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Abstract: Untreated wastewater released into rivers can result in water pollution, the spread of
waterborne diseases, harm to ecosystems, contamination of soil and groundwater, as well as air
pollution and respiratory problems for nearby humans and animals due to the release of greenhouse
gases. The current study aims to investigate the recent input of anthropogenic loads into the rivers
using linear alkylbenzene (LAB), which is one of the molecular chemical markers with application of
sophisticated model statistical analyses. In order to determine the compositions of LABs, which act
as wastewater pollution molecular indicators, surface sediment samples from the Muar and Kim Kim
rivers were collected. Gas chromatography-mass spectrometry (GC-MS) was utilized to identify LABs
and investigate their sources and degradation. ANOVA and the Pearson correlation coefficient were
employed to determine the significance of differences between sampling locations, with a threshold
of p < 0.05. To assess the degradation degree and efficacy of wastewater treatment plants (WWTPs),
LABs were identified based on chains ranging from long to short (L/S), C13/Cj, homolog, and
internal to external (I/E) congeners. The results indicated that LAB concentrations in the studied
areas of the Muar River ranged from 87.4 to 188.1 ng g~ 'dw. There were significant differences in LAB
homology at p < 0.05, and a significant percentage of sampling stations contained C13-LAB homology.
Based on the LAB ratios (I/E) determined, which ranged from 1.7 to 2.2 in the studied areas, it was
concluded that effluents from primary and secondary sources are being discharged into the marine
ecosystem in those areas. The degradation of LABs was up to 43% in the interrogated locations. It
can be inferred that there is a requirement for enhancing the WWTPs, while also acknowledging the
efficacy of LAB molecular markers in identifying anthropogenic wastewater contamination.

Keywords: linear alkylbenzene; river sediment; wastewater; degradation; molecular marker

1. Introduction

Wastewater can be classified into various types based on origin and characteristics, in-
cluding mainstream (domestic), side-stream (industrial), agricultural, stormwater, hospital,
and commercial wastewater [1-6]). Each type requires different treatment processes to make
it safe for reuse or discharge into the environment [7-15]. However, treated wastewater
released into rivers can contain organic chemical substances, such as linear alkylbenzenes
(LABs), commonly used in the production of detergents. When LAB-containing wastewater
is released into a river, significant degradation occurs in the LABs, and some of them
can be transferred downstream and accumulate in the sediments and aquatic species [16].
LABs are hydrophobic, meaning they do not readily dissolve in water, but instead tend to
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adsorb onto organic matter, such as sediment or algae [17,18]. An essential component of
these hazards stemming from the widespread use of detergents and surfactants in daily
living, agriculture and industries during the past few years is the pollution of coastal
and riverine ecosystems. In spite of Malaysia’s growing urbanization and industry, the
country’s sanitary sewer systems, even those in populated and developed areas, are of
low quality [19-21]. It is crucial to monitor the ecosystems of various rivers and estuaries
that receive land-based contaminants, such as industrial and municipal wastewater. This
monitoring helps identify potentially hazardous pollutants and adverse impacts on the
marine environment, providing essential data for potential environmental management
and preservation efforts [22].

One way to measure domestic contaminants is through the use of organic chemical
substances such as LABs, which are the primary components in detergents such as LASs [23].
During the 1960s, LAB became the preferred chemical for detergent production, as it offered
better biodegradability and affordability compared to branching alkylbenzenes [24]. Due to
insufficient sulfonation, LABs are released into the marine environment in a large amount
of non-treated household and industrial wastewater [25,26]. Thus, LABs are commonly
used as indicators of anthropogenic pollution due to their strong and persistent affinity for
industrial effluents [17]. LAB is utilized to indicate the extent of degradation in sediment
and particulate matter due to their distinctive phenyl substitution on the linear alkyl chain
present in both their structured exterior and inner isomers [27]. Furthermore, LAB is
used to determine the duration of residency and types of released domestic and industrial
wastewater, including primary and secondary wastewater treatment steps, into an aquatic
ecosystem [28].

