
water

Article

Urban Watercourses in Peril: Implications of Phthalic
Acid Esters on Aquatic Ecosystems Caused by
Urban Sprawl

Mahesh Jayaweera 1,*, Gimhani Danushika 1, Nilanthi Bandara 2, Janith Dissanayake 1 ,
Buddhika Gunawardana 1, Jagath Manatunge 1 and Kasun Zoysa 1

1 Department of Civil Engineering, University of Moratuwa, Moratuwa 10400, Sri Lanka;
gdanushika20@gmail.com (G.D.); janithme2011@gmail.com (J.D.); buddhikag@uom.lk (B.G.);
manatunge@uom.lk (J.M.); kasunzoysa.uom@gmail.com (K.Z.)

2 Department of Forestry and Environmental Sciences, University of Sri Jayewardenepura, Nugegoda 10250,
Sri Lanka; nilanthi@sjp.ac.lk

* Correspondence: mahesh@uom.lk; Tel.: +94-11-2650568

Received: 8 February 2019; Accepted: 8 March 2019; Published: 13 March 2019
����������
�������

Abstract: Urban sprawl worldwide warrants the use of large quantities of industrial and household
products containing phthalic acid esters (PAEs) resulting in adverse impacts on the quality of aquatic
life in urban watercourses. The presence of six PAEs (dimethyl phthalate (DMP), diethyl phthalate
(DEP), di(n-butyl) phthalate (DBP), benzyl butyl phthalate (BBP), bis(2-ethylhexyl) phthalate (DEHP),
and di(n-octyl) phthalate (DnOP)) in 22 shallow urban watercourses in Colombo and suburbs of Sri
Lanka was investigated. The average concentrations of DEP, DBP, BBP, and DEHP in all watercourses
varied between 2.5–265.0, 1.0–32.0, 61–108, and 12–165 µg/L, respectively. DMP and DnOP were
below the limits of quantification (DMP-0.5 µg/L, DnOP-1.0 µg/L) for all watercourses. DEHP
was the most abundant PAE in many watercourses. The significant factors affecting the ubiquitous
presence of PAEs in watercourses are the inherent properties of each PAE, presence of industrial and
household products with great potential for the migration of PAEs in the sub-catchments, and quality
of the receiving water. The contamination levels of PAEs in most of the watercourses are alarmingly
high, as evidenced by higher concentrations of DEHP and DBP than those of Canadian permissible
levels for the protection of aquatic life (16 and 19 µg/L). This study was the first effort in Sri Lanka to
investigate the presence of PAEs in urban watercourses.
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1. Introduction

Phthalic acid esters (PAEs) are reported to be a group of emerging organic contaminants, which are
ubiquitously present in aquatic environments worldwide [1]. PAEs are added to plastic and polyvinyl
chloride manufacturing industries as a plasticizer to enhance beneficiary attributes of final products
such as softness [2], flexibility [3], durability and longevity [4], and workability [5]. Also, PAEs are
utilized in the production process of pharmaceuticals, cosmetics, personal-care products [6], insect
repellants, household-hardware, including wire coverings [7], cables, tubes, hoses, lubricants, and
stationery products (such as inks, paints), toys [8], and pesticides [9]. Annual global production of PAEs,
for a multitude of uses in 2013, has been reported to be over five million metric tons [2]. Urban sprawl
results in PAEs becoming ubiquitous at varying levels in watercourses of many countries [10]. Among
all PAEs, six compounds, namely dimethyl phthalate (DMP), diethyl phthalate (DEP), di(n-butyl)
phthalate (DBP), benzyl butyl phthalate (BBP), bis(2-ethylhexyl) phthalate (DEHP), and di(n-octyl)

Water 2019, 11, 519; doi:10.3390/w11030519 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0002-8568-6704
https://orcid.org/0000-0003-4005-8242
http://www.mdpi.com/2073-4441/11/3/519?type=check_update&version=1
http://dx.doi.org/10.3390/w11030519
http://www.mdpi.com/journal/water


Water 2019, 11, 519 2 of 14

phthalate (DnOP) have been included in the priority pollutant list published in Title 40 of the Code of
Federal Regulations Part 423, Appendix A, United States Environmental Protection Agency.

Canadian water quality guidelines specify the levels of DEHP and DBP to be 16 and 19 µg/L,
respectively, for the protection of aquatic life [11]. PAEs are not bound to a polymer by covalent
bonding resulting in easy detachment, and may subsequently be transported through leaching to
the aquatic environment [12]. DEHP and DnOP are weak in biodegradability and hence, subject to
bioaccumulation with a likelihood of biomagnification in the aquatic environment [13,14]. Moreover,
Sun and co-workers [14] have observed the induced developmental toxicology and dysfunction of
developing hearts in Zebrafish embryos by BBP at oral concentrations of 0.6 and 1.2 mg/L. Li and
co-workers [15] have reported that for aquatic organisms of Jiulong River in China, DEHP poses a high
risk (risk quotient (RQ) > 1) at concentrations exceeding 0.62 µg/L, while DBP warrants a medium risk
(0.01 < RQ < 1) with concentrations between 0.03–1.77 µg/L [15].

