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Abstract In this study, the distributions and sources of
sediment-associated polycyclic aromatic hydrocarbons
(PAHs) and hopanes in the Malaysian rivers and estuaries
were evaluated. The concentrations of 16 USEPA PAHs var-
ied from 225.5 to 293.9 (Perlis River), 195.2 to 481.2 (Kedah
River), 791.2 to 1995.4 (Merbok River), 231.2 to 426.7 (Perak
River), and 3803.2 to 7442.7ng g ' (Klang River) dry weight.
PAHSs can be classified as moderate in the Perlis, Kedah, and
Perak Rivers, moderate to high in the Merbok River, and high
to very high in the Klang River. The comparison of PAHs with
sediment quality guidelines (SQGs) indicates that occasional-
ly adverse biological effects may occur from total PAHs, low
molecular weight (LMW), and high molecular weight
(HMW) PAHEs at stations 1, 2, and 3 of the Klang River and
from total PAHs at station 2 of the Merbok River. The diag-
nostic ratios of individual PAHs indicate both petrogenic and
pyrogenic origin PAHs with significant dominance of
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pyrogenic sources in the study areas. The results suggest that
Malaysian sediments had hopane ratios (C29/C30) similar to
MECO suggesting MECO as a major source of the petroleum
hydrocarbons found in the sediments, which is consistent with
results reported in previous studies. These findings demon-
strate that effective and improved environmental regulations
in Malaysia have shifted the source of petroleum hydrocar-
bons from petrogenic to pyrogenic origin.

Keywords Polycyclic aromatic hydrocarbons (PAHs) -
Hopanes - Sources apportionment - Pyrogenic - Petrogenic -
Sediment - Malaysia

Introduction

Malaysia is geographically situated in the heart of Southeast
Asia. In the past decades, Malaysia has witnessed an acceler-
ated growth in industrial development and number of regis-
tered vehicles that saw a tremendous increase of usage of oil
and oil derivatives. By the end of 2012, there were 22.7 mil-
lion vehicles (personal cars, commercial vehicles, public ve-
hicles, and motorcycles) registered in Malaysia, compared to
10.6 million in 2000 (JPJ 2013), showing an increase of al-
most 12 million vehicles or 114 %. Moreover, the strategic
location of the Malacca Strait has made it one of the busiest
and largest shipping routes. A huge amount of petrol and
petroleum products are transported from Middle-East coun-
tries to Japan, China, Korea, and other neighboring countries
via the narrow Straits of Malacca. The oil tanker traffic in the
Malacca Strait, the increase of population in Malaysia and
Southeast Asia, and the increased usage of petroleum, grow-
ing urbanization, and industrialization along rivers and coastal
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zones have been major factors causing the increase of hydro-
carbon contamination in Malaysian coastal ecosystems. The
Malaysia’s population size and density, and gross domestic
product (GDP) have experienced continuous growth during
the last 2 decades. In 2012, data on population rose from
18.4 million in 1991 to 29.51 million (DOSM 2014a;
DOSM 2014b), demonstrating an increase of population (over
60 %) in Malaysia. In addition, the proportion of urban pop-
ulation in Malaysia increased to 71 % in 2010 compared to
50.7 % in 1991 (DOSM 2014c¢). Malaysia recorded an aver-
age GDP growth of 5.2 % from 2002 to 2012 (World Bank
2014). There is limited information on the environmental dis-
tribution of PAHs in tropical Asia including Malaysia; there-
fore, the associated increase in petroleum hydrocarbons is of
concern in the Malaysian aquatic environment.

Petroleum chemicals are classified into many categories
and compounds consisting of polycyclic aromatic hydrocar-
bons (PAHs), and aliphatic hydrocarbons and biomarkers
(Head et al. 2006; Neff 1979; Wang and Stout 2010). PAHs
are one of the most important classes of pollutants, widely
distributed in the riverine, marine, and coastal environment
and ecosystems (Neff 1979). PAH contamination is of great
global concern due to their negative effects on aquatic organ-
isms (Karami et al. 2012), human health (Masiol et al. 2012),
and environmental consequences, such as their toxicity, mu-
tagenic, carcinogenic, teratogenic, and hepatotoxic effects
(Cao et al. 2009). Therefore, in terms of ecotoxicology, it is
crucial to monitor their sources, pathways, distributions, and
fate in the environment and ecosystems. Numerical sediment
quality guidelines (SQGs) are introduced as useful tools for
evaluating the potential toxicological impacts of sediment-
associated pollutants on environmental receptors.
Development methods of SQGs rely upon equilibrium
partitioning models (theoretically) or upon the analysis of
matching field-collected chemistry and biological affects data
(empirically) (Ankley et al. 1994; Long et al. 1995;
Macdonald et al. 1996).

Based on their source of release into natural environments,
anthropogenic PAHs can be classified into two groups: pyro-
genic and petrogenic. Pyrogenic PAHs are derived from in-
complete combustion of organic matters such as combustion
of fossil fuel, vehicular engines combustion, garbage inciner-
ation, and coal combustion (Dhammapala et al. 2007; Ergut
et al. 2006). Pyrogenic sources of PAHs can be classified as
stationary sources, i.e., industries (refineries), residential
heating (furnace, making barbeque, and oil burnings), power
and heat generation (coal, oil, and power plants), and agricul-
tural burnings plus mobile sources including vehicles, air-
planes, ships, and boats as well as from smoking cigarettes
(Maliszewska-Kordybach 1999). Pyrogenic PAHs are
partitioned with soot particles in the atmosphere, and they
can be transported in a long-range atmospheric pathway
(Gustafsson and Gschwend 1997; Takada et al. 1991). PAHs
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with petrogenic sources consist of unburned crude oil and its
derivatives such as gasoline, diesel fuel, lubricating oil, and
asphalt (Marchand et al. 2004; Ravindra et al. 2008). It was
suggested that dumping of used crankcase oil is one of the
major source of petrogenic PAHs in Malaysia (Zakaria et al.
2002). Using diagnostic ratios is one of the most effective
techniques for PAH source appointment (Budzinski et al.
1997; Garrigues et al. 1995; Yunker et al. 2002). PAH ratio
characteristics are controlled by differences in the relative sta-
bility of PAHs under low- and high-temperature regimes,
which can provide important insight into PAH origins
(Yunker and Macdonald 2003; Yunker et al. 2002). High mo-
lecular weight (HMW) PAHs (4-, 5-, and 6-ring PAHs) can
indicate fossil and liquid fuel combustion, and biomass/coal
(solid fuel) combustion PAH origins, while ratios for the low
molecular weight (LMW) PAHs (2- and 3-ring PAHs) and
ratios for several alkyl PAHs can indicate combustion from
petroleum (Yunker et al. 2002). For ease of comparison, all
parent PAH ratios have the combustion-dominated, thermody-
namically less stable isomer in the numerator, so that ratios
increase with an increase in combustion input (Yunker et al.
2002).

