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Sewage discharge could be a major source of polycyclic aromatic hydrocarbons (PAHs) in the
coastal waters. Stonecutters Island and Shatin Sewage Treatment Works (SCISTW and STSTW)
in Hong Kong, adopted chemically enhanced primary treatment and biological treatment,
respectively. This study aimed at (1) determining the removal efficiencies of PAHs, (2) comparing
the capabilities in removing PAHs, and (3) characterizing the profile of each individual PAHs, in
the two sewage treatment plants (STPs). Quantification of 16 PAHs was conducted by a Gas
Chromatography. The concentrations of total PAHs decreased gradually along the treatment
processes (from 301 ± 255 and 307 ± 217 ng/L to 14.9 ± 12.1 and 63.3 ± 54.1 ng/L in STSTW and
SCISTW, respectively). It was noted that STSTW was more capable in removing total PAHs than
SCISTW with average total removal efficiency 94.4% ± 4.12% vs. 79.2% ± 7.48% (p < 0.05). The
removal of PAHs was probably due to sorption in particular matter, confirmed by the higher
distribution coefficient of individual and total PAHs in solid samples (dewatered sludge contained
92.5% and 74.7% of total PAHs in SCISTW and STSTW, respectively) than liquid samples (final
effluent-total contained 7.53% and 25.3% of total PAHs in STSTW and SCISTW, respectively).
Despite the impressive capability of STSTW and SCISTW in removing PAHs, there was still a
considerable amount of total PAHs (1.85 and 39.3 kg/year, respectively for the two STPs) being
discharged into Hong Kong coastal waters, which would be an environmental concern.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
organic pollutants consisting of two or more aromatic rings
fused together in a molecule. They are produced from
incomplete combustion of organic substances through natu-
ral as well as anthropogenic sources (Kim et al., 2013). The
anthropogenic PAHs are mainly released into the environ-
ment through incomplete combustion of fossil fuels, burning
coke and discharge of petroleum-related materials (Pham and
Proulx, 1997). They are toxic, carcinogenic, and mutagenic
(ATSDR, 1995). The US Environmental Protection Agency (EPA)
has classified 16 PAHs as priority pollutants and their levels in
effluents need extensive control and monitoring (Keith and
Telliard, 1979; Roger, 1996; Blanchard et al., 2004). Among all
PAHs, the US EPA identified seven PAH compounds as
probable human carcinogens (Group B2), including
benz[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene,
benzo[k]fluoranthene, chrysene, dibenz[a,h]anthracene, and
indeno[1,2,3-cd]-pyrene (ATSDR, 1995). The International
Agency for Research on Cancer (IARC, 2010) has further
indicated that benzo[a]pyrene as Group 1 carcinogen, based
on sufficient evidence in humans and sufficient evidence in
animals and strong mechanistic data in humans.

The PAHs have acute effects on both terrestrial environ-
ment and aquatic environment (Douben, 2003). Our early
study reported that PAHs could be bioaccumulated within fish
muscle (Nile tilapia) (186 ± 33.9 ng/g dw, body weight: 181 ±
35.9 g and N = 17) in Mai Po Mashes, Hong Kong (the most
important site for biological conservation in South China),
which may be biomagnified in food chains, imposing adverse
effects on local and migratory birds and even human beings
(Liang et al., 2007).

Effluents of municipal sewage treatment plants (STPs)
could be a significant source of PAHs contamination (Peng
et al., 2009; Song et al., 2006). In fact, PAHs have been included
in the list of organic contaminants (Directive 2006/11/CE),
for monitoring sewage discharge from STPs (European
Parliament and The Council, 2006). The levels commonly
found PAHs in wastewater could be up to ppb level (μg/L)
(Céspedes et al., 2005; Porte et al., 2006; Fatone et al., 2011),
which could impose toxic effects, neurotoxicity and endocrine
disruption in marine organisms at the ecosystem level
(Chapman, 2004; Tiffany-Castiglioni et al., 2006).

Most PAHs are generally hydrophobic with high boiling and
melting points, and possess low water solubility (Haritash and
Kaushik, 2009). The solubility of PAHs decreases when more
aromatic rings fused in amolecule (Fatone et al., 2011). Therefore,
smaller PAH molecules tend to have smaller log octanol–water
partition coefficient Kow and log partitioning coefficient Kp

between solid and liquid phases (ATSDR, 1995). Because of the
low solubility, high hydrophobicity and biodegradation resis-
tant properties of PAHs, they are adsorbed onto the solid
particle and could be removed from wastewaters by activated
sludge treatment (Roger, 1996). Therefore, considerably high
concentrations of PAHs were found in sludge from STPs ranged
from 0.0610 to 6.60 mg/kg in Guangzhou, China (Cai et al., 2007).

It has been noted that the removal efficiency of PAHs in
STPs decreased with molecular sizes (Wang et al., 2013).
Although part of the highly hydrophobic PAHs could be
removed by sedimentation of suspended solids, the remain-
ing less hydrophobic compounds might not be completely
removed and thus released to receiving bodies (Peng et al.,
2009), and subsequently affect the drinking water quality
(Rayne and Ikonomou, 2005). Therefore, it is necessary to
determine the source, occurrence and fate of PAHs input into
STPs, in order tominimize the release of this toxic pollutant to
aquatic environment.

