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ABSTRACT

In this work, the occurrence and removal of polycyclic aromatic hydrocarbons (PAHs) were
investigated in a combination process of anoxic baffled reactor (ABR)-hybrid coagulation/
membrane bioreactor (HCMBR) for real textile dyeing wastewater treatment. It was
found that the target compounds except for the chrysene, benzo(b)fluoranthene,
dibenzo(a,h)anthracene, and benzo(g,hi)perylene occurred widely in raw textile dyeing
wastewater, treated effluent and sludge samples. In the raw wastewater, two-ring naph-
thalene was the dominant compound, while three-ring PAHs predominated in the final
effluent. The dominant compounds in the raw sludge samples were phenanthrene, while
they were pyrene and indeno(1,2,3-cd)pyrene for final discharge sludge. The combination
process achieved over 88% removal for all the PAHs. Low molecular weight (LMW) PAHs
might be mainly removed by volatilization, adsorption, and sedimentation in the ABR treat-
ment unit. High molecular weight (HMW) PAHs might be mainly removed by adsorption
and sedimentation processes after coagulation and solid–liquid separation in the HCMBR
treatment unit. The final discharge of treated textile dyeing wastewater and sludge was
biologically safe based on the toxicity evaluation test.

Keywords: Polycyclic aromatic hydrocarbons; Textile dyeing wastewater; Anoxic-hybrid
coagulation/membrane technology; Removal mechanism

1. Introduction

Textile dyeing is an important economic pillar
industry in China, which uses a complicated process
involving washing, scouring, bleaching, dyeing, and
finishing process. These processes produced large
quantities of highly toxic, low biodegradable, colored

wastewater [1,2]. This type of wastewater is difficult
to treat due to the high content of contaminants, such
as dyes, their breakdown products (aromatic amines,
benzidine, naphthalene, etc.), surfactants, solvents,
and recalcitrant compounds [3]. These contaminants
are also likely to accumulate in sewage sludge.
Among these pollutants, polycyclic aromatic hydrocar-
bons (PAHs) as priority pollutants should be paid
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more attention due to large amounts of PAHs existing
in dyes and textile dyeing sludge [4].

In recent years, the occurrence, behavior, and
removal of PAHs in wastewater treatment plant
(WWTP) have been paid much attention due to their
high toxicities, such as carcinogenicity, mutagenicity,
and allergic diseases [5,6]. The removal efficiencies
and potential mechanisms of PAHs during biological
treatment processes have been well investigated in
previous studies [4,5,7,8]. The removal of low molecu-
lar weight (LMW) PAHs (two–three rings) was higher
than high molecular weight (HMW) PAHs (four–six
rings). The removal of LMW-PAHs might be due to
volatilization or/and biodegradation, and HMW-
PAHs mainly by adsorption [5]. However, so far, there
are few investigations on the fate of PAHs in real tex-
tile dyeing wastewater treatment. Moreover, the
removal of PAHs in real textile dyeing wastewater by
hybrid coagulation/membrane technology has also
never been reported. In a previous study [1], the high
removal efficiency (92%) of colored compounds from
dyeing wastewater using the combined process of
anoxic baffled reactor (ABR)-biological contact oxida-
tion was investigated. Also, the removal of organic
compounds, such as halogenated alkanes, phenols,
organic acid, and alcohols from real textile dyeing
wastewater was determined [9,10]. To date, the occur-
rence and removal of PAHs have not been investi-
gated, even though the textile dyeing wastewater has
seriously polluted the nature’s water environment. In
addition, the toxicity and risk assessments of PAHs in
the textile dyeing wastewater and sludge were very
limited.

The aim of this work was to investigate the occur-
rence and removal of PAHs in a combination process
of ABR-hybrid coagulation/membrane bioreactor
(HCMBR) for real textile dyeing wastewater treatment.
The concentrations of the individual PAH were deter-
mined in the raw wastewater, ABR effluent, HCMBR
effluent, raw sludge, ABR sludge, and HCMBR
sludge. The removal capacities of PAHs were assessed
in the ABR-HCMBR combination, and the toxicity and
risk assessments of PAHs in the textile dyeing
wastewater and sludge were also discussed.

