [17-19],
landfills [20, 21], vegetables [22], and fish [23]. PAEs are

attracting more and more attention because they pose a threat
to the ecological environment and human health [24].

Some researches [25-27] have reported that industrial
products such as microplastics and rubber release large
amounts of PAFEs, which enter WWTPs through raw
wastewater. The preliminary processes in WWTPs can
remove some PAEs, and as the most widely used technology
in WWTPs, activated sludge process can remove many
pollutants, including PAEs. Nevertheless, PAEs are not
eliminated after these processes. As the major by-product of
sewage treatment, wasted sludge contains a large number of
organic pollutants such as PAEs [28]. Lots of PAEs with high
molecular weight, like DEHP, are adsorbed into the bio-
logical grease and remain in the sludge.

The most commonly found PAEs in sludge are dieth-
ylhexyl phthalate (DEHP), benzyl butyl phthalate (BBP),
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dimethyl phthalate (DMP), dibutyl phthalate (DBP), diethyl
phthalate (DEP), diisobutyl phthalate (DIBP), and dicy-
clohexyl phthalate (DCHP) [26], among which DEHP is one
of the most widely used plastic additives [29]. It is utilized in
a large number of products like consumer products [30],
personal care products [31], building materials [32], and so
on. Some research found that DEHP is most abundant in
sludge [28, 33]. The concentrations in the sludge of which
DEHP was common ranged between 130 and 1094 ug/g dry
weight in South Africa’s WWTPs [34].

Existing WWTPs are being scaled up to satisfy the needs
of a growing city, resulting in more and more WAS [35].
Anaerobic fermentation of WAS can produce energy biogas
methane and achieve sludge reduction while minimizing the
number of pathogenic microorganisms in the sludge
[35-38]. A large number of microorganisms, such as ace-
togens, hydrogenogens, and methanogens, are linked to the
anaerobic fermentation process of WAS [1, 39, 40]. Al-
though anaerobic fermentation is an effective means of
dealing with WAS, the existence of a large amount of DEHP
in the WAS may affect the microbial community in the WAS
anaerobic fermentation system. This may have a negative
impact on the process of anaerobic fermentation of sludge to
produce SCFA. To the best of our knowledge, the effect of
DEHP on the production of SCFA during WAS anaerobic
fermentation has not been reported.

Therefore, this study was aimed to illustrate the potential
impact of DEHP on the accumulation of SCFA by anaerobic
fermentation of WAS. Effect of different DEHP concen-
trations on SCFA production during WAS anaerobic fer-
mentation was studied. Besides, mechanisms of DEHP
impacting SCFA production from WAS were explored.
Finally, the long-term effect of DEHP on the microbial
communities were investigated. The results of this study will
demonstrate the effect of DEHP on the anaerobic fermen-
tation of WAS and have a certain significance on how to treat
DEHP in WWTPs.

2. Materials and Methods

2.1. Sources of WAS and DEHP. The WAS used in this study
was extracted from the secondary sedimentation tank of a
municipal WWTPs in Changsha, China. The fresh sludge
was shaken evenly and passed through the stainless-steel
filter steel mesh (0.45mm). The filtered sludge was con-
centrated at 4°C for 24 h to gain the concentrated sludge used
in the study. The relevant properties of concentrated sludge
are as follows: pH 6.8+0.1, total suspended solids (TSS)
17640+ 510 mg/L, volatile suspended solids (VSS)
15340 + 230 mg/L, total of chemical oxygen demand (COD)
16134 + 540 mg/L, soluble chemical oxygen demand (SCOD)
480+ 10mg/L, total carbohydrate 1590+270mg COD/L,
and total protein 10340 +460 mg COD/L. Among them,
protein and polysaccharide are two substances with the
largest proportion of organic matter in the sludge, and the
sum of the two reaches 74% of the total amount of sludge
organic compounds. The fermentation sludge was taken
from a long-term reactor of an alkaline pretreatment sludge
that had been operating for several months in our lab. The

Advances in Polymer Technology

DEHP used in this study with 95% purity was obtained from
Bidepharm (Shanghai).