Hopanes, a group of pentacyclic triterpane hydrocarbons,
are ubiquitous compounds in crude oil and petroleum prod-
ucts including lubricating oils, asphalt, and heavy residual oils
with high boiling points. Their compositions depend on their
origin in the crude oil (e.g., the sources of organic matter and
the depositional environment) and the maturity stage of the oil
(Luellen and Shea 2003; Volkman et al. 1997). Moreover,
hopanes are resistant to environmental alternation and degra-
dation due to their molecular structure (Prince 1994; Wang
et al. 1994). These characteristics provide potential for
hopanes to be used as biomarker. These molecular markers
provide a fingerprint to determine the sources of oils
(Chandru et al. 2008; Saha et al. 2009; Volkman et al. 1997,
Zakaria et al. 2002). Hopanes with «f3 configuration (e.g.,
17x(H),21{3(H)-Hopanes) in the C,,—C;5 range are character-
istics of petroleum due to their greater thermodynamic stabil-
ity compared to those with 3o configuration (e.g., 173(H),
21o(H)-Hopanes) (Sakari et al. 2010). One of the tools which
have been used to identify oil from nonpetroleum sources is
the C,9/Cj3¢ ratio (ratio of 17x(H),213(H)-norhopane to
170(H),213(H)-hopane) (Zakaria et al. 2000).

The objectives of the present study are to determine the
contamination level and distribution of 16 USEPA PAHs
and to investigate their major sources as well as to evaluate
potential ecotoxicological impacts in the surficial sediments
from the Perlis, Kedah, Merbok, Perak, and Klang Rivers and
Estuaries. Several diagnostic and molecular ratios were used
to identify the sources of sedimentary PAHs. The content of
hopanes in surficial sediments was also monitored. The results
of the present study will add new information to the global
database and also provide data in order to improve the
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regulations and consequently the environmental quality of the
selected rivers and estuaries.

Methodology
Study area and sampling

Top 4-cm surface sediment samples were collected at 15 sta-
tions from the Perlis, Kedah, Merbok, Perak, and Klang
Rivers and Estuaries, located on the west of Peninsular
Malaysia, in January 2013. The location of the sampling sites
is shown in Fig. 1 and Table 1. All samples comprised of top
sediment cakes (to indicate modern input of target pollutants)
collected using an Ekman dredge. At each station, the shell
debris and organisms were carefully removed, and the sam-
ples were then transferred into previously cleaned aluminum
foil and double pre-cleaned Ziploc bag and then placed in the
cooler box with dry ice (Keshavarzifard et al. 2014).
Afterward, the samples were transported to the laboratory
and stored at —20 °C before analysis. Prior to analysis, the
samples were freeze-dried and undergone next step of
analysis.

Chemical, extraction, and separation

The procedures of extraction, purification, and fractionation
were described elsewhere (Keshavarzifard et al. 2014; Zakaria
et al. 2002). This method relies upon homogenization, extrac-
tion, two-step silica gel column chromatography, and gas
chromatography—mass spectrometry (GC-MS). Briefly, 8 g
of freeze-dried sediment was precisely weighed and then
placed in a cellulose thimble in the soxhlet glass chamber.
Each sample was spiked with 50 puL of 10 pg/g of a surrogate
internal standard mixture containing naphthalene-dg, anthra-
cene-d; o, chrysene-d,,, and perylene-d,, for the recovery cor-
rection calculations of PAH compounds. The sample was ex-
tracted using 300 mL high purity dichloromethane (DCM) for
8-10 h. Following activated copper treatment to remove ele-
mental sulfur, the extract was rotary evaporated followed by a
gentle drying using pure nitrogen gas until near dryness. The
concentrated extract was carefully transferred onto the top of
the first step glass column (0.9-cm i.d. x9-cm height), which
were previously packed with 5 % H,O-deactivated silica gel
(60—200 mesh size, Sigma Chemical Company, USA) to re-
move polar compounds. In this step, the nonpolar compo-
nents, including hydrocarbons were eluted by using 20 mL
of hexane/DCM (3:1, v/v). Then, the hydrocarbon eluent ob-
tained from the first step column was further separated and
fractionated by second step column chromatography using a
fully activated silica gel column (0.47-cm i.dx 18-cm height)
to obtain alkanes and hopanes, linear alkylbenzenes (LABs),
and PAH fractions. The first hexane (4 mL) fraction contained

alkanes and hopanes, while the third fraction contained PAHs
using 16 mL hexane/DCM (3:1, v/v). PAHs with two to six
aromatic rings were fractionated in the third fraction using
16 mL high purity hexane/DCM (3:1, v/v). The volume of
hopanes and PAH fractions was reduced to approximately
1 mL using a rotary evaporator and concentrated using a gen-
tle stream of pure nitrogen gas to near dryness. The PAH
fraction was then redissolved in 200 puL isooctane containing
10-ppm internal injection standard (IIS), p-terphenyl-d,4. The
hopane fraction was firstly redissolved in 50 puL containing
10-ppm IIS, 173,213 (H)-hopane Cjo. Hopanes and PAHs
were analyzed by gas chromatography—mass spectrometry
(GC-MS) Shimadzu QP5050A model and BPX-5MS fused-
silica capillary column (30-m by 0.25-mm i.d., 0.25-um film
thickness). The carrier gas was of high purity helium (He) with
a constant pressure at 60 kg/cm?.