Malaysia has experienced tremendous economic and demographic expansion over
the past three decades, even as it has rapidly developed in terms of industrialization,
urbanization, and motorization. As a result, there are now more dangers and potential
negative impacts that could damage this nation, particularly as a result of the toxins
linked to urbanization and industrialization that are gradually released into the aquatic
ecosystem [23].

In Malaysia, the sources and degree of sewage or wastewater contamination vary from
one area to another [20,29]. Due to the abundance of urbanized growth and wastewater
treatment plants (WWTPs) on Malaysia’s western coast, residential waste is increasingly
brought from point sources such as factories and non-point sources such as discharge
from different sources. Due to less growth on Malaysia’s eastern coast, the majority of the
country’s pollution originates in urban and industrial areas [21,30]. Higher health risks to
people and the ecosystem would result from increased inputs of untreated wastewater into
river and coastal ecosystems, particularly in slum regions, locations that are overcrowded,
constrained, or without wastewater treatment systems.

The sediment particles have similar characteristics to LAB species such as hydropho-
bicity and high affinity to sediments and suspended particles. Therefore, the sediment
analysis has certain advantages over the other environmental media [19,25]. On the other
hand, the cost of the LAB analysis process, transportation and sample-keeping may be ma-
jor issues. Since the rising contamination degree among the rivers, which, in turn, caused
severe pollution in Peninsular Malaysia’s rivers, which are represented in this study by
both the Muar and Kim Kim rivers, the marine ecosystem is exposed to the accumulation
of organic pollutants, including LAB. Studies on the distribution and transportation routes
of LAB in Malaysia’s sedimentary environment are, however, scarce. Researchers routinely
analyze various environmental samples, including sediments, to better understand the
levels of LAB pollution in the riverine environments. Furthermore, the rivers analyzed in
this study had never been tested for LABs levels. As a result, this study covers a data gap
and demonstrates LAB trends in the study area. The current study aims to provide data
about the recent input of LABs as molecular markers of the anthropogenic contributions
in the researched rivers. The researched location underwent measurement of LAB distri-
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bution, concentration, and levels of degradation as well as improving the efficiency of the
existing WWTPs.

2. Materials and Methods
2.1. Experimental Design

The research sites investigated in this study are situated in the Muar and Kim Kim
rivers located in the southern region of Malaysia (see Figure S1 in the Supplementary
Material (SM)). A detailed description of the research locations is provided in Table 1,
including station codes for the Muar River (SMul, SMu2, SMu3) and the Kim Kim River
(SKK1, SKK2, SKK3).

Table 1. Sampling sites along the Muar and Kim Kim rivers.

Sample Name

SMul
SMu 2
SMu 3
SKK1
SKK2
SKK3

Geographical Coordination Location Type Weather Condition Site Description

N 02°04'06.0” E 102°33/18.1” River Cloudy Urban and industry area
N 02°03'34.9" E 102°34/27.0" River Cloudy Urban and industry area
N 02°03/18.0” E 102°32/23.9"” River Cloudy Urban and industry area
N 01°27'28.2" E 103°57'76.2" River Rainy Urban and industry area
N 01°26'77.6" E 103°58'04.6" River Rainy Urban and industry area
N 01°2509.6” E 103°58'3.31" River Rainy Urban and industry area

These study areas were selected based on varying levels of anthropogenic activities,
ranging from low to high, in their surrounding regions. Surface sediment samples were
collected to assess the recent anthropogenic inputs of LAB in these regions. An Ekman
dredge was used to collect the top 4 cm of sediment, which were then placed in pre-
solvent washed stainless steel containers, transferred to a cooler box, and transported to
the laboratory, where they were maintained at —20 °C in a freezer.

2.2. Chemical Analysis

Two columns had applied for extraction of hydrocarbons from the sediments. The
first column had been used for purification to remove polar mixtures [31], followed by
the second one that had been utilized for fractionation to obtain the anticipated extract,
according to descriptions in the literature [32].

