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Abstract The levels of persistent organic pollutants,
polychlorinated biphenyls (PCBs), were investigated
in influent, effluent, and sludge of five wastewater treat-
ment plants (WWTPs) in Jordan. Concentrations of 12
dioxin-like PCBs were determined. The extraction of
PCBs from wastewater samples was done by solvent
extraction using dichloromethane/hexane 1:1 mixture.
The concentrated extracts were sequentially subjected to
multilayer silica gel, basic alumina, and florisil chroma-
tography columns for further cleanup. Sludge samples
were extracted in a Soxhlet apparatus, using petroleum
ether. PCB determination has been completed using gas
chromatography equipped with mass spectrometry de-
tector. The total concentrations of PCBs in influent
samples ranged from 34.65 to 228.3 ng L', in effluent
samples from 16.1 to 123.88 ng L™', and in the sludge
samples from 51.1 to 223.85 ng kg '. In three of the
investigated wastewater treatment plants, the amount of
PCBs in sludge exceeded the limit proposed by Euro-
pean Union legislation. The total removal efficiencies of
the total PCBs were evaluated and ranged from 34.8 to
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88.1% for Agaba and Abu-Nsair WWTP, respectively.
The values of incremental lifetime cancer risk due to
exposure to PCBs in sludge samples were also estimated
in this study, and they ranged from 2.415x 1077 to
1.193 x 10” for adults. The number of people suspected
to have cancer due to the exposure to the sludge of the
WWTPs in Jordan is between 4 and 20 out of ten
million.
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1 Introduction

The increase in water demand worldwide due to the
increase in human population and activity, in addition
to the decrease in freshwater resources urge the need to
recycle and reuse municipal wastewater. The outgoing
wastewater that gains proper treatment in wastewater
treatment plants (WWTPs) is a prominent candidate for
many potential uses in irrigation, industry, or even for
domestic uses (EPA 2012).

In Jordan, water scarcity is a reality, as the country is
counted among the world’s most arid countries. The
current per capita water supply in Jordan is 150 m® per
year which is almost one-third of the global average.
Unfortunately, it is projected that per capita water avail-
ability will decline to 90 m® by the year 2025 (Abdulla
et al. 2016). Therefore, using treated wastewater is im-
perative in Jordan, especially in the field of agriculture.
In fact, the reuse of treated wastewater in Jordan has
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reached one of the highest levels in the world due to the
latest technologies employed in WWTPs that are spread
all over the country (Al-Zahiri 2015).

In most countries, including Jordan, quantification of
wastewater quality is based on the monitoring of tradi-
tional parameters that are regulated by the European
Urban Wastewater Directive (91/271/EEC). These pa-
rameters include biochemical oxygen demand (BOD),
chemical oxygen demand (COD), nitrates, phosphates,
and total suspended solids (Directive 1991; Urbaniak
and Wyrwicka 2017). However, these regulations do not
include other substances that could pose threat to human
health when released through WWTPs effluents such as
polychlorinated dibenzo-p-dioxins (PCDDs),
polychlorinated biphenyls (PCBs), and polycyclic aro-
matic hydrocarbons (PAH) (Inglezakis et al. 2014).

Polychlorinated biphenyls (PCBs) have become
available as industrial chemicals since 1930; their wide-
spread application in the subsequent 50 years has result-
ed in their presence as persistent and ubiquitous envi-
ronmental contaminants and/or pollutants (Breivik et al.
2007). The physicochemical properties of PCBs such as
high lipophilicity and their high resistance to acidic and
basic hydrolysis (WHO 1992) made them attractive for
a variety of industrial purposes, for instance in
manufacturing dielectrics in capacitor, transformers,
and fire retardants. Over 800 million tons of PCBs have
been produced until the late 1970s, when the production
was banned in most countries. However, worldwide
large-scale production continued up to the mid-1980s
(Alawi and Heidmann 1991; Boersma and Lanting
2002).

Human exposure to PCBs is possible via several
routes, including inhalation, dermal absorption, and
food consumption (Font et al. 1996). PCBs were found
to have potential carcinogenic, mutagenic, and terato-
genic effects (Cortazar et al. 2002; Garcia-Ruiz et al.
2001; Russo 2000; Travis et al. 1988).

