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A B S T R A C T

Polycyclic aromatic hydrocarbons (PAHs) are regarded as priority pollutants owing to their toxic, mutagenic and
carcinogenic characteristics. Perylene is a kind of 5-ring PAH with biological toxicity, and classified as a class III
carcinogen by the World Health Organization (WHO). Nowadays, some of its derivatives are often used as
industrial pigments. Hence, urgent attention is highly needed to develop new and improved techniques for PAHs
and their derivatives removal from the environment. In this study, Fenton oxidation process was hybridized with
the biological (anaerobic and aerobic) treatments for the removal of perylene pigment from wastewater. The
experiments were carried out by setting Fenton treatment system before and between the biological treatments.
The biological results showed that COD removal efficiency reached 60% during 24 h HRT with an effluent COD
concentration of 1567.78 mg/L. After the HRT increased to 48 h, the COD removal efficiency was slightly
increased (67.9%). However, after combining Fenton treatment with biological treatment (Anaerobic-Fenton-
Aerobic), the results revealed over 85% COD removal efficiency and the effluent concentration less than 600 mg/
L which was selected as the better treatment configuration for the biological and chemical combined system. The
microbial community analysis of activated sludge was carried out with high-throughput Illumina sequencing
platform and results showed that Pseudomonas, Citrobacter and Methylocapsa were found to be the dominant
genera detected in aerobic and anaerobic reactors. These dominant bacteria depicted that the community
composition of the reactors for treating perylene pigments wastewater were similar to that of the soil con-
taminated by PAHs and the activated sludge from treating PAHs wastewater. Economic analysis results revealed
that the reagent cost was relatively cheap, amounting to 10.64 yuan per kilogram COD. This study vividly
demonstrated that combining Fenton treatment with biological treatment was efficient and cost-effective.

1. Introduction

Perylene pigments belong to perylene diimides (PDIs), and its
parent compound is perylene-3,4,9,10-tetracarboxylic dianhydride
(PTCDA). The perylene pigments were first synthesized in the 1910s
and initially used exclusively as vat dyes and since the 1950s they were
used as pigment (Greene, 2009; Herbst et al., 2004). The structural
formula of PTCDA, PDIs and some perylene pigments are shown in
Fig. 1. Because of its excellent dyeing properties, optical stability,

thermal steadiness and chemical inertness, perylene pigments are now
widely used in automotive paints and in the coloration of fiber and
engineering resins (Greene, 2009; Herbst et al., 2004; Kazmaier and
Hoffmann, 1994). In addition to excellent dyeing properties and good
stability, PDIs possess many interesting properties, including high
fluorescence quantum yield (Huang et al., 2011), wide absorption
spectrum and good conductivity (Kozma and Catellani, 2013). There-
fore, PDIs are widely-studied as non-fullerene n-type organic semi-
conductor materials (Deng et al., 2019). Because of this, PDIs are
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widely employed in solar cells, transistors and other researches (Kozma
and Catellani, 2013; Nowak-Krol and Wuerthner, 2019), and based on
their good fluorescence characteristics, they have good research pro-
spects in many fields such as molecular fluorescence probes, electro-
luminescence and pharmaceutical photosensitizers et cetera (Bettini
et al., 2019; Vollbrecht et al., 2017; Yang and Chen, 2019).

Owing to the extensive application of the perylene pigments, an
enormous amount of wastewater containing PTDCA, PDIs and acetates
is generated in the process of pigments production. If the perylene
pigment containing wastewater is not properly disposed, perylene
compounds in the wastewater pose a serious harm to the environment
and public health. First of all, most of perylene pigments are red, which
adversely affects the color of natural water bodies at the disposal site.
Second, previous studies have shown that PAHs can independently
damage the hematopoietic system and increase the risk of cancer
(Balgobin and Singh, 2019; Kim et al., 2013; Ohura et al., 2004; Wang
et al., 2019). Benzo[a]pyrene, which is a kind of 5-ring PAH as per-
ylene, is a carcinogen chemical (Kalugina et al., 2018). Benzo[ghi]
perylene, which has similar structure with perylene, is also a biotoxic
and genotoxic to bronchial cells (Castro-Galvez et al., 2019). Chronic
toxicity tests showed that perylene had statistically significant negative
effects on the number of female amphipods that survived, grew and
became pregnant in the water (Cunha et al., 2006). Therefore, we
consider that PDIs, a perylene derivative, is biotoxic. Perylene is fre-
quently found in fresh and marine water sediments in the water en-
vironment (Fan et al., 2011). Therefore, if the perylene pigment was-
tewater is not effectively treated, perylene compounds in the
wastewater may exist in water sediments for a long time via indis-
criminate discharge in the water environment resulting in endocrine
disruption to aquatic organisms and even cause harm to human health.