According to [33], a cellulose thimble containing 10 g of dried sediment was subjected
to a 10 h extraction with 250 mL of dichloromethane (DCM) using a soxhlet apparatus.
Before extraction, each sample was spiked with a fixed volume of 50 uL of “1-Cn” LAB
as surrogate standards (SS) for recovery correction of LAB individuals. The extracted
sample was then reduced in volume using a rotary evaporator before being loaded onto
a chromatography column filled with 5% H,O-deactivated silica gel (60-200 mesh size,
Sigma Chemical Company, St. Louis, MO, USA) with a 0.9 cm i.d. and 9 cm height.

In the first step of the elution process, a pure 3:1 v/v hexane/DCM mixture (20 mL)
was used to elute the extracted hydrocarbons, which were then further reduced to 2 mL. In
the second step, a silica gel column that had been fully activated with a 0.47 cm i.d. and
18 cm height was used to isolate the LAB fraction using 4 mL of hexane. The reduced extract
was then transferred to a 2 mL amber vial and dried with a gentle stream of nitrogen until
completely dry. Finally, internal standards (IS = biphenyl-d10, m/z = 164) were added to the
LAB fraction before GC-MS (Agilent Technologies, Santa Clara, CA, USA) measurement.

In order to identify LAB individuals, an Agilent Technologies 7890A series gas chro-
matograph was connected to a C5975 MSD split/splitless injector. A 30 m fused silica
capillary column with a 0.25 mm (i.d.) and a DB-5MS capillary column with a 0.25 m film
thickness were used. Helium was used as the carrier gas, maintaining a pressure of 60 kg
cm? throughout the analysis. The LABs were detected at m/z = 91, 92, and 105, and the
mass spectrum data were collected using the selective ion monitoring (SIM) mode. The
GC-MS was set to 70 eV for the ionization procedure, using an external source at 200 °C
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and an electron multiplier voltage of approximately 1250 eV. Following a 1 min purge, the
sample was injected in splitless mode with the injection port maintained at 300 °C.

2.3. Quality Assurance and Control

In the allowed range (between 60 and 120%), surrogate standards for LAB (1-Cn LAB)
were recovered with a reasonable efficiency percentage and only slightly less of the target
compounds were lost during the analytical procedure of the LAB. The range of recoveries
for LAB surrogates for all sediment in this analysis was between 87-98%. To further avoid
any possible sources of cross pollution with the analysis steps, there was a blank sample
(four samples per batch) that contained all the standards (SS, IS, and NS) that were present
in a regular sample. Every day, freshly manufactured SS, IS, and NS were added to sediment
samples at known concentrations. To identify the target LAB congeners at m/z =91, 92,
and 105, SIM was conducted using GC-MS. A five-point calibration curve was generated
by analyzing a LAB standard mixture (SS, IS, NS) with concentrations ranging from 0.25
to 5.0 ppm. The limits of detection (LOD) and quantitation (LOQ) were determined by
dividing the lowest concentrations of each calibration curve, resulting in values between
0.02-0.1ng g ! and 0.1-2 ng g~ !, respectively [34].

2.4. Statistical Analysis

The statistical analysis methodology applied in the study was first aimed at establish-
ing correlations between independent variables using Statistica® 14.0.1 software. As a first
step, an analysis of variance (ANOVA) was performed to determine the significance of dif-
ferences at a p-value of less than 0.05 in the distribution of LAB between different locations.
The next step was a statistical analysis to determine the correlation between the indepen-
dent variables. PCA analysis was performed to identify factors describing the variability of
organic fractions at the measurement points. PCA calculations were also aimed at identify-
ing the variation of Cy9, C11, C12, C13, C13/C12, I/E, 1/5, and Labgeg, at the measurement
points. The HCA (hierarchical cluster analysis) method was used to verify the relationships
obtained. Based on the results of calculations by the methods given above, theoretical
models were developed for Cyg, Cq1, Ci2, Cy3, and Cy4 simulations. A detailed discussion
of the data analysis methods used is discussed in Section S1—Support Information.