PCBs are a group of 209 compounds or congeners of
the formula C,,H,(_,Cl,, where n = 1-10. Toxicities and
persistency of PCBs are dramatically dependent on the
number and positions of chlorine substituents. If there is
no chlorine at the ortho-positions, the biphenyl rings can
be coplanar and structurally resemble dioxin (dioxin-
like). Out of the 209 possible PCBs congeners, only 12
show toxicity similar to PCDD, which is the most toxic
substance (Bruner-Tran and Osteen 2010).

Sewage sludge from sludge treatment plants can be
used for soil improvement as organic fertilizers or soil
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conditioners. Application of sludge to agricultural lands
will reduce the amount of chemical fertilizers used,
improve soil fertility, and recycle beneficiary waste
products back into the soil and plants (Parkpian et al.
2002). The use of sewage sludge as a fertilizer is wide-
spread. The amount of sludge used for agricultural pur-
pose is 25% in Germany and up to 90% in Sweden
(McLachlan et al. 1996).

Human adults and children may be exposed to PCB-
contaminated soils (treated with WWTP sludge)
through different intake pathways. The proposed EU
standard for the use of sewage sludge as organic fertil-
izer as soil amendment is 800 ng g ' dw for the sum of
seven congeners (Katsoyiannis and Samara 200).

PCBs must be monitored in WWTP effluent to en-
sure that their level does not pose a threat to human or
aquatic life. In the same context, the concentration of
these compounds must be monitored in the sludge pro-
duced from WWTP as it could be used as a fertilizer and
lead to direct human exposure.

In Jordan, few studies have been conducted in order
to evaluate PCBs in the influent, effluents, and sludge of
WWTPs (Al Nasir and Batarseh 2008).

In this study, the concentration of 12 dioxin-like PCBs
will be determined in the influent, effluent, and sludge of
five WWTPs located in different areas in Jordan. The
efficiency of these WWTPs in the removal of PCBs will
be evaluated. The toxic equivalency TEQ and the incre-
mental lifetime cancer risk (ILCR) values will also be
estimated in order to evaluate the potential health risk
from exposure to PCBs in the WWTPs sludge.

2 Materials and Methods

2.1 Materials and Reagents

2.1.1 Solvents and Standards

The standard mixture contains (10 pg mL ! in hexane)
12 of the PCB (dioxin-like) priority pollutants; isodrin
as an internal standard; dichloromethane (HPLC-grade);
n-Hexane (ACS grade >95%); Petroleum ether (ACS
grade >95%).

2.2 Sampling

Samples were collected from the five main WWTPs
located in southern, central, and northern regions of
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Jordan as shown in Fig. 1. Methods used for wastewater
treatment usually incorporate primary and secondary
steps. The primary steps include preliminary treatments
such as skimming and screening to remove drips and
large suspended solids, influent pumping, primary clar-
ification, and coagulation. The secondary steps include
waste stabilization ponds at Kherbet As-Samra and
Aqaba, trickling filter-activated sludge technology at
Irbid, rotating biological contractors at Abu-Nsair and
activated sludge with extended aeration technologies
Al-Salt WWTPs (Al-Khashman 2009; Al-Khashman
et al. 2013). In July 2017, sampling was performed
where samples from the influent and effluent of each
WWTP were collected every 3 h from 9:00 to 18:00 to
form three samples for each plant. Then, representative
mixed samples were prepared by pooling the three indi-
vidual samples. Wastewater samples were extracted and
cleaned-up. All wastewater samples were collected in
brown glass bottles, immediately transferred to the lab-
oratory, filtered through 0.6-um glass fiber filters to
remove fine particulates, and then stored at 4 °C until
time of extraction which was conducted within 24 h

after. This sampling procedure is the same as that was
followed by Al-Tarawneh et al. (2015).