2.2. Effects of DEHP at Different Concentrations on the Pro-
duction of SCFA by Anaerobic Fermentation of WAS. This
experiment set up 24 reactors with a working volume of
500 mL. All reactors were divided into two groups and
placed in a rocking bed at 35°C for 15 days. Various studies
have shown that alkali treatment can improve the SCFA
production performance of sludge anaerobic fermentation,
and alkali treatment as sludge pretreatment has been
implemented in many WWTPs [37]. Therefore, both groups
of reactors in this experiment were to be established as one
that did not control pH (called Group-A) and one that
controlled pH of 10 (called Group-B), with 12 reactors in
each group. Considering the accumulation of DEHP in the
environment, the concentration of DEHP will be higher in
the future environment, so it is necessary to design DEHP
with high concentration for experiments. The concentration
of DEHP in the experiment was finally determined to be
20 ppm, 50 ppm, and 100 ppm, respectively. At the same
time, a reactor without additional DEHP was created and
defined as a control group.

300 mL concentrated sludge was inoculated to each
reactor. An additional dose of DEHP was added to each
reactor to make the DEHP level in the 4 reactors as 0,
20 ppm, 50 ppm, and 100 ppm. At the same time, the reactor
of Group-B used hydrochloric acid or sodium hydroxide to
adjust the pH to 10. Then, all reactors were filled with ni-
trogen for 5min, which was quickly sealed with a rubber
plug. After this, all reactors were placed in a shaking table
with a rotation speed of 120 rpm and a temperature of 35°C
for 15d. The SCFA concentration in each reactor was
measured daily.

2.3. Accessing the Impact of DEHP on the Sludge Solubilization
Process. In this set of experiments, 12 reactors were set up.
300mL of concentrated sludge was added to each reactor.
One of the reactors did not add any additional chemicals as a
control group. For the experimental group, different doses of
DEHP were added to the remaining three reactors to achieve
a DEHP concentration of 20 ppm, 50 ppm, and 100 ppm,
respectively. The influence of DEHP on the sludge solubi-
lization process will be investigated by analyzing the con-
centration changes of soluble COD (SCOD), soluble
polysaccharide, and protein in the fermentation broth of
four reactors and the morphological changes of extracellular
polymer substances (EPS).

2.4. To Evaluate the Effects of DEHP on Hydrolysis, Acido-
genesis, Acetogenesis, and Methanogenesis Processes. WAS
anaerobic fermentation mainly goes through the following
processes: solubilization, hydrolysis, acidogenesis, aceto-
genesis, and methanogenesis. In order to further explore the
influence of DEHP on WAS anaerobic fermentation, a series
of batch experiments will be set up to assess the influence of
DEHP on each process. In this series of experiments, there
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were 48 serum bottles with a working volume of 500 ml.
These serum bottles were divided into four groups with four
in each. Experiments were carried out by adding common
standard substances to reaction systems. These four ex-
perimental groups were named as Test-A, Test-B, Test-C,
and Test-D.

Test-A: in Test-A bovine serum albumin (BSA) and
glucan were used as model substrates to evaluate the effect of
DEHP on the hydrolysis process. In this set of experiments,
30 mL of fermented sludge was received in each serum bottle
and 260 mL of tap water was added. In addition, 1.8 g of BSA
and 0.47 g of glucan were added into each serum bottle of the
experimental group as model substrates. One of these re-
actors did not add additional chemicals to serve as a control
reactor, and to the remaining three reactors were added
different doses of DEHP. The DEHP levels in the remaining
reactors were 20 ppm, 50 ppm, and 100 ppm, respectively.
The fermentation conditions of the sludge in these reactors
were indistinguishable from the abovementioned
experiments.