Perylene pigments contaminants are derivatives of PAHs which
performs an excellent chemical stability makes this chemical difficult to
biodegradation. In previous studies, the degradation of PAHs has been a
hot issue for researchers. In response to this problem, the researchers
proposed various treatment options (Raper et al., 2017; Yuan et al.,
2010). The effect of adsorption treatment is good, but the adsorbate of
activated carbon still has not been completely degraded so that follow-
up processing is needed to reduce the serious environmental effects.

Besides, in the adsorption process, activated carbon will selectively
adsorb small molecules and relatively large molecules cannot be ab-
sorbed well (Yuan et al., 2010). Additionally, membrane filtration
technology can be used universally and effectively to treat diverse types
of wastewater, but the membrane fouling problem associated with
membrane technology has resulted in high application cost (Han et al.,
2019). And the existing membrane filtration technology is more sui-
table for the advanced treatment if it is applied in the field of sewage
treatment (Han et al., 2018). The advanced oxidation processes (AOPs)
are continually employed in industrial wastewater treatment with good
efficiency (Giannakis, 2019). However, since AOPs require the use of
strong oxidizing agents, an exorbitant amount of reagent charge is re-
quired (Giannakis, 2019; Huddersman et al., 2019). As a viable method,
biological treatment have a strong advantage in reducing reagent costs
(Haritash and Kaushik, 2009). In practice, the high molecular weight
(HMW) PAHs (four–six rings) cannot be effectively degraded in biolo-
gical treatment processes (Yan et al., 2016). And more rings of PAHs
imply that it becomes more difficult to be degraded by microorganisms
(Koshlaf et al., 2019; Kuppusamy et al., 2016). If biological treatment is
used solely, it is difficult to completely degrade the organics in the
sewage, so how to economically and effectively degrade the PDIs in the
sewage becomes a problem. In addition, to our limited knowledge, only
two reports have been retrieved after extensive literatures review about
perylene pigment treatment. One is to use microwave induced oxida-
tion process (MIOP) to treat perylene pigment wastewater (Guan et al.,
2008), and the other is to use amidoxime-modified chitosan as ad-
sorbent to treat perylene pigment in water and chloroform mixed
system (Gou et al., 2018). Therefore, in this study, we want to use
enhanced biotechnology to treat perylene pigment wastewater, and
study the community changes in the treatment process.

In order to degrade the pollutants in perylene pigments wastewater
economically and efficiently, the treatment technology adopted in this
study was a combination of biological treatment and chemical treat-
ment. Biological treatment adopted Up-flow Anaerobic Sludge Bed
(UASB) reactor plus Cyclic Activated Sludge System (CASS) reactor. The
UASB has been widely used in the treatment of industrial sewage since
the 1980s (Kalogo and Verstraete, 1999), and has the advantages of
high removal efficiency, small floor space and tolerance of high organic

Fig. 1. (a) Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) and perylene diimides (PDIs); (b) Partial perylene derivatives (Pigment red 179, Pigment red 149
and Pigment red 178).
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loading rate (OLR) (Kong et al., 2019) etc. In the UASB reactor, sewage
flows from bottom to top into the sludge bed, which causes the bed
expanding and fully contacting with the wastewater to achieve the
purpose of efficient anaerobic treatment (Kalogo and Verstraete, 1999;
Rajagopal et al., 2019). The CASS is a sewage biological treatment
technology based on sequencing batch reactor activated sludge process
and equipped with pre-reaction tank (Chai et al., 2014; Li et al., 2011).
The CASS process has been widely used in municipal and industrial
wastewater treatments (Chai et al., 2014). The chemical treatment
process adopted is the Fenton treatment. Fenton process, as a kind of
AOP widely used in the treatment of industrial wastewater (Brillas and
Garcia-Segura, 2020). Fenton reaction is a process in which ferrous ions
catalyze the decomposition of hydrogen peroxide to produce free ra-
dicals like hydroxyl that degrade organic matters in wastewater
(Huddersman et al., 2019). In order to give full play to Fenton's en-
hancing effect on biological treatments, we adopted two combination
schemes. One is to place Fenton before biological treatments, the other
is to put Fenton between anaerobic and aerobic treatments. In addition,
we also conducted pure biological treatment to explore the biode-
gradability of pollutants, and as a control group of Fenton enhanced
biological treatment processes. The main objective of this experiment
was to evaluate which would be more efficient for Fenton process to
precede all bioreactors or be positioned between anaerobic and aerobic
reactors. The treatment and economic efficiencies of the two different
combined processes were compared. Finally, the microbial community
was analyzed in each reactor, which helped to buttress the experi-
mental results. These experimental results provided some suggestions
for similar wastewater treatment projects.

