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Abstract
Purpose Molecular organic markers are an effective tool to detect the adverse effects of anthropogenic inputs in the aquatic
environment. Linear alkylbenzenes (LABs) are sewage molecular organic markers that are released into the environment as a
consequence of the incomplete sulphonation step of industrial detergents. In the current work, the characterisation, sources and
degradation of LABs in the surface sediments of Muar River and Johor Bahru Coast, Malaysia, were identified.
Materials and methods The surface sediment samples were obtained from the Muar River and Johor Bahru Coast area using an
Ekman dredge sampler. Both locations were selected to represent the current anthropogenic pollution situation. The sediment
samples were subjected to Soxhlet extraction, first purification step, second fractionation step column chromatography and then
gas chromatography-mass spectrometry (GC-MS) analysis.
Results and discussion The results revealed that the LAB concentrations in the samples of theMuar River and Johor Bahru Coast
ranged from 87.4 to 188.1 ng g−1 dry weight (dw) and from 87.6 to 188.7 ng g−1 dw, respectively. The ratios of internal isomer
(the benzene ring is closed to the centre of the linear alkyl chain) to external isomer (the benzene ring nears the end of the linear
alkyl chain) (I/E ratio) of LABs were between 1.7 and 2.2 in Muar River and between 1.8 and 2.7 in Johor Bahru Coast samples.
Conclusions These findings indicate that the concentrations of LABs in the sediments ranged from low to moderate contamina-
tion and the aquatic environment received both primary and secondary sewage effluents. This study emphasises that continuous
monitoring of sewage pollution to minimise the environmental pollution in coastal areas is highly recommended.
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1 Introduction

Coastal zones are important habitats for aquatic organisms.
However, these environments are sensitive to the pollutants
caused by various anthropogenic activities such as urban and
industrial discharges, agricultural activities, organic matter com-
bustion, direct petroleum input, marine, fishing and tourism ac-
tivities (Wei et al. 2014; Keshavarzifard and Zakaria 2015;
Keshavarzifard et al. 2016, 2017a). The molecular markers are
used as indicator to trace sources of anthropogenic inputs in the
environment (Takada and Eganhouse 1998; Martins et al. 2014).
One of these molecular markers is the linear alkylbenzenes
(LABs) which have been commonly used due to their high hy-
drophobicity (log Kow ranging from ~ 7 to ~ 9), which demon-
strates the strong partitioning behaviour of LABs to sewage par-
ticles. These particles settle down on surface sediments and in
anaerobic condition with no biodegradation for long periods
(Murray et al. 1987; Raymundo and Preston 1992; Takada
et al. 1994; Isobe et al. 2004; Wei et al. 2014; Magam et al.
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2015; Alkhadher et al. 2016). LABs, alongside the linear alkyl
benzene sulfonate (LASs)–type detergents, are discharged into
the environment through applications of household laundry de-
tergents and dishwashing applications. The external isomers of
LABs are biodegraded further more easily than the internal ones
due to the benzene ring of the external isomer near the terminal of
the alkyl chain side (Eganhouse et al. 1983; Takada and
Ishiwatari 1987; Valls et al. 1989; Takada and Ishiwatari
1990). LABs consist of a suite of 26 phenyl alkanes with chain
lengths ranging from 10 to 14 carbon atoms in a typical com-
mercial formula, which are used to produce linear alkylbenzene
sulfonates (LASs) as themajor anionic surfactants widely used in
the manufacturing of detergents since the 1960s (Eganhouse
et al. 1983; Sherblom et al. 1992). Therefore, the LABs represent
13% of the incomplete sulphonation that resides in the final
products, and thus its discharge with the surfactant wastewater
into the aquatic systems (Eganhouse et al. 1983). Hence, the
current work focused on detecting the current input of LABs
released from municipal wastewater to the aquatic environment.

The final synesthetic detergents (LASs-type detergents) con-
tain low amounts of LABs. However, the widespread consump-
tion of detergents with high quantities leads to accumulate LABs
in the aquatic environments (Eganhouse et al. 1983; Takada and
Ishiwatari 1987; Alkhadher et al. 2015; Magam et al. 2015).