Test-B: Test-B was used to evaluate the effect of DEHP on
the acidogenesis process. In this set of experiments, except
for the difference of the model substrate, the relevant op-
eration process is not different from Test-A. The difference
between the model substances was that the amino acid
replaces the BSA in Test-A, and the dextran in Test-A was
replaced by glucose. The added amount of amino acid was
1.8 g, and the added amount of glucose was 0.47 g.

Test-C: this test was used to evaluate the effect of DEHP
on the acetogenesis process. The operating conditions of this
experimental group are not different from those of Test-A.
Only sodium butyrate was utilized to replace BSA and
glucan. The addition amount of sodium butyrate was 1.8 g.

Test-D: Test-D was used to assess the effect of DEHP on
the methanogenesis process. There were no differences in
reaction conditions between Test-D and Test-C except for
the model substance added in the reactors. Sodium acetate
replaced sodium butyrate in Test-C, and 1.8 g of sodium
acetate was added in the reactors.

2.5. Long-Term Semicontinuous Reactors for Measurement of
Microbial Community. In this experiment, two long-term
semicontinuous reactors were established. The reactors
contain 300 mL of alkaline pretreated sludge (pH adjusted
to 10), and additional DEHP was added to achieve a
concentration of 100 ppm in the reactor. In addition to the
operations described below, the semicontinuous reactors
have no difference in operating conditions from the
previously set experiments. According to the SCFA
production experiment mentioned above, when the
DEHP concentration in the sludge was 100 ppm in the
Group-B, the maximum SCFA yield measured was 5 days
after the reaction. Therefore, the residence time of the
sludge in Group-B was artificially controlled for 5 days.
60ml of sludge fermentation broth was manually
extracted from the reactors every day. An equal amount of
alkaline pretreated sludge was then added to the reactors.
All reactors continued to operate for two months. Two

months later, the microbial community structure and
microbial abundance in the two reactors’ sludge systems
were analyzed.

2.6. Analysis Methods. The DEHP was determined by GC-
MS. All glassware used in the whole determination process
should be washed and rinsed with distilled water, soaked in
acetone for 1hour, and then dried and cooled to room
temperature for later use. Firstly, 20 mL samples were drawn
from the set reactor with a syringe and added to the cen-
trifugal tube. After centrifugation at a speed of 5000 rpm for
5min, the supernatant was discarded. Then centrifuged
samples were dried in a vacuum drying cabinet for 48 h.
After that, 0.5g (accurate to 0.1 mg) of the sample was
weighed and transferred to a 50 mL Erlenmeyer flask. First,
1 mL n-hexane was added into the Erlenmeyer flask, and the
mixture was swirled for 2 min by using a vortex instrument.
5mL acetonitrile was added in the well-mixed solution and
swirled for 1 min. After this, the evenly mixed solution in the
conical flask was placed in the ultrasonic instrument to
extract for 20 min. Then, the supernatant was obtained by
centrifugation at 5000 rpm for 5 min. 5mL acetonitrile was
added to the supernatant, and the previous extraction step
was repeated to merge the supernatant. Finally, it was
evaporated under 1 mL by weak nitrogen at 40°C, and then
6 mL acetonitrile was added, which was mixed in a vortex.
The mixture was purified with an activated SPE column. The
activated SPE column was achieved by adding 5mL
dichloromethane and 5 mL acetonitrile to the column and
discarding the effluent. After the SPE column was activated,
the obtained mixture was supplemented by the SPE column,
and the outflow was collected. 5 mL acetonitrile was added to
collect the outflow and combine the two collected outflows,
and 1 ml acetone was added. It was blowed to nearly dry at
40°C, and then n-hexane was utilized in constant volume to
2ml followed by vortex mixing for GC-MS analysis.