The Pearl River Delta (PRD), located in southern China, has
become a key developing region with high levels of urbaniza-
tion and industrialization, releasing different toxic organic
pollutants (including PAHs) into the environment. Concentra-
tions of PAHs found in dry sludge collected from Guangdong
Province near PRD, China varied from 2534 to 6927 μg/kg (Zeng
et al., 2010). Hong Kong, located near to the estuary of PRD, is
also exposing to serious water pollution through different
human activities. In Hong Kong, the majority of sewage
goes through either chemically enhanced primary treatment
(CEPT) or secondary treatment (plain primary settling and
biological treatment) (DSD, 2013). The removal of PAHs in STPs
could be largely related to the sorption onto particulatematter
(Fatone et al., 2011). Two STPs in Hong Kong were chosen
for this study: Stonecutters Island Sewage Treatment Works
(SCISTW) uses CEPT process and Shatin Sewage Treatment
Works (STSTW) adopts biological treatment in the secondary
stage (DSD, 2009a, 2009b).

A number of previous research studies have reported the
occurrence and source of PAHs in municipal wastewater in
different countries including China (Song et al., 2006; Wang
et al., 2013). However, there is still insufficient information
regarding the removal efficiency and release of PAHs in the
STPs in Hong Kong. Moreover, several studies only focus on
the concentrations of PAHs in particular phase of STPs
such as sludge (Sánchez-Avila et al., 2009; Zeng et al., 2010;
Zhang et al., 2012). There are limited studies that have
comprehensive evaluation on the fate of PAHs in different
stages of STPs.

Therefore, we hypothesized that the two STPs have
different removal efficiencies of PAHs and different sewage
samples: influent including liquid portion and particulate
matter, effluent including liquid, particulate matter and
sludge may have different profiles of PAHs. More specifically,
the objectives of this study were to (1) determine the removal
efficiencies of PAHs in the two major STPs, (2) compare the
capabilities of the two STPs in removing PAHs, and (3)
characterize the profile of each individual PAHs by evaluating
their percentages in the total PAHs in the two STPs.
1. Materials and methods

1.1. The two STPs

SCISTW was built on a reclaimed land, having an area of 10 ha
which treats sewage derived from seven preliminary treatment
works from urban areas of Kowloon and Northeast Hong Kong
Island in Hong Kong. It is capable to treat 1.7 million m3 of
sewage per day, aiming at serving a population of 3.5million by
the year 2021. Currently, it treats an average of 1.4 million m3 of
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sewage per day. CEPT was adapted in SCISTW. During the
process of CEPT, ferric chloride and polymer are added to the
sewage to aid the particular matter to form flocs and settle
down to the bottom layer of the CEPT (DSD, 2009a, 2009b).
STSTW is the largest secondary STP in Hong Kong, with an area
of 28 ha which treats sewage derived from Sha Tin and Ma On
Shan Districts. It can treat 0.34 million m3 of sewage per day,
serving a population of 0.6 million. The current capacity is an
average of 0.25 million m3 of sewage per day. Plain primary
settling and Secondary (Biological) Treatment were used in
STSTW. During the secondary treatment, air is pumped to
provide oxygen for the growth of microorganisms which will
break down organic pollutants in the sewage (DSD, 2009a,
2009b).

1.2. STPs operation data

The operation data of SCISTW and STSTW (Appendix A Table
S1) were provided by the Drainage Services Department, the
Government of the Hong Kong SAR, for material flow
analysis. The data included average daily sewage flow in m3

per day, average daily cake produced in kg/day, total solids
(TS) g/L in cake, total suspended solids (TSS) g/L in crude
sewage, TSS g/L in primary effluent, and TSS g/L in final
effluent.

1.3. Sample collections

Samples were taken once a week during the 5 weeks between
November, 2011 and February, 2012. In SCISTW, samples were
collected from 3 sampling points: (1) crude sewage was taken
before treatment with CEPT; (2) final effluent was taken before
chlorination; and (3) dewatered sludge was collected from the
sludge treatment facility after dewatering from centrifuges. In
STSTW, samples were collected from 5 sampling points:
(1) crude sewage was taken before the primary treatment;
(2) primary effluent was taken at the outlet of the primary
sedimentation tank; (3) final effluent, was taken at the effluent
pump before ultraviolet (UV) disinfection; (4) dewatered sludge
cake was taken from the sludge treatment facility after
centrifuge dewatering from 3 skips; and (5) mixed liquor as
activated sludge was collected from the bioreactors. All the
samples mentioned above were taken as a composite sample
formed from amixture of 5 individual subsamples. Wastewater
samples (crude sewage, primary effluent and final effluent)
were collected in pre-cleaned, solvent rinsed, amber glass
bottles with Teflon caps, whereas dried sludge samples were
wrappedwith prebaked aluminum foil at 450°C and collected in
polypropylene plastic bags. All samples were kept on ice during
transportation to the laboratory before pretreatment and
chemical analyses.