2.5. Total Organic Carbon Method (TOC)

The samples were crushed in a mortar and pestle after being temporarily dried in
a 60 °C oven for the entire night. In order to completely moisten each weighted dried
sediment sample (1-2 g) with 1M HC], inorganic carbon was removed. HCI was then
eliminated through sample drying for 10 h at 100 °C. A LECO CR-412 analyzer (Eltra
Elemental Analyzers Germany, Nordrhein-Westfalen, Germany) was utilized to analyze
the TOC in the sediments [35]. Table 2 has the calculated TOC%.

Table 2. LABs concentration (ng- g_1 -dw) and relative ratios in the Muar and Kim Kim Rivers.

Compound b SMu1 SMu2 SMu3 SKK1 SKK2 SKK3
a C19-LABs (ng-g~1dw) 164 8.4 8.2 9.4 7.7 6.8
C11-LABs (ng-g~1dw) 25.0 14.8 14.2 16.3 13.0 12.0
C12-LABs (ng-g~1dw) 4138 19.7 183 25.6 20.7 18.6
C13-LABs (ng-g~1dw) 69.4 272 25.8 41.0 326 29.5
C14-LABs (ng-g—'dw) 355 21.1 20.9 26.8 211 21.3
LABs (ng.g~1dw) 188.1 91.2 87.4 119 95.2 88.3
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Table 2. Cont.

Compound b SMu1 SMu2 SMu3 SKK1 SKK2 SKK3
¢1/E 22 1.7 1.7 2.0 1.8 1.7
di/s 2.67 2.02 1.99 24 25 2.6
€ C13/C12 6.71 4.18 415 5.1 5.2 5.2
f LAB Degradation (%) 43 33 33 38 35 33
& TOC(%) 2.5 22 14 1.2 1.0 8.1
TOC (mg/g) 25.4 222 13.8 115 9.0 81

Note(s): @ C10-LAB. Sum of the 26LAB congeners ranging from 5-C10 to 2-C10; ® SMul, the first letter indicates
the station, the second and third letters represent the first letters of location name, the numbers 1,2,3,4, indicate the
sample number; © I/E (C12-LABs), ratio of (6-C12LAB + 5-C12LAB) relative to (4-C12LAB + 3-C12LAB + 2-C12LAB);
d 1/, ratio of (5-C13LAB + 5-C12LAB) relative to (5-C11LAB + 5-C10LAB); ¢ C13/C12, ratio of (6-,5-,4-,3- and
2-C13/(6-, 5-, 4-, 3-, and 2-C12LAB); f LAB Degradation (%), LAB deg = 81 x log (I/E ratio) + 15 (2 = 0.96);
& TOC (%), Total organic carbon.

3. Result and Discussion
3.1. Composition, Distribution and Concentration LAB

// ”

The 26 different isomers of LABs are written as n-Cm LAB, where is the carbon
number and “m” is the location of phenyl on the alkyl chain. The total number of LAB
C10—C14 found in samples from all sites is under study (Figure S2 in the SM File).

The composition profile of LAB homologs at the sample sites is shown in Figure 1a,
b. The study showed high levels of C13 homologs in all study stations and the concentra-
tions of longer-chain LABs (C;3 and Cy4) were higher than those of short-chain homologs

(Cy0 and Cyy).
(a) s0 Kim Kim River
a5
‘§‘ 40
=
o 5 W3 C10-LABS
30
o0 WIC11-LA:
25
aﬂ BWEC12-LABs
‘;’ 20 W3 Cl3-LABs
ﬁ 1 W3 CL4-LABs
— 10
5
o
SKK1 SKK 2 SKK 3
. Upstmam = Dovwnstram —-
(b) =0
Muar Rﬂrer
E 80
= 70
0
by &0 WaZC10-LABs
=
B 50 W3C11-LABs
=
‘; 40 M3C12-LABs
g 2 W3 C13-LABs
— 2 B3 C14-LABs
10
0
Shiul SMu2 SMu3
Stations