The I/E ratio of total LABs (6-C12+5-C12)/(4-C12+3-C12+
2-C12) is developed to be used as indicator for LAB biodeg-
radation in marine environments. Moreover, the differences in
the biodegradation capacities of the internal and external iso-
mers of the LABs and I/E ratio are scientifically referenced as
LAB indicators (Takada and Ishiwatari 1990; Gustafsson et al.
2001; Tsutsumi et al. 2002; Isobe et al. 2004; Luo et al. 2008;
Zhang et al. 2012;Martins et al. 2014;Wei et al. 2014; Dauner
et al. 2015). LABs have been utilised as molecular markers for
sewage contamination in various locations around the world
(Takada and Ishiwatari 1987; Díez et al. 2006; Luo et al. 2008;
Ni et al. 2008; Venkatesan et al. 2010; Rinawati et al. 2012;
Alkhadher et al. 2015; Dauner et al. 2015; Magam et al. 2015;
Masood et al. 2015). The high concentrations of LABs have
been recorded in different environmental compartments, for
instance, riverine water column particles (Takada and
Ishiwatari 1987; Ni et al. 2008; Dauner et al. 2015), sediments
(Eganhouse et al. 1983; Ishiwatari et al. 1983; Wang et al.
2012; Martins et al. 2014), biota such as fish and mussels
(Peterman and Defino 1990; Tsutsumi et al. 2002), municipal
wastes (Eganhouse et al. 1983; Takada and Ishiwatari 1987)
and industrial wastes (Zhang et al. 2012).

The southern part of Peninsular Malaysian, with high pop-
ulation and urbanisation activities, is associated with high dis-
posal of the industrial and municipal effluents into the natural
water systems. Therefore, these natural water systems are po-
tentially influenced by different anthropogenic inputs
(Shahbazi et al. 2010; Keshavarzifard et al. 2016;
Keshavarzifard et al. 2017a, b). Muar River passes through

three states in Malaysia including Negeri Sembilan, Pahang
and finally flows to Malacca straits at Kuala Muar (Abu
Samah et al. 2011). Kuala Muar city is located at the mouth
of the Muar River with population of 49,000 people (Abu
Samah et al. 2011). The Muar River is one of the main rivers
in Peninsular Malaysia and is famous for its fresh prawn and
some species of fish. Johor Bahru oversees the South coast
and is the second largest state in Peninsular Malaysia with an
area of approximately 19,000 km2 and a population of 3.5
million people (DOSM 2016). The coastal zone of Johor
Bahru is characterised by rapid development such as tourism
and fishing activities (Hadibarata et al. 2012). LABs are
strongly related to anthropogenic activities. Therefore, they
can indicate the extent of anthropogenic impacts on the aquat-
ic environments of Malaysia. The criteria of choosing a mark-
er depend on the availability and persistence of the marker in
the environment as well as the specific source influence of the
marker (Takada et al. 1997). For instance, coprostanol is used
as an indicator for faecal steroid contamination due to its per-
sistent and positive correlation with faecal bacteria (Isobe
et al. 2002). In contrast, LABs are used as an indication of
sewage treatment efficiencies and the modernity of sewage
contamination in the environment based on the different bio-
degradation capacities of the internal and external isomers of
LABs (Tsutsumi et al. 2002). The studies in the literature have
investigated the composition of LABs in some parts of
Peninsular Malaysia such as Penang Estuary, Port Klang,
Negeri Sembilan, Malacca and Sarawak Rivers (Isobe et al.
2004; Magam et al. 2012). However, there is no data available
from other locations in Peninsular Malaysia. The main aim of
the present study is to assess the anthropogenic inputs of
LABs in the aquatic environments of the Muar River and
Johor Bahru Coast. Therefore, the concentrations of LABs
were determined and the possible sources and degradation
level of LABs in the studied areas were evaluated.

2 Methods

2.1 Sampling

The research areas investigated in this study are situated in Johor
state, Malaysia. The sampling areas and description of the sam-
pling sites of the study areas are illustrated in Fig. 1. The studied
area was selected based on presence of high and less anthropo-
genic activity across south and west Peninsular Malaysia.

In order to assess the anthropogenic input of LABs in
the study areas, the collection of surface sediment samples
was done from eight sampling locations in these areas
(Table 1). The top 4 cm of each sediment sample was
taken from the eight areas representing current introduc-
tions of anthropogenic pollution along the Muar river,
including upstream (nearer to the source of the river),
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midstream and downstream (moving in the direction in
which the river flows) of the river (Fig. 1), and from
Johor Bahru Coast using an Ekman dredge sampler. The
sediments were then put into pre-solvent rinsed stainless

steel containers, transferred to the laboratory with dry ice
in a cooler box and kept in a freezer at − 20 °C. Moisture
was removed from the sediments using a freeze-dryer pri-
or to further chemical analysis.