2. Methods and materials

2.1. Wastewater characteristics

The synthetic wastewater used in this experiment consist of PTCDA,
pigment red 179, pigment red 123 and pigment red 149 collected from
the perylene pigments plant (Liaoning, China). The wastewater quality
indexes are represented in Table 1. The main components in the sewage
are PTCDA, PDIs, by-products and unreacted raw materials. Among
them, sodium acetate is a kind of organic compound which can be di-
rectly utilized by microorganisms and is widely used as a raw material
in the production of perylene pigments. In this experiment, the con-
centration of sodium acetate in the wastewater was about 600 mg/L.

2.2. Experimental method

The sludge was initially acclimatized using low-concentration
wastewater. The mixture of low-concentration and high-concentration
wastewater is prepared in accordance with the actual wastewater in
perylene pigment industry which was shown in section 2.1. The UASB
and CASS reactors were used as biological treatment to test the bio-
degradability of the contaminants in wastewater, the reactors details
are as illustrated in section 2.3. This process continued for 10 days, and
the hydraulic retention time (HRT) was set to 24 h. After that, the HRT
was extended to 48 h to observe the treatment efficiency. This process
also lasted for 10 days.

Thereafter, Fenton treatment and biological treatments were com-
bined in different ways to compare the economic cost and effectiveness.
The Fenton method and the optimization experiment of reagent dosage
are shown in section 2.4. The Fenton treatment was first placed before
the biological treatments. During this process, the HRT was set 24 h.
Afterwards, the Fenton treatment was placed between the anaerobic
and aerobic treatments by considering the same HRT (24 h). The che-
mical oxygen demand (COD) and ammonia nitrogen ( −

+NH N4 ) removal
efficiencies of different processes were further compared. The method
of calculation was shown in section 2.7.

2.3. Reactors design

Two groups of reactors were used in this experiment and the sche-
matic diagram of a single group of reactors is shown in Fig. 2. The
reactor system consists of an influent tank, a UASB reactor, a regulating
tank, a CASS reactor and an effluent tank. The effective volume of UASB
reactor is 490 mL (the effective water depth is 25 cm and the reactor
diameter is 5 cm). The CASS reactor has an effective volume of 635 mL
(effective water depth of 10 cm, reactor diameter of 9 cm) and was
equipped with stirrer. Glass bottles were used as the influent and ef-
fluent tanks and the other reactor materials are all acrylic. Peristaltic
pump (BT100-2 J, Longer, China) was used for water transmission and
distribution between reactors.

There were two experimental groups of reactors for different types
of reactions. The first group was subjected to the Fenton reaction fol-
lowed by anaerobic reaction and subsequentially by aerobic reaction
experiment. The second group was subjected to the pure biological
process experiment first, and next putting Fenton treatment between
anaerobic reactor and aerobic reactor to observe the changes in the
removal efficiency at each section.

2.4. Fenton experimental method

In this experiment, the influent pH was adjusted to 3 with the ad-
dition of HCl solution (1 mol/L). The H2O2 solution (30% by mass) and
the FeSO4·7H2O agent were added to the solution. The dosage of the
Fenton reagents is calculated according to the COD concentration of the
influent of Fenton treatment. Briefly, the mass of the desired H2O2 was
calculated by the mass ratio of the COD mass to the H2O2 mass, and the
molar number of Fe2+ required was calculated by the molar ratio of the
mole number of H2O2 to the mole number of Fe2+. All ratios used in
this study were determined by optimizing experiment. The methods of
the optimization process are described in the next paragraph. After the
solution was stirred and reacted for 30 min, the solution pH was ad-
justed to 10 with addition of NaOH solution (1 mol/L). Subsequently, it
was precipitated for 2 h. The supernatant was taken as effluent after its
pH was adjusted to 7.

The process of the Fenton optimization experiment is to take the
same influent and divide it into nine groups under three different H2O2

to Fe2+ molar ratios and three different COD to H2O2 mass ratios. The
H2O2 to Fe2+ molar ratios of Fenton optimization experiment were
20:1, 10:1 and 5:1. The mass ratios of COD to H2O2 used were divided
into three stages: 3:1, 2:1, and 1:1. The Fenton experiment operating
procedures are the same as above. Finally, according to the COD of the

Table 1
Raw wastewater quality index.

Water quality index Value

COD mg L( / )cr 4000～5000

−
+NH N mg L( / )4 80～100

TN mg L( / ) 130～160
TDS mg L( / ) 18,000～20,000
pH 7～8

Fig. 2. Bioreactor schematic diagram.
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effluent and the chemical investment, the best H2O2 to Fe2+ molar ratio
and COD to H2O2 mass ratio were selected as optimum for further
studies.