The principal influencing factors for the retention of PAEs in the water column include pH [16],
temperature [17], and salinity [18]. PAEs are hydrolyzed below pH 5 and above pH 7 [16,19] and have
high hydrophobicity with increasing salinity resulting in a negative impact on water solubility. Further,
the sorption affinity of colloid-laden PAEs declines with increasing concentrations of Na+, K+, Cl–, and
SO4

2– of colloids [17]. Other factors of concern, including inherent properties, about the behavior of
PAEs in the aquatic environment constitute solubility in water, octanol/water partitioning, air/water
partitioning, water/solid partitioning, photodegradation, and biodegradation. Water solubility of
PAEs is a measure of a propensity for biodegradation, and it decreases with the increasing carbon
number of the alcohol moiety of PAEs [19]. Water solubility of DMP, DEP, DBP, and BBP at 25 ◦C is
4,000,000, 1,080,000, 11,200, and 2690 µg/L, respectively [20] and for DEHP, DnOP it is 270, 22 µg/L,
respectively [21].

The octanol/water partitioning coefficient (Kow) predicts the partitioning behavior of PAEs. PAEs
with high hydrophobicity, low solubility, and high molecular weights are persistent in the aquatic
phase without partitioning to another liquid phase. Log Kow of DMP, DEP, DBP, BBP, DEHP, and
DnOP are reported to be 1.61, 2.38, 4.45, 4.59, 7.50, and 8.06, respectively [19]. Air/water partitioning,
which is usually characterized by Henry’s Law constant (H), helps estimate the tendency of PAEs
to escape from water to air. The H values of DMP, DEP, DBP, BBP, DEHP, and DnOP are estimated
to be 1.22 × 10−7, 2.66 × 10−7, 8.83 × 10−7, 7.61 × 10−7, 1.71 × 10−5, and 1.03 × 10−4 atm-m3/mol,
respectively [19]. The higher H values are reported for PAEs with lower solubilities relative to the
vapor pressure indicating that they are migrated to air.

The sorption of PAEs to soil/sediments of the watercourses is determined by their water–solid
partition coefficient (Koc). The Koc value for DMP is 55 L/kg [22], for DEP, DBP, BBP, and DEHP
are 69, 1975, 17,000, and 87,420 L/kg, respectively [23], and for DnOP, 140,800 L/kg [24]. Thus,
the partitioning tendency of PAEs increases with the increase in molecular weight where PAEs with high
molecular weights show greater affinity for suspended and particulate materials in the water column.
Photodegradation of PAEs occurs through absorption of UV irradiance in the range of 290–400 nm with
the maximum half-life of PAEs near the surface of the water column being 144 days; thus, the loss of
PAEs due to photodegradation in the short-term would be marginal [25]. Biodegradation within the
water column by bacterial mediation seems to be another important factor that determines the retention
of PAEs in the aquatic phase [19]. DMP, DEP, DBP, BBP, DEHP, and DnOP show different time lapses for
complete biodegradation in water at 20–25 ◦C; for DMP, DEP three days [26], for DBP four days [19],
for BBP seven days [26], for DEHP 20 days [19], and for DnOP seven days [27].

In our study, we undertook reporting the presence of PAEs and their levels in urban watercourses
of Colombo, Sri Lanka, selecting six PAEs (DMP, DEP, DBP, BBP, DEHP, DnOP) that are ubiquitously
present in aquatic environments [14]. Manufacturing industries of polyethylene, paint, plastic,
polyvinyl chloride (PVC), polyethylene terephthalate (PET) bottles, children’s toys, packaging
industries of pesticides, pharmaceuticals, cosmetics and personal care products, the apparel industry,
and distributors of household hardware and stationery products are mainly housed in Colombo and
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the suburbs of Sri Lanka. PAEs in the aquatic environment may be attributed to haphazard and ad
hoc discharges of untreated or partially treated wastewater from the industries mentioned above and
indiscriminate dumping of products containing PAEs by households. Furthermore, the introduction
of legislation in Sri Lanka in 2017 banning open burning of plastics, and the use of certain types of
polythene without establishing environmentally safe disposal techniques, prompted people to engage
in the haphazard disposal of used polythene/plastic products in their neighborhood, thus aggravating
the ubiquitous presence of PAEs, especially in the aquatic environments. Moreover, the addition
of weight percentages of PAEs to plastic products has not yet been regulated in Sri Lanka, and an
estimate of PAEs in the aquatic environments has not been figured out. Although there have recently
been numerous news reports in the mass-media on PAEs, there has been no comprehensive study
undertaken to get an insight into the distribution of PAEs in shallow urban watercourses in Colombo
and its suburbs; hence this study. To our knowledge, this is the first study conducted to monitor the
concentrations of PAEs in watercourses of Sri Lanka.

2. Materials and Methods

2.1. Study Area and Sampling Locations

The study area consists of part of Colombo and its suburbs, Sri Lanka (Figure 1), which have
been developed as a mixed-use development area where both residential and industrial zones co-exist.
The study area was chosen because the industrial outputs containing PAEs are clustered in the
sub-catchments (Figure 1) and it is also densely populated resulting in increased use of personal care
and household products containing PAEs. The study area, therefore, includes urban watercourses that
are constantly subjected to indiscriminate dumping of waste and discharge of untreated or partially
treated industrial or domestic wastewater that may contain PAEs.
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Twenty-two sampling locations (SP 1–SP 22) were selected in different watercourses (Table 1 and
Figure 1). Most of these sampling locations were in the lower stretches of the watercourses connected to
open sea where the accumulation potential of PAEs was expected to be high. Diurnal and semi-diurnal
tidal impacts and spring and neap tides usually slow down the flow of water due to salt wedge
development resulting in higher hydraulic retention of PAEs in the selected stretches of watercourses.
One sample (SP 1) was selected within a sub-catchment as the control, where no industry having a
potential for migration of PAEs was located in close vicinity. The other twenty-one samples (SP 2–SP 22)
were selected in different sub-catchments having a multitude of industries with a potential for migration
of PAEs. Most of the watercourses that were considered for this study spread in almost flat terrain where
water flow was slow or nearly stagnant and were not major rivers where flow rates are high enough to
dilute the PAEs.