The pH values of all the samples were directly mea-
sured at 25 °C after sampling and filtration. The values
were between 7.0 (Irbid WWTP) and 8.0 (Kherbet AS-
Samra WWTP) for the influent samples and between 5.8
(Agaba WWTP) and 8.4 (Abu-Nsair WWTP) for efflu-
ent samples.

The sludge samples (about 0.5 kg) were collected at
endpoints of the technical line of sewage sludge diges-
tion. The collected samples were stored in prewashed
(with dichloromethane) glass bottles and immediately
transported to the laboratory. All sewage sludge samples
were air-dried and milled to obtain representative
samples.

2.3 Sample Extraction and Purification
2.3.1 Extraction of Wastewater Samples

A 100 mL of influent and effluent wastewater samples
was filtered using 0.6-mm glass fiber filters to remove
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fine particulates, then extracted three times under ultra-
sonic conditions using liquid-liquid extraction method
with 200 mL of dichloromethane/hexane for 1 h (1:1,
v/v). The total extracted volume was 180 mL of
dichloromethane/hexane (1: 1, v/v), and the extracts
were concentrated to 1 mL and subjected to a solvent
exchange to hexane by a rotary evaporator. The concen-
trated extracts were sequentially subject to multilayer
silica gel, basic alumina, and florisil chromatography
columns for further clean-up, following the published
procedures (Liu et al. 2006). The multilayered silica gel
column was packed from bottom to top with 1 g of
activated silica, 4 g of basic silica (1.2% w/w), 1 g of
activated silica, 8 g of acid silica (30% w/w), 2 g of
activated silica, and 4 g of anhydrous sodium sulfate.
The columns were preserved in dichloromethane/
hexane (1:1, v/v) before loading the extracts. Elution
of the samples was carried out at a rate of | mL min "’
under vacuum. Then the eluent was collected and evap-
orated to dryness with a rotary evaporator. The final
residue was dissolved in 1.0 mL of n-hexane containing
100 ng L™ of isodrin (I.S) and then 2 ul of the
reconstituted solution was injected onto the GC/MS.

2.3.2 Extraction of Sludge Samples

One-gram dry weight (dw) sludge samples was
mixed homogeneously with appropriate anhydrous
sodium sulphate. Then, the samples were extracted
in a Soxhlet apparatus, for 8 h (about 15 min for each
cycle) using 150 mL of petroleum ether. The solvent
was then evaporated using a rotary evaporator at
40 °C and 100 mbar to ca. 3 mL. This method was
performed following Alawi and Heidmann (1991)
with slight modification. A first column (30 x
1.6 cm) was prepared as follows: 2 g of anhydrous
sodium sulfate, 10 g of sulfuric acid-impregnated
silica gel (40% w/w), and 2 g of anhydrous sodium
sulfate. A second column (30 x 1.6 cm) was prepared
as follows: 25 g of Florisil® (3% w/w deionized
water) (60—-100 mesh) was filled into the column,
and then 1 cm of anhydrous sodium sulfate was
added. The first column was washed with 100 mL
petroleum ether. Then, the residue from the extrac-
tion step was added to this column and eluted with
100 mL dichloromethane. After that, the extract was
added to the second column and eluted with 60 mL
dichloromethane and 240 mL of petroleum ether. The
eluate was concentrated at 40 °C and 100 mbar to ca.
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1 mL and then evaporated to dryness using a gentle
stream of nitrogen. Finally, the residue was dissolved
in 1.0 mL n-hexane containing 100 ng mL™" isodrin
(I.S), and then 2 ul of the reconstituted solution was
injected into the GC/MS.

2.4 GC/MS Working Conditions

Gas chromatograph (Agilent 6890 series II, with auto
sampler injector series 7683) was used for PCBs analy-
sis: injected volume, 1 pL/splitless; column, BPX-5,
30 cm % 0.25 mm i.d. x 0.25-um film thickness; carrier
gas, helium (99.999%) (8 psi); temperature program,
100 °C (10 min), 100-160 °C (25 °C/min), 160—
270 °C (5 °C/min), and 270 °C isotherm (27 min);
detector, mass selective quadrupole — detector, Agilent
5973 N (MSD); auxiliary (transfer line), 280 °C; elec-
tron impact ionization, ionization energy 70 eV; calibra-
tion substance, perfluorotributylamine (PFTBA); tuning
masses, 69/219/502 m/z; acquisition mode, selective ion
monitoring (SIM) mode; and data analysis, HP MSD
productivity Chemstation software.