Table 1 Description of sampling
site along the study areas of
Malaysian Peninsular

No. Sampling location Geographical coordination Sediment sample Description of site

1 Muar 1 N 02O04′06.0″ E 102O33′18.1″ River Urban and industrial area

2 Muar 2 N 02O03′34.9″ E 102O34′27.0″ River Urban and industrial area

3 Muar 3 N 02O03′18.0″ E 102O32′23.9″ River Urban and industrial area

4 Johor Bahru 1 N 01°27′58.2″ E 103°44′30.9″ Coast Industry and urban area

5 Johor Bahru 2 N 01°27′44.1″ E 103°44′84.7″ Coast Industry and urban area

6 Johor Bahru 3 N 01°27′34.7″ E 103°45′65.9″ Coast Industry and urban area

7 Johor Bahru 4 N 01°27′72.7″ E 103°46′47.2″ Coast Industry and urban area

8 Johor Bahru 5 N 01°26′06.5″ E 103°55′8.40″ Coast Industry and urban area

Fig. 1 (a) General location of the study area, showing a map of the Malaysian Peninsular. (b) Muar River. (c) Johor Bahru Coast
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2.2 Chemical analysis

The analysis methods of LABs in the sediment extraction
were carried out using two columns with purification (remove
polar compounds) and fractionation of the resulting organic
extracts as described by authors in the literature (Hartman
et al. 2000; Zakaria et al. 2002; Magam et al. 2015; Masood
et al. 2015).

A fixed weight of the dried sediments (10 g) was put in a
cellulose thimble and then extracted with 250 mL of dichlo-
romethane (DCM) in a Soxhlet apparatus for 8–10 h accord-
ing toMasood et al. (2015) and Vaezzadeh et al. (2014). Fixed
volumes of 50 μL of “1-Cn” LABs as surrogate standards
(SS) of LABs were added to the samples prior to extraction
for the recovery correction of target LABs. In “1-Cn” LAB, 1-
represents the first isomer of each LAB homologue, and n
represents the carbon number (8–14). The extract was further
subjected to activated copper to eliminate sulphur to avoid any
interference with the final GC-chromatograms.

The extract volume was reduced by utilising a rotary evap-
orator and moved to the top of 5% H2O deactivated silica gel
(60–200 mesh size, Sigma Chemical Company, USA) in a
chromatography column (0.9 cm i.d, 9 cm height).
Hydrocarbons were eluted in this step using 20 mL of a purity
hexane/DCM mixture (3:1, v/v). The elution volume was re-
duced to 1–2 mL and then, a fully activated silica gel column
(0.47 cm i.d, 18 cm height) was used at this step in order to
obtain LAB fractions using 4 mL of hexane. Next, the frac-
tions of LABs were moved to a 2-mL amber vial and de-
creased to dryness using a gentle stream of nitrogen. Internal
standards (IS = biphenyl-d10, m/z = 164) were put into the
fraction before GC-MS analysis.

A GC-MS of 7890A series, gas chromatograph, Agilent
Technologies, interfaced with a C5975 MSD split/splitless
injector, was used to analyse the LABs. In brief, a 30-m fused
silica capillary column of 0.25-mm internal diameter (i.d.) and
a DB-5MS capillary column of 0.25-μm film thickness were
used. The carrier gas was helium at a constant pressure of
60 kg cm−2. Mass spectral data were done using the selective
ion monitoring (SIM) mode and the LABs were detected at m/
z = 91, 92 and 105. The GC-MS operating condition was set at
70 eV for the ionisation process, with the source at 200 °C and
electron multiplier voltage at ~ 1250 eV. The injection port
was kept at 300 °C when the sample was injected via splitless
mode, followed by a 1-min purge. The column temperature
was kept at 70 °C for 2 min, maintained at 30 °C min−1 to 150
°C and finally, increased from 4 °C min−1 to 310 °C for 15
min.

2.3 Quality control and assessment

The surrogate standards (1-Cn LABs) were recovered with a
reasonably efficient proportion within the accepted range

(between 60 and 120%), showing only a minimal loss of the
target compound in the analysis procedures. The range of
recoveries for LAB surrogates was within 87–98% for the
sediment samples analysed in this study. Each batch of sam-
ples (four samples) was processed with a blank that contained
in an empty glassware all the chemicals and the standards (SS,
IS and native standards) present in the normal samples to
avoid any potential cross contamination from different sources
during the analytical procedures. Standards such as SS, IS and
native standards were freshly prepared daily and spiked with
known concentration into the sediment samples. The GC-MS
was set in selected ion monitoring mode at m/z = 91, 92 and
105 to analyse the target LAB congener. Five concentrations
of a LAB standard mixture (SIS, IIS and native standards)
within the range of 0.25–5.0 ppm were injected together with
samples and a 5-point calibration curve was used to quantify
the LAB target compounds. The limits of quantification
(LOQ) and limits of detection (LOD) were calculated by the
lowest concentration level of each calibration curve divided
by the mean sample weight (Takada and Eganhouse 1998).
They ranged within 0.1–2 ng g−1 and 0.02–0.1 ng g−1,
respectively.