Figure 1. Compositional profile of LABs in (a) Kim Kim River sediments, and (b) the Muar River.
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Lengthy-chain LABs (Cy3 and Cy4), as opposed to other LAB homologs (C1g and Cq1),
tend to prevail in marine environments, demonstrating that LABs have long lateral transit
in this area. When the composition of LABs was carefully analyzed, it was found that the
first station along the Muar River (SMul) had a significant concentration of C;3 homologs,
indicating that these chemicals undergo anaerobic conditions [17,36].

This chain length distribution was in line with earlier research published by [37,38],
which discovered that surface sediments included an increase in the number of LABs with
longer alkyl chains (C13-Cy4) in opposed to wastewater effluents because these chains are
less volatile and have lower vapor pressure than those with shorter chains. With increasing
chain length, this compositional distribution of LAB returns to a high hydrophobicity of
LAB, as seen by the low abundance of Cjyp and Cy; homologs (short-chain LAB) in all
research sites [39]. Distribution of LAB homologs in the sediments of these research sites
have lower C1p homologs compared to the detergents examined by [40].

Table 2 demonstrates the presence of LAB Cjg_14 in the Muar and Kim Kim rivers’
surface sediments varied between 87.4 in the Muar River estuary (SMu3) to 188.1 ng g !
dw in the upstream of the river (SMul; Figure 2).

(]
th
=]

200

*
100
50
0
KK2 SKK3

SMul SMu2 SMu3 SKK1 SKK
Station

LABs (ng ng_:l dw)
T
=)

Figure 2. Concentration of LABs in the Muar and Kim Kim river sediments. Standard error bars are
shown. * Concentration is highly significant.

SMu3 in the Muar River had the lowest concentration of LABs, whereas the first station
of the river (SMul) had the highest; this was confirmed by the F1 principal component
values of —5.71 and 2.10 (Figure 3).

1.5

SMUS
10+ Shgu2

=]

[%,]
w
Py
>
-

SMu1
v

e
o

® SKK2

Factor 2: 14.03%
L oL 4
wn o o

|
g
=}

SKK3
-25

-7 -6 -5 -4 -3 -2 —1 0 1 2 3
Factor 1: 81.18%

Figure 3. Relationship between F1 and F2 components for measurement data.
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This variability was also confirmed by the dendrogram and the determined distances
between measurement points for the Muar River (Figure 4).

100
80
8 60
=
X
©
£
(]
=
£ 40
e
20
I
0
SKK3 SKK1 SKK2 SMu3 SMu2 SMu1
Figure 4. Dendrogram for data including organic fraction measurements for the Muar and Kim
Kim rivers.
The calculations performed showed very strong correlations (R? > 0.9) between Cy,
Cy3-1/E, Labdegr, and LABs. A strong correlation (R? = 0.7-0.9) was found for Cyg, C11,
C14—LABS and C13, C14-L/S (Table 3).
Table 3. Correlation coefficients (R) between measurement data.
C11 C12 C13 C14 Labs I/E L/S C13/C12  Labdegr TOC
C10 1.000 0.543 0.551 0.698 0.086 0.116 0.698 0.029
C11 0.543 0.551 0.698 0.086 0.116 0.698
C12 0.600 0.667
C13
Cl4 R
Labs
I/E
L/S <0.7 medium 0.429
C13/C122 0.647 0.290
Labdegr 0.213

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

This suggests that LABs may be a reliable indicator of anthropogenic contamination in
the marine environment, as shown in Table S1 in the SM File. At p < 0.05, it was consistent
with a significant difference in LAB concentration between the research sites (Table 4).
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Table 4. Overall analysis of variance for surface sediments of the Muar and Kim Kim rivers.