Table 1. Description of sampling locations and in situ parameters measured.

Sample ID Sampling Site Description of the Sampling Site pH Temp. 1

(◦C)
Salinity 2

(%)

SP 1 Sri Wickrama canal About 5 m wide, velocity <1.0 m/min,
brackish, fecally polluted 7.45 ± 0.12 29.3 ± 0.1 0.7 ± 0.1

SP 2 Peliyagoda canal About 4 m wide, velocity <1.0 m/min,
brackish, fecally polluted 7.50 ± 0.10 30.7 ± 0.2 0.3 ± 0.0

SP 3 Main Drain About 6 m wide, velocity <1.0 m/min,
brackish, fecally polluted 7.65 ± 0.14 30.0 ± 0.1 0.9 ± 0.2

SP 4 Beira lake-North
lock gate

About 6 m wide, velocity <2.0 m/min,
brackish, fecally polluted 7.55 ± 0.12 28.2 ± 0.2 0.9 ± 0.3

SP 5 St. Sebastian canal
(North)

About 6 m wide, velocity <1.0 m/min,
brackish, fecally polluted 7.30 ± 0.15 29.7 ± 0.2 0.4 ± 0.1

SP 6 Kittampahuwa
canal

About 4 m wide, velocity <1.0 m/min,
brackish, fecally polluted 6.90 ± 0.20 28.6 ± 0.1 0.4 ± 0.1

SP 7 St. Sebastian canal
(South)

About 6 m wide, velocity <1.0 m/min,
brackish, fecally polluted 7.40 ± 0.31 30.6 ± 0.2 0.1 ± 0.0

SP 8 Raggahawatta
canal

About 4 m wide, velocity <5.0 m/min,
fresh, fecally polluted 6.45 ± 0.20 30.5 ± 0.1 0.0 ± 0.0

SP 9 Dematagoda canal About 6 m wide, velocity <2.0 m/min,
brackish, fecally polluted 8.60 ± 0.22 31.1 ± 0.20 0.2 ± 0.0

SP 10 Beira lake-East Lake, very slow water movements,
brackish, fecally polluted 8.90 ± 0.12 30.7 ± 0.2 0.7 ± 0.2

SP 11 Kimbula canal About 2 m wide, velocity <2.0 m/min,
brackish, fecally polluted 8.10 ± 0.21 29.8 ± 0.2 0.1 ± 0.0

SP 12 Diyawanna lake Lake, very slow water movements,
fresh, fecally polluted 7.45 ± 0.31 30.7 ± 0.3 0.0 ± 0.0

SP 13 Kirulapona canal About 5 m wide, velocity <2.0 m/min,
fresh, fecally polluted 7.70 ± 0.28 28.5 ± 0.2 0.1 ± 0.0

SP 14 Wellawatta canal About 6 m wide, velocity <2.0 m/min,
brackish, fecally polluted 7.65 ± 0.26 30.5 ± 0.1 0.9 ± 0.3

SP 15 Poorwarama canal About 6 m wide, velocity <2.0 m/min,
brackish, fecally polluted 7.30 ± 0.25 31.5 ± 0.2 0.1 ± 0.0

SP 16 Dehiwela canal About 6 m wide, velocity <3.0 m/min,
brackish, fecally polluted 8.25 ± 0.25 28.4 ± 0.3 2.4 ± 0.6

SP 17 Maharagama Ela About 2 m wide, velocity <1.0 m/min,
fresh, fecally polluted 5.80 ± 0.32 27.9 ± 0.3 0.0 ± 0.0

SP 18 Nadimala canal About 2 m wide, velocity <1.0 m/min,
fresh, fecally polluted 6.60 ± 0.42 28.7 ± 0.2 0.0 ± 0.0

SP 19 Weras Ganga About 10 m wide, velocity <2.0
m/min, fresh, fecally polluted 7.45 ± 0.34 29.5 ± 0.3 0.0 ± 0.0

SP 20 Ratmalana canal About 2 m wide, velocity <1.0 m/min,
fresh, fecally polluted 5.45 ± 0.21 30.8 ± 0.4 0.0 ± 0.0

SP 21 Kesbawa lake Lake, very slow water movements,
fresh, fecally polluted 7.20 ± 0.30 27.5 ± 0.2 0.0 ± 0.0

SP 22 Bolgoda lake Lake, very slow water movements,
fresh, fecally polluted 7.20 ± 0.30 30.6 ± 0.3 0.1 ± 0.0

1 Temp.: Temperature of the water at the time of sampling; 2 Salinity: salinity of the water.
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2.2. Sample Collection

Water samples were collected from slow-flowing or almost stagnant water at each location
between 9:00 a.m. to noon at a depth less than 1.0 m in the dry period (November–December 2017)
during which the ambient temperature was between 25–32 ◦C and no precipitation was recorded.
At each location, three grab samples were collected by a depth sampler (Model No: 436131, Ruttner,
Germany) within three hours to arrest plausible changes due to tidal impact and any other temporal
variation. Amber glass bottles (borosilicate, 1 L, pre-heated at 400 ◦C for four hours) were used to
store the grab samples. All samples were transported to the laboratory within two hours and stored
below 4 ◦C until analysis was performed. No plastic containers or accessories were used during in
situ sampling, sample pretreatment, extraction, or analysis to ensure no contamination of the samples
with PAEs. Glassware was cleaned using chromic acid solution, and rinsed with NaOH solution and
deionized water before use.