The relevant parameters of GC-MS are set as follows:
injection port temperature: 260°C. Temperature program:
the initial column temperature was 60°C for 1min; the
temperature was raised to 220°C for 1 min at a rate of 20°C/
min; then the temperature was raised to 250°C for 1 min at a
rate of 5°C/min; and finally, the temperature was raised to
290°C at a rate of 20°C/min for 7.5 min. Carrier gas: high
purity helium gas (>99.999% purity), flow rate: 1.0 mL/min.
Injection mode: no shunt injection. Injection: 1 uL. Ioni-
zation mode: electron bombardment ionization source (EI);
ionization energy: 70eV; transmission line temperature:
280°C; ion source temperature: 230°C; and monitoring
mode: selection scanning (SIM). Solvent delay: 7 min.

Standard methods were used for the determination of
TS, VS, TSS, VSS, COD, and SCOD [41, 42]. The glucose-
based phenol-sulfuric method and BSA-based Lowry-Folin
method are used to determine soluble polysaccharides and
soluble proteins in the fermentation broth [43]. And SCFA is
primarily used in gas chromatography to determine the
methods mentioned in references [44]. The analytical
method for free amino acids is the ninhydrin colorimetry
[45].



Different EPS fractions were extracted by thermal ex-
traction [46]. Briefly, 45 mL of the sludge sample is taken
from the reactor. The sample was centrifuged at 4500 g for
10 min, and the resulting supernatant was S-EPS. The sludge
particles in the tube were diluted with NaCl (0.05%) solution
(preheated to 70°C) to an initial volume of 45 mL, which was
then vortexed on a vortex mixer for 1min and finally
centrifuged at 4500 g. The supernatant obtained after cen-
trifugation was thought to be a loosely bound EPS (LB-EPS).
The remaining sludge precipitated in the tube was diluted
with NaCl (0.05%) solution to the original volume of 45 mL,
and it was put into a water bath at 60°C for 30 min and finally
centrifuged at 4500 g for 10 min. The supernatant collected
after centrifugation was reckoned to be a tightly bound EPS
(TB-EPS).

2.7. Statistical Analyses. All the experiments in this study
were in triplicate, and the results were expressed as
mean + standard deviation.

3. Results and Discussion

3.1. Effect of DEHP on SCFA Production by Sludge Anaerobic
Fermentation. Figure 1(a) shows the effect of different levels
of DEHP on the accumulation of SCFA by anaerobic fer-
mentation of WAS. The total production of SCFA with
different DEHP levels displayed similar trends. From the 1st
day to the 5th day, the SCFA content continues to rise and
reached the maximum on the 5th day (control: 4098 mg
COD/g VSS). Then, the production of SCFA gradually
decreased until day 8, and the total SCFA content in all
reaction systems increased slightly and reached the second
peak on day 9. Then, the production of SCFA continued to
decrease in the remaining time. The two increasing trends of
SCFA production during anaerobic fermentation are in-
consistent with the results of previous studies [47, 48].
Further data analysis showed that the concentration of
DEHP in the reaction system did not significantly change the
yield of SCFA.

Alkali treatment is an ordinary sludge pretreatment
method. It can enhance sludge anaerobic fermentation to
produce SCFA, which has been widely utilized in WWTPs. It
is needful to further investigate the effect of DEHP on the
production of SCFA by anaerobic fermentation of alkaline
pretreated sludge. The change of SCFA production during
anaerobic fermentation of alkaline pretreated sludge with
dissimilar levels of DEHP is shown in Figure 1(b). Observing
Figures 1(a) and 1(b), we found that the variation of SCFA
production in the two reaction systems was similar. The
SCFA production in Group-B reached two peaks on the 5th
day (control: 10066 mg COD/g VSS) and 9th day (100 ppm:
6958 mg COD/g VSS), respectively. Compared with Group-
A, SCFA generated from Group-B was more stable and less
volatile. Moreover, the addition of DEHP did not cause
regular changes in SCFA yield in Group-A and Group-B.