2. Materials and methods

2.1. Pilot plants and operating conditions

A pilot-scale experimental installation was used for
this study. The system consisted of an anoxic bioreac-
tor and aerobic membrane bioreactor (Fig. 1). The
anoxic bioreactor was an ABR as a hydrolysis process
pretreatment [1,10]. The aerobic membrane bioreactor

was hybrid coagulation membrane bioreactor
(HCMBR) [9]. In this study, both the influent textile
dyeing wastewater and seed sludge were taken from a
WWTP located in the Changshu, PR China. The capac-
ity of treatment plant was 10,000 m3 per day of highly
colored textile dyeing wastewater, which was com-
posed of 93% textile dyeing wastewater, 6% chemical
fiber industrial wastewater, and 1% domestic sewage.
The main component of textile dyeing wastewater was
from the production process of dyeing, printing, and
terylene fiber printing and dyeing.

The effective volume of ABR and HCMBR were
the same. Each one was about 1.67 m3. The hydraulic
retention times of combination process was 16 h in
steady treatment phase. Polyvinylidene fluoride
(PVDF) membrane (Tianjin Motian Membrane Engi-
neering and Technology Co., Ltd, Tianjin, PR China)
was set up and submerged in the HCMBR system. A
nominal pore size was 0.2 μm and an effective filtra-
tion area was 25 m2. During the experiment, the suit-
able dosage and dosing interval were once per day at
the dosage of 40 mg Al per L of amount of mixed
liquor into the HCMBR system according to an early
study [9].

2.2. Sample collection and analytical procedure

Water and sludge samples (W1, W2, W3, S1, S2,
S3) were collected from the effluent of each unit of the
combination treatment process, as signed in Fig. 1.
After back to the laboratory, all samples were cen-
trifuged for the separation of the water phase and
solid phase. Wastewater samples were filtered through
glass microfiber filters (Waterman GF/F 47-mm diam-
eter, 0.7-μm pore size) and extracted within 2 d for
PAH analysis. The sludge samples were dried in a
vacuum freeze dryer (FD-1B-50, Boyikang, Beijing,
China) and stored at −20˚C until analysis.

2.3. Extraction and determination of PAHs in samples

PAHs in water and sludge samples were extracted
according to the procedure described in the previous
studies [11–15]. A brief description of the method was
listed below. To extract PAHs in water samples, ali-
quots of the samples (100 mL) was sonicated with
100 mL dichloromethane in an ultrasonic bath for
60 min. The extraction mixture was allowed to stand
still for 30 min to completely separate the dichloro-
methane and water. Organic phases were dehydrated
by percolation through Na2SO4 anhydride, concen-
trated by rotary evaporation, and solvent-exchanged
into acetonitrile (1 mL). The supernatant liquid was
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filtered through 0.22-μm filter units and analysis.
PAHs in sludge samples were extracted with acceler-
ated solvent extraction (ASE, Dionex ASE 300) with
acetone/dichloromethane solvent (1:1, v/v). The
extracts were cleaned up via silica gel/alumina col-
umn, and PAHs fraction was obtained by elution with
70 mL of a mixture of hexane/dichloromethane (7:3,
v/v). The samples were then analyzed with a high-
performance liquid chromatography (HPLC) (Agilent
1,200, USA) fitted with a 4.6 × 150-mm reverse phase
C18 column using 8:2 acetonitrile:water (v:v) as the
mobile phase at a flow rate of 1 mL min−1 at 30˚C. The
HPLC analysis was conducted with UV detection and
fluorescence detector. The detection wavelength was
254 nm for UV detector, while the excitation and emis-
sion wavelengths were changed according to a time
program for fluorescence detector. The excitation
wavelength was 260 and 290 nm. The emission wave-
length was 380 and 410 nm. All data were subject to
strict quality control procedures. Quantification was
performed using a calibration curve established using
hexane-based internal standard for each individual
PAH. Calibration plots had satisfactory linear regres-
sion coefficients with R2 values greater than 0.99. The
PAH recoveries were determined by adding the
known concentration of standards solutions containing
16 priority PAH compounds. Recovery ranged from
62.3 ± 5.6% to 102.6 ± 6.2% for the 16 PAHs. The
recoveries obtained in the study correspond to data
observed in other studies for complex organic
matrixes [16,17]. The detection limits were 0.1–
5.0 μg kg−1 for sludge samples and 0.5–3.0 ng L−1 for
water samples.