2.4 Total organic carbon analysis

The total organic carbon (TOC) was measured in sediments
utilising a LECO CR-412 analyser. Sediment samples were
kept in an oven at 60 °C overnight to be dried; then, a mortar
and pestle were used to ground the dried samples. 1–2 g of
each dried sediment sample was weighed and then, 1–2 mL of
1 M HCl was added to the sample until it was completely
moist by HCl to remove inorganic carbon (carbonates).
Afterward, the HCl was removed from the sediment sample
through drying at 100 °C for 10 h. Finally, a LECO CR-412
Carbon Analyser (with furnace temperature of 1350 °C and
O2 boost time of 1 min) was used to determine the TOC%
(Nelson and Sommers 1996). The determined TOC percent-
age is shown in Table 2.

3 Results and discussion

3.1 Composition and distribution of ΣLABs

Structural congeners of the LABs are shown in Fig. 2, with
their sum expressed asΣLABs. The structure of the individual
congener is indicated as “n-Cm” LAB, where n shows the
position of the benzene ring on the straight alkyl chain and
m represents the number of alkyl carbons.

The LABs C10–C14 were detected in all investigated sedi-
ments. As shown in Table 2, ∑LABs C10–C14 ranged from
87.4 to 188.1 and 87.6 to 188.7 ng g−1 dw in the surface
sediments of the Muar River and Johor Bahru Coast,
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respectively. These concentrations are higher than those re-
corded in the sediment samples at Southern California Bight
sediments (1.7–92.9 ng g−1), while are lower than those re-
ported in northern Tokyo Bay, Japan (1000–3270 ng g−1)
(Table 3) (Takada et al. 1992; Hartmann et al. 2000; Macıas-
Zamora and Ramırez-Alvarez 2004).

The highest concentration of total LABs in the current re-
search was detected at the station SJB3 in the Johor Bahru
Coast (188.7 ng g−1 dw), whereas the lowest concentration
was found at SMu3 of the Muar River (87.4 ng g−1 dw)
(Table 2). The maximum concentration of LABs in the
Muar River was detected in the upstream (SMu1, 188.1 ng
g−1 dw). The concentrations are higher than∑LABs previous-
ly observed in the Muar River sediments and in the Kim Kim
River (32 and 122 ng g−1 dw, respectively) but lower than the
LAB concentrations found in the Port Klang and Penang
Estuaries, Malaysia (8590 and 3000 ng g−1 dw, respectively)
(Isobe et al. 2004; Table 3). The explanations for these differ-
ences might be related to the rapid industrialisation and urban-
isation in the upstream portion of the Muar River which are
associated with the spatial distributions of LABs in this river
(Alkhadher et al. 2016).

The decrease in concentrations of ∑LABs in the Muar
River from upstream to downstream is depicted in Fig. 3.
The results are comparable to previous findings (68–242 ng
g−1 dw) reported by Magam et al. (2015). The Muar River
flows through a highly urbanised area with high

anthropogenic activities (Abu Samah et al. 2011). The highest
concentration of ∑LABs at the upstream and midstream loca-
tions could be explained by the fact that the sampling sites are
close to LAB input sources, where both untreated and treated
effluents are being released into the river.

The lower concentrations of∑LABs in SMu3might be due
to the location of the station, which is in the river mouth and
close to Malacca Sea where the salinity concentration is ex-
pected to be high and the salinity effect contributes to reduce
their isomeric species. Another explanation for the lower con-
centrations of ∑LABs in SMu3 could be the heavy rainfall
which washed out the high mass of eroded soil to the Muar
River mouth (SMu3), hence diluting the concentrations of
∑LABs. The ∑LAB distribution in the riverine ecosystem is
predominated by the lateral movement of sewage effluents
combined with the intensity of sewage input (Zeng et al.
1997; Isobe et al. 2004).

The total LAB concentrations detected at SJB1, SJB2,
SJB3, SJB4 and SJB5 were 116.8, 87.6, 188.7, 115.8 and
130.7 ng g−1 dw, respectively. The concentration of
∑LABs in the Johor Bahru Coast sediments varied in
distribution with the trend of SJB3 > SJB5 > SJB1 >
SJB4 > SJB2, showing that the distance of the sites from
the input sources of ∑LABs is probably the reason for the
variability of LAB concentrations in these stations. The
∑LAB sources of the sediments in Johor Bahru Coast
might be resulted from higher industrialisation and

Table 2 Concentrations of linear
alkylbenzenes (ng g−1 dw) and
selected ratios in surface
sediments from the Muar River
and Johor Bahru Coast, Malaysia