Source DF Sum of Square Mean Square F Value Sig *
Side 1 92,278.39 9227.39 10.11 <0.05
Locations 2 114,597.32 2291.46 50.20 <0.05
Error 25 0.00 0.00
Corrected Total 6 143,098.47

Note(s): * Correlation is significant at the 0.05 level.

The results of this investigation showed that Muar River’s LAB levels are greater
than those in the Kim Kim River. This was also confirmed by the PCA results (Figure 3),
which showed that the F1 value for the measurement points ranged from —5.71 to 2.10
for Muar, while for Kim Kim it was —0.82-1.52. These regional distributions are most
likely the result of increased industrialization and urbanization near sampling sites. LAB
distribution in the investigated sediments followed the pattern: Muar River > Kim Kim
River, demonstrating that the geographic site does affect LAB dispersion. This was also
confirmed by PCA calculations, which showed that while the first component (F1) describes
the variability of LAB, I/E, L/S, and TOC, the second component depends on the location
of the measurement points (geographic coordinates).

According to [29,41], the LAB concentrations in the investigated sites are lower than
those found in the Sarawak River, Sembulan River, and Anzali Wetland. However, the
levels of LAB observed in this study are high and comparable to those reported in the Kim
Kim estuary and Southern Brazil, as noted by [42,43]. When compared to the levels of LAB
in sediment samples from other locations in Malaysia and around the world (Table 5), the
concentrations of LAB in the examined areas are generally low to moderate.

Table 5. Total concentrations of LABs from different areas around Malaysia and the world.

Location N Maximum LABs (ng/g) 2 I/E Ratio P Degradation € (%) Reference
South Atlantic Estuary 15 210 25 47 [44]
Southern Brazil 3 15.3 1.4 27 [43]
Humber Estuary and Wash, UK 18 84.8 2.1 41 [45]
Anzali Wetland, Iran 167 109,000 1.3 24 [41]
Malacca, Malaysia 1 1080 2.0 39 [42]
Muar River, Malaysia 1 32 2.8 51 [42]
Penang Estuary, Malaysia 1 3000 1.5 29 [42]
Prai River, Malaysia 1 25 34 58 [42]
Kim Kim River, Malaysia 1 122 1.8 36 [42]
Kim Kim Estuary, Malaysia 1 6 1.2 21 [42]
Nibong Tebal, Malaysia 1 168 2.1 41 [42]
Indonesia 20 42,600 2.1 41 [42]
Sarawak River, Malaysia 9 7390 1.0 15 [29]
SembulanRiver, Malaysia 6 5570 1.8 36 [29]
Zhujiang River 11 2330 1.5 29 [40]
Dongjiang River 10 566 1.9 38 [40]
Xijiang River 8 69.4 1 15 [40]
Pearl River Estuary 8 26 1.5 29 [40]
South China Sea 28 23 0.9 11 [40]
The Pearl River Delta 96 11,200 1.7 34 [46]
Santos Bay, Brazil 14 117 2.9 55 [47]
Dongjiang River 45 410 14 27 [48]
Outfalls of paper mills 3 3270 13 24 [48]
Jakarta Bay 7 86,800 0.9 12 [49]
Tokyo Bay 2 1110 2.8 51 [49]
Detergents 10 5,300,000 1.7 34 [45]

Note(s): * LAB = 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); < LAB deg = 81 x log (I/E ratio) + 15 (12 = 0.96); N The
number of samples.
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The discharge of wastewater effluents, combined with the dilution of organic particle
materials, is the most probable explanation for the spatial distribution of LAB in the rivers
and coastal environments under study, as reported by [50,51]. However, in some areas, the
high rate of urbanization, industry, and inadequate wastewater systems may contribute to
the spatial distribution of LAB, as noted by [30,52].

3.2. TOC Evaluation

[53], reported that LABs, owing to their high hydrophobicity, tend to strongly adhere
to organic molecules when introduced to aquatic environments. This led to a correlation
between the level of LABs and the total organic carbon (TOC) found in sediments.