GC-MS analysis of PAHs and hopanes

The 16 USEPA priority PAHs (include PAHs with two-ring,
naphthalene (Nap); three-ring, acenaphthylene (Acy),
acenaphthene (Ace), fluorene (F1), phenanthrene (Phe), an-
thracene (Ant); four-ring, fluoranthene (Fluo), pyrene (Py),
benzo[a]anthracene (BaA), chrysene (Chr); five-ring,
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),
benzo[a]pyrene (BaP); and six-ring, indeno[1,2,3-cd]pyrene
(InP), dibenzo[a, h]lanthracene (DBA), and
benzo[ghi]perylene (BgP)) were analyzed using GC-MS
Shimadzu QP5050A model and BPX-5MS fused-silica capil-
lary column (30-m by 0.25-mm i.d., 0.25-pm film thickness).
A 1-pL aliquot of purified samples was introduced into the
GC-MS injector. The GC-MS temperature program started at
70 °C for 2 min, with a ramp of 30 °C per minute until 150 °C.
The temperature was further increased to 310 °C with an in-
creasing rate of 4 °C/min for 15 min. The analysis was done
using selected ion monitoring (SIM) mode with splitless
injection.

Individual hopanes were monitored in SIM mode at
(mass/charge ratio) m/z=191. The oven temperature was held
at 70 °C for 2 min, then continued at 30 °C/min to 150 °C,
5 °C/min to 310 °C and held for 6 min. The capillary column
HP-5MS (30 m, 0.25-mm i.d., containing a 0.25-um film
thickness bonded phase of DB-5MS) was interfaced directly
to the ion source of the mass spectrometer. The mass spec-
trometer was scanned repeatedly at an ionization potential of
70 ev with the source at 200 °C and electron multiplier voltage
at ~2000 ev. We used 17x(H)-22,29,30-trisnorhopane (Tm),
Cool 7, 173(H),210¢(H)-norhopane (C,917f3), C3917¢x, and
173(H),21(H)-hopane (C3¢17(3) as analytical standards.
Detailed qualitative and quantitative analyses of hopanes are
discussed elsewhere (Zakaria et al. 2000).

Quantification of target compounds of PAH and hopanes
was carried out based on external calibration curves using
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Fig. 1 Location of sampling areas: a Perlis River, b Kedah River, ¢ Merbok River, d Perak River, and e Klang River

standard mixtures of PAH and hopane. Determination of tar-
get compounds was achieved based on matching their com-
pound ionization and retention times with the standard mix-
ture of PAHs and hopanes. Nondetectable compounds
(<0.01 ppm) were treated as no value in calculation of the total
PAH, LMW, and HMW PAHSs. All of PAHs and hopanes in
sediment samples were calculated based on dry weight (dw).

Quality assurance and quality control

The quality assurance (quality control and quality assessment)

was conducted during the experimental analysis of this study.
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Quality control for the PAHs analyses was performed by mon-
itoring the recovery of surrogate standards (naphthalene-dg,
anthracene-d,(, chrysene-d;,, and perylene-d;,) prior to sol-
vent extraction. The recovery of surrogates was >83 % of the
spiked concentration. The samples with the recovery of the
surrogate standards lower than the accepted range were
reanalyzed. PAH concentrations were recovery-corrected
against the surrogate standards (deuterated PAHs) spiked
(Cortazar et al. 2008). All standards were freshly prepared
prior to analysis and procedural blanks for PAHs, and hopanes
were run with every batch of samples (Arias et al. 2009). The
analysis of a reagent blank demonstrated that the analytical
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Table 1  Detailed water quality data of sampling sites
Sampling location Latitude (° N) Longitude (° E) DO (mg/L) Conductivity Turbidity Salinity (ppt) Temperature PH
(ms/cm) (°C)
Perlis River S1 6° 24 100° 7' 5.5 455 19.7 293 30 8
Perlis River S2 6° 24 100° 8 5.8 19 20.3 19 29 8
Perlis River S3 6° 26 100° 9’ 6.8 9.2 16.1 5 30.1 7.6
Kedah River S1 6°6' 100° 16’ 4.9 39.78 17.4 252 31.1 7.5
Kedah River S2 6° 6’ 100° 19’ 2.1 25.56 14.5 15.5 29.8 7.03
Kedah River S3 6°7 100° 20 22 13.11 10.3 7 31 6.83
Merbok River S1 5°39 100° 24 12.1 39.26 3.56 24.29 30 8.5
Merbok River S2 5°38' 100° 26’ 14.1 37.14 5.01 23.4 31 8.45
Merbok River S3 541 100° 29’ 7.8 25.53 13 14 30.3 7.33
Perak River S1 4°0' 100° 45 5.05 40.14 6.41 22.6 32.10 7.57
Perak River S2 402 100° 51 541 6.31 12.3 3.1 31.5 7.72
Perak River S3 3057 100° 55 4.5 20.44 23.6 0.9 31 743
Klang River S1 2°59 101° 23’ 3.8 4577 21.7 26.5 30.3 7.56
Klang River S2 303 101° 25’ 498 41.37 36.2 16.6 30.5 7.69
Klang River S3 302 101° 27 1.45 12.10 439 6.2 30.2 7.51

system and glassware were free of contamination. The quality
assurance for the hopane analyses was also conducted in this
study. No recovery correction was made for the hopane
analyses.

Analysis of TOC

Total organic carbon (TOC) was measured according to a
method described by Nelson and Sommers (1996). A total
of 1 or 2 g of the homogenized and freeze-dried sample was
added by 1 or 2 mL of 1 M HCI and then dried at 100 °C
overnight to eliminate inorganic carbons. Thereafter, a LECO
CR-412 Carbon Analyzer (with the furnace temperature of
1350 °C and O, boost time of 1 min) was used to determine
the TOC percentage.