To better comprehend how DEHP affects sludge an-
aerobic fermentation to produce SCFA, the components of
SCFA including acetic acid, propionic acid, iso-butyric
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acid, n-butyric acid, iso-valeric acid, and n-valeric acid
were further calculated. Figures 1(c) and 1(d) showed the
percentage of each component of total SCFA on the 5th
day. The results have shown that DEHP neither affects the
production of SCFA from WAS anaerobic fermentation
nor does it alter the components. Regardless of the dose of
DEHP, it has no impact on the components of SCFA
production in the system. In Group-A, the main compo-
nents of SCFA were acetic acid and propionic acid, ac-
counting for 28% and 33%, respectively. There was a major
change in the proportion of SCFA in Group-B compared
with Group-A. Compared with Group-A, the main com-
ponents of SCFA in Group-B were acetic acid and pro-
pionic acid. Compared with Group-A, the acetic acid
increased rapidly from 28% to 47% and propionic acid
decreased from 33% to 19% in Group-B. The alkaline
pretreated sludge will increase the solubilization of organic
matter in the sludge, thereby greatly promoting the total
amount of SCFA produced by the anaerobic fermentation
of the sludge. Compared with Group-A, the amount of
SCFA produced in Group-B increased significantly, but the
addition of DEHP did not cause changes between Group-B.
This fully demonstrates that the increase in the total
amount of SCFA produced in Group-B is due to the effect
of alkali pretreatment, which makes full use of the organic
matter solubilization by alkali pretreatment and is not
affected by DEHP. This indicated that the addition of
DEHP would cause slight fluctuations in the sludge system,
but it had no significant effect on the SCFA production and
the components of SCFA generated by WAS anaerobic
fermentation.

As well, WAS anaerobic fermentation would go through
several steps: solubilization, hydrolysis, acidogenesis, ace-
togenesis, and methanogenesis. Therefore, it is necessary to
further investigate the effects of DEHP on other processes of
sludge anaerobic fermentation.

3.2. DEHP Inhibited the Sludge Solubilization Process.
Solubilization is the first process of WAS anaerobic fer-
mentation. In this process, macromolecular substances in
sludge fermentation broth will dissolve, so soluble COD is
deemed to be an indicator to evaluate the level of organic
matter in the sludge fermentation broth. The changing trend
of soluble COD in the reaction system caused by different
levels of DEHP in 5 days is shown in Figure 2(a). The soluble
COD showed an increasing trend first and then decreasing
with the reaction time. The experimental group (the reaction
system containing different levels of DEHP) produced less
soluble COD than the control group (the reaction system
without DEHP), indicating that DEHP has a certain
inhibiting effect on the solubilization process of WAS, but
the degree of inhibition is not related to the concentration
level of DEHP. Proteins and polysaccharides are important
components of COD. Therefore, in order to further explore
how DEHP inhibits the solubilization of sludge, we also
investigated the changes of soluble proteins and soluble
polysaccharides, as illustrated in Figures 2(b) and 2(c), re-
spectively. The content of soluble proteins and soluble
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Ficurk 1: The effect of DEHP on the total SCFA yield and the ratio of each SCFA under optimal conditions of anaerobic fermentation
sludge. (a) SCFA yield without alkali pretreatment; (b) SCFA vyield with alkaline pretreatment; and (c) the ratio of each SCFA on 5 days
without alkali pretreatment; (d) The ratio of each SCFA on 5 days with alkaline pretreatment. Error bars represent standard deviations of

triplicate tests.

polysaccharides in the experimental group was basically
lower than those in the control group. From the 1st day to
the 3th day, the content of soluble protein showed an in-
crease first and then a decrease. On the 4th day, a second
increase in protein content occurred in the reactors. The
phenomenon of two peaks was similar to the effect of DEHP
on SCFA production described in Section 3.1. Also, soluble
polysaccharides were basically consistent with the trend of
soluble proteins, which showed an increase first and then a
decrease. On the 2nd day of the reaction, the soluble
polysaccharide content in the control group (122.87 mg/g
VSS) was significantly higher than that in the experiment
group (59.50mg/g VSS). Changes in soluble COD were

mainly attributed to changes in soluble protein and soluble
polysaccharide. The effect of DEHP on the solubilization
stage of sludge anaerobic digestion showed a slight inhibi-
tion in general. It was known from the experiment that the
effect of DEHP concentration on sludge solubilization does
not show certain regularity.