TOC was assessed in all sediment samples, and a relationship between LAB and TOC
was observed at several locations, including Muar River, with an R? value of 0.54 (see
Figure 5).

2828

LABs (ng ng~ " dw)
o

Muar River = Kim Kim River
o
. T 200
R*=0.5418 =11
/ = 150 R? = 0.4229
. E 100 "— s
s
= 0
=~ 0
10 20 30 ] 20 40 60 80 100
TOC (mg/g) TOC (mg/g)

Figure 5. Scatter plots of LABs and TOC in sediment samples of the Muar and Kim Kim river sediments.

These findings indicate that the spatial distribution of LAB from the land to those
stations may be influenced by TOC, which is consistent with the results of TOC analysis
in Dongjiang River. The Dongjiang River study showed a linear correlation between LAB
concentrations and TOC content, with an R? value of 0.82, and identified wastewater
discharge as the primary source of organic carbon in the sediments. Previous research has
established a significant correlation between TOC and the amounts of hydrophobic organic
compounds, as demonstrated by studies such as [54-56].

There was only a minimal association between the sediments from the Kim Kim
River (R?= —0.42; Figure 5) among LAB and TOC. This indicates that TOC had a minor
influence on the distribution of LAB in the sediments, and that the main factor driving the
redistribution of LAB in those areas’ sediments was the extent of wastewater input from
various anthropogenic activities. The Kim Kim River’s SKK3 had TOC with 81 mg g~!
and SKK2 had TOC with 9.0 mg/g. The TOC results are distinct from those in Selangor
and Perak rivers in West Malaysia (R?= 0.008 and 0.17, respectively). This shows that the
intensification of anthropogenic input in those locations was a contributing factor to the
distribution of LAB in the Selangor and Perak rivers, also demonstrating that the TOC was
not a determining factor [19,22].

3.3. Assessment of LAB Reduction and Effluents Treatments Efficiency

The LAB ratios play a significant role in the degradation and sources of LAB in
aquatic ecosystems. To determine the effectiveness of wastewater treatment and the rate of
LAB degradation in riverine ecosystems, the I/E ratios are commonly utilized [57,58]. In
addition, the calculations performed for the Muar River and the Kim Kim River showed
relationships (Figure 6a—e):

Cyo — Labs = 15.14-1/E — 18.53 R? = 0.81 1)
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Cy; — Labs = 41.60-1/E — 52.85 R? =091 ()
Cyp — Labs = 41.60-1/E — 52.85 R? =091 (3)
Ci3 — Labs = 76.44-1/E — 103.83 R? = 0.920 (4)

Ci4 — Labs = 27.42.1/E — 26.27 R? = 0.94 (5)

Low levels with LAB degradation were found in the surface sediments of the study
environment at SMu2, SMu3 and SKK3 in the Muar and Kim Kim River, respectively, while
high levels were found at SMul in Muar River. This is clarified by that the Muar River has
a higher level of selective biodegradation of LAB species than Kim Kim River, which has
weak degradation and inadequately treated wastewater in some stations.

The I/E ratios varied across the sampling stations, with values ranging from 1.7 in
SMu2, SMu3, and SKK3 of the Muar and Kim Kim Rivers, respectively, to 2.2 in SMul of
the Muar River. These findings suggest that LABs primarily originated from secondary
treatment processes in the Muar station, whereas primary wastewater treatment was the
primary source in the Kim Kim River. The disparity can be attributed to the fact that the
Muar area has more WWTDPs than the Kim Kim region, as depicted in Figure 7. LABs
are produced from a variety of sources, including residential, daily human uses, flows
from rainstorms and industrial wastes, and these wastewaters have a strong attachment
to particulate matter such as wastewater particles and organic matter, and may therefore
improve the LAS transport from their initial sources into the aquatic ecosystem [48,59,60].