Results and discussion

Concentrations, distribution pattern, and composition profiles
of PAHs

Table 2 and Fig. 2 summarized the spatial distribution pat-
terns of PAHs. The concentrations of total PAH varied
from 225.5 to 293.9 with a mean value of 255.3 (the
Perlis River), 195.2 to 481.2 with a mean value of 344.5
(the Kedah River), 791.2 to 1995.4 with a mean value of
1320 (the Merbok River), 231.2 to 426.7 with a mean val-
ue of 350.1 (the Perak River), 3803.2 to 7442.7 with a
mean value of 5834.3 (the Klang River) all on nanograms
per gram dry weight basis. In addition, the minimum and

maximum concentrations of PAHs in the collected sedi-
ments were 195.2 and 7442.7 ng g~', respectively, which
were recorded at the station 3 of the Kedah River and the
station 3 of the Klang River, respectively. In general, the
Klang River was the most polluted river among the study
sites, followed by the Merbok River, the Perak River, and
the Kedah River. The Perlis River, however, was the least
polluted river. The levels of sediment contamination by
PAHs can be classified as low (0-100 ng g '), moderate
(100-1000 ng g "), high (1000-5000 ng g '), and very
high (>5000 ng g ') to the level of pollution (Baumard
et al. 1998). Based on this classification, PAHs can be
classified as moderate in the Perlis, Kedah, and Perak
Rivers, moderate to high in the Merbok River, and high
to very high in the Klang River.

For the purpose of determining the concentration trend
of PAHs in the Klang River and Estuary, we compare the
average concentrations of total PAH in sediments from the
Klang River and Estuary in the present study with those
of Zakaria et al. (2002) and Bakhtiari et al. (2010) where
the average concentrations of total PAH were 233.4 and
1804 ng g ', respectively (Table 3). A significant increase
in the levels of PAHs was observed in the sediment sam-
ples of the present study compared to those results report-
ed by the workers. However, more studies are needed to
confirm this statement. There are two reasons for the in-
crement: first, the sedimentation input by land-based ac-
tivities such as land-clearing has increased since the pre-
vious studies which results in more input of contaminants
carried by suspended sediments from upper and middle
areas of the Klang River. Second, Malaysia has experi-
enced a dramatic increase in population, industrialization,
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Table 2 PAHs in selected major rivers of the Malaysian sediments

Study area Station TOC % Total PAHs LMW PAHs HMW PAHs
Perlis S1 2.44 293.9 86.6 207.3
S2 5.53 2255 89.5 136
S3 2.17 246.5 125.3 121.2
Kedah S1 1.64 357.1 81.7 2754
S2 1.9 481.2 188.4 292.8
S3 2.19 195.2 22.6 172.6
Merbok S1 7.06 791.2 1149 676.3
S2 2.04 1995.4 368.1 1627.3
S3 3.31 1173.3 229 9443
Perak S1 597 426.7 106.5 3202
S2 1.82 231.2 73.3 1579
S3 1.26 3925 118.3 274.2
Klang S1 1.54 6257.1 1118.3 5138.8
S2 2.07 3803.2 761.7 3041.5
S3 1.75 7442.7 2051.2 5391.5
ERL - - 4000 552 1700
ERM - - 45000 3160 9600
TEL - - 1634 - -
PEL - - 16770 - -

LMW/HMW  Py/Fluo Fluo/ BaA/ InP/ MP/P
(Fluo+Py) (BaA+Chr) (Inp+BgP)
0.42 1.1 0.49 - 0.41 0.89
0.66 0.84 0.54 0.74 0.41 1.3
1.03 1.55 0.39 0.71 0.49 2.6
0.3 0.6 0.62 0.5 0.49 1.9
0.64 0.95 0.51 091 0.19 2.01
0.13 - - 0.61 - 0.3
0.17 - - 0.18 - 0.99
0.23 0.99 0.5 0.48 0.45 1
0.24 0.96 0.51 0.54 0.45 12
0.33 0.99 0.5 1 - 0.4
0.46 0.97 0.51 1 0.5 0.94
0.43 12 0.46 0.46 0.54 0.76
02 0.9 0.52 0.39 0.46 0.87
0.25 0.5 0.66 1 0.35 0.77
0.38 091 0.52 0.33 0.52 0.99

TOC total organic carbon, Total PAHs sum of the concentrations of 16 USEPA priority PAHs, LMW PAHs sum of low molecular weight PAHs
concentrations from naphthalene to fluoranthene, HMW PAHs sum of high molecular weight PAHs concentrations from pyrene to benzo [ghi]perylene,
LMW/HMW the ratio of LMW PAH to HMW PAHSs, Py/Fluo the ratio of pyrene to fluoranthene, Fluo/Fluo+ Py the ratio of fluoranthene to fluoranthene
+ pyrene, BaA/(BaA+ Chr) the ratio of benzo(a)anthracene to benzo(a)anthracene + chrysene, /nP/(Inp+ BgP) the ratio of ideno(1,2,3-cd)pyrene to
ideno(1,2,3-cd)pyrene + benzo(ghi)perylene, MP/P the ratio of 3-methylphenanthrene, 2-methylphenanthrene, 9-methylphenanthrene, and 1-
methylphenanthrene to phenanthrene, £RL effects range-low value (Long et al. 1995), ERM effects range-median value (Long et al. 1995), TEL threshold
effect levels (Macdonald et al. 1996), PEL probable effect levels (Macdonald et al. 1996)

and urbanization resulting in the significant increase of
the pollution load into the river. For example, the Klang
River runs through the capital city of Kuala Lumpur, a
highly industrialized city, and its GDP and population

Fig. 2 Concentrations of total 8000 l
PAH, LMW, and HMW PAHs in = 7000 ]
sediments collected from the .§ |
Perlis, Kedah, Merbok, Perak, o 6000 -
and Klang Rivers (please see the e ‘
legend of Table 2 for the o 50007
definition of “Total PAHs, LMW, .g 4000 -
and HMW 16 PAHs”) g ‘
2 3000 1
«
g 2000 |
o n
1000 -
0
Qé@