SMu1b SMu2 SMu3 SJB1 SJB2 SJB3 SJB4 SJB5

∑C10-LABs 16.4 8.4 8.2 9.9 7.4 15.7 10.3 12.1

∑C11-LABs 25.0 14.8 14.2 17.1 12.9 28.4 17.7 19.2

∑C12-LABs 41.8 19.7 18.3 27.0 19.1 46.0 27.2 29.5

∑C13-LABs 69.4 27.2 25.8 39.1 28.0 69.0 39.6 45.0

∑C14-LABs 35.5 21.1 20.9 23.7 20.2 29.5 21.2 25.0

∑a-LABs (ng g−1 dw) 188.1 91.2 87.4 116.8 87.6 188.7 115.8 130.7

I/Ec 2.2 1.7 1.7 2.0 1.8 2.7 1.9 2.0

LAB degradationd(%) 43 33 33 38.6 34.9 49.4 38.4 40.1

L/Se 2.67 2.02 1.99 2.4 2.4 2.7 2.4 2.5

C13/C12
f 6.71 4.18 4.15 4.7 4.4 5.7 4.2 6.2

TOCg (%) 2.5 2.2 1.4 0.5 2.0 3.1 0.9 0.4

TOC (mg/g) 25.4 22.2 13.8 4.6 19.8 30.9 9.1 3.9

a∑C10-LABs, sum of the 26 LAB congeners
b SMu1; the first letter indicates the station; the second and third letters represent the first and second letters of the
location name; the numbers 1, 2 and 3 indicate the upstream, middle stream and downstream for each location,
respectively
c I/E (C12-LABs), ratio of (6-C12LAB+5-C12LAB) relative to (4-C12LAB+3-C12LAB+2-C12LAB)
d LAB degradation (%), LAB deg = 81 × log(I/E ratio) + 15 (r2 = 0.96)
e L/S ratio of (5-C13LAB+5-C12LAB) relative to (5-C11LAB+5-C10LAB)
f C13/C12, ratio of (6-, 5-, 4-, 3- and 2-C13/(6-, 5-, 4-, 3-, and 2-C12LAB)
g TOC (%), total organic carbon
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urbanisation along Johor Bahru Coast and the transporta-
tion of these contaminants to the coastal locations are
likely responsible for these spatial distributions.
Intensive tourism activities in the area and sewage inputs
that are coming directly from the fishing boats could also
be amongst the important sources of LABs in Johor Bahru
Coast. The high utilisation of synthetic detergents in bor-
dering urbanised sites in the sampling stations can con-
tribute to the concentrations of LABs (Ni et al. 2008).
Marine effects that can be affected by organic input, pol-
lutant input and pathogenic microorganisms are well re-
ported (Wang et al. 2012). Therefore, it is satisfactory to
define an environmental policy for this area in order to
avoid further anthropogenic impact. The hydrodynamic
process combined with lateral movements could be the
major input pathway of LABs in the sediments. It has
been reported in the literature that wastewater release, in
addition to horizontal flow, was responsible for the exis-
tence of ∑LABs in aquatic environment sediments

(Sherblom et al. 1992; Luo et al. 2008; Ni et al. 2008;
Montone et al. 2010).

The LABs and PAHs are persistent organic pollutants
(POPs) and have similar physiochemical properties. In this
study, both compounds exhibited similar spatial distribution
trend with previous detection by Vaezzadeh et al. (2014).
These findings are in agreement with Luo et al. (2008) who
reported moderate to high correlation coefficients (from 0.59
to 0.77, p < 0.05) between PAHs and LABs revealed in sed-
iments from South China Sea (SCS), China. The study sug-
gested that both PAHs and LABs were associated with
sewage-derived particulates and have similar sources and/or
input routes in these regions.

Due to recreational activities such as fishing in the Muar
River (Samah et al. 2011), large amounts of waste and deter-
gents have been directly discharged from boats and fishing
vessels into theMuar River and Johor Bahru Coast. As a result,
it can be indicated that the sources of LABs in the present study
areas may result from the release of domestic sewage into
aquatic environments together with direct waste release from
boats and fishing vessels. It was inferred from the outcomes of
LAB concentrations that the sewage treatment plants had a
direct impact on the concentrations of LABs, since a lower
concentration of ∑LABs was observed in sampling locations
with sewage treatment plants. The isomeric compositions of
∑LABs in the sediments are illustrated in Fig. 4.

A relative abundance of 13-, 12- and 14-LAB homologs
was detected in the sediments, while 10- and 11-LAB homo-
logs showed less abundance. These outcomes are in perfect
agreement with the results of Phillips et al. (2001) and
Martins et al. (2010), who revealed significant amounts of
13- and 14-LAB homologs in sediments from the near-
outfall sites of Southern California, while 10- and 11-LAB
homologs showed lower proportions. One possible reason
behind this composition of LABs in the sediments could be
the selective loss of C10 and C11 homologs while sewage
particles are settling down. Furthermore, the isomeric com-
positions of LABs in the sediments shown in Fig. 4 indicated
a difference between the distribution of ∑LAB chain length
with lower amounts of C10 and C11 homologs similar to
∑LABs in detergents and sludge (Luo et al. 2008). The en-
richment of 12-LAB homologs has been detected in the first
station of the Muar River and explained by the fact that this
station is the nearest to sewage outfalls and this is consistent
with those of 12-LABhomologs in sediments fromSouthern
California sites (Phillips et al. 2001). An abundance of the
C13 homologs found in sediments in this research was also
reported elsewhere (Luo et al., 2008). Amajor reason can be
more biodegradation of short homologs (C10, C11 andC12) in
the sediments, along with higher Kow of long-chain LABs,
and therefore, their higher tendency to be adsorbed to partic-
ulate matter and settle down as sediments can be another
explanation.