1.4. Determination of TSS and volatile suspended solids (VSS)
of liquid samples

The well mixed wastewater samples (crude sewage, primary
effluent and final effluent) were filtered through weighed
0.45 μm glass fiber filters (Whatman, Maidstone, England) in
filtration units, resulting in two separated portions of samples:
liquid portion and particulate matter. Samples of particulate
matter were dried at 105°C by an oven for determination of the
TSS content (g/L) and at 550°C by a furnace for VSS content (g/L).
Percentage of moisture was determined as the weight loss of a
sample at 105°C, whereas percentage of VSSwas determined as
theweight loss of a sample between105 and550°C, basedon the
Standard Methods for the Examination of Water & Wastewater
(APHA et al., 2012). The organic matter of dried sludge sample
was also determined by the weight loss of a sample at 105 and
550°C.

1.5. Sample pretreatment for PAHs determination

Same as Section 1.4, wastewater samples (crude sewage,
primary effluent and final effluent) were separated into both
liquid portion and particulate matter based on the same
method described. All filtrates (liquid portion) were stored at
4°C within 5 days before chemical analyses, whereas, all
remaining water contained in particulate matter was re-
moved by freeze-drying. The freeze-dried filter papers were
weighed again to obtain the dry weight of particulate matter.
The freeze-dried filter papers were then ground into fine
powder by a pestle and a mortar, and eventually sieved
through a 0.154 mm sieve. Samples were stored at −20°C
before chemical analyses. It was not feasible to collect
sufficient particulate matter in the final effluent sample
derived from STSTW, due to the low solids content. There-
fore, solids (suspended solids/particular matter) obtained
from themixed liquor (activated sludge) were used to replace
the particulate matter in the final effluent from STSTW for
the calculation of particulate matter in the final effluent. The
semi-liquidmixed liquorwas centrifuged at 3000 r/min at 4°C
for 15 min. The supernatant was discarded and the settled
precipitate was freeze-dried and stored at −20°C before
chemical analyses. The dewatered sludge sample was also
freeze-dried and stored at −20°C before chemical analysis.

1.6. Extraction and analysis of PAHs

Before the extraction, all glasswares and containers were
pre-washed by acetone and n-hexane. Freeze-dried samples
(particulate matter and dewatered sludge) were well mixed
with Na2SO4 for removing water in organic solvent during the
extraction. m-Terphenyl was added to samples with Na2SO4

and was transferred into pre-cleaned stainless-steel cells.
Subsequently, they were extracted by accelerated solvent
extraction ASE 200 Accelerated Solvent Extraction System
(ASE 200, DIONEX Inc.), using a mixture of dichloromethane
(DCM) and hexane (1:3, V/V) at 1500 psi and 110°C for 6 min for
two cycles based on the US EPAMethod 3540C (US EPA, 1996a).
The concentrated extracts were purified by silica/alumina
column eluted with n-hexane and DCM (1:1, V/V) for PAHs
clean-up, according to the US EPA Method 3620B (US EPA,
1996b). After the clean-up, the extracts were concentrated to
less than 3 mL by using a rotary evaporator. Then 10 mL of
n-hexane was added to the extract for solvent exchange and
concentrated to around 3 mL. The volume of extract was then
further reduced to less than 0.2 mL under a gentle nitrogen
stream. Subsequently, deuterated PAHs (acenaphthene-d10,
phenanthrene-d10, chrysene-d12, and perylene-d12) were
injected into the sample extracts as internal standards
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for quantitation. Finally, sample extracts were topped up to
0.2 mL prior to gas chromatography/mass spectrometry (GC/
MS) analysis.

Solid phase extraction (SPE) method was used to extract
filtered liquid sample by using the florisil cartridges
pre-cleaned with methanol, acetone and acidified MilliQ (1%
HCOOH) or methanol, ethyl acetate/DCM and MilliQ water,
respectively according to the US EPA Method 3540C (US EPA,
1996a), and then eluted with acetone or methanol.
m-Terphenyl was added to samples for SPE. The volume of
extract was further evaporated to less than 0.2 mL under a
gentle nitrogen stream and deuterated PAHs mentioned
above were added into the sample extracts as internal
standards for quantitation. Finally, sample extracts were
also topped up to 0.2 mL prior to GC/MS analysis.

Standard Method 8270C (US EPA, 1996c) was used for
the identification and quantification of the following 16
PAHs: naphthalene, acenaphthylene, acenaphthene, fluorene,
phenanthrene, anthracene, fluoranthene, pyrene, chrysene,
benzo(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(a)pyrene, indeno(1,2,3-cd)pyrene, benzo(g,h,i)perylene,
and dibenz(a,h)anthracene were conducted by a GC (Agilent
7890A) equipped with a mass-selective detector (Agilent 5975c)
with a 30 m DB-5 ms fused silica capillary column. PAH
standards were measured and the samples were analyzed
separately in selective ion monitoring (SIM) mode. The most
abundant ions were selected for quantification and two
reference ions were used for confirmation of each analyte in
SIMmode. The limits of detections for PAHswere between 0.4
to 5.5 ng/g for solid and 0.3 to 2 ng/L for liquid samples,
respectively.