2.3. In situ Water Quality Measurements

Temperature, pH, and salinity of the water samples were measured in situ by a portable
multi-parameter water quality meter (WQC 24, DKK-TOA, Japan). The repeatability of the measurements
of pH, temperature, and salinity was ±0.05, 0.25 ◦C, and ±0.1%, respectively. To avoid hydrolysis of
PAEs, the pH of the water samples was adjusted between 5–7 using 1 M H2SO4 or 1 M NaOH [16].

2.4. Gas Chromatography/Mass Spectrometry (GC/MS) Analysis

A standard mixture (2000 µg/mL) of six PAEs (DMP, DEP, DBP, BBP, DEHP, and DnOP) in
n-hexane, a surrogate standard (diphenyl phthalate, 99%), and an internal standard (benzyl benzoate
in n-hexane, 5000 µg/mL) were purchased from Sigma Aldrich, USA. HPLC-grade solvents (methanol,
dichloromethane, n-hexane, and acetone) and anhydrous sodium sulfate (98%) were purchased from
Sigma Aldrich, USA. The surrogate standard and the internal standard were diluted to 200 mg/L
using methanol and to 500 mg/L using n-hexane, respectively to be used in the analysis. Deionized
water (18.2 Ω cm) was prepared using a deionizer (Smart Plus-N, Heal Force, China).

EPA method 8061A was followed for the extraction and quantification of various PAEs in an
aqueous matrix. Each sample (1 L volume) was filtered under vacuum to remove colloids using
glass fiber filter papers (GF/F, Whatman, 0.7 µm). Glass fiber filters were carefully wrapped in
pre-cleaned aluminum foil, and baked at 105 ◦C for 12 h before use. The filtrate was placed in a
1-L separation funnel in which 50 µL of diluted surrogate standard (200 mg/L) was spiked, and the
solution was mixed for five minutes. After that, dichloromethane (100 mL) was added to the mixture
containing the sample and surrogate, mixed for another 15 min, and allowed to separate. After 30 min,
dichloromethane was separated and passed through a column containing 30 mg of anhydrous sodium
sulfate to remove water molecules trapped in dichloromethane. The anhydrous sodium sulfate was
baked at 105 ◦C for 12 h before use. The decanted sample was concentrated in a rotary evaporator
(HS-2005 V-N(CE), Hahn Shin, Korea) until the sample reached a volume less than 1 mL and the final
volume was adjusted to 1 mL by adding dichloromethane. The 1 mL prepared sample was placed in a
GC sampling vial and spiked with 10 µL of the internal standard (500 mg/L) and fed into the GC/MS
(Agilent Technologies, California, CA, USA).

A Gas Chromatograph (7890, Agilent Technologies, USA) coupled with a mass selective detector
(5977, Agilent Technologies, USA) with a splitless injector was used for the qualitative analysis of PAEs,
operating the full scan and quantitative analysis of PAEs with selective ion monitoring (SIM) mode.
Calibration curves were prepared for individual PAEs using the standard mixture for quantification of
PAEs. A DB-5MS column (30 m × 250 µm id., 0.25 µm film thickness, Agilent Technologies) was used
for PAEs separation. The program for the GC oven was initiated at 80 ◦C, increased to 265 ◦C at a rate of
30 ◦C/min, then ramped to 270 ◦C at a rate of 5 ◦C/min, and finally kept for 12 min until all the analytes
were eluted. The sample injector was set at 300 ◦C using the splitless mode. The electron impact (EI)
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ionization energy was 70 eV. The temperatures of the transfer line, ion source, and quadrupole were
maintained at 280, 230, and 150 ◦C, respectively. Ultra-pure helium (99.99%) was used as the carrier gas
at a constant flow rate of 1 mL/min, and the sample injection volume was 1.0 µL.

Quantification of DMP, DEP, DBP, BBP, DEHP, and DnOP concentrations in shallow watercourses
using GC/MS () was validated, and the key parameters from validation studies, including a limit of
detection (LOD), limit of quantification (LOQ), and relative standard deviation (RSD), are shown in
Table 2. For every batch, a water sample was field-fortified (field blank) with a known concentration of
surrogate standard for their recovery. Besides, for each batch, a water sample from a source whose PAE
concentrations were absent was spiked with a known concentration of surrogate standard (procedural
blank) and validated for recovery (Table 2). Two known concentrations of the standard mixture were
spiked with deionized water to be analyzed together with other batch samples for the verification of
extraction efficiencies (Table 2). Calibration curves were prepared for DMP, DEP, and DBP, in the range
0.5–10 µg/L and for BBP, DEHP, and DnOP in the range 1–10 µg/L with the linearity of R2 between
0.995–0.999 and RSD <10%. The precursor ion for DMP was selected as 163 (m/z), and the same for
DEP, DBP, BBP, DEHP, and DnOP was selected as 149 (m/z).

Table 2. Validation parameters of the optimized GC/MS methodology for PAE quantification.