Fig. 2 Gas chromatograms of LABs in the surface sediments of (a) the
Muar River and (b) Johor Bahru Coast. IIS (internal injection standard-
biphenyl, d10); surrogates 1-Cn-LABs (n, 8–14) from left to right
indicated by asterisks. Subscripts indicate the alkyl chain length.
Numbers on the peaks indicate the phenyl substituted position on the
alkyl chain
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The LABs are used to evaluate the types and efficiency of
STPs. Takada and Eganhouse (1998) proposed that the I/E
ratios in primary effluents are generally low, ranging from

0.5 to 0.9, and the secondary effluents show a much higher
I/E ratio ranging from 2 to 7. The high I/E ratios in the sec-
ondary effluents belong to the bacterial degradation of LABs.

Table 3 Total concentrations of ΣLABs from different areas around Malaysia and the world

Location N Maximum ∑LABsa (ng g−1) I/E ratiob Degradationc (%) Reference

Sumidagawa River, Japan 6 12110 1.7 34 Takada and Ishiwatari (1987)

Tamagawa River, Japan 8 15790 1.9 38 Takada and Ishiwatari (1987)

Arakawa, Japan 1 4010 1.2 21 Takada and Ishiwatari (1987)

Nakagawa, Japan 1 2350 1.7 34 Takada and Ishiwatari (1987)

Edogawa, Japan 1 910 1.8 36 Takada and Ishiwatari (1987)

Yokogawa, Japan 1 120 1.4 27 Takada and Ishiwatari (1987)

Tokyo, Japan 1 590 1.5 29 Takada and Ishiwatari (1987)

Humber Estuary and Wash, UK 18 84.8 2.1 41 Raymundo and Preston (1992)

Thames, UK 5 2300 3.1 55 Raymundo and Preston (1992)

Tokyo Bay, Japan 29 3270 2.5 47 Takada et al. (1992)

Tokyo Bay, Japan 24 2750 3.1 55 Takada et al. (1992)

Narragansett Bay, USA 41 100 2.3 44 Hartmann et al. (2000)

Southern California Bight, USA 67 92.9 4.6 69 Macıas-Zamora and Ramırez-Alvarez (2004)
Malacca, Malaysia 1 1080 2.0 39 Isobe et al. (2004)

Muar River, Malaysia 1 32 2.8 51 Isobe et al. (2004)

Penang Estuary, Malaysia 1 3000 1.5 29 Isobe et al. (2004)

Prai River, Malaysia 1 25 3.4 58 Isobe et al. (2004)

Kim Kim River, Malaysia 1 122 1.8 36 Isobe et al. (2004)

Kim Kim Estuary, Malaysia 1 6 1.2 21 Isobe et al. (2004)

Nibong Tebal, Malaysia 1 168 2.1 41 Isobe et al. (2004)

Indonesia 20 42600 2.1 41 Isobe et al. (2004)

Sarawak River, Malaysia 9 7386 1.0 15 Magam et al. (2012)

Sembulan River, Malaysia 6 5567 1.8 36 Magam et al. (2012)

Zhujiang River 11 2330 1.5 29 Luo et al. (2008)

Dongjiang River 10 566 1.9 38 Luo et al. (2008)

Xijiang River 8 69.4 1 15 Luo et al. (2008)

Pearl River Estuary 8 26 1.5 29 Luo et al. (2008)

South China Sea 28 23 0.9 11 Luo et al. (2008)

The Pearl River Delta 96 11200 1.7 34 Ni et al. (2008)

Santos Bay, Brazil 14 117 2.9 55 Martins et al. (2008)

Dongjiang River 45 410 1.4 27 Zhang et al. (2012)

Outfalls of paper mills 3 3270 1.3 24 Zhang et al. (2012)

Admiralty Bay, Brazil 4 46.5 0.9 11 Martins et al. (2012)

Jakarta Bay 7 86745 0.9 12 Rinawati et al. (2012)

Tokyo Bay 2 1109 2.8 51 Rinawati et al. (2012)

Detergents 10 5303000 1.7 34 Raymundo and Preston (1992)

Detergents 12 702000 1.1 18 Takada and Ishiwatari (1987)

Detergent 5040000 Eganhouse et al. (1983)

aΣLAB = sum of concentrations of all secondary LAB congeners having C10–C14 alkyl chain
b I/E = (6_C12+5_C12)/(4_C12+3_C12+2_C12)
c LAB deg = 81 × log(I/E ratio) + 15 (r2 = 0.96)

N, number of samples
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Therefore, the I/E ratios in the industrial and domestic sewage
depend on the bacterial load, which plays an important role in
the secondary treatment process.