1.7. Quality control

For each set of samples extraction, a procedural blank
(solvent) was included for determining the presence of PAHs
contamination. No detected PAHs were found in the blanks.
Samples were tested in duplicate and the variation of PAH
concentrations between duplicate samples was less than 20%.
For testing the recovery, known amounts of standard were
added into solid and liquid samples before extraction as
mentioned in Section 1.6. The recoveries (mean ± standard
deviation) for PAHs were between 76.7 ± 3.09% for solid and
81.2 ± 5.73% for liquid samples, respectively.

1.8. Flow process and flow analysis

The analytical data as reported for crude sewage liquid
portion, primary effluent liquid portion and final effluent
liquid portion in ng/L, and crude sewage particulate matter,
primary effluent particulate matter, final effluent particulate
matter, mixed liquor particular matter and dewatered sludge in
ng/g dry wt were all used in the flow process. The profile for the
distribution of each PAHduring the sewage flowprocess for solid
samples (particulate matter and dewatered sludge) was
recalculated based on per liter of raw sewage flow by using the
operation data (crude sewage particulate matter, primary
effluent particulate matter, final effluent particulate matter g/L)
from STSTW and SCISTW provided by the Drainage Servers
Department listed in Appendix A Table S1. They were re-
evaluated based on flow analysis (liquid, particulate matter
and dewatered sludge ng/L) to deduce the (1) removal
efficiency (total, sorption and biodegradation) and (2)
distribution profiles of PAHs during the sewage treatment
process.

1.9. Determination of PAHs removal efficiencies by STPs

The total removal efficiency (TRE, %) of the whole system in
STSTW and SCISTW is the removal efficiency of a PAH from
crude sewage into final effluent and was represented by the
following equation:

TRE ¼ 100%− 100%� FE‐T
CS‐T

� �h i
ð1Þ

where, FE-T (ng) is the total amount of compound in the final
effluent sample (final effluent liquid portion + mixed liquor
particular matter) for STSTW or (final effluent liquid
portion + final effluent particulate matter) for SCISTW; and
CS-T (ng) is the total amount of compound (ng) in crude
sewage sample (crude sewage liquid portion + crude sewage
particulate matter).

The removal efficiency for primary treatment (RE-PT, %) is
the removal efficiency of PAHs from crude sewage into
primary effluent (plain settling process) and the equation for
calculation was:

RE‐PT ¼ 100%− 100%� PE‐T
CS‐T

� �
ð2Þ

where, PE-T (ng) is the total amount of compound in primary
effluent (liquid portion and particulate matter); and CS-T (ng)
is the total amount of compound in crude sewage sample.

The further enhancement removal efficiency of PAHs by the
secondary treatment (RE-ST, %) in STSTW was the difference
between the TRE for the whole system and the RE-PT.

RE‐ST ¼ TRE
¼ 100%− 100%� FE‐T

CS‐T

� �h ih i
− 100%− 100%� PE‐T

CS‐T

� �h ih i
ð3Þ

where, FE-T (ng) is the total amount of compound in final
effluent (liquid portion + mixed liquor particular matter); CS-T
(ng) is the total amount of compound in crude sewage sample;
and PE-T (ng) is the total amount of compound in primary
effluent.

1.10. Distribution coefficient of PAHs in liquid (FE-T) and in
solid (dewatered sludge)

The distribution coefficient of PAHs in liquid (FE-T) and in
solid (dewatered sludge) were represented by Eqs. (4) and (5)
respectively:

Distribution coefficient in liquid FE‐Tð Þ ¼ 100%− FE‐T
CS‐T

� �
ð4Þ

Distribution coefficient in solid dewatered sludgeð Þ
¼ 100%� dewatered sludge

CS‐T

� �
ð5Þ

where, FE-T (ng) is the total amount of compound in final
effluent; CS-T (ng) is the total amount of compound in crude
sewage sample; and dewatered sludge (ng) is the amount of
compound (ng) in dewater sludge sample per liter of sewage
flow.
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2. Results and discussion

2.1. Concentrations of PAHs

The mean concentrations of total PAHs in raw wastewater
in STSTW and SCISTW were 301 ± 255 and 307 ± 217 ng/L
respectively. Naphthalene had the highest levels, followed by
phenanthrene and pyrene at both STPs (21.0–152 ng/L), but
naphthalene was still lower than those reported in other
studies (Table 1). Total PAH levels in sewage were comparable
to those of Norway (620 ± 340 ng/L) (Vogelsang et al., 2006)
and Italy (760 ± 570 ng/L) (Fatone et al., 2011), but much lower
than those in East China (5759 ± 2239 ng/L) (Wang et al., 2013),
Greece (11,074 ng/L) (Manoli and Samara, 2008), and Spain
(14,300 ng/L) (Sánchez-Avila et al., 2009) (Table 1). This may
indicate that the influx of total PAHs into the wastewater
facilities of the two STPs in Hong Kong was less serious than
those of China and the European countries mentioned above.
Generally, the concentrations of all individual and total PAHs
decreased along the treatment processes in both SCISTW and
STSTW. In the final effluent, the mean concentrations of total
PAHs in STSTW and SCISTW were 14.9 ± 12.1 and 63.3 ±
54.1 ng/L respectively. The most potent of the PAHs, namely
benzo(a)pyrene was found in the influents of STSTW and
Table 1 – Comparison of influent (ng/L), effluent (ng/L), slud
naphthalene, benzo[a]pyrene, indeno[1,2,3-c,d]pyrene and to
studies.