PAE
LOD
(µg/L)

LOQ
(µg/L)

Recovery Efficiency for External
Standards (RSD %); N = 6

Recovery Efficiency for DPP
(RSD %); N = 6

1 µg/L 5 µg/L Field Blank Procedural
Blank

DMP 0.3 0.5 98–102 (8%) 95–120 (5%) NA NA
DEP 0.3 0.5 98–103 (5%) 95–120 (3%) NA NA
DBP 0.3 0.5 98–104 (6%) 95–120 (3%) NA NA
BBP 0.5 1 95–110 (8%) 95–120 (5%) NA NA

DEHP 0.5 1 95–110 (8%) 95–120 (4%) NA NA
DnOP 0.5 1 95–110 (8%) 95–120 (5%) NA NA
DPP 0.3 0.5 NA NA 95–105 (4%) 95–110 (6%)

LOD: Level of detection; LOQ: Level of quantification; RSD: Relative standard deviation; N: Sample size; NA:
Not applicable.

2.5. Statistical Analysis

The correlation between DMP, DEP, DBP, DEHP, BBP, and DnOP concentrations and key factors
influencing the presence of PAEs in water (pH, temperature, and salinity) was obtained by calculating
the coefficients of correlation for all samples using XLSTAT version 2018.2 (statistical software for
Excel). The correlation between two variables was considered significant when p < 0.05 and reckoned to
be strong, moderate, or weak when the correlation coefficient was >0.7, 0.7–0.5, or 0.5–0.3, respectively.
A student t-test was conducted to determine the significant differences between respective means of
PAEs and reckoned significant when p < 0.05.

3. Results and Discussion

3.1. Occurrence of PAEs in Watercourses

DEP, DBP, BBP, and DEHP were detected in most of the watercourses, while DMP and DnOP
were below the respective LOQs (0.5 µg/L for DMP and 1.0 µg/L for DnOP) for all the watercourses
(Table 3). The average concentrations detected for DEP, DBP, BBP, and DEHP were in the range of
2.5–265.0, 1.0–32.0, 61–108, and 12–165 µg/L, respectively and these average values were compared
with the same detected in watercourses of different countries (Table 4). DEHP and DBP in most
of the watercourses of our study exceeded those of Canadian permissible levels (16 and 19 µg/L)
for the protection of aquatic life. DMP, DBP, and DnOP concentrations were of the same order of
magnitude as reported in other countries, while DEP, BBP and DEHP concentrations detected were
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more than one order of magnitude compared with those observed in many other countries (Table 4).
The possible factors for a vast variation of PAE concentrations in watercourses (Table 4) include a
varying degree of migration potential of PAEs from industries and households, inherent properties of
PAEs (volatility, solubility, biodegradability, photodegradability), quality of the receiving water (pH,
salinity, temperature), and extent to which such PAEs are being regulated.

Table 3. PAE concentrations in water at sampling locations.

Sample PAE Concentration (µg/L)

DMP DEP DBP BBP DEHP DnOP

SP 1 <0.5 22.0 ± 3 17.0 ± 1 <1 58 ± 2 <1
SP 2 <0.5 37.0 ± 15 16.0 ± 5 <1 165 ± 136 <1
SP 3 <0.5 20.5 ± 8 26.0 ± 11 <1 105 ± 54 <1
SP 4 <0.5 61.0 ± 39 27.5 ± 2 61 ± 4 82 ± 16 <1
SP 5 <0.5 26.0 ± 7 15.5 ± 3 <1 70 ± 6 <1
SP 6 <0.5 <0.5 <0.5 <1 73 ± 1 <1
SP 7 <0.5 31.0 ± 17 20.0 ± 15 <1 110 ± 56 <1
SP 8 <0.5 < 0.5 32.0 ± 11 <1 44 ± 2 <1
SP 9 <0.5 110.5 ± 51 20.5 ± 3 72 ± 3 114 ± 23 <1
SP 10 <0.5 265.0 ± 25 27.5 ± 4 75 ± 11 137 ± 6 <1
SP 11 <0.5 <0.5 <0.5 <1 102 ± 2 <1
SP 12 <0.5 <0.5 <0.5 <1 21 ± 3 <1
SP 13 <0.5 27.5 ± 1 27.0 ± 17 <1 53 ± 3 <1
SP 14 <0.5 42.0 ± 7 24.5 ± 5 <1 12 ± 1 <1
SP 15 <0.5 25.0 ± 1 19.0 ± 3 <1 93 ± 12 <1
SP 16 <0.5 48.0 ± 17 24.0 ± 3 <1 90 ± 22 <1
SP 17 <0.5 25.0 ± 8 21.0 ± 3 <1 108 ± 50 <1
SP 18 <0.5 <0.5 <0.5 <1 62 ± 2 <1
SP 19 <0.5 246.0 ± 26 21.5 ± 6 69 ± 6 101 ± 45 <1
SP 20 <0.5 26.0 ± 13 27.0 ± 7 108 ± 7 134 ± 1 <1
SP 21 <0.5 2.5 ± 1 2.5 ± 1 <1 <1 <1
SP 22 <0.5 61.0 ± 15 20.5 ± 4 <1 98 ± 20 <1

LOQ for DMP: 0.5 µg/L; DEP: 0.5 µg/L; DBP: 0.5 µg/L; BBP: 1 µg/L; DEHP: 1 µg/L; DnOP: 1 µg/L; N = 3.