Mass was scanned at a range of 50 to 500 amu at 0.5-
s scan rate in total ion chromatogram (TIC) mode to
identify the compounds in the standard mixture. For
retention time designation purposes, mass spectrum for
each analyte was compared with that published on da-
tabases and also compared with the NIST mass spectral
reference library for more confirmation. In sample anal-
ysis, SIM-mode was applied, where two ions were
monitored for each analyte at its retention time range.
The ratio between the ions abundances was used for
identification purposes, while one of them was used for
the quantitative analysis. The GC-Mass, SIM-mode res-
olution profiles for the standard mixture of the 12 PCB
congeners, in addition to the internal standard is shown
in Fig. 2.

2.5 Preparation of Standard, Internal Standard, Stock,
and Working Solutions

A 10 mg L™ of PCBs standard (12 congeners) has been
already prepared. Then, through serial dilutions, the
series of working solutions were prepared as follows:
100, 500, and 1000 ng L!. The internal standard isodrin
1000 ng L™" was prepared by dissolving the exact
1.0 mL volume into an exact volume of 1000 mL of
cyclohexane. Then, serial dilution steps were followed
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Fig. 2 Representative chromatogram for a standard mixture solu-
tion containing 250 ng L™ of PCBs; 1-isodrin (L.S.), 2-3,3',4.4"-
tetrachlorobiphenyl 3-3.,4,4',5-tetrachlorobiphenyl 4-2,3,3',4,4'-
pentachlorobiphenyl 5-2,3,4,4",5-pentachlorobiphenyl 6—
2,3".4,4' 5-pentachlorobiphenyl 7-2',3,4,4',5-pentachlorobiphenyl

to prepare the working solutions with the concentration
0f 250 ng L™" of the internal standard.

2.6 Method Validation
2.6.1 Linear Range

For the calculation of the performance data, a calibration
was carried out with five concentration levels for PCBs
25, 100, 250, 500, and 750 ng L™". From the resulting
calibration curves, the regression coefficients, which
characterize the linearity of the calibration function,
were calculated. The regression coefficients were be-
tween 0.995 and 1.00, indicating a good linearity of the
calibration function in these concentration ranges.

2.6.2 Detection Limit and Limit of Quantitation of PCBs

The instrument limits of detection (LOD) were obtained
by diluting the standard mixture solution until the ratio

8-3,3",4,4",5-pentachlorobiphenyl 9-2,3,3',4,4",5
hexachlorobiphenyl 10-2,3,3",4,4',5"-hexachlorobiphenyl 11—
2,3',4,4',5,5'-hexachlorobiphenyl 12-3,3",4,4",5,5'-
hexachlorobiphenyl 13-2,3,3',4,4".5,5'-heptachlorobiphenyl

of signal to noise S/N equaled three, while the lower
limits of quantitation (LLOQ) were calculated when S/N
ratio equaled ten. Table 1 shows LOD and LLOQ values
for PCBs compounds.

The method limit of detection (MLOD) and method
lower limit of quantitation (MLLOQ) were calculated
when S/N ratio equaled three and ten, respectively.
Table 2 shows MLOD and MLLOQ values for PCBs
compounds.

2.6.3 Instrument Precision of PCBs

The precision of the instrument was measured through
the injection of standard solutions (50, 250, 500 ng L™")
five times each. The percentage relative standard devi-
ation (RSD%) was found to be less than the accepted
limit value for trace analysis (RSD < 15%) (Gonzélez
and Herrador 2007); these results show that we have a
good instrument precision.
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Table 1 Chromatographic peak number, retention time (tg), LOD, and LLOQ for instrument PCBs standard mixture

Peak no. Standard of PCBs

Common name Retention time (min) LOD (ng LY LLOQ (ng LY

—

1,8.9,10,11,11
Hexachloro-tetracyclododeca-4,9-diene
3,3",4,4'-Tetrachlorobiphenyl