@ Springer

evidently increased during the last few decades. It is rea-
sonable to assign these high concentrations of PAHs to the
increment of using oil and coal as energy sources and
traffic-related source of PAHs in Kuala Lumpur and

ELMWPAHs “"HMWPAHs ®TotalPAHs
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Table 3  Total PAH concentrations in sediments from different locations around the world

Location Total PAHs (ng g ') Number of PAH Contamination Level® References
compounds
Boston Harbor, USA 7300-358000 16 Very high (Wang et al. 2001)
Barcelona Harbour, Spain 1740-8420 14 High to very high (Baumard et al. 1998)
Guanabara Bay, Brazil 91-8035 20 Low to very high (Meniconi et al. 2002)
Patos Lagoon Estuary, Brazil 37-11779.9 23 Low to very high (Medeiros et al. 2005)
Rybinsk Reservoir, Russia 178-5203 11 High to very high (Siddall et al. 1994)
Yangtze estuary, China 76.9-2936 16 Low to high (Wang et al. 2012)
Hangzhou, China 132.7-7343 10 Moderate to very high (Chen et al. 2004)
Hyeongsan River, Korea 5.30-7680 16 Low to very high (Koh et al. 2004)
The Northern Persian Gulf 55.3-1231 16 Low to high (Nozar et al. 2014)
Gorgan Bay, Caspian Sea 107.9-516 16 Moderate (Araghi et al. 2014)
Jakarta Bay, Indonesia 191-1252 18 Moderate to high (Rinawati et al. 2012)
Canals, Rivers, Lake, and Coastal Environments of ~ 1020-1760 26 High (Saha et al. 2009)
Southeast of Asia including:
Thailand, Vietnam, Cambodia, Laos, the Philippines
and Indonesia
Malaysia 206 26 Moderate (Saha et al. 2009)
Prai River, Malaysia 81 15 Low (Zakaria et al. 2002)
Pinang Estuary, Malaysia 924 Moderate
Malacca River (1998), Malaysia 494 Moderate
Malacca River (1999), Malaysia 262 Moderate
Rivers and Estuaries in Malaysia 4-924 Low to moderate
Klang Estuary, Malaysia 19-431 15 Low to moderate (Zakaria et al. 2002)
Klang River, Malaysia 1304-2187 19 High (Bakhtiari et al. 2010)
West Coast of Peninsular Malaysia 19-481 19 Low to moderate (Mirsadeghi et al. 2013)
Prai River, Malaysia 1102-7938 16 High to very high (Keshavarzifard et al. 2014)
Malacca River, Malaysia 716-1210 16 Moderate to high
Merambong River, Malaysia 38.6-122.8 16 Low to moderate (Vaezzadeh et al. 2014)
Muar River, Malaysia 15.5-165.7 Low to moderate
Kuala Selangor River, Malaysia 563-1037 16 Moderate to high (Masood et al. 2014)
Perlis River, Malaysia 225.5-293.9 16 Moderate This study
Kedah River, Malaysia 195.2-481.2 Moderate This study
Merbok River, Malaysia 791.2-1995.4 Moderate to high This study
Perak River, Malaysia 231.2-426.7 Moderate This study
Klang River, Malaysia 3803.2-7442.7 High to very high This study

#Scale of level of contamination: low: 0—~100; moderate: 100—1000; high: 1000-5000; very high: >5000 (Baumard et al. 1998)

Selangor States. It is important to point out that the cur-
rent study has demonstrated one of the highest PAH con-
centrations found in any sediments of the Malaysian
aquatic environment.

Compared with other areas in Malaysia, the total PAH con-
centrations in the present study were comparable or lower than
those presented in the Prai and Malacca Rivers
(Keshavarzifard et al. 2014), in the Langat River (Bakhtiari
et al. 2009), and in aquaculture areas in Peninsular Malaysia
(Retnam et al. 2013), but were higher than those observed in
the Merambong and Muar Rivers (Vaezzadeh et al. 2014), in
the Selangor River (Masood et al. 2014) in the surface sedi-
ments in rural and urban areas of Malaysia (Saha et al. 2009),

and in aquacultures located in intertidal mudflats of the west
coast of Peninsular Malaysia (Mirsadeghi et al. 2013).

Most of the PAH values can be widely categorized in
range over tens of thousands of nanograms per gram (de-
veloped countries) up to thousands of nanograms per
gram (fast-growing countries, including Brazil, Russia,
India, China, and South Korea) and in the range from tens
to hundreds of nanograms per gram (developing coun-
tries) (see Table 3). PAH concentrations in the Perlis,
Kedah, and Perak Rivers were comparable to those of
developing countries, while in the Merbok and Klang
Rivers were comparable to those of fast-growing coun-
tries. For comparison, total PAH levels in Boston
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Harbor, USA (7300-358,000 ng g ') are many folds
higher than those in Malaysian riverine and estuaries.

Evaluation of ecotoxicological risk of PAHs

Sediment quality guidelines (SQGs) can be used for assess-
ment of contamination in freshwater, estuarine, and marine
sediments (Long et al. 1995; Macdonald et al. 1996), and
based on the results, the environmental regulation and policy
can effectively protect aquatic life. In this study, four widely
used sets of SQGs, including effects range-low value (ERL),
effects range-median value (ERM), probable effects level
(PEL), and threshold effects level (TEL), were applied to eval-
uate the ecological toxicity of the individual and total PAH
levels in the sediments of the study areas. Long et al. (1995)
suggested that, based on SQGs, adverse biological effects are
considered to occur rarely (PAH concentrations < ERL and <
TEL), occasionally (PAH concentrations > ERL, >TEL,
<ERM, and < PEL), and frequently (PAH concentrations >
ERM and > PEL). The results of this study (total PAH,
LMW PAHs, and HMW PAHs) were compared with the
ERL, ERM, PEL, and TEL SQGs (Table 2). The results found
that the concentrations of 16 PAHs at the stations 1 and 3 of
the Klang River were higher than the ERL value. Moreover,
the total PAH concentrations at station 2 of the Merbok River
and stations 1, 2, and 3 of the Klang River were higher than
the TEL value. The levels of LMW and HMW PAHs at sta-
tions 1, 2, and 3 of the Klang River were higher than the ERL
value. The concentrations of total PAH, LMW PAHs, and
HMW PAHs in the rest of the samples were lower than the
SQGs values. Based on these results, occasionally adverse
biological effects may occur from total PAH, LMW, and
HMW PAHEs at stations 1, 2, and 3 of the Klang River and
from total PAH at station 2 of the Merbok River.