Location Sewage
sample

Naphthalene Benzo[a]pyrene I

Hong Kong, China Influent 149.8 ± 53.0 2.61 ± 1.13
SCISTW Effluent 34.8 ± 39.9 0.210 ± 0.0900

Sludge 376 ± 152 6.14 ± 6.80
TRE 79.3 ± 10.1 88.0 ± 4.90

Hong Kong, China Influent 151.6 ± 31.9 1.80 ± 0.860
STSTW Effluent 8.75 ± 10.75 0.0400 ± 0.00

Sludge 390 ± 81.0 11.9 ± 5.42
TRE 93.9 ± 4.19 96.4 ± 1.86

Guangzhou, China Sludge 61 650
Shenzhen, China Sludge N.A. 50.0
Shatian, China Sludge 240 33.0
Hefei, China Influent 1437 ± 645 1384 ± 466

Effluent 924 ± 64.6 380 ± 30.5
TRE 35.7 72.5

Catalonia, Spain Influent 4500 ± 3000 40 ± 10
Effluent 3490 ± 1800 b.d.l.
TRE 22.4 N.A.

Norway Influent 240 ± 150 10.0 ± 7.00
Effluent ≤570 N.A.

Italy Influent 96.0–634 <5.00–20.0
Effluent 37.0–74.0 <5.00

Greece Influent 7300 22.0
Effluent 5000 4.00
TRE 31.5 81.8

Canada Influent 183 20.0
Effluent 88.0 1.00
TRE 51.9 95.0

Venice, Italy Influent 80.0 ± 6.00 297 ± 26.0
Effluent 26.0 ± 2.00 66.0 ± 3.00
TRE 67.5 77.8

N.A.: not available; b.d.l.: below detection limit; PAHs: polycyclic aromati
SCISTW, having concentrations of 1.80 and 2.61 ng/L, accord-
ingly. The observed benzo(a)pyrene levels in the influents
were lower than previous studies: 10 ng/L for STPs in Norway
(Vogelsang et al., 2006); 22.0 ng/L for the Thessaloniki sewage
treatment plant in Greece (Manoli and Samara, 1999) and
297 ng/L for the Fusina STPs in Venice (Busetti et al., 2006).

2.2. Source analysis of PAHs

PAHs from combustion and petroleum sources could be
distinguished by the ratios of parent PAH indicators (Yunker
et al., 2002). The source identification of PAH in the raw sewage
from the twoSTPswas conductedbasedonPAHsource analyses.
Characteristic ratios of Flt/(Flt + Pyr), I(cd)P/(I(cd)P + B(ghi)P),
BaA/(BaA + Chr) and Ant/(Ant + Phe) were calculated for identi-
fying the PAHs source in the present study (Fig. 1). Results
showed that the ratios of Flt/(Flt + Pyr) for all sampled raw
sewage were smaller than 0.5, which illustrated a major source
from petroleum combustion (Zhang et al., 2012). The other
characteristic ratios also agreed with these results (Fig. 1), and
showed that PAHs in most of the sewage originated from
combustion of petroleum products, such as gasoline and fuel
oil (Yunker et al., 2002). Similar to the study conducted byWang
et al. (2013), the municipal surface run-off, which contains the
dust particles from vehicle exhaust and the residue from
ge (ng/g dw) and total removal efficiency (TRE) (%) for
tal PAHs between the present study and other research

ndeno[1,2.3-c,d]pyrene Total
PAHs

Reference

1.19 ± 0.720 301 ± 217 Present study
0.0900 ± 0.0700 63.3 ± 54.1
9.68 ± 6.39 796- ± 438
96.8 ± 4.59 79.2 ± 7.48
1.80 ± 2.11 301 ± 255
0.0500 ± 0.0500 14.9 ± 12.1
7.98 ± 9.86 839.5 ± 301
97.8 ± 3.97 94.4 ± 4.12
480 30,000 Cai et al. (2007)
N.A. 1400
N.A. 11,000
1039 ± 284 5759 ± 2239 Wang et al. (2013)
159 ± 20.7 2240 ± 187
84.7 61.1
0.900 ± 0.200 14,300 Sánchez-Avila et al. (2009)
b.d.l. 3910
N.A. 72.7
N.A. 620 ± 340 Vogelsang et al. (2006)
N.A. ≤1030
<5.00–20.0 760 ± 570 Fatone et al. (2011)
<5.00 <50.0–<195
15.0 11,074 Manoli and Samara (2008)
6.00 5636
60.0 49.1
4.00 1059 Pham and Proulx (1997)
0 408
100 61.5
158 ± 12.0 3770 ± 114 Busetti et al. (2006)
67.0 ± 2.00 1104 ± 30.0
57.6 70.7

c hydrocarbons.