2.5. Test methods

In this experiment, COD and −
+NH N4 were main test indexes. The

COD test method was used in the previous study (Li et al., 2019). In
brief, the sewage sample was added to a COD reagent tube
(20–1500 ppm, HACH, USA) after dilution, and heated at 150 °C for 2 h
for pretreatment (DRB200, HACH, USA). The absorbance was measured
using a spectrophotometer (DR6000, HACH, USA). The testing method
of −

+NH N4 was the same as the previous study, and was determined by
Nessler's reagent colorimetry(Wang et al., 2020). The absorbance was
measured by spectrophotometer (DR6000, HACH, USA) using a 10 mm
quartz cuvette.

2.6. Microbial community analysis method

When the reaction was completed, the activated sludge was taken
out from the four reactors and stored in a −20 °C refrigerator. The
extraction of sludge genomic DNA is in accordance with the previous
method (Yang et al., 2018). Based on the V3–V4 hypervariable region of
bacterial 16 S-rRNA genes, the following forward (F) and reverse (R)
PCR primers were selected: 515 F (GTGCCAGCMGCCGCGG) and 806 R
(GGACTACHVGGGTWTCTAAT). The original sequencing data were
generated by the MiSeq sequencing machine in fastq format. Heat map
analysis was used to evaluate differences in microbial communities (Bo
et al., 2020).

2.7. Calculation method

Calculation of COD removal efficiency and −
+NH N4 removal effi-

ciency used in the experiment was computed using equations (1) and
(2).

=

−− −

−

RE
C C

CCOD
in COD eff COD

in COD (1)

=

−− −

−

RE
C C

Cam
in am eff am

in am (2)

where −Cin COD(mg/L) and −Cin am (mg/L) are the influent COD and
−

+NH N4 concentration respectively; −Ceff COD(mg/L) and −Ceff am (mg/L)
are the effluent COD and −

+NH N4 concentration respectively.
RECOD(mg/L) and REam (mg/L) are the removal efficiency of COD and

−
+NH N4 respectively. The removal efficiency is calculated for each re-

actor, a process section and the whole process. Their methods of cal-
culation are in accordance with the above formula, using the con-
centration of effluent and influent of the calculated object. For example,
the RECOD of a reactor is calculated based on the influent and effluent of
the reactor, while the RECOD of the whole process is calculated based on
the influent and effluent of the whole process.

3. Results and discussion

3.1. Biological treatment

First, biological treatment experiments were executed to observe the
effect of biological process on the perylene pigments wastewater. The
HRT of the UASB reactor and the CASS reactor were both set to operate
24 h, and the HRT was increased to 48 h after 10 days of operation. The
effect of biological process at 24 h HRT is illustrated in Fig. 3a. The
average RECOD of anaerobic section was 38.23%, the average RECOD of
aerobic section was 37.17%, and the total RECOD of two sections was
61.19%. Under the condition of 24 h HRT, the effluent COD con-
centration was 1567.78 mg/L. Thereafter, the HRT of each reactor was

extended to 48 h, and the treatment efficiency was observed slightly
increased. As represented in Fig. 3, the average RECOD in the anaerobic
and aerobic reactors at HRT of 48 h is increased to 40.58% and 45.96%
respectively, while the total RECOD is 67.90%. In this phase, the average
COD concentration of the effluent was also reduced to 1314.29 mg/L.
According to the treatment results, biological treatment could reduce
the COD content, but the treatment capacity was limited, and simply
increasing the HRT could not improve the treatment capacity. Hence, it
was necessary to combine biological treatments with chemical treat-
ment.

3.2. Biological-Fenton combined processes

In order to decrease the effluent COD concentration, the Fenton
treatment was combined with the biological treatment systems. First,
the Fenton reagents ratio was experimentally optimized. The dosing
amount was calculated according to the COD concentration of
4500 mg/L. The results of the dosing optimization experiment are
shown in Fig. 3b. From the results of the raw sewage Fenton experi-
ment, the decisive factor determining the effect of Fenton treatment
was the dosage of H2O2. The optimal ratio of the final selection was
found to be COD (wt):H2O2 (wt)=1:1 and Fe2+ (mol):H2O2 (mol)
=1:20.

In the first group, the raw wastewater was subjected to a Fenton
reaction according to the optimal dosing ratio obtained by the opti-
mization experiment. The effluent of Fenton was used as the influent for
the biological reactors. The HRT of each reactor was set 24 h. After 18
days of acclimatization, the reactor effluent was basically found to be
stable. As shown in Fig. 3c, the COD concentration of the influent feed
to the reactor was about 2176.57 mg/L, which was reduced to
987.14 mg/L for anaerobic, and 824.86 mg/L for aerobic. The RECOD of
anaerobic section was 54.91%, the RECOD of aerobic section was
15.02%, and the total biological RECOD was 62.08%. The −

+NH N4 re-
moval efficiency is described in Fig. 3d. The influent −

+NH N4 con-
centration was found to be 111.40 mg/L, while the anaerobic and
aerobic −

+NH N4 effluent concentrations were 81.98 mg/L and
40.60 mg/L, correspondingly. The anaerobic REam, aerobic REam and
the total biological REam were 31.48%, 45.36%, and 63.36%, respec-
tively. Considering the Fenton reaction in the whole treatment process,
the total RECOD attained a better treatment efficiency of 81.67%, while
the total REam reached 52.24%.