Composition of PAHs

The composition pattern of PAHs (the mean values of differ-
ent ring PAHs in three sampling stations of each river) by ring
size is described in more detail in the collected surface sedi-
ments. As displayed in Fig. 3, PAHs in the Perlis River was
dominated by three-ring PAHs (38 %), followed by four-ring
PAHs (29 %), while PAHs in the Merbok River were domi-
nated by six-ring PAHs (29 %), followed by five-ring PAHs
(27 %). The composition pattern of PAHs in both the Kedah
and Perak Rivers was dominated by four-ring PAHs (32 and
28 %, respectively), followed by three-ring PAHs (23 and
22 %, respectively), but in the Klang River, PAHs were dom-
inated by five-ring PAHs (35 %), followed by four-ring PAHs
(23 %). Two-ring PAHs had the smallest portion of PAHs in
the sediment samples of all stations, ranging from 0.00 ng g '
at station 3 of the Perlis River and station 1 of the Perak River
to 491.1 ng g ' at station 3 of the Klang River. Overall, both
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Fig. 3 The composition pattern of PAHs mean values by ring size in
surface sediments of the Perlis, Kedah, Merbok, Perak, and Klang Rivers

higher molecular compounds and lower molecular com-
pounds were representative of the total PAH compounds in
the collected sediments from all rivers and estuaries (Fig. 3).
As it is shown in Figs. 2 and 3, LMW PAHs (two- and three-
ring PAHs) were depleted in the estuaries (station 1) of all
study areas. This depletion can be due to the high salinity
and low velocity of the water in the estuaries (Table 1), which
may have increased the degradation of LMW PAHs.

Source diagnostics and apportionment

Identifying PAH sources is necessary for controlling their in-
put into the environment and ecosystems and also for remedial
activities. PAH isomeric ratios, which is based on the relative
abundance of individual PAH or groups of PAHs, including
Py/Fluo, Fluo/(Fluo+Py), InP/(Inp+BgP), BaA/(BaA+Chr),
and MP/P (methylphenanthrenes (3-methylphenanthrene, 2-
methylphenanthrene, 9-methylphenanthrene, and 1-
methylphenanthrene) to phenanthrene) have been practically
used for differentiation of petrogenic and pyrogenic sources of
PAHs (Keshavarzifard et al. 2014; Mirsadeghi et al. 2013;
Yunker et al. 2002; Zakaria et al. 2002). Pyrene and fluoran-
thene are different in terms of thermodynamics, of which
pyrene is more stable than fluoranthene. Therefore, the high
abundance of this ratio indicates petrogenic origins, while the
lower abundance indicates pyrogenic origins (Budzinski et al.
1997). Stations which exhibited a Py/Fluo ratio of more than 1
mean that the source of PAHs is related to a petrogenic origin,
while a ratio of lower than 1 predominantly indicates pyro-
genic origins (Sicre et al. 1987). In this study, the Py/Fluo
ratios in all samples were lower than 1, except for samples
from stations 1 and 3 of the Perlis River and station 3 of the
Perak River (Table 2 and Fig. 4), suggesting dominance of
pyrogenic PAHs at most of the stations. This is confirmed
by LMW/HMW ratios (LMW/HMW ratios ranged from
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Fig. 4 Plots of PAH isomer pair 3 Combustion Petroleum
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0.13 to 1.03), which demonstrate the dominance of HMW
PAHs (combustion derivative PAHs) (Table 2).

Parent PAHs are thermodynamically more stable than
alkylated PAHs. In high-temperature combustion-derivative
PAHs, the alkylated PAHs are depleted, whereas in petroleum
products, they are in high abundance. Therefore, the ratio of
alkylated PAHs to parent PAHs has been used for source iden-
tification of PAHs (Garrigues et al. 1995; Youngblood and
Blumer 1975). Some studies have suggested that an MP/P
ratio lower than 1 indicates combustion origin PAHs, while
an MP/P ratio higher than 2 implies fresh petroleum origin
PAHs (Garrigues et al. 1995; Yang et al. 2009). The MP/P
ratios in the sediment samples at station 3 of the Perlis River
(MP/P was 2.6) and station 2 of the Kedah River (MP/P was
2.01) indicate fresh petroleum contribution, while at station 2
of the Perlis River, station 1 of the Kedah River and station 3
of the Merbok River the MP/P ratios were between 1 and 2.
Moreover, MP/P ratios in the sediment samples at the other
stations were lower than 1 (Table 2 and Fig. 4), and these
imply that the PAHs have mainly originated from combustion.

A ratio of Fluo/(Fluo+Py)<0.4 indicates typical petroleum
contamination, whereas Fluo/(Fluo+Py)>0.5 suggests that
PAHs are mainly from biomass and coal combustion, and
0.4<Fluo/(Fluo+Py)<0.5 implies petroleum combustion
(Mitchell et al. 1998). As shown in Table 2 and Fig. 5, the
ratios of Fluo/(Fluo+Py) at station 3 of the Perlis River was
lower than 0.4, indicating fresh petroleum input, while at sta-
tion 1 of the Perlis River, station 1 of the Merbok River, and
stations 1 and 3 of the Perak River, the ratios were between 0.4
and 0.5, meaning that the PAHs were mainly from petroleum

combustion. Fluo/(Fluo+Py) ratios at the rest of stations were
higher than 0.5, implying biomass and coal combustion.