3.4,4',5-Tetrachlorobiphenyl
2,3,3',4,4'-Pentachlorobiphenyl
2,3.4.4',5-Pentachlorobiphenyl
2,3",4,4',5-Pentachlorobiphenyl
2',3,4,4' 5-Pentachlorobiphenyl
3,3',4,4',5-Pentachlorobiphenyl
2,3,3",4,4',5-Hexachlorobiphenyl
2,3,3",4,4',5’-Hexachlorobiphenyl
2,3'.4,4'5,5"-Hexachlorobiphenyl
3,3",4,4',5,5"-Hexachlorobiphenyl
2,3,3',4,4',5,5'-Heptachlorobiphenyl

O 0 N AN B WN

—_—
W NN = O

Isodrin (I.S.)

(PCB77)
(PCBS1)

(PCB105)
(PCB114)
(PCB118)
(PCB123)
(PCB126)
(PCB156)
(PCB157)
(PCB167)
(PCB169)
(PCB189)

11.1

12.4
12.6
12.8
12.9
13.1
13.4
14.1
14.3
14.7
14.8
15.5
16.0

0.80
0.78
0.89
0.73
0.74
1.15
0.96
1.15
1.09
241
1.42
1.02

2.68
2.62
2.99
243
2.49
3.84
322
3.84
3.66
8.06
4.76
3.41

2.6.4 Extraction Recoveries for Influent and Effluent
Wastewater Samples

Three samples, each has 100 mL of deionized water,
were used as the blank and spiked with the PCB
standard mixture to give the concentrations of 100,
250, and 500 ng L™'. These samples were mixed
thoroughly, extracted, and analyzed applying the
abovementioned method. The recovery tests were
done thrice at different times and were injected three

times.

The results gave the recovery range of 85-117% for
the 100 ng Lflconcentration, 82-94% for the
250 ng Lflconcentration, and 87-112% for the
500 ng L™ concentration. All recoveries were found to
lie within the acceptable range for trace analysis of 80—
120% (Gonzalez and Herrador 2007).

2.6.5 Extraction Recoveries for Sludge Samples

Three samples, each of 1 g of pure sand soil, were used
as the blank and spiked with the PCBs standard mixture

Table 2 Chromatographic peak number, retention time (tg), LOD, and LLOQ for the method of PCB compounds in both wastewater and

sludge

Standard of Retention time MLOD (ng L™ MLLOQ (ng L") MLOD (ng Kg ™) MLLOQ (ng Kg™")
PCBs [min] water water sludge sludge
PCB 77 124 0.98 3.26 229 7.63
PCB 81 12.6 0.99 332 3.80 12.67
PCB 105 12.8 3.22 10.75 434 14.47
PCB 114 12.9 0.90 3.01 5.81 19.37
PCB 118 13.1 0.94 3.15 1.87 6.23
PCB 123 13.4 125 4.17 3.57 12.90
PCB 126 14.1 1.07 3.59 4.65 155
PCB 156 143 1.63 543 3.34 11.13
PCB 157 14.7 175 5.84 471 15.70
PCB 167 14.8 3.26 10.87 7.93 26.43
PCB 169 15.5 322 10.75 5.95 19.83
PCB 189 16.0 1.29 430 3.84 12.80
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to give the concentrations of 100, 250, and 500 ng kg .
These samples were mixed thoroughly, extracted,
cleaned-up, and analyzed according to the
abovementioned method. The recovery tests were done
in thrice at different times and injected three times. The
results gave the recovery range of 86—105% for the
100 ng kg~ ' concentration, 84-96% for the
250 ng kg~ ' concentration, and 94-115% for the
500 ng kg ™' concentration. All recoveries were found
to lie within the acceptable range for trace analysis of
80-120% (Gonzalez and Herrador 2007).