The removal efficiency (RE %) of PAHs in wastew-
ater and sludge during the treatment process was
determined by the next Eq. (1):

RE % ¼ ðCin � CoutÞ=Cin � 100 (1)

where Cin is the concentration in the influent, Cout is
the concentration in the effluent of an individual treat-
ment or the whole treatment process.

2.4. Toxicity assessment of wastewater and sludge

The toxicity test of dyeing wastewater was per-
formed by Microtox® bioassay (Model toxicity ana-
lyzer DXY-2, Institute of soil science, Chinese
Academy of Sciences, Nanjing, China) following the
basic protocol [18,19]. The toxic effects were measured
as a percent inhibition of the bioluminescent bac-
terium Photobacterium phosphoreum T3. The lumines-
cence inhibition after 15-min exposure was taken as
endpoint. In the Microtox® test, the inhibition of the
light emission for each sample dilution was measured
in relative units of luminescence. The obtained value
was used to determine the EC50, which was the med-
ian sample concentration that caused a 50% reduction
in bacteria bioluminescence. The relative units of bac-
teria bioluminescence was 50% when the control con-
centration of toxic HgCl2 was 0.10 mg L−1.

The wastewater samples from raw wastewater
(W1), effluent of ABR (W2), and effluent of HCMBR
(W3) were determined by performing the toxicity test.
Every sample was measured in triplicate.

Fig. 1. The textile dyeing wastewater treatment progress with sampling sites. W1: raw wastewater; W2: effluent of ABR;
W3: effluent of HCMBR; S1: primary sludge, sludge from the wastewater tank; S2: sludge from ABR; S3: Sludge from
HCMBR.
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3. Results and discussion

3.1. Concentrations of PAHs in dyeing wastewater and
sludge

The contents of the 16 PAHs monitored in the
dyeing wastewater and sludge samples are shown in
Table 1. As shown in Table 1, the total concentration
of PAHs input to the system was 755.7 ng L−1, which
was equal to the influent of WWTPs in other cities of
the world except coking wastewater (Table 2). The
influent of total PAHs concentration of textile dyeing
WWTP were markedly lower than the influent of cok-
ing WWTP due to containing significant amounts of
PAHs [20,21]. The most abundant PAHs in the raw
wastewater were the two-ring napthalene and three-
ring phenanthrene with concentrations of 420.1 and
172 ng L−1, respectively. After ABR treatment, the
contents of individual PAH except acenaphthene,
anthracene, and pyrene in W2 decreased. As shown
in Table 1, the concentration of total PAHs in W2
was 266.9 ng L−1, and the dominant compounds were
also napthalene and phenanthrene. The effluent con-
centrations of total PAHs in W3 achieved a low level
with concentrations of 20.6 ng L−1, and the dominant
compounds were phenanthrene and anthracene,
which could be attributed to phenanthrene and
anthracene as components of synthetic dyes being the
most dominant components in the wastewater of tex-
tile dyeing plants [4]. Furthermore, Table 1 showed a
continuous decreasing trend in PAH concentrations
of dyeing wastewater from 755.7 ng L−1 in the pri-
mary effluent to 20.6 ng L−1 in the final effluent. In
addition, the contribution of two-ring PAHs
decreased, while three-ring PAHs increased after the

Table 2
Concentrations of PAHs in the influent and effluent of other wastewater treatment plants (WWTPs)