For a more specific identification of the contamination
sources, BaA/(BaA+Chr) and InP/(InP+BgP) ratios
(Table 2 and Fig. 5) were also calculated to distinguish be-
tween petroleum, petroleum combustion, biomass burning,
and coal combustion. BaA/(BaA+Chr) ratio<0.2 is attributed
to petrogenic source, 0.2<BaA/(BaA+Chr)<0.35 suggests
either petroleum or combustion, and BaA/(BaA+Chr)>0.35
corresponds to pyrogenic origin. In the present study, the ra-
tios of BaA/(BaA+Chr) were 0.18 at station 1 of the Merbok
River, 0.33 at station 3 of the Klang River, and ranged from
0.39 to 0.91 at the other stations, which is evidence of
petroleum-derived pollution, petroleum- and combustion-
derived PAHs, and pyrogenic origin PAHs, respectively. As
shown in Table 2 and Fig. 5, InP/(InP+BgP) ratio values low-
er than 0.2, from 0.2 to 0.5, and higher than 0.5 were used as
indicators of petroleum, petroleum combustion, and coal and
biomass combustion, respectively. All stations had values of
the ratio InP/(InP+BgP) between 0.35 to 0.5, except for both
station 3 of the Perak River (InP/(InP+BgP) was 0.54) and the
Klang River (InP/(InP+BgP) was 0.52) and lastly, station 2 of
the Kedah River (InP/(InP+BgP) was 0.19), which implied
that PAHs originated mainly from vehicle emissions related to
fossil oil combustion, biomass and coal combustion, and fresh
petroleum input, respectively.

Many studies in industrialized countries reported a pyro-
genic input of PAHs in aquatic sediments (Cardellicchio et al.
2007; He et al. 2014; Hites et al. 1980; Notar et al. 2001;
Pereira et al. 1999; Stout et al. 2004; Wakeham 1996; Zhang
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Fig. 5 Plots of PAH isomer pair
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et al. 2012). In comparison to the industrialized countries, our
finding of widespread inputs of pyrogenic PAHs in surficial
sediments of Malaysian Rivers and Estuaries is consistent. On
the other hand, Zakaria et al. (2002) reported that PAHs in the
surface sediments collected from major rivers and estuaries
throughout Malaysia in 1998-2000 were significantly
petrogenic, which is in contrast with our findings. Therefore,
it can be concluded that PAH sources of Malaysian aquatic
environment have shifted from petrogenic to pyrogenic.
However, it would require further sampling in the future to
confirm this apparent shift.

PAHs from mobile sources, including exhaust emission
from vehicles, cargo vessels, ships, ferries, and fishing boats
may have been the main reasons for the recent increase of
HMW PAHs input into Malaysian aquatic sediments.
Besides that, widespread episodes of smoke and haze that
originated from biomass burning and forest fires in Malaysia
and Sumatra, Indonesia, in the past decade can also be
responsible for pyrogenic PAHs in the Malaysian
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environment. Population as well as a proliferation of urban
sprawl has had continuous growth in Malaysia during the
past few decades, which caused increased road traffic. This
statement is consistent with Van Metre et al. (2000) who re-
ported that population growth with increase of urban sprawl
had a significant correlation with increase of traffic activities.
In addition, Okuda et al. (2002), Omar et al. (2002), and Omar
et al. (2000) suggested road traffic emissions as the main
source of PAHs in atmospheric aerosols in Kuala Lumpur,
the capital city of Peninsular Malaysia.

In some countries, there are policies to regulate biomass
burning activities but, in developing countries, is introduced
as one of the major sources of PAHs (Okuda et al. 2002). For
instance, a large forest fire that occurred in Indonesia in 1997
emitted considerable amounts of carbonaceous materials into
the atmosphere of neighboring regions, including Malaysia
(Okuda et al. 2002). Moreover, the enhanced concentrations
of benzofluoranthenes (BFs) compared to HMW PAHs were
recorded in Kuala Lumpur during a hazy episode to those
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during clear days by Omar et al. (2006), which can be attrib-
uted to biomass burning process. This is supported by Omar
etal. (2002) and Abas et al. (2004) who demonstrated that the
measured PAH concentrations in Kuala Lumpur during a hazy
episode were found to be many folds higher than those record-
ed on clear days. However, Okuda et al. (2002) recorded that

Table 4 Hopanes in Malaysian sediments

local wood-burning contribution to Malaysian atmospheric
PAHs ranges from 25 to 35 %. A portion of PAHs in
Malaysian sediments can be attributed to coal and natural
gas combustion (Yang and Chen 2004) in coal-fired power
plants located along the West coast water of Malaysia, coal
combustions in Perak (Manjung), Negri Sembilan (Lukut),

Total hopanes® Ci? Total Cyo/Cs0° Reference
PAHS/Cs,
MECO (Middle East Crude Oil) (Zakaria et al. 2002)
Arabian Light 1,680,000 295,000 0.65 2.01
Umm Shaif 899,000 143,000 4.90 1.56
Marban 333,000 54,000 6.28 1.41
SEACO (South East Asian Crude Oil) (Zakaria et al. 2002)
LABUAN 760,000 161,000 19.01 0.98
MIRI 1,540,000 366,000 1.31 0.85
TAPIS 626,000 145,000 6.52 1.16
Sumatra 773,000 197,000 3.55 0.85
Used Crankcase Oil (Zakaria et al. 2002)
Petronas Gas Station 884,000 135,000 12.74 2.04
Yong Motor Workshop 1,770,000 243,000 473 2.66
Home Auto Mechanic 2,550,000 423,000 3.14 1.81
Motorcycle Workshop 2,690,000 474,000 1.09 1.56
Malaysian Sediment (Zakaria et al. 2002)
Straits of Malacca (offshore), Malaysia 54-330 6-50 0.72-1.47 1.35-1.73
Straits of Malacca, (Near Shore), Malaysia 81-323 1047 0.58-1.12 0.87-1.71
Johor Bahru, Malaysia 2404 416 0.58 1.41
Klang Estuary, Malaysia 98-3213 15-561 0.37-1.21 1.61-1.67
Pinang Estuary, Malaysia 6515 1130 0.82 1.59
Present Study
Perlis S1 307.5 68.2 431 22 N
S2 243 343 1.74 24 N
S3 213 27.6 8.94 23 N
Kedah S1 133.6 244 14.64 1.9 N
S2 3109 68.9 6.98 1.8 N
S3 64.1 13.3 14.73 2.1 N
Merbok S1 257.9 35.85 22.07 2.65 N
S2 232.83 45.79 43.58 1.82 N
S3 364.5 25 46.88 2 N
Perak S1 69.4 14.5 29.51 2.6 N
S2 429 8 29.06 22 N
S3 40.53 13.86 28.32 1.23 N
Klang S1 2749.8 379.2 16.50 2.19 N
S2 2633.2 367.2 10.36 2.13 N
S3 2317.6 288.4 25.81 1.79 N