Fig. 1 – Identification of PAH sources in the raw sewages from Shatin Sewage Treatment works (STSTW) and Stonecutters
Island Sewage Treatment Works (SCISTW). (a) Characteristic ratio plots of I(cd)P/(I(cd)P + B(ghi)P) against Flt/(Flt + Pyr);
(b) BaA/(BaA + Chr) against Flt/(Flt + Pyr); (c) Ant/(Ant + Phe) against Flt/(Flt + Pyr). Phe: phenanthrene; Ant: anthracene; Flt:
fluoranthene; Pyr: pyrene; BaA: benzo[a]anthracene; Chr: chrysene, I(cd)p: indeno[1,2,3-c,d]pyrene; and B(ghi)P:
benzo[g,h,i]perylene.
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combustion of fuel in Hong Kong, could probably be a major
source of these contaminants in the sewage samples.

2.3. Total removal efficiencies of PAHs

The removal efficiencies observed in this study were generally
higher than those found in different wastewater treatment
systems in other countries (Table 1) (Manoli and Samara, 2008;
Wang et al., 2013). For example, 93.9% of naphthalene was
removed in STSTW, which was much higher than that in the
STP (35.7%) in Hefei, China. From Table 1, it can also be
observed that the TRE for the total PAHs of STSTW (94.4 ±
4.12%) was significantly higher than that of SCISTW (79.2 ±
7.48%) (p < 0.05). This may imply that the combination of
physical and biological treatments adopted in STSTW likely
perform better than the SCISTW which only employs CEPT.
These findings are consistent with the previous study of
Rocha-Gutierrez and Lee (2012), which noted that the removal
Fig. 2 – (a) The total removal efficiency (TRE) of individual and to
Stonecutters Island Sewage Treatment Works (SCISTW); (b) the r
treatment (PT) and secondary treatment (ST) at STSTW.
efficiencies of organic contaminants in secondary wastewater
treatment plant were usually higher than primary wastewater
treatment plant. However, the average TREs for only less than
half of the studied individual PAHs in the samples from
STSTW (ranged from 75.0% to 99.0%) were significantly higher
than that of SCISTW (ranged from 35.0% to 97.0%) (p < 0.05)
(Fig. 2a). This illustrated that STSTW and SCISTW had similar
performance in the removal of some individual PAHs, including
some probable human carcinogens (Group B2), such as
benz[a]anthracene, benzo[a]pyrene, benzo[k]fluoranthene,
dibenz[a,h]anthracene, and indeno[1,2,3-cd]-pyrene (ATSDR,
1995).

High molecular weight (HMW) PAHs (fluoranthene–
dibenz(a,h)anthracene) might have higher total removal
efficiencies than the low molecular weight (LMW) ones
(naphthalene–anthracene) as observed in this study, due to
the stronger adsorption capability to the sludge (Pham and
Proulx, 1997; Peng et al., 2009; Wang et al., 2013). Nevertheless,
tal PAHs at Shatin Sewage Treatment Works (STSTW) and
emoval efficiency (RE) of individual and total PAHs in primary
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no significant trend could be observed in the TRE of LMW
PAHs (naphthalene–anthracene: 92.0% to 97.0% at STSTW;
79.0% to 94.0% at SCISTW) and HMW PAHs (fluoranthene–
dibenz(a,h)anthracene:75.0% to 99.0% at STSTW; 35.0% to
97.0% at SCISTW).

Fig. 2b shows the removal efficiencies of individual PAHs
and total PAHs in primary and secondary treatments in STSTW.
Most of the studied individual PAHs showedsignificantlyhigher
removal efficiencies in secondary treatment than primary
treatment (p < 0.05) (Fig. 2b). The removal of PAHs in secondary
treatment of STSTW was due to the combination of biodegra-
dation and sorption to particulate matter, which was removed
as surplus activated sludge from the system periodically.
PAHs were not biodegraded in great extent during the limited
hydraulic retention time of sewage (about 10 hr) in the
bioreactor of STSTW (DSD, 2009b). Peng et al. (2009) showed
that microbial degradation of organics during secondary
treatment was not prominent in short retention time (2 hr). As
a result, sorption of PAHs in particulate matter remained the
major removal mechanism for PAHs in secondary treatment
of STSTW rather than by biodegradation of PAHs. Agitation
by compressed air aeration also provided significantly more
surface area for the sorption of PAHs by the particulate matter
in the sewage. Consequently, further sorption of PAHs in
secondary treatment contributed to a higher removal efficien-
cies than the physical sedimentation system in the primary
treatment. This will be discussed in more details in the the
following paragraphs.

According to Fig. 3, the distribution coefficient of individual
and total PAHs in liquid (FE-T) was substantially lower than in
solid (dewatered sludge) (FE-T contained 7.53% and 25.3% of
total PAHs in STSTW and SCISTW, whereas dewatered sludge
contained 92.5% and 74.7% of total PAHs in SCISTW and
STSTW, respectively). PAHs are hydrophobic organic com-
pounds (log octanol–water partition coefficient (Kow) ranged
from 3.30 to 6.75) and thus tended to bind to high organic
substances in solid portion of sewage such as biosolids
Fig. 3 – Distribution coefficients of individual and total PAHs in li
matter)) and solid (dewatered sludge) in (a) Shatin Sewage Treat
Treatment Works (SCISTW). PAHs: polycyclic aromatic hydrocar
fraction or sludge (Fatone et al., 2011). This indicated that
PAHs were mainly removed by ways of sorption in particular
matter (PM). PAHs were associated with suspended particu-
late matter in the settling tanks and finally settled down in
the sludge (Peng et al., 2009; Pham and Proulx, 1997).
Therefore, most of the PAH molecules were removed from
the wastewater by sorption and the subsequent sedimenta-
tion of sludge.