Sampling date/site Country

PAH (ng L−1) concentrations

Refs.Influent Effluent

Five municipal WWTPs Italian 320–1,540 <50–<195 [7]
November, Catalonia WWTP Spain 1,990, 2,510 NAa [30]
Oct. 2005–Sept. 2006, Hiroshima Japan 219 ± 210 43.5 ± 42.5 [31]
May, Tai’an City WWTP China 1,147.5 129.2 [6]
November, Tai’an City WWTP 1,156.9 261.1
Summer, Beijing WWTP China 372 ± 56.5 182 ± 9.35 [5]
Winter, Beijing WWTP 749 ± 69.9 241 ± 44.8
Shaoguan coking WWTP China 5,470,000 4,700 [32]
October, Shaoguan coking WWTP China 862,000 21,300 [20]
Coking WWTP by ultrafiltration technique Poland 44,800–53,500 8,900–19,300 [21]
Summer, Changshu textile dyeing WWTP China 755.7 20.6 This study

aNA: not available.

Fig. 2. (A) Distribution percentage of 2-,3-,4-, and 5-rings
PAHs (%) in each sample; and (B) PAHs liquid–solid
partitioning over the treatment stages in the dyeing
wastewater.
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combination system treatment. The results indicated
the composition of PAHs showed change to some
degree during the treatment process. In this study,
over 88% removal of PAHs was achieved by the
ABR-HCMBR combination.

As strong hydrophobicity, PAHs are poorly water-
soluble and tend to be adsorbed onto the activated
sludge produced in this system. Thus, sludge would
have a higher content of these compounds. The con-
centrations of total PAHs in the sewage sludge (S1)
were 130 μg kg−1, and the dominant compounds were
naphthalene fraction accounting for 14.2% of total
PAHs and phenanthrene fraction accounting for 64%.
Compared with the S1, the concentrations of total
PAHs in the sludge (S2) and the sludge (S3) increased
by 4 and 10 times, respectively (Table 1). In the sludge
(S2) and the sludge (S3), the dominant compounds
were phenanthrene and pyrene. The concentrations of
HMW-PAHs such as four-ring pyrene in the final dis-
charge sludge (S3) increased significantly (p < 0.05)
than in the S1 and S2. These results demonstrated that
four-ring PAHs tend to enrich in the final discharge
sludge (Fig. 2(A)). However, the chrysene, benzo(b)flu-
oranthene, dibenzo(a,h)anthracene, and benzo(g,hi)per-
ylene were not detected in the textile dyeing
wastewater and sludge during the experiment.

The total mass flows of PAHs along the biological
treatment process were calculated (Table 1) to under-
stand the removal mechanisms of the target com-
pounds in each treatment unit. The final mass fraction
of the effluent (W3) to the total initial loadings (100%)
was 0.8%, and the final mass fraction of excess sludge
(S2 and S3) to the total initial loadings was 84.9%.
Residual fraction of PAHs was mainly from volatile

organic compounds loss and high-level water tank
(Fig. 1) detained loss.

3.2. Removal of PAHs during the dyeing wastewater
treatment process

The PAHs removal efficiencies of ABR, HCMBR,
and total treatment processes were shown in Table 3.
The removal efficiencies of individual PAH showed
significant differences, which might be associated with
their physical and chemical properties [6,7]. As
hydrophobic compounds with a log Kow of 3.37–7.0
(Table 3), PAHs tend to be adsorbed onto the solids
present in the treatment system. As Fig. 2(B) shows,
the Kp value of the PAH is expressed as a functional
of the compound octanol-water partitioning coefficient
Kow (log Kp = 0.58 log Kow + 1.14) [7] for sorption to
solids in wastewater. The higher the Kp value of the
PAH indicated the higher the solid bound fraction in
the raw wastewater (W1) as shown in Fig. 2(B). How-
ever, the effluent of ABR (W2) and final effluent of
HCMBR (W3) did not follow this distribution law,
which suggested that the partitioning between aque-
ous and solid phases was affected by operational fac-
tors such as multiple mixed flows in ABR, velocity of
flow, stirring, air stripping, and temperature [20].
Lower temperature might enhance the adsorption
resulting in a higher removal of HMW-PAHs [5]. In
addition, the content of organic matter in the activated
sludge may also influence the adsorption of PAHs.