Table 4. Comparison of average levels of PAEs of watercourses in different countries.

Country PAE Concentration (µg/L)

DMP DEP DBP BBP DEHP DnOP References

Sri Lanka 1 <0.5 2.5–265.0 1.0–32.0 61–108 12–165 <1 This Study
China 2 0.065–0.208 0.140–0.334 0.190–4.762 <0.001 0.364–2.682 0.001–0.621 [28]
China 3 <0.001 <0.001 6.825 0.21 5.196 NM [29]
China 4 <0.010 0.098–0.197 0.146–0.225 <0.010 0.582–2.05 0.010–0.059 [30]
China 5 <0.001 <0.001 35.65 NM 54.73 0.84 [31]
France 6 <0.01 <0.015 0.086 <0.005 0.090 <0.01 [32]

Germany 7 NM NM 0.12–8.80 <0.02 0.33–97.80 NM [33]
Japan 8 <0.03 <0.03 3.34 NM 0.97 NM [34]

Sweden 9 0.40 0.63 6.8 0.17 NM NM [35]
South Africa 10 ND 53–813 1343–5600 1–140 107–361 1–5 [36]

Spain 11 0.003–0.008 0.300–1.742 NM 0.005–0.122 0.014–0.180 NM [37]
Spain 12 0.158 0.261 <0.125 0.029 0.133 NM [38]

Taiwan 13 NM 0.6–2.5 1–13.5 <0.6 1–18.5 NM [39]
1 Canals and lakes; 2 Songhua river; 3 Wujin river; 4 QX section of Yangtze section; 5 Wuhan section of Yangtze
river; 6 Seine river; 7 Rivers, lakes, and canals; 8 Tempaku river; 9 River water; 10 Veldwachters river (downstream);
11 Shallow water bodies; 12 River water; 13 River water; NM, not measured.
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3.2. Correlation of PAE Concentrations with Receiving Water Quality

In our study, the minimum water quality parameter values observed were: pH 5.45 (SP 20),
temperature 27.5 ◦C (SP 21), and salinity 0% (SP 8, SP 17 to SP 21), and the maximum values
were: pH 8.90 (SP 10), temperature 31.5 ◦C (SP 15), and salinity 2.4% (SP 16) (Table 1). Multivariate
analysis corroborated that DEP, DEHP, DBP, and BBP have weak positive correlations with pH and
temperature and a weak negative correlation with salinity where all correlation coefficients were
<0.3 and the interactions were not significant (p > 0.05) (Table 5). Contrary to our findings regarding
the weak positive relationship of PAEs with temperature, Thomsen et al. [40] have reported that
the unimeric solubility of PAEs manifests a negative relationship with the temperature of the water
column. However, Xu and co-workers [17] have found that with increasing temperature the partition
coefficient of BBP in marine sediments decreases considerably, giving rise to a shift in BBP equilibrium
from the solid phase to the aqueous phase [17]. In support of our findings on the correlation of PAE
concentrations with salinity of the water column, it was reported that with increasing concentrations
of Cl– in the water column due to salinity intrusion, the solubility of PAEs in water reduces, resulting
in increased adsorption of PAEs to colloids in the water and sediment layer [18].

Table 5. Multivariate analysis for PAEs with influencing factors.

pH Temperature Salinity

DEP
Correlation coefficient 0.23 0.39 −0.09

p-value 0.30 0.07 0.67

DBP
Correlation coefficient 0.26 0.03 −0.06

p-value 0.24 0.88 0.76

BBP
Correlation coefficient 0.13 0.14 −0.15

p-value 0.58 0.54 0.50

DEHP
Correlation coefficient 0.29 0.25 −012

p-value 0.19 0.26 0.60

3.3. Behavior of PAEs in the Aquatic Environment

Our results corroborated that concentrations of PAEs detected at all sampling locations were less
than the maximum water solubility of the respective PAE; hence there exists a potential for further
dissolution. High concentrations of PAEs detected in the watercourses possessed high hydrophobicity
and Log Kow values indicating that such PAEs are ubiquitous in the aquatic environment.

3.4. Possible Sources and Implications of PAEs in Watercourses

Figure 1 shows the spatial variation of possible industries that have a potential for migration of
PAEs in the sub-catchments of the sampling locations, and Table 6 summarizes the types of industries
with their densities located in each sub-catchment of the study area. A maximum of thirteen different
types of industries that have a potential for migration of PAEs were identified within each sub-catchment
of the study area (Table 6). Table 7 lists individual PAEs present in the industrial products or outputs of
respective industries with their typical weight percentages. All the industries that discharge PAEs with
their wastewater do not have tertiary treatment for the removal of PAEs. The population of the study
area, due to urban sprawl, is greater than 10,000/km2. The sanitation facilities are poor, as many dwelling
units depend on septic tanks associated with soakage pit systems. Thus, most of the urban watercourses
receive fecally contaminated wastewater, indicating that there is a high possibility of receiving PAEs
with domestic fecally contaminated wastewater.
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Table 6. Distribution of industries that have a potential for PAE migration in sub-catchments of
sampling locations.