It is commonly known that removal of hydrophobic
organic compounds from wastewater depends mainly on
their sorption behavior on solids (McIntyre et al., 1981;
Bedding et al., 1995). The average TRE of individual PAHs is
plotted against their logKow, illustrating the solid–liquid
partitioning of hydrophobic contaminants (Fig. 4). The remov-
al efficiency was significantly correlated with logKow, of the
compounds for both STSTW (R2 = 0. 717, p < 0.01) and SCISTW
(R2 = 0.817, p < 0.01). This indicated that the removal of
individual PAHs had a close relationship with the octanol–
water partition coefficients of the molecules, and provided
further evidence to support the hypothesis that the removal
of individual PAHs was actually governed by sorption of
suspended particulate matter.

STSTW involved biological treatment by supplying oxy-
gen to maintain the growth of microorganisms continuously
(DSD, 2009b). Partition of PAHs in particulate matter might
still be present in this process as PAHs could be detected in
the mixed liquor (average concentration of total PAHs =
6.23 ng/L in STSTW). Flocculation would help to gather the
PAHs attached particulate matters in the bioreactor by
forming flocs of bacteria (biofloc), and enhanced microbial
degradation of PAHs in the aeration tank (Al-Mutairi et al.,
2004).

The biological treatment did not only consist of microbial
degradation but also comprised of the sorption of PAH
molecules with particulate matter and organic substances.
Therefore, it might be difficult to differentiate the degraded
portion and the removed portion by sorption in the secondary
quid (final effluent-total (FE-T) (liquid portion + particular
ment Works (STSTW) and (b) Stonecutters Island Sewage
bons.



Fig. 4 – Plot of total removal efficiency (TRE) of individual
PAHs against their log octanol–water partition coefficient
(logKow) at Shatin Sewage Treatment Works (STSTW) and
Stonecutters Island Sewage Treatment Works (SCISTW).
Data of anthracene and benzo(k)fluoranthene at STSTW,
benzo(k)fluoranthene and dibenz(a,h)anthracene at SCISTW
are not shown since they are scattered and fall outside
extensively from best-fit line.
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treatment. Secondary treatment in STSTW showed signifi-
cantly higher removal efficiencies (p < 0.05) in most of the
individual PAHs than the primary treatment did (e.g., total
PAHs removal efficiencies of secondary treatment = 84.2%
and primary treatment = 44.6%) (Fig. 2b). The secondary
treatment probably provided a further treatment process
(involved both sorption and biological degradation) for PAHs
in addition to the primary treatment, and thus resulted in a
significantly higher removal capability of PAHs. Compared
with SCISTW which only involves the CEPT, the two stages
treatment in STSTW probably provided more advantages over
the former one. This was shown by the prominently higher
PAHs removal efficiencies in STSTW (Fig. 2a).
Fig. 5 – Percentage profile of individual PAHs to total PAHs in sew
Stonecutters Island Sewage Treatment Works (SCISTW): (a) Liqu
dewatered sludge) sewage; (c) liquid (liquid portion) + solid (parti
sewage liquid proton) + CS-PM (crude sewage particular matter))
proton) + PE-PM (primary effluent particular matter)); FE-T: final e
effluent particular matter)); ML-PM: mixed liquor particular matt
2.4. Percentage profile of individual PAHs to total PAHs

Fig. 5 shows the profiles of individual PAHs in different types of
sewage sample (liquid and solid (dewatered sludge/particulate
matter)) obtained from the two STPs in Hong Kong, STSTW and
SCISTW. Naphthalene (logKow = 3.3) contributed the majority of
total PAHs in all liquid and solid (dewatered sludge/particulate
matter) samples (59.8% to 70.9%and 46.4% to 54.8%, respectively).
Naphthalene was the most dominant congener found in the
wastewater at both STWs since it had awide application, such as
wetting agent, surfactant in agricultural and textile industry
(Thorsten, 1996), and also fumigant in household usage (Speyer,
1924). The higher abundance of LMW PAHs especially naphtha-
lene might also be due to the degradation of HMW PAHs by
microorganisms in wastewater (Wang et al., 2007). In the PAH
profiles of liquid sewage samples, naphthalene contributed to
higher percentages (≥60%) (Fig. 5a);while in solid sewage samples
(particulate matter and dewatered sludge), naphthalene
accounted for less than 55%, significantly lower than those in
the liquid portion (Fig. 5b). It can be observed that HMW PAHs
occupied higher percentages in the solid sewage samples than in
liquid samples and this could be attributed to highly hydrophobic
properties of HMW PAHs (reflected by larger logKow values). The
positive correlation (R2 = 0.714 for STSTW and R2 = 0.694 for
SCISTW) observed between the ratio of PAH concentrations in
particulate matter to liquid phase and logKow values of each
individual PAHs further confirmed this hypothesis (Fig. 6).