The removal of two-ring (except for volatile PAHs)
and three-ring PAHs observed in the wastewater were
mainly in the ABR treatment process. The fractions of
LMW-PAHs losses observed in the ABR were

Table 3
Removal efficiencies of PAHs in the wastewater in the ABR, HCMBR, and total treatment processes

Compounds log Kow
a [33] ABR (%) HCMBR (%) Total (%)

Naphthalene 3.37 84.5 99.1 99.9
Acenaphthene 3.92 NAb 97.5 95.3
Fluorene 4.18 87.9 100.0 100.0
Acenaphthylene 4.07 81.0 100.0 100.0
Phenanthrene 4.46 53.0 88.5 94.6
Anthracene 4.54 NA 68.3 NA
Fluoranthene 5.22 77.8 100.0 100.0
Pyrene 5.18 NA 97.1 96.8
Benzo(a)anthracene 5.91 7.9 100.0 100.0
Benzo(k)fluoranthene 6 29.3 83.7 88.5
Benzo(a)pyrene 6.04 7.3 100.0 100.0
Indeno(1,2,3-cd)pyrene 7 21.5 100.0 100.0

aRef. [33].
bNA: not available.
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53.0–87.9%, suggesting that the phase-split anoxic con-
dition in the ABR [1] favored the LMW-PAHs metabo-
lism and gravitational sedimentation. These results
agree with those of other studies [8,20], in which
adsorption to sludge and transformation was the main
pathway for the removal of these PAHs. PAHs are
adsorbed to sludge that are already well separated by
the conventional gravitational sedimentation, in which
PAH removal ranged from 28 to 67% by sedimenta-
tion [22–24]. Nevertheless, napthalene was mainly
volatilized in the ABR due to the amount of water tur-
bulence. However, the removal of HMW-PAHs
depended on coagulation and solid–liquid separation
mechanisms in HCMBR. The elimination of PAHs in
the coagulation stage was attributed to the addition of
the coagulants such as poly-aluminum chloride
[23,25], the complex formation by polymer flocculants
and the enhanced removal of PAHs by the particles.
Coagulation method was proved to be an effective
approach to flocculate the PAHs complex into large
flocs, which tended to be removed from the aqueous
solution [26,27]. Additionally, this modification of
sludge properties due to coagulation, shear stress, and
membrane retention might modify particulate and col-
loidal matters, and then could modify transport and
partitioning phenomena [8]. In the HCMBR, the
filtration step may have played a significant role in
HMW-PAHs removal. The decrease in compounds
concentration may be related to the decrease in efflu-
ent chemical oxygen demand (COD) as a result of
membrane filtration as previous studies reported
[9,10]. Individual PAH show a decrease of more than
68% through the HCMBR. The high removal for the
most volatile compounds in HCMBR could be
explained by the aeration of the membrane module

playing a significant role in this HCMBR. For the most
hydrophobic molecules with the least volatile, the
removal in the HCMBR units was probable that PAHs
sorption on dissolved or colloidal matter, as well as
organic deposit on the membrane and form a fouling
layer [28]. PAHs removal from the final effluent
would be enhanced by advanced solid–liquid separa-
tion mechanisms in the HCMBR. HMW-PAHs were
more difficult removals than the LMW-PAHs from the
biological treatment system due to the different
removal mechanisms that the HMW-PAHs were prone
to absorbed on the sludge [5]. These results confirm
that volatilization, coagulation, and sorption play a
significant role in PAHs removal in the HCMBR.