Sample Type of Industry

1 2 3 4 5 6 7 8 9 10 11 12 13

SP 1 - - - - - - - - - - - - -
SP 2 1 - - - 3 1 - - 1 3 1 1 -
SP 3 - 1 1 1 - 1 1 1 2 2 5 3 -
SP 4 2 2 1 1 1 3 3 2 3 3 5 4 1
SP 5 2 2 1 1 1 3 3 2 3 3 5 4 1
SP 6 1 1 - - - 1 - 2 2 - 5 3 -
SP 7 - - - - - - - 1 - 1 - - -
SP 8 - 1 - 1 2 2 - 2 - 1 1 2 -
SP 9 1 1 - - - 1 2 1 1 1 1 2 -
SP 10 - - 3 - 1 - 2 - 1 1 2 - -
SP 11 2 4 - - - 1 2 2 2 1 5 4 -
SP 12 - - - 2 - 2 2 2 1 2 3 4 1
SP 13 2 2 - - - 1 2 1 2 - 3 2 -
SP 14 1 1 - - - - 2 1 1 - 4 1 -
SP 15 2 - - - - - 1 1 2 - 1 - -
SP 16 4 3 - 1 2 2 1 - - 1 - 1 -
SP 17 1 - - - - - - - - - - 1 -
SP 18 3 - - - 2 2 - - - - - 1 1
SP 19 1 1 - 1 2 2 - - - 1 2 1 1
SP 20 1 1 - 1 1 1 2 - - 1 - - 1
SP 21 - - 1 - 1 - 1 - - - 1 -
SP 22 - 2 - 1 - 1 - 2 - - - 2 -

Note: The numbers in the table represent the total numbers of the respective type of industries within the
sub-catchments of sampling locations. Type 1: Stationery products distributors; Type 2: Toy manufacturing industry;
Type 3: Household-hardware manufacturing industry; Type 4: Plastic manufacturing industry; Type 5: PET bottle
manufacturing industry; Type 6: PVC cable manufacturing industry; Type 7: Pharmaceutical packaging industry;
Type 8: Cosmetic and personal care product packaging industry; Type 9: PVC manufacturing industry; Type 10:
Polyethylene manufacturing industry; Type 11: Pesticides packaging industry; Type 12: Paint manufacturing
industry; Type 13: Apparel industry.

DMP concentrations were <0.5 µg/L (LOQ) in all the watercourses (Table 3). Among 13 different
types of industries located in the sub-catchments (Table 6), DMP is added in the manufacturing
and packaging of cosmetic and personal care products, pesticides, paints and apparel industries in
which the maximum percentages by weight are 1, 2, 10, and 4%, respectively (Table 7). DMP is a
low-cost, low odorous, safe, and non-irritable solvent with low molecular weight, which is ubiquitously
detected in personal care products such as cosmetics, creams, fragrances, perfumes, candles, and
shampoo. The plausible reasons for the detection of DMP in trace levels could be the presence of a
few industries contributing to the migration of DMP in sub-catchments, and a shorter lapse time for
complete biodegradation.
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Table 7. Typical percentages of different PAEs in industrial products.

Type Industry Percentages by Weight in Final Products
References

DMP DEP DBP BBP DEHP DnOP

1 Stationery products
distributors 10 1 38 1 4 1 20 1 1 [41]

2 Toy manufacturing 0.1 2 30–40 3 1 2 2 [42], 3 [43]

3 Household-hardware
product manufacturing 14 4 14–40 5 4 [44], 5 [45]

4 Plastic manufacturing 67 6 6 [46]
5 PET bottle manufacturing 56 7 43 7 7 [47]
6 PVC Cable manufacturing 40 8 8 [48]
7 Pharmaceutical packaging 2.7 9 2.7 9 9 [49]

8 Cosmetic and personal care
product packaging 1 10 72 10 8 10 6 10 4 10 10 [50]

9 PVC manufacturing 40–50 11, 67 12 11 [51], 12 [52]
10 Polyethylene manufacturing 20 13 13 [53]
11 Pesticide packaging 2 14 2 14 1 14 14 [54]
12 Paint manufacturing 4–10 15 1 15 10 15 4–10 16 15 [55], 16 [56]
13 Apparel 1–4 17 10–60 18 10–60 18 17 [57], 18 [58]

Note: the subscript numbers 1–18 indicated in PAEs correspond to the same in the last column, which specify the
appropriate reference.

Concentrations of DEP varied by one order in 13 samples and two orders of magnitude in three
samples, compared to the lowest DEP concentration detected (2.5 µg/L at SP 21) (Table 3) while five
samples showed levels <0.5 µg/L (LOQ). Among all types of industries in the sub-catchments, DEP is
frequently used in manufacturing and packaging industries of pharmaceutical products (2.7% w/w),
cosmetics and personal care products (72% w/w), pesticides (2% w/w), and the apparel industry
(60% w/w) (Table 7). The mean concentration of DEP of each sample was significantly higher than
the corresponding mean concentration of DMP (p < 0.05), possibly due to the contribution from a
multitude of industries containing DEP with considerably higher weight percentages (Table 7) and
from households. SP 9 with a high concentration of DEP (110.5 µg/L) was reported in the Dematagoda
canal, which is slow flowing (average velocity <0.5 m/s) and highly polluted (average BOD = 60 mg/L
and COD = 187.2 mg/L) with marginal dilution. For SP 9, three types of industries (Tables 6 and 7)
and high population density are attributable to the high DEP concentration in water. SP 10, which
is in Beira Lake, showed the highest average DEP concentration (265.0 µg/L) among all sampling
locations. Beira Lake is an almost non-flowing watercourse, where average BOD and COD levels were
20 and 52 mg/L, respectively, and it is connected to another highly polluted shallow watercourse
(St. Sebastian canal with average BOD and COD of 60 and 187.2 mg/L, respectively). For SP 10, only
two types of industries (Tables 6 and 7) are attributable to the DEP budget, and the contribution from
households seems to be extremely high as this sub-catchment has a very high population density
(20,300 per km2). The second highest average DEP concentration (246.0 µg/L) was observed at SP 19
in the Weras river, which is a large shallow watercourse receiving numerous industrial wastewater
inflows. Two types of industries (Tables 6 and 7) within the sub-catchment of the Weras river, and the
migration of DEP with raw leachate from the municipal solid waste open dump located just upstream
with daily dumping of more than 400 metric tons, contribute to the DEP budget.