3.3. Effect of DEHP on Extracellular Polymers of Sludge.
The effects of DEHP on three different forms of extracellular
polymers of sludge, namely S-EPS, LB-EPS, and TB-EPS
were discussed. The contents of polysaccharides and pro-
teins in the three extracellular polymers were detected, as
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shown in Figures 3(a) and 3(b), respectively. It indicates that
polysaccharides and proteins in different shapes of EPS have
similar change trends. The polysaccharide and protein in
S-EPS showed a decreasing trend after a small increase,
especially the increase of polysaccharide from 92 mg/g VSS
to 119mg/g VSS. The maximum value appears in the re-
action system with a DEHP concentration of 20 ppm. The
trend of polysaccharides and proteins in LB-EPS was similar to
S-EPS. But, its increase and decrease ranges are small, which
basically can be regarded as without an apparent change.
Polysaccharide levels are stable at around 37 mg/g VSS, while
protein levels vary between 1100 mg/g VSS and 1300 mg/g VSS.
The polysaccharides and proteins in TB-EPS showed a similar
change trend with S-EPS. When the DEHP level was 50 ppm in
the system, the maximum value of polysaccharides and pro-
teins appeared. The highest content was 45mg/g VSS for
polysaccharide and 207 mg/g VSS for protein.

Furthermore, the sludge extracellular polymer was
subjected to three-dimensional fluorescence scanning. The
resulting EEM spectrum is shown in Figure 4. EEM fluo-
rescence spectroscopy is commonly used to determine
structural changes in extracellular polymers and fermenta-
tion broth [44]. By observation, the measured extracellular
polymer EEM mainly includes two peaks, peak A and peak
B. These two peaks represent tyrosine-like and tryptophan-
like proteins, respectively [49, 50].

Figures 4(a)-4(d) represent the EEM spectrum of S-EPS.
As can be observed in Figure 4, S-EPS contains only peak A,
the fluorescence intensity of Figures 4(a)-4(d) is compared,
and the difference between them is very small. This showed
that the addition of DEHP has little effect on S-EPS, and
there was no obvious regularity. The three-dimensional
fluorescence analysis showed that both the LB-EPS and TB-
EPS sludge extracellular polymers contained two peaks, peak
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FiGURe 4: EEM spectra of extracellular polymers. (a) S-EPS: control; (b) S-EPS: DEHP: 20 ppm; (c) S-EPS: DEHP: 50 ppm; (d) S-EPS: DEHP:
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A and peak B. Also, the EEM spectra of LB-EPS and TB-EPS
showed similar trends. More obviously, when the DEHP
concentration in the system was 100 ppm, the fluorescence
intensity measured by LB-EPS and TB-EPS was significantly
lower than that of the control group (without DEHP). When
the concentration of DEHP was 20 ppm and 50 ppm, the
fluorescence intensity of LB-EPS and TB-EPS was different
from that of the control group, that is, slightly higher than
the control group. Especially at a DEHP concentration of
50 ppm, the fluorescence intensity of peak A and peak B in
LB-EPS and TB-EPS was the largest. The trend changes
obtained here are consistent with the previously described
experimental results for DEHP affecting sludge extracellular
polymers.