In comparison with the biological treatment process, the Fenton
treatment not only reduced the COD of the wastewater but also in-
creased the anaerobic RECOD, suggesting that the Fenton treatment had
a positive effect on the biological treatments. However, aerobic treat-
ment did not achieve a good RECOD. This result shows the essential role
of the Fenton treatment by degrading many refractory organics into
small molecules that could be utilized by anaerobic microorganisms.
However, the remaining refractory organics could not be degraded in
an aerobic reactor. From the results of COD and −

+NH N4 removal effi-
ciencies (Fig. 5c and d), it can be deduced that the RECOD in the aerobic
phase was poor, but the nitrification effect was more obvious. There-
fore, it is believed that, in the aerobic phase, only the residual small
molecules in the water could be continuously degraded, and there was
no way to continue degrading the PDIs to release the ammonium ions.

In the second group of reactors, the raw wastewater was directly
pumped into the anaerobic reactor without pretreatment. The HRT of
each reactor was 24 h. The effluent of anaerobic reactor was applied as
Fenton treatment's influent. After the Fenton treatment, the aerobic
reactor was introduced to continue the treatment process. The Fenton
ratio in this phase was the same as the Fenton treatment subjected in
the first group.

After the anaerobic effluent COD concentration was tested, the
Fenton treatment dosage was calculated according to the influent COD
concentration of 2500 mg/L. As shown in Fig. 3e, the average COD
concentration of the anaerobic reactor influent water was 4335.33 mg/
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L, and the average COD concentration of the effluent treated by the
anaerobic and Fenton treatment was 1707.5 mg/L. The average COD
concentration of aerobic treatment effluent was also found to be
593.5 mg/L. The RECOD of the anaerobic and Fenton reaction was
60.61%, and the RECOD of the aerobic reaction was 65.24%, the total
RECOD was 86.31%. The average −

+NH N4 concentrations in the influent
of the whole process was 85.00 mg/L, whereas, in the effluent after the
anaerobic and Fenton treatment the −

+NH N4 concentration was

97.86 mg/L. The average −
+NH N4 concentration in the aerobic effluent

was also found to be 15.21 mg/L (Fig. 3f).
By comparing the results of the two combined processes, the addi-

tion of Fenton reaction between anaerobic and aerobic reactors
achieved an enhanced removal efficiency for COD. This is as a result of
the presence of sodium acetate in the raw sewage. It has been reported
that the continuous addition of acetate and nitrate can promote the
degradation of PAHs in river sediments (Liu et al., 2017). Therefore,

Fig. 3. (a) The concentration of COD in influent, anaerobic effluent and aerobic effluent of the biological reactors under the conditions of 24 h and 48 h HRTs without
any other process. (b) Fenton optimization experiment result. (c) The COD concentration of anaerobic influent, anaerobic effluent and aerobic effluent of biological
treatment reactors after Fenton reaction; (d) The −

+NH N4 concentration of anaerobic influent, anaerobic effluent and aerobic effluent of biological treatment reactors
after Fenton reaction. (e) The COD concentration of influent, anaerobic and Fenton combined treatment effluent and aerobic effluent of the reactors; (f) The −

+NH N4
concentration of influent, anaerobic and Fenton combined treatment effluent and aerobic effluent of the reactors.
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during the anaerobic treatment, there might be a co-substrate system
that enables the simultaneous degradation of sodium acetate and PDIs
by microorganisms. But in the experiment of raw sewage Fenton
treatment, hydroxyl radicals tend to oxidize sodium acetate. Conse-
quently, the hydroxyl radicals could not be fully utilized to oxidize
PDIs. So, the hydroxyl radical generated by the Fenton reactor could
sufficiently react with the PDIs to degrade the macromolecules into
small molecules when the Fenton reactor was placed behind the
anaerobic reactor. Furthermore, the small molecule organic matter
produced by the decomposition of PDIs was sufficiently degraded by
the microorganisms in the aerobic reactor. This result was also analyzed
from the −

+NH N4 data. As depicted in Fig. 3f, the −
+NH N4 concentration

increased after the treatment by the anaerobic and Fenton reactors,
suggesting that the PDIs were oxidized in the Fenton reactor, thereby,
producing free ammonium ions which were nitrated in the aerobic re-
actor.