2.7 Calculations of Toxic Equivalency and Risk
Assessment

Incremental lifetime cancer risk ILCR is the prob-
ability of developing cancer as the result of expo-
sure to a specific carcinogen, and the value of
ILCR is used to assess cancer risk. If the estimat-
ed ILCR is 1x107® (US Environmental Protection
Agency 2005). Cancer risks will be considered
essentially negligible. Canadian guidelines specify
ILCR value of 1x10° (Canadian Council of
Ministers of the Environment 2008). However, if
the ILCR is greater than 1 x10-6, risk manage-
ment measures should be taken.

In order to assess the cancer risk associated
with the exposure to PCB in sludge in this study,
we treated the sludge as soil since the sludge is
expected to be used in soil fertilization as its rich
in nutrients. Therefore, we followed the calculation
method of ILCR for soil proposed by USEPA
(National Research Council 2006). We also con-
sidered soil ingestion as the main exposure path-
way of the intake of PCBs in humans.

Toxic equivalency factors (TEFs) with reference to
2,3,7,8-TCDD have been assigned by World Health
Organization (Van den Berg et al. 2006) for the twelve
dioxin-like PCBs for toxicity assessment, and the TEF
values are given in Table 5. The toxicity of PCBs is
expressed as a toxic equivalency (TEQ) value. Toxic
equivalency of carcinogenic dioxin-like PCBs was cal-
culated using toxicity equivalency factors (TEFs) using
Eq. I:

TEQ = Ci x TEFi (1)

where Ci is the concentration of individual PCB

(ng kg "), and TEFi is the corresponding toxic equiva-
lency factor.

Incremental lifetime cancer risk (ILCR) for PCBs
was calculated using Eq. 2 (Kumar et al. 201):

Ci x IR x F x EF x ED x CSF
ILCR = BW % AT (2)

where IR is the soil ingestion rate (mg day ')
which estimated the number of consumption of
soil per day, and this number is usually higher
for children compared with adults (Phillips 2017),
F is a conversion factor, ED is exposure frequency
(years), CSF is a number that reflects how cancer
risk rises with increased exposure to a certain
compound, BW is body weight, and AT is averag-
ing time which is the number of days for the
proposed 70 lifetime for an adult and 12 years
for a child.

Input parameters for risk estimates are mentioned in
Table 3 (Agency, U. E. P. 1996; Kumar et al. 2014).

2.8 Determination of PCBs in Wastewater and Sludge
Samples

Each of the 10 wastewater samples and the five sludge
samples was extracted and cleaned up twice, and then
each extract was injected twice into the GC/MS column.
The net result concentrations were calculated as the
average of the four values.

The qualitative analysis of the sample was done
using the SIM mode to determine the PCBs. Two ions
(quantification and identification ions) for each ana-
lyte were monitored, and then the ratio between their
area signals was calculated and compared with that
generated from standard mixture. These ions and
ratios were summarized in Table 4. For quantitative
calculations, only the signal of the quantification ion
was used for each analyte. Peak area for the moni-
tored ion was compared with the internal standard ion
peak area, and then relative peak area was calculated.
For each analyte, multipoint calibration method was
applied to estimate the analyte concentration using its
PRA value and regression equation of its calibration
curve.
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Table 3 Summary of input pa-

rameters used in calculation (Eq. Symbol Parameter Unit Point estimate
2) of health risk assessment
Ci Concentration of ng kg -
individual PCB
IR Soil ingestion rate mg day ' Adult 100
Children 200
(Phillips 2017)
F Unit conversion factor 10°¢ 1076
EF Exposure frequency days year ! 365 days year !
LT (EF x ED) Lifetime days Adult 25,550
Children 4382
CSF Cancer slope factor mg kg ' day! PCBs=1.5x 10°
This value is for
dioxin-like PCBs
(Kumar et al. 2014)
ED Exposure duration years Adult 70
Children 12
BW Body weight kg Adult 60
Children 35
At Averaging time day Adult 25,550 days
Children 4382 days
Table 4 Common name, quantifier ions, identifier ions, and ion Relative peak area (RPA)