3.4. The Effect of DEHP on Hydrolysis, Acidogenesis, Aceto-
genesis, and Methanogenesis Processes. Hydrolysis refers to
the hydrolysis of organic matter into small molecular sub-
stances. For example, glucan is converted to glucose and
proteins are converted to amino acids [48]. According to the
content of hydrolyzed protein and polysaccharide in the
reaction system, the degree of material hydrolysis in the
reaction system was judged. As can be seen from Figure 5(a),
the experimental group showed that DEHP slightly pro-
moted the hydrolysis process. Compared with the control

group, the content of the hydrolyzed protein has an in-
creasing tendency. However, the hydrolysis process of an-
aerobic fermentation is not affected by the dose of DEHP.

Figure 5(b) shows the effect of DEHP on the acidogenesis
process. In this work, the trend of amino acid content was
measured. The total amount of amino acids showed an
increasing trend first and then decreasing within 3 days. At
the same time, the concentration of DEHP did not cause
changes and fluctuation in the total amount of amino acids
in the reaction system. The total amount of amino acids
produced in the experimental group was basically the same
as that of the control group. This phenomenon indicates that
the exogenous substance DEHP does not affect the acido-
genesis process of WAS anaerobic fermentation.

After sludge anaerobic fermentation has undergone
solubilization and hydrolysis processes, it will involve
multiple biological processes, all of which are related to the
accumulation of acetic acid. The effect of DEHP on the
acetogenesis process of sludge anaerobic fermentation was
turther explored. The content of butyrate produced in the
first 3 days of the reaction system was measured. It can be
seen from Figure 5(c) that the butyric acid content shows a
rising trend first and then decreasing. Its maximum value
was 8651 mg/L at DEHP concentration of 20 ppm. However,
from the overall trend, the addition of DEHP does not affect
the acetogenic process of WAS anaerobic fermentation.
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Figure 5: Concentration of various indicator substances in water distribution experiment concentration in 5d of fermentation time
measured in the fermentation reactors with alkaline pretreatment in the presence of different DEHP contents. (a) Protein; (b) total amino
acid; (c) butyrate; and (d) acetate. Error bars represent standard deviations of triplicate tests.

Methanogenesis is one of the important processes of
sludge anaerobic fermentation, and the methane produced
can be collected and used as a clean energy source. As shown
in Figure 5(d), the acetic acid production of the experimental
group was higher than that of the control group at the initial
stage of the reaction. However, as the reaction progressed,
the acetic acid content of the experimental group decreased
sharply and was lower than that of the control group. This
indicates that the presence of DEHP in the system slows
down the WAS anaerobic fermentation methanogenesis
process as the reaction proceeds. It is speculated that the
possible reason is that the methanogenic archaea are rela-
tively sensitive. When DEHP enters the sludge system as a
toxic exogenous substance, it causes certain damage to the
methanogen, thus affecting the WAS anaerobic fermenta-
tion of the methanogenesis process.

In summary, the effect of DEHP on sludge anaerobic
fermentation is not obvious, but there is a certain inter-
ference effect. Therefore, it is necessary to further explore
whether the presence of DEHP will affect the microbial
community structure and abundance in the sludge system.

3.5. Effects of DEHP on Microbial Community. The perfor-
mance of WAS anaerobic fermentation is closely related to
the microbial community structure and microbial abun-
dance of the sludge system [35, 51]. In order to better
explore whether DEHP has a potential influence on microbial
community structure, the Illumina Hiseql6S DNA genes
technique was used to conduct a comparative analysis of
microbial communities in two long-term reactors (control
reactor: without DEHP; DEHP reactor: DEHP concentration
is 100 ppm). The number of operational taxonomic units
(OTUs) detected in the control reactor and DEHP reactor was
approximately the same (123 vs. 121), which indicated that
DEHP had no significant effect on the structure and diversity
of microbial communities.