3.3. Economic analysis

Based on the experiment of pure biological process and Biological-
Fenton combined processes, the effluent qualities of these processes
were compared from Table 2 (reactor HRT is 24 h).

The engineering economic analysis was done based on perspective
of the cost of reagents. The pH was adjusted using hydrochloric acid
and lightly-burned magnesium. The main component of lightly-burned
magnesium was MgO and a little amount of MgCO3 and Mg(OH)2 which
were not completely reacted. When adjusting the pH, the main reaction
formula was as follows (Equations (3)–(6)):

+ = +
+ +MgO H H O Mg2 2

2 (3)

+ = +
+ +Mg OH H H O Mg( ) 2 22 2

2 (4)

+ ⇌ +
+ − +MgCO H HCO Mg3 3

2 (5)

+ ⇌
− +HCO H H CO3 2 3 (6)

The Fenton reaction reagents used FeSO4·7H2O and H2O2 (30 wt%).
The cost of reagents was estimated according to the market price. The
standard for comparison was determined by removing cost of per unit
weight COD. Since the pure biological process does not require pH
adjustment and the addition of Fenton reaction reagents, the pure
biological process was considered to be free of reagents cost.

The Fenton reagent mass was calculated as COD (wt):H2O2 (wt)
=1:1, and H2O2 (mol): FeSO4 (mol) = 20:1. The result of the economic
analysis for the Biological-Fenton combined processes are presented in
Table 3.

The cost comparison was done using the reagents cost per kilogram
of COD, not the cost per ton of wastewater because the effluent of
different processes involved in this experiment could not reach the
same level. Economically, by comparing the costs of the reagents, it can
be vividly seen that the pure biological treatment process was the best
choice because it did not generate any cost for reagents. Therefore, the
reagents cost of the pure biological process is zero yuan per kilogram of
COD. However, pure biological experiments showed that there was no
significant reduction in COD concentrations. In contrast with the two
Biological-Fenton combined processes, the process whose Fenton
treatment was placed between the anaerobic and aerobic treatment

achieved a better performance (Table 3). This process’ COD removal
cost reached 10.64 yuan/kg COD with an improved COD removal ef-
ficiency. This is because the wastewater had undergone an anaerobic
treatment, which greatly reduced the COD content, resulting in the
drastic reduction in the demand for reagents in the Fenton reactor.
Meanwhile sodium acetate was sufficiently degraded by the micro-
organism in the anaerobic reactor. Therefore, the hydroxyl radical
generated in the Fenton reactor can adequately focus on oxidative de-
gradation of PDIs and enhance the efficiency of Fenton reactor. Thus,
the placement of the Fenton reactor immediately after the anaerobic
treatment led to an elevated effluent water quality.

After comparing which combined process is more economical and
effective, the importance of biological treatments for cost saving needs
to be demonstrated. When the dosing ratios are COD (wt):H2O2 (wt)
=1:1 and Fe2+ (mol):H2O2 (mol)=1:20, COD concentration decreased
from 4500 to 1784 (Fig. 3b). We assume that the amount of H2O2 is
proportional to the amount of COD removal efficiency. Therefore, if
only Fenton treatment is used to reduce sewage COD concentration to
500 mg/L, the reagent ratio required would be COD (wt):H2O2 (wt)
=1:1.66 and Fe2+ (mol):H2O2 (mol)=1:20. As a result, the pure
Fenton treatment requires more 15.5 yuan/t reagent costs than the
second combined process in Table 3 (UASB + Fenton + CASS). Actu-
ally, if the COD concentration needs to decreased to 500 mg/L, the
amount of H2O2 required is higher than that calculated by this method.
After that, we learned about the construction costs of UASB and CASS
reactors from relevant environmental protection companies. The daily
capacity is assumed to be 1000 m3, the HRT is calculated according to
the parameters adopted in section 3.2. The UASB's reactor construction
investment is around 1.68 million yuan, while CASS's reactor con-
struction investment is around 1.5 million yuan. So, it would only take
about 205 days that the saving in reagents costs would offset the in-
vestment in UASB and CASS. As a result, Fenton and biological treat-
ment are complementary. Biological treatments reduce the treatment
cost, while Fenton strengthens the effect of biological treatments.

3.4. Microbial community analysis

After the operation of reactors, the microbial communities of sludge
in each reactor were analyzed by high-throughput sequencing tech-
nology. The sludge sample in CASS and UASB reactors for the first
group of reactors was named as CASS 1# and AR 1# while those of the
second group of reactors was named as CASS 2# and AR 2#, respec-
tively for CASS and UASB reactors. As presented in Table 4, the aerobic
samples were more diverse than the anaerobic samples from the per-
spective of the Shannon index and the Simpson index. Comparing the
indexes of 4 samples, we found that the community richness of CASS 2#
and AR 1# reactors after Fenton tend to be lower than the corre-
sponding CASS 1# and AR 2#. This indicated that the Fenton reactor
converted most of the refractory organics into organics that could be
utilized by microorganisms. The number of microbial populations was
reduced, but the number of functional bacteria in the microbial com-
munity was increasing. So that the richness of the sample in reactor
immediately after Fenton treatment were lower than the corresponding
one in the other group. However, in the reactors not immediately fol-
lowing the Fenton treatment, microbial richness increased due to the
decrease of available organic matter in the water and the complex de-
gradation process.