ratios for 12 dioxin-like PCBs

Area under the peak of analyte

PCBs Quantification ion (m/ Identification ion (m/ Ion = Area under the peak of internal standard
2) 2) ratio
PCB 77 292 220 1.75
PCB 81 292 220 245
PCB 326 254 4.12
105 3 Results and Discussion
PCB 326 254 222
114 . ,
PCB 326 254 432 3.1 Concentration of PCBs in Samples
118
PC1B£3 326 254 2.62 Tables 5 and 6 show the analytical results of the
PCB 126 254 497 wastewater samples of the five WWTP and the five
126 sludge samples, respectively. Results are presented as
PCB 360 290 3.33 the average + standard deviation for each compound.
156 Furthermore, TEQ for each compound calculated
PCB 360 290 2.19 . . . .
157 using Eq. 1 is stated in the Tables. The summations
PCB 360 290 270 of TEQ for all PCBs in each WWTP were calculated,
167 and the values are presented in Tables 5 and 6 for the
PclBég 360 290 3.57 influent, effluent, and the sludge of the five WWTPs.
PCB 305 324 a3 Seven out of the twelve investigated PCBs were
189 found in the influent of studied WWTP samples,

which have been categorized as priority pollutants
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Table 6 Concentration of dioxin-like PCBs (¥+ s) in the sludge of the five studied WWTPs and the total ng TEQ kg '

PCBs Al-Salt Abu-Nsair Agaba Irbid Kherbet AS-Samra
PCB 77 13.75+£6.05 27.04+4.65 ND 4547+5.18 66.21 +3.67
PCB 81 N.D 60.86 +5.49 ND 37.98+5.17 43.56 +4.77
PCB 105 N.D N.D ND 55.69+3.52 N.D

PCB 114 N.D N.D ND 26.23+6.19 N.D

PCB 118 N.D N.D ND 26.35+6.54 N.D

PCB 123 N.D N.D 34.75+4.06 N.D 22.10£6.32
PCB 126 45.81+4.65 96.51+£6.32 16.35+3.82 32.13+4.63 47.52+7.04
PCB 156 N.D N.D N.D N.D N.D

PCB 157 N.D N.D N.D N.D N.D

PCB 167 N.D N.D N.D N.D N.D

PCB 169 N.D N.D N.D N.D N.D

PCB 189 N.D N.D N.D N.D N.D

Total ng kg ' 59.56 184.41 51.1 223.85 179.39

¥ ng TEQ kg ! 458 9.66 1.64 3.24 477

ND not detected

by USEPA (EPA 2003). The total concentration of
PCBs in the influent ranged from 34.65 ng L' at
Agaba WWTP to 228.3 at Abu-Nsair WWTP. The
most appearing congener of the tested PCBs was the
pentacongener PCB 126 (with the highest toxicity)
which appeared in all the samples with the highest
concentration among all congeners. On the other
hand, none of the tested hexachlorobiphenyl conge-
ners was detected in any of the samples. Comparison
of the result of this study with other studies is sum-
marized in Table 7. And it reveals that our results are
sometimes comparable, higher or lower than the re-
sults reported in other countries. The influent sam-
ples with high COD values (COD values are shown
in Table 8) were found to have high PCB content,
which is expected as PCBs are part of the COD in the
wastewater. Other factors such as the pH or the
source of wastewater could affect the levels of PCBs
in the influent samples. The variation of PCBs values
in the effluent from different WWTPs could be at-
tributed to different treatment technologies employed
in each plant. The initial characteristics of the influ-
ent wastewater could also have an effect on the final
concentration of PCBs. The amounts of PCBs in the
sludge samples were always high with respect to
those of the effluent of WWTP (as shown in Fig. 3)
due to the lipophilic nature of both PCBs and sludge.
And that causes the concentration of these substances
in the sludge.

@ Springer

3.2 Removal Efficiencies of PCBs from WWTPs

The removal efficiencies (RE %) of PCBs during the
treatment process in the WWTPs were calculated using
the following general equation:

Cinf —Ceff

where C;,¢ is the concentration of PCBs in the influent,
and Cis the concentration of PCBs in the effluent. The
results are summarized in Table 8.