LAB biodegradation in the investigated areas was assessed further using the other
two ratios (L/S, C13/Cyy) that have been proposed to represent the level of wastewater
treatment and the degree of LAB degradation [40]. Muar stations has greater L/S and
C13/Cyy levels than Kim Kim area. According to the research findings, the L/S ratio
observed in Muar sediments ranged from 2.0 at the third station (SMu3) to 2.7 at SMul.
These results demonstrate that the L/S ratio in the sediments was higher than the ratio of
1.8 found in detergents [46], suggesting an enhancement in LAB degradation. The Cy3/C1p
ratio was also more than the 1.7 that observed in the riverine sediments by [61], ranging
from 4.2 at the third station (SMu3) in Muar River to 6.7 at the first station (SMul).

Due to increased fishing activity by locals in the shoreline areas in recent years, there
has been a notable increase in direct discharge from ferries and vessels [62]. LABs increase
in the river, estuary, and coastal sediments brought on by detergent waste discharge, and
washing from ferries and boats affect molecular indices to some extent. The flushing of
urban materials into estuaries and the marine environment through drains and rivers is
made worse by heavy rainfall and flash floods. Therefore, the sedimentary habitats of the
investigated locations were found to have a high signature of primary and less secondary
sources. LAB ratios demonstrate how quickly LABs are degrading in study samples. In
contrast to the Selangor River sediments, the examined area displayed a higher presence of
C13-LAB and elevated levels of all three markers (0.6, 2.3, and 2.1). Previous studies have
shown that sedimentary LAB is highly susceptible to biodegradation, as demonstrated
by [22]. The sedimentary ratios of L/S and C13/C12 in the research area are proposed
as more reliable indicators of biodegradation and the efficacy of wastewater treatment.
Environmental conditions and a small amount of LAB may influence the evaluation of
biodegradation. Fluvial transport is the primary source for the release of terrestrial LAB
into the aquatic environment. Moreover, this is in line with earlier published anthropogenic
PAHs [57]. The wastewater from places near sampling stations may mix with organic
materials before it reaches the test site since it is dumped into the river waters.
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Figure 6. Relationship of (a) the Cjp with (I/E), (b) the Cy; with (I/E) (c) the Cj, with (I/E),
(d) the Cy3 with (I/E), and (e) the Cy4 with (I/E) (where: Cip = Cy9 — Labs; C;; = Cq; — Labs;
C12 = C12 - Labs; C13 = C13 - Labs; C14 = C14 - Labs).
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Figure 7. Values of the Cy3/Cyp, L/S, and I/E ratios in the samples of the Muar and Kim Kim rivers.

4. Conclusions

The LAB difference between the Muar and Kim Kim rivers was statistically significant
at p < 0.05, ranging from 87.4 to 188.1 ng g~! dw in Muar’s sediment. Among the sampling
locations, the first station in the Muar River had the highest LAB, while the third station
had the lowest, with SC-homologs being the least prevalent. The I/E ratio data indicated
that LABs originate from a range of primary to secondary wastewater treatment types near
the sample locations, with a high I/E ratio of 2.2 at the first station of the Muar River. These
results indicate that untreated industrial and residential waste may persist for a prolonged
period due to insufficient wastewater treatment plants resulting in a low I/E ratio. It is
expected that levels of industrial and urban wastewater discharge will increase along the
rivers in the future. To prevent the release of LABs and other harmful substances into
rivers and other water bodies, it is important to properly treat wastewater before it is
discharged into the environment. This can include using advanced treatment technologies
to remove contaminants from the wastewater or implementing regulations and policies to
limit the use of certain chemicals in consumer products. Moreover, regular assessments of
wastewater pollution and upgrades to WWTDPs are necessary to minimize environmental
concerns and improve public health in riverine areas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15122216/s1, Figure S1: Map of the investigated area, showing
sites of Muar and the Kim Kim rivers; Figure S2: Gas chromatograms of LABs in surface sediments
of the (a) Muar River (b) Kim Kim River. 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; Table S1: Pearson
correlation coefficients between total LABs concentration in the Muar and Kim Kim rivers. Significant
Pearson correlation (p < 0.05); Section S1. Statistical analysis data.
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