DBP concentrations ranged by one order of magnitude compared to the minimum level detected
(2.5 µg/L at SP 21) (Table 3) except at three locations whose levels were <0.5 µg/L (LOQ). Among all
13 types of industries in the sub-catchments, DBP is often added in PET bottle manufacturing (56%
w/w), stationery product distributors (10% w/w), manufacturing and packaging of pharmaceutical
products (2.7% w/w), cosmetic and personal care product packaging (8% w/w), pesticide packaging
(1% w/w), paint manufacturing (1% w/w), and the apparel industry (60% w/w) (Table 7). The DBP
concentrations of 14 watercourses exceeded the maximum threshold Canadian levels for the protection
of aquatic life (19 µg/L), indicating that the aquatic life in such watercourses is in danger. In general,
DBP concentrations with one order of magnitude were detected because of high microbial degradation,
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and low weight percentages added in industrial products. Hashizume and co-authors [34] have
reported that the microbes isolated from a river completely degraded DBP.

Five sampling locations (SP 4, SP 9, SP 10, SP 19, and SP 20) showed high concentrations of BBP
(61, 72, 75, 69, and 108 µg/L, respectively) and such concentrations varied by one order of magnitude
compared to the other 17 samples recorded with BBP concentrations <1 µg/L (LOQ) (Table 3). SP 20
(in the Rathmalana canal) showed the highest BBP concentration (108 µg/L) which was attributed to
three types of industries with high weight percentages and a substantial contribution from households
from the sub-catchment (population density = 12,000 per km2). The plausible reasons for detection of
BBP at trace levels in 17 sampling locations could be the possible degradation of BBP to PAEs with
lower weights (e.g., DMP), and a shorter lapse time of BBP for complete biodegradation.

DEHP was ubiquitous in many watercourses compared to other PAEs. The DEHP concentrations
varied by one order of magnitude in nine sample locations compared to the minimum concentration
recorded (12 µg/L at SP 14) (Table 3). The SP 21 recorded DEHP concentration was <1 µg/L (LOQ).
Given the inherent properties, such as high molecular weight, low volatility, low conductivity, long
shelf life, and ease of handling, DEHP is the most desired PAE of all PAEs by industrialists. In our
study area, DEHP was used in ten types of industries out of 13 with the highest percentages added in
the manufacturing industries of plastic (67% w/w), PVC products (67% w/w), PET bottles (43% w/w),
toys (40% w/w), household-hardware products (40% w/w), and PVC cables (40% w/w) (Table 7).
Thus, the contribution from such industries may have been a significant factor for the occurrence of
DEHP in many watercourses. Besides, the abundance of DEHP in watercourses is attributed to its
higher molecular weight with less biodegradability compared to other PAEs. DEHP concentrations
of 20 watercourses exceeded the maximum threshold Canadian levels for the protection of aquatic
life (16 µg/L), indicating that the aquatic life in such watercourses is in peril. SP 2 (in the Peliyagoda
canal) and SP 3 (in the main drain) showed high concentrations of DEHP (165 and 105 µg/L), possibly
attributable to manufacturing industries using a high percentage of DEHP. SP 7 (in St. Sebastian canal)
and SP 17 (in the Maharagama Ela) reported higher concentrations (110, 108 µg/L) attributable mainly
to the contributions from households, as there is no major contribution from industries. SP 10 recorded
the highest DEHP concentration (137 µg/L), perhaps due to the contributions from manufacturing
industries and households (Tables 6 and 7). The DnOP concentrations detected were <1 µg/L (LOQ)
in all samples, possibly due to the small contribution of this compound from the types and numbers of
industries present (Tables 6 and 7), and low solubility in water due to its high molecular weight.

4. Conclusions

The presence of six PAEs (DMP, DEP, DBP, BBP, DEHP, and DnOP) in 22 shallow open watercourses
in Colombo and its suburbs, Sri Lanka, was investigated. In all watercourses, DMP and DnOP were less
than their LOQs (0.5 µg/L for DMP and 1.0 µg/L for DnOP) because of less contribution from the nearby
industries and urban sprawl. The average concentrations detected for DEP, DBP, BBP, and DEHP were in
the range of 2.5–265.0, 1.0–32.0, 61–108, and 12–165 µg/L, respectively, because of factors such as their
high solubility in water, lower volatility, and greater contribution from industries and urban sprawl. It is
apparent that the contamination of PAEs in most of the watercourses is detrimental for the protection
of aquatic life, as concentrations of DEHP and DBP were higher than those of Canadian permissible
concentrations (16 and 19 µg/L). Nevertheless, a comprehensive analysis needs to be undertaken to
study the fate and transport phenomena of PAEs to get an insight into the possible adverse impacts on
the environmental matrices.
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