Fig. 5c illustrates the distribution profile of PAHs in the total
of PAHs in both liquid and solid samples. Along the sewage
treatment process from crude sewage to final effluent in both
STWs, therewas a stepwise increase of the percentages in LMW
PAHs (naphthalene–anthracene), especially naphthalene
(Fig. 5c). On the other hand, there was also a decrease in
percentages ofHMWPAHs (fluoranthene–dibenz(a,h)anthracene)
in the both STPs (Fig. 5c). This observation was consistent with
the study conducted in East China that the percentage of
naphthalene increased by more than 10%, while those of HMW
PAHs dropped by about 20% from influent to effluent (Wang
et al., 2013). The increment of the portion of naphthalene in
total PAHs may probably be contributed by the relatively low
age at Shatin Sewage Treatment Works (STSTW) and
id (liquid portion) sewage; (b) solid (particular matter (PM)/
culate matter) sewage. CS-T: crude sewage total (CS-LP (crude
; PE-T: primary effluent-total (PE-LP (primary effluent liquid
ffluent-total (FE-LP (final effluent liquid proton) + FE-PM (final
er.



Fig. 6 – Plot of partition coefficient of PAH concentrations in
solid (particulate matter) to liquid (liquid portion) phase
against logKow values of individual PAHs. Data of
benzo(k)fluoranthene at Shatin Sewage Treatment Works
(STSTW) and Stonecutters Island Sewage Treatment Works
(SCISTW) are not shown since they are scattered and fall
outside extensively from best-fit line.
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logKow value of naphthalene (ATSDR, 2005), as well as the
removal of HMW PAHs by sorption to particular matter and its
subsequent removal in settled sludge.

2.5. PAHs released from STPs to local environment

The mass loading (MLD) of total PAHs per year (kg/year) could
be obtained from Eq. (7) (Peng et al., 2009):

MLD ¼ Q � C� 365ð Þ � 10−9 ð7Þ
where, Q (m3/day) is the average flow rate of sewage and C (ng/L)
is the average concentration PAHs in the effluent of STPs. The
average flow rates of raw sewage at STSTW and SCISTW were
340,000 and 1,700,000 m3/day, respectively. The average concen-
trations of total PAHs in the effluent at STSTWand SCISTWwere
14.9 and 63.3 ng/L (Table 1) and these contributed to 1.85 and
39.4 kg/year of total PAHs being discharged from STSTW and
SCISTW, respectively. Although the amount of PAHs
found releasing to Hong Kong waters was significantly
lower than the reported values at Nanfei River of East China
(245 kg/year) (Wang et al., 2013) and St. Lawrence River of Canada
(256 kg/year) (Pham and Proulx, 1997), the considerable amount
of PAHs discharged into Hong Kong water bodies and the
potential impacts to the local environment would be a concern.

There are limited standards regulating the amount of PAHs
discharged from STPs. The UK National Rivers Authority
established the acute toxicity threshold in 1995 for PAHs to be
0.200 to 10.0 mg/L in rivers (UK NRA, 1995). In Hong Kong, PAHs
are regarded as harmful to the sewers and are forbidden to be
discharged into foul sewers by the Hong Kong Environmental
Protection Department (Water Pollution Control Ordinance,
1997). The PAHs found in the influent in this study were
probably derived from non-point source discharge from surface
water run-off. Emission from vehicles, domestic heaters and
power plants could enhance entrance of PAHs to STPs through
industrial wastewater, domestic sewage, urban run-off, or
atmospheric deposition (Zeng et al., 2010). When dissolved in
water, PAHs could be absorbed and/or adsorbed by sediments
and particulatematter (Busetti et al., 2006) andmay induce food
chain biomagnification, imposing harmful effects on biota
and even carcinogenicity on humans (Froehner et al., 2011).
Therefore, there is an urgent need to monitor and control the
discharge of PAHs in the local wastewater treatment system in
order to avoid potential detrimental effects imposing on the
ambient aquatic environment.
3. Conclusion

The mean concentrations of total PAHs in raw wastewater in
STSTW and SCISTW were 301 ± 254 and 307 ± 217 ng/L,
respectively and the concentrations of all individual PAHs
decreased gradually along the treatment processes. Themean
TREs for total PAHs of STSTW (94.4 ± 4.12%) were higher than
that of SCISTW (79.2 ± 7.48%) as STSTW adopted secondary
treatment. The TREs of LMW PAHs (naphthalene–anthracene)
were generally lower than HMW PAHs (fluoranthene–
dibenz(a,h)anthracene), since HMW hydrocarbons had a
stronger adsorption to the sludge than LMW hydrocarbons.
This trend was reflected by larger distribution coefficients of
solid of HMW PAHs than LMW PAHs. This indicated that both
STPs are more effective in removing HMW PAHs than LMW
PAHs. This study revealed that although STSTW adopted
biological treatment, removal of PAHs mainly relied on the
adsorption process in the primary treatment tank. Moreover,
naphthalene was the most dominant congener found in the
wastewater at both STPs and the percentage profile of
individual PAHs to total PAHs indicated the possibility of
degradation of HMW PAHs to LMW PAHs. There are a total of
1.85 and 32.4 kg of PAHs per year could be potentially released
from STSTW and SCISTW into the Hong Kong waters and only
limited standards regulating the amount of their discharge.
There seems to be an urgent need to control the source and
emission of PAHs to the local environment.
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