3.2 Evaluation of ∑LAB biodegradation and sources
using ∑LAB ratio

Molecular ratios are suitable tools for the identification of
LAB sources in aquatic environments. The researchers in the
literature have applied LAB ratios as indicators of sources in
sediments (Takada and Ishiwatari 1990; Magam et al. 2015;
Masood et al. 2015). One of these ratios is an internal (I)
isomer to the external (E) one (I/E ratio). The internal isomer
of LABs is more difficult to degrade than the external one
(Ishiwatari et al. 1983; Isobe et al. 2004). The I/E ratios in-
crease during∑LAB biodegradation under aerobic conditions
(Takada and Ishiwatari 1990). Therefore, LAB ratios have

been proposed for application (Takada and Ishiwatari 1990;
Alkhadher et al. 2015) as indicators of the extent of ∑LAB
degradation. The ratio of I/E ranged between 1.7 and 2.2 in the
Muar River and between 1.8 and 2.7 in Johor Bahru Coast
sediments, showing increased biodegradation of LABs (Fig.
5).

The I/E ratios indicate that primary and secondary effluents
are being released to the aquatic environments of the study
area. The I/E ratios of the Muar River and Johor Bahru Coast
sediments are higher than the ∑LABs of the Pearl River
Estuary, China, ranging from 0.6 to 1.5 (Luo et al. 2008),
suggesting a high release of treated effluents in the Muar
and Johor Bahru Coast.

A high I/E ratio was detected upstream of the Muar River
(SMu1) as compared with the other sites of the Muar River
and Johor Bahru Coast. Therefore, it seems that the sediment
of SMu1 has gone through greater degradation, which might

Fig. 4 Compositional profiles of
linear alkylbenzenes in surface
sediments from (a) the Muar
River and (b) the Johor Bahru
Coast

Fig. 3 Concentration of LABs in
the Muar River and Johor Bahru
Coast (concentrations are
expressed as ∑LAB C10–C14)
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be due to the higher bacterial activity in this station. The I/E
ratios in the Muar River are different from the expectations
from the experiments of incubation degradation (Takada and
Ishiwatari 1990). This result supports that LAB isomers are
converted via a process that causes the phenyl group to mi-
grate after a H-abstraction of the alkyl chain, followed by
reacquisition of hydrogen from attaching organic matter
(Gustafsson et al. 2001).

The I/E ratios in the Johor Bahru Coast sediments showed
constant values ranging between 1.8 and 2.7, indicating aero-
bic degradation. The high I/E ratio in the Johor Coast stations
(1.8–2.7) was attributed into the effective coverage of sewage
treatment plants (STPs) in recent years where 77% of Johor
Bahru was equipped with STPs (Malaysian Water Industry
Guide 2015).

It is proved that the sewage released from medium- and
small-sized industries with poor sewage treatment facilities
is the main pollution source into the west and south of
Malaysian coastal (Rosnani 2001).

The accuracy of I/E ratio as an indicator of LAB biodegra-
dation in offshore areas has been reported in the literature. For
example, a decreasing trend was detected in the values of I/E
ratios in Boston Harbour with increasing in the distance from
the sources to offshore (Gustafsson et al. 2001), which differ
from incubation degradation experiments. A similar trend of I/
E ratios was observed by Luo et al. (2008) where the ratios
ranged from 0.2 to 0.9 in offshore sediments of the South
China Sea, while the range of ratios was between 0.7 and
1.9 in terrestrial rivers. Therefore, the L/S ratio, defined as
(5-C13+5-C12)/(5-C11+5-C10), was also suggested as a LAB
biodegradation indicator in riverine areas (Gustafsson et al.
2001). The L/S ratios of the sediments in this study are illus-
trated in Table 2. A similar trend with I/E ratios was found in
the L/S ratios of the Muar River sediments (SMu1 > SMu2 >
SMu3). Alternatively, the ratio of L/S in Johor Bahru Coast
was comparable (2.4 to 2.5) with its I/E ratios (1.8–2.7), all of
which are in line with the expectations that the ∑LABs of this
area should have undergone a higher degree of degradation

compared with I/E ratio range. These variables suggest that
the L/S ratio can be a useful indicator for the extent of ∑LAB
biodegradation in ecosystems.