The microbial community composition in the four reactors was
analyzed from the level of the phylum and the results of the analysis are
displayed in Fig. 4. The predominant phyla in the four reactors were
mainly Proteobacteria, Bacteroidetes, Euryarchaeota, and Firmicutes.
Among them, Proteobacteria was the most predominant phylum. The
relative abundance of Proteobacteria in CASS 1#, CASS 2#, AR 1# and
AR 2# samples were found to be 61.94, 75.75, 71.56 and 60.92%, re-
spectively. The relative abundance of Bacteroidetes in the CASS 1#,
CASS 2#, AR 1# and AR 2# samples were 14.68, 8.00, 4.55 and 5.45%,

Table 2
Comparison of COD and ammonia nitrogen concentration in each process.

Process sequence Influent (mg/L) Effluent (mg/L)

COD −
+NH N4 COD −

+NH N4

UASB + CASS 4000+ 85 1567.78 24.39
Fenton + UASB + CASS 824.86 40.60
UASB + Fenton + CASS 593.50 15.21
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respectively. The relative abundance of the Firmicutes in the CASS 1#,
CASS 2#, AR 1# and AR 2# samples were found to be 8.49, 2.04, 5.93
and 9.19%, respectively. Indeed, Proteobacteria, Bacteroidetes, and
Firmicutes could be widely detected in PAHs-rich petroleum con-
taminated soils (Koshlaf et al., 2019; Lee et al., 2018). By using PAHs
enrichment culture, it could be observed that some members contained
in these three phyla had good effect in degrading PAHs (Lee et al.,
2018). The relative abundance of Euryarchaeota in CASS 1#, CASS 2#,
AR 1# and AR 2# samples were 0.11, 0.03, 8.59 and 13.13%, respec-
tively. Euryarchaeota could be detected in soil contaminated by PAHs.
In contaminated soils, the relative abundance of Euryarchaeota corre-
lated closely with methane production from hydrocarbon consumption
(Zhang et al., 2012).

The predominant genera in the four reactors were further sum-
marized and analyzed by heatmap. It could be observed from Fig. 5 that
the predominant genera were different in the four reactors. Since the
inoculated sludge was the same and the processes of the four reactors
were different, we can infer that the microbial community structure had
changed during the treatment. Methanomethylovorans is a methylo-
trophic methanogenic archaeon (Zhao et al., 2019). Harner et al. and
Cheng et al. foundMethanomethylovorans in oil sands and in cold-rolling
emulsion wastewater treatment reactors, respectively (Cheng et al.,
2018; Harner et al., 2011). So Methanomethylovorans was believed to
play a certain role in degrading PAHs and methane production. Abo-
state et al. also enriched several naphthalene resistant strains by oil
wastewater and sludge, and according to 16s-rRNA identification re-
sults, the best degradation strain belonged to Bordetella (Abo-State
et al., 2018). Owing to the fact that the structure of perylene is a
benzene ring embedded in the middle of two naphthalene molecules,
which is similar to naphthalene's structure, Bordetella detected in the
current study was considered to play a significant role in the de-
gradation of perylene. Some members of Citrobacter and Pseudomonas
have been shown to have an effect on both high molecular weight and
low molecular weight PAHs degradation, and had the ability to repair

oil-contaminated soil (Kuppusamy et al., 2016). Meanwhile, under the
condition of free nitrite accumulation, Citrobacter would be stimulated
to promote hydrogen production and proliferation (Wang et al., 2018).
In the reactor where the AR 1# sample was located, there might be
increase in nitrite in the sewage after the Fenton treatment, so the
abundance of Citrobacter observed in AR 1# sample were slightly higher
than the AR 2# sample. And some members of Pseudomonas have strong
effect on the synthesis of biosurfactants(Pornsunthorntawee et al.,
2008; Saikia et al., 2012). In the reactor where the AR 1# sample was
located, the Pseudomonas might utilize the organics after Fenton reac-
tion to synthesize biosurfactants. Therefore, the abundance of Pseudo-
monas is higher.