The structure of microorganisms and the distribution of
bacterial populations at the phylum level are shown in
Figure 6. Firmicutes, Bacteroidetes, Cloacimonetes, Pro-
teobacteria, and Actinobacteria were the dominant bacteria
in the two reactors at the phylum level. In anaerobic con-
ditions, many microorganisms in the Firmicutes, Proteo-
bacteria, and Actinobacteria can degrade organic



Advances in Polymer Technology

weyy

Eug%ehaaova
eouasIpied

Armatimonadetes
o€l

10eqoPOY

euo

woze

!
o]
3
3
o]
oy
]

2 %
3 9 o <&
B3 % & 9
=, S, (=3 ®, )
23 % 9

& % % °
LI

FIGURE 6: The structure of microorganisms and the distribution of bacterial population at the phylum level.

compounds and produce SCFA. Firmicutes and Proteo-
bacteria, with acetic acid as the main products, are reported
to be the main producers of SCFA [44, 51]. With the addition
of DEHP, the microbial abundance of Firmicutes, Proteo-
bacteria, and Actinobacteria was decreased, which indicated
that the presence of a certain concentration of DEHP in the
sludge reaction system could affect the degradation of or-
ganic matter in the sludge and inhibit the production of
SCFAs. The decline in the abundance of related microbial
associated with degradation of pollutants was consistent
with the conclusions of previous experiments. DEHP has
inhibited the solubilization process of the fermentation
broth, which may be since the content of organic com-
pounds in the fermentation broth was affected by the de-
crease in the proportion of related microbial communities.

Figure 7 showed the distribution of bacterial populations
at the genus-level in both long-term reactors. As shown in
Figure 7, the microbial abundance in the two reactors were
significantly different at the genus-level. It was found that
the microbial community structure of the two reactors has

changed significantly by comparing the microbial com-
munity structure. The proportion of some microorganisms
in the two reactors has changed considerably. The abun-
dance of TOP30 bacteria varies slightly in the two reactor
systems. Some of these bacteria have changed significantly in
proportion. The relative abundance of Blvii28_wastewater -
sludge_group sp. decreased from 8.02% (control reactor) to
4.95% (DEHP reactor). The abundance of Sedimentibacter
and Fastidiosipila associated with SCFA production showed
a downward trend. Sedimentibacter decreased from 3.64%
(control reactor) to 1.8% (DEHP reactor), and Fastidiosipila
decreased from 3.24% (control reactor) to 1.17% (DEHP
reactor). It is worth noting that Syntrophomonas, which
presented in both reactors, can rapidly degrade accumulated
volatile acids and produce methane [52]. Its relative
abundance of control reactor and DEHP reactor were 3.47%
and 3.91%, respectively. This gave a reasonable explanation
for the methane production of the experimental group in the
initial stage of DEHP, which was higher than that of the
control group.
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4. Conclusion

When the DEHP level in the sludge system was 20 ppm,
50 ppm, and 100 ppm, the presence of DEHP did not affect
the production of SCFA from WAS anaerobic fermentation,
regardless of the yield or composition of SCFA. Further real
sludge experiment had shown that DEHP has no significant
effect on the hydrolysis, acidogenesis, acetogenesis, and
methanogenesis processes of anaerobic fermentation of
WAS. But, the presence of DEHP inhibited the process of
solubilization. According to the results of microbial com-
munity analysis, the presence of DEHP in the sludge system
may be caused by the reduced abundance of Firmicutes and
Proteobacteria. During the observation of the experimental
data, it was found that when DEHP involved in the an-
aerobic fermentation process of WAS, the experimental data
measured by the system of DEHP had some fluctuation,
which was not well explained in this study. However, the
phenomenon of reaction system disorder caused by the
addition of DEHP deserves further study and discussion.
Therefore, the next research work will be carried out around
this phenomenon, so that we can better comprehend the
impact of DEHP on WAS anaerobic fermentation.

Data Availability

The data used to support the findings of this study have not
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fully completed, and we will next investigate the fluctuation
of the anaerobic fermentation of the waste activated sludge
caused by DEHP.
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