A relative decrease in C12 homologs was reported by Luo
et al. (2008) in the sediment of the Pearl River Estuary and
North South China Sea. Therefore, ratio of C13/C12 (6-, 5-, 4-,
3- and 2-C13 LABs)/(6-, 5-, 4-, 3- and 2-C12 LABs) was pro-
posed to evaluate the distribution of carbon chain lengths (Fig.
6). The ratio of C13/C12 decreases seaward, which can be
explained by the higher hydrophobicity of C13 homologs,
resulting in higher attachment to suspended particulate matters
and settling down in the sediment (Sherblom et al. 1992).
Takada and Eganhouse (1998) developed a log linear regres-
sion to measure the relationship between the I/E ratios and the
degree of LAB degradation with the following equation:
∑LABs deg (%) = 81 × log (I/E ratios) + 15 (r2) = 0:96. The
percentage of ∑LAB biodegradation was measured for the
sediments in this study based on this formula and the results
ranged from 33 to 43% and from 34 to 49%, respectively
(Table 2).

The high LAB degradation indices with high abundance of
13-LAB were detected in the Muar River compared with the
near shore of the adjacent South China Sea (Luo et al. 2008;
Fig. 4). This is a sign of improvement in the wastewater treat-
ment in the studied area and indicates a greater extent of
degradation.

According to the ∑LAB ratios, it was difficult to come to a
unique conclusion for sediments of the study area. Similarly,
the contradiction of I/E, L/S and C13/C12 ratios was reported
earlier in the sediment of the Pearl River Delta (Luo et al.
2008), oceanic regions off Boston Harbour (Gustafsson et al.
2001) and Guangdong Province coastal areas (Liu et al. 2013).
Moreover, the occurrence of LAB congener inter-conversions
involving phenyl group migration or the enrichment of exter-
nal isomers might have been the reason behind the anticipated
increase in the I/E values (Gustafsson et al. 2001; Luo et al.
2008). Therefore, the aerobic conditions combined with high
concentration of∑LABs could have affected the evaluation of

Fig. 5 The I/E ratio in the Muar
and Johor Bahru Coast sediment
samples. The horizontal lines are
drawn as stated in Takada and
Eganhouse (1998)
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biodegradation, and L/S and C13/C12 ratios are reported as
sensitive ratios showing biodegradation in sediment from the
Johor Bahru Coast area.

The ∑LAB concentrations in the Muar River have a mod-
erate correlation with the amount of organic compound (R2,
0.54) in the surface sediment (Fig. 7(a)). Therefore, the in-
crease of the ∑LAB concentrations in the Muar River is ex-
plained as a result for increasing the organic matter input com-
ing from domestic waste and sewage discharge due to increas-
ing population growth in this area (Bakhtiari et al. 2011). This
is inconsistent with earlier hypothesis that stated strong corre-
lation between∑LABs and TOC suggesting sewage release as
the main source for organic carbon to the river sediments

(Zhang et al. 2012; Magam et al. 2015). On the other hand,
Fig. 7 (b) demonstrates that the correlation of TOC and
∑LABs at the Johor Bahru Coast is very weak (R2 = 0.29).
These findings indicated that TOCwas not a controlling factor
for the distribution of∑LABs. This confirmed the earlier work
done on California’s coastal region (Macıas-Zamora et al.
2004), which concluded that there was no linear relationship
between∑LABs and TOC, which suggested that TOC is not a
controlling factor in determining the distribution of∑LABs in
the surface sediments of the south end of the Southern
California Bight. Therefore, anthropogenic input from demot-
ic waste and sewage discharge of Johor Bahru could be the
controlling factors for the ∑LAB distribution in coastal water.

Fig. 6 (a) I/E ratio, (b) L/S ratio
and (c) C13/C12 ratio in the Muar
River and Johor Bahru Coast
samples

(a)                (b)
Fig. 7 (a) Correlation between LAB concentration and TOC in theMuar River sediments. (b) Correlation between LAB concentration and TOC in Johor
Bahru Coast sediments
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The poor correlation of TOC in this area may attribute to the
different sources of ∑LABs and TOC.

4 Conclusions

The concentrations of ΣLABs in surface sediments of the
Muar River were lower than those of Johor Bahru Coast.
High LAB concentrations were recorded in the upstream
study sites of the Muar River, while the stations downstream
displayed low concentrations, indicating that upstream urban
wastewater was the main source of ∑LABs. The intensity of
∑LAB inputs is the main predominant factor in the ∑LAB
distribution of the study area. ∑LAB ratios of I/E, L/S and
C13/C12 were observed to be high in both study areas, indicat-
ing that LAB degradation in the Muar River is lower than in
Johor Bahru Coast. The biodegradation ratios indicate that the
study areas received primary and secondary treated effluents.
The results of this research showed the necessity for incessant
investigation of potential pollution in coastal ecosystems in
order to avoid possible contamination from sewage pollution
in the future. The installation of more efficient sewage treat-
ment plants is required at the surrounding areas of the study
locations to minimise sewage pollution in this area.
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