#Sum of the concentrations of 17x(H)-22,29,30-trisnorhopane, 17x(H),21p(H)-norhopane (Cy917x), 173(H),21(H)-norhopane (C917p3),

17(H),213(H)-hopane (C3917x), and 173(H),21x(H)-hopane (C5¢1783)
®170((H),21 3(H)-hopane
¢ The ratio of 17c(H),21 B (H)-norhopane to 17x(H),213(H)-hopane
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and Selangor (Kapar), and natural gas combustion in Selangor
(Klang, Serdang, and Kuala Langat), Perak (Pantai Remis),
Kedah (Kulim), Negeri Sembilan (Port Dickson), and Perlis
(Kuala Sungai Baru).

The primary sources of PAHs for the urban rivers in
our study relate to atmospheric deposition of combustion
products within the watershed, while in some parts of the
study area such as station 3 of the Perlis River, petrogenic
PAHs may contribute as major PAH contaminations,
which could come from crude and refined petroleum and
also oily sewage discharges. Effective monitoring and im-
proved environmental regulations in Malaysia that has
been conducted throughout the country during the last
decade may explain why the PAH signatures of the
Perlis, Kedah, Merbok, Perak, and Klang Rivers and
Estuaries have shifted from a petrogenic (fresh petroleum
input) to pyrogenic origin (combustion and background
input).

Homogeneous hopanes composition in Malaysian Riverine
sediments

In the previous section, widespread input of PAHs bear-
ing a pyrogenic signature in the sediments of Malaysian
Rivers on the basis of the PAH diagnostic ratios was
suggested. Petroleum biomarker compositions (hopanes)
were utilized to identify the source of PAHs in
Malaysian Riverine sediments. In general, hopane com-
positions are different in petroleum, based on their origin
and maturity, which cause different hopane fingerprints
in different types of petroleum (Volkman et al. 1997).
However, the profiles of hopanes recorded in the
Malaysian Riverine sediments were mostly constant.
This may imply the existence of a single diffuse source.
Hopane compounds are the biomarkers found to be use-
ful for source discrimination (Volkman et al. 1997,
Zakaria et al. 2000), and their compositions provide fur-
ther supportive evidence that the crude oil spillage is
only a minor contributor (Zakaria et al. 2002). Hopane
compositions of all of the collected sediments are mostly
similar to each other. The C,o/C3q ratios of Southeast
Asian crude oil (SEACO) were lower than those of the
Malaysian sediments (Table 4), therefore excluding
SEACO as a contributor to the Malaysian sedimentary
petroleum. On the other hand, Middle East crude oil
(MECO) had C,9/C3¢ similar ratios to those in the
Malaysian sedimentary hopanes (Table 4). It can be pro-
posed that MECO significantly contributed to the
Malaysian sedimentary petroleum hydrocarbons, which
is consistent with Zakaria et al. (2002) who reported
the same results in Malaysian Urban sediments.
However, hopane composition and total PAH/Cs, ratios

for some samples show crankcase oil signature (Table 4).
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Conclusion

The concentrations of total PAH varied from 225.5 to 293.9,
195.2t0481.2,791.2t0 1995.4, 231.2 t0 426.7, and 3803.2 to
7442.7 ng gfl in sediments from the Perlis, Kedah, Merbok,
Perak, and Klang Rivers, respectively. The minimum and
maximum concentrations of PAHs were 195.2 and
74427 ng g ' at station 3 of the Kedah River and Klang
River, respectively. PAHs can be classified as moderate in
the Perlis, Kedah, and Perak Rivers, moderate to high in the
Merbok River, and high to very high in the Klang River. The
comparison of the concentrations of PAH in the sediments
from the selected rivers with sediment quality guidelines
(SQGs) indicates that adverse biological effects are expected
to occur at stations 1, 2, and 3 of the Klang River and at station
2 of the Merbok River. Compositional parameters of PAHs
revealed that HMW-PAHs were dominant in the study area.
The utility of PAHs diagnostic ratios revealed both petrogenic
and pyrogenic sources derived from combustion (atmospheric
input) and fresh petrogenic input (via lateral or horizontal
transport) with a dominance of pyrogenic PAHs.
Furthermore, the C,9/C5o hopanes ratios of Southeast Asian
crude oil (SEACO) were lower than those of the Malaysian
sediments. The results suggest that SEACO can be excluded
as a contributor to the Malaysian sedimentary petroleum. On
the other hand, Middle East crude oil (MECO) had C,¢/C;q
similar ratios to those in the Malaysian sedimentary hopanes.
Therefore, we proposed that MECO is a major contributor to
the Malaysian sedimentary petroleum hydrocarbons, which is
consistent with results reported in Zakaria et al. (2002). The
use of a multimodal approach for source identification in this
study had also shown that hopane composition for some sam-
ples carried used crankcase oil signature. Further study needs
to be done in order to determine the amount of PAH contam-
ination resulting from transboundary input. Elucidating such
input is important to managing hydrocarbon pollution on a
regional and global scale.
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