In the aerobic reactor, Acinetobacter and Methylocapsa belonged to
the dominant genera. Previous studies had documented that
Acinetobacter had a good degradation effect on aromatic hydrocarbons
(Yavas and Icgen, 2018). And because Pseudomonas in anaerobic re-
actors can synthesize biosurfactants (Pornsunthorntawee et al., 2008;

Table 3
Economic analysis of biological-Fenton combined process.

Combined process Adding reagents Dosage
(kg/t)

Cost
(yuan/t)

COD removal
(kg/t)

Removal cost
(Yuan/kg COD)

Fenton + UASB + CASS MgO* 13 15.6 3.68 16.40
FeSO4·7H2O 1.83 0.24
H2O2（30%） 15 42.03
HCl 5 2.5
Sum / 60.37

UASB + Fenton + CASS MgO* 13 15.6 3.91 10.64
FeSO4·7H2O 1.02 0.14
H2O2（30%） 8.33 23.35
HCl 5 2.5
Sum / 41.59

*=Lightly-burned magnesia, /=Not necessary.

Table 4
Alpha diversity index of microbial samples.

Sample aSobs bShannon bSimpson cAce cChao dCoverage

CASS 1# 631 4.163 ± 0.020 0.0462 ± 0.0012 687.48 ± 34.41 702.30 ± 55.21 0.9982
CASS 2# 534 4.040 ± 0.031 0.0707 ± 0.0030 592.25 ± 36.66 607.89 ± 58.67 0.9973
AR 1# 503 3.361 ± 0.025 0.0832 ± 0.0017 584.44 ± 45.45 579.90 ± 55.83 0.9977
AR 2# 551 3.409 ± 0.023 0.0779 ± 0.0013 607.84 ± 34.85 598.96 ± 38.73 0.9988

Note.
a The Sobs index refers to the number of OTUs detected in the sample.
b The Shannon and the Simpson are indexes that characterize community diversity, and the higher Shannon index or the lower Simpson index represent the higher

community diversity of the sample.
c The Chao index and Ace are indexes that estimate the number of OTUs in the community.
d Coverage is an index that characterizes the reliability of the sequencing results. The higher the value, the lower the probability that the sequence in the sample is

not detected.

Fig. 4. Relative abundance of four samples' bacteria community composition at
phylum level (relative abundance considered over 1%).
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Saikia et al., 2012), the Acinetobacter might play a role in degrading
surfactants (Liu et al., 2018). Previous studies also indicated that some
members of Acinetobacter have the ability to convert −

+NH N4 into ni-
trogen under aerobic conditions (Zhao et al., 2010). Therefore, it was
speculated that the increase in the abundance of Acinetobacter is as a
result of the higher −

+NH N4 and some amphipathic substance present in
the influent. In the CASS 2# reactor, Methylocapsa was the dominant
genus. Methylocapsa is a methylotrophic genus that can use methane
and methanol as a carbon source, but some studies had shown that
Methylocapsa could use C–C bonds as electron donors under aerobic
conditions (Dedysh and Dunfield, 2011). It is believed that after the
Fenton reaction, smaller molecules which are convenient for Methylo-
capsa utilization are produced. Therefore, Methylocapsa has an en-
ormous potential for further treatment of Fenton's reaction effluent and
degradation of PAHs.

4. Conclusions

This experimental treatment gave information that the pure biolo-
gical processes had a relatively poor COD removal efficiency (60%) of
perylene containing wastewater treatment, which needs to be
strengthened by the Fenton process. The Fenton process employed in
this study involved two configurations. Comparing the experimental
results from these two configurations, we figure out that when Fenton
reactor was placed after the anaerobic biological process, the co-sub-
strate system of anaerobic biological process played a significant role on
the aerobic biodegradation which requires the AOP that generate hy-
droxyl radical that strongly oxidized the anaerobic effluent and gave
better treatment effect for aerobic reactor. Thus, when the Fenton

reactor was placed between the biological reactors, the whole process
substantially improved bringing about an 85% RECOD. More im-
portantly, referring to the RECOD of the reactors immediately after the
Fenton process in both configurations, it was observed that the reaction
of microorganism degrading organics was improved. For example,
when Fenton reaction is immediately connected to the aerobic reactor,
the RECOD of the aerobic reactor is 65.24%, the RECOD of the other
combined process’ aerobic reactor is 15.02%. From the microbial point
of view, the OTUs in the community was fewer in the reactors directly
after Fenton reaction in the two configurations, and the dominant
bacteria accounted for a relatively high proportion. Moreover, the re-
sult of economic analysis showed that the combined process where
Fenton process placed between the anaerobic and aerobic biological
processes has a better economic performance with a fairly inexpensive
reagent cost of 10.64 yuan per kilogram COD. Overall, based on these
experimental findings, we could deduce that if the Fenton reactor is
placed after the anaerobic reactor, the combined process could be
employed as an economical and efficient means for the treatment of
perylene pigment wastewater.
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