3.3. Toxicity assessment of wastewater and sludge

The toxicity of the textile dyeing wastewater in dif-
ferent treatment units was shown in Fig. 3. According
to toxicity assessment methods in previous studies
[18,19], the toxicity of raw wastewater (W1) was in
heavy level (EC50 0.62 mg l−1) due to the textile dyeing
wastewater containing lots of toxic compounds [9]
and strong carcinogenic potency of HMW-PAHs, such
as benzo(a)pyrene. After hydrolysis process of ABR,
the decolorization and mineralization of dye in
wastewater [10] resulted in an increased toxicity (EC50

0.06 mg l−1). The treated final effluent after HCMBR
treatment showed slight toxicity toward the biolumi-
nescent bacterium P. phosphoreum T3 (EC50

0.056 mg l−1). Although most of organic pollutants
including lots of toxic pollutants were removed from
the wastewater after the HCMBR treatment processes,
there were still a certain number of toxic pollutants

Fig. 3. The toxicity of the textile dyeing wastewater in dif-
ferent sampling sites.

Table 4
Comparison of PAHs concentrations in the textile dyeing
sludge with ERL and ERM guideline values (μg kg−1)

Compounds

This study

ERLa ERMbS1 S2 S3

Naphthalene 18.4 10.6 2.3 160 2,100
Phenanthrene 83.2 203.1 402.3 240 1,500
Pyrene 10.3 107.8 304.2 665 2,600
Benzo(a)pyrene NDc ND 57.3 430 1,600
LMW-PAHs 119.7 411.2 606.1 552 3,160
HMW-PAHs 10.3 24.8 414.5 1,700 9,600
ΣPAHs 130.0 543.8 1,324.8 4,022 44,792

aERL: effects range-low.
bERM: effects range-median; data cited in Ref. [29].
cND: not detected, below the detection limit. S1: primary sludge,

sludge from the wastewater tank; S2: sludge from ABR; S3: sludge

from HCMBR.
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present in the final effluent (Table 1) after HCMBR
treatment.

Two effects-based guideline values, i.e. the effects
range-low (ERL) and the effects range-median (ERM),
are widely used to assess the ecological risk caused by
PAHs in aquatic environment [4,29]. PAHs concentra-
tions less than the ERL show that an adverse biologi-
cal effect is rare; PAHs concentrations exceeding the
ERM indicate that adverse effect would occur fre-
quently, while PAHs concentrations between the ERL
and ERM suggest that there will be an occasional
adverse effect. The determined contents of individual
PAH, LMW-PAHs, HMW-PAHs, and total PAHs com-
pounds in this study were compared with ERL and
ERM values (Table 4). The relatively low PAHs con-
centrations were observed in the sludge S1 and sludge
S2, which were below the ERL. In sludge S3, only
phenanthrene and LMW-PAHs concentrations were
between at the ERL values and at the ERM values
where adverse biological effects might occasionally
occur. Toxicity assay suggested that treated textile
dyeing wastewater and sludge by the ABR-HCMBR
combination technology was biologically safe for dis-
charge in this study. In any case, monitoring of toxic-
ity is crucial and should always be used to assess the
success of a treatment strategy.

4. Conclusions

This study investigated the occurrence and
removal mechanisms of PAHs in real textile dyeing
wastewater by the ABR-HCMBR combination treat-
ment. PAHs compounds all existed in the textile dye-
ing wastewater and sludge except for the chrysene,
benzo(b)fluoranthene, dibenzo(a,h)anthracene and
benzo(g,hi)perylene. In the raw wastewater and raw
sludge, naphthalene and phenanthrene were the pre-
dominant PAHs. Although the composition of PAHs
in the final effluent showed gentle change, the four-
ring PAHs were significantly dominant in the final
discharge sludge after the combination treatment.
PAHs were efficiently eliminated from wastewater
during treatment via the ABR-HCMBR combination
technology (88.5–100%).

LMW-PAHs (two–three rings) might be mainly
removed by volatilization, adsorption, and sedimenta-
tion in the ABR treatment unit. HMW-PAHs (four–six
rings) might be mainly removed by adsorption, sedi-
mentation processes after coagulation and solid–liquid
separation in the HCMBR treatment unit. Hence, this
work improves our understanding of the fate of
hazardous substances PAHs in textile dyeing wastew-
ater by the ABR-HCMBR technology treatment and
provides important information for the choice of the

combination technology in industrial wastewater
treatment.
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