The total removal efficiencies range from 34.8 to
88.1%. Removal efficiencies of the WWTPs were in
the following order: Abu-Nsair > Al-Salt > Kherbet
AS-Samra > Irbid > Aqaba. The differences in the
removal efficiencies between the different WWTPs
depended strongly on the treatment process technol-
ogy employed and the initial chemophysical proper-
ties of the treated water. As the results indicated,
using a rotary biological contactor as a technology
for treatment gave the highest removal efficiency. On
the other hand, waste stabilization ponds gave the
lowest efficiency. Employing activated sludge tech-
nology shows high efficiency in PCBs removal as
can be seen from the values of Al-Salt WWTP. How-
ever, the values are lower in Irbid WWTP, which uses
the same technology as a result of high organic load
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Table 7 Comparison of ranges of concentrations of PCBs in WWTPs in other studies with those in this study

Country Number PCB  Influent concentration or Effluent concentration or Reference
congeners concentration range concentration range
Effluent of the Montreal Urban 13 PCBs - 1.34 ng L! (Pham et al. 1999)
Community (MUC), Canada
Influent to WWTP Norway average S 7 PCB 2.13ngL! n.d (Vogelsang et al.
WWTPs 2006)
WWTP of Thessaloniki, Greece 7 PCB 1000 ng L™ 550 ng/Lin final sludge (Katsoyiannis and
250 ng L™ effluent Samara 2004)
WWTP of Paris, France 12 PCB 650 ng L! 280 ng L! (Chevreuil et al.
1990)
Montreal sewage treatment plant in 13 PCBs - 0.5-06ng L' (Pham et al. 1999)
Quebec, Canada
Mean of five WWTPs, Jordan 12 PCBs 1523 ng L' 523ngL7! This study

*n.d not detected

represented by its high COD values. Most technolo-
gies rely on biological treatment, which involve bio-
logical degradation of organic matter in wastewater.
Nevertheless, the slow biodegradability of PCBs
makes it hard to achieve complete removal. There-
fore, coupling with tertiary treatment step, such as
adsorption, could enhance the efficiency of removal
of PCBs from wastewater.

3.3 Risk Assessment

The optimal TEQ value of PCBs for a soil should be
below 5 ng kg7l (Antunes et al. 2008; Basler 1994; EC
2010; Weber et al. 2018). TEQ values greater than
100 ng kg ™' are considered to be relatively high and
reduce the potential of using the soil due to contamina-
tion and level of toxicity. In our study, TEQ values

Table 8 Removal efficiency (%) of the WWTPs for the studied PCBs

PCBs Type of Al-Salt Abu-Nsair Agaba Irbid Kherbet AS-
treatment Samra
technology Activated sludge with ~ Rotating Waste Trickling filter-activated ~Waste

extended aeration biological stabilization  sludge technology stabilization
contactors ponds ponds
COD (Abdulla 1398 975 830 2670 1879
et al. 2016)

PCB 77 74.25 78.46 - 47.24 79.28

PCB 81 - 90.59 - 46.42198 51.82

PCB 105 - - - 44.78 -

PCB 114 - - - 36.98 -

PCB 118 - - - 7.184 -

PCB 123 - - 29.87 - 75.26

PCB 126 80.19 89.54 44.90 55.67 59.14

PCB 156 - - - - -

PCB 157 - - - - -

PCB 167 - - - - -

PCB 169 - - - - -

PCB 189 - - - -

Total removal 78.21 88.10 34.81 42.54 65.70

efficiency

@ Springer
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Fig. 3 Concentration of the total 250
PCBs in the influent, effluent, and
sludge of the five WWTPs

g g

g

total conc of PCB (ng kg'?)

50

remain below the limits for all the sludge samples from
the investigated WWTPs as shown in Table 9. There-
fore, using this type of sludge in soil fertilization should
not pose a health risk in terms of exposure to PCBs.
Risks for human adults and children posed by PCBs
were calculated in terms of incremental lifetime cancer
risk (ILCR) using Eq. 2. The estimated ILCR values
ranged from 2.42x 1077 to 1.19 x 10°° for adults and
from 1.41 x 107® to 8.28 x 107 for children. The highest
ILCR was identified in the sludge sample from Abu-
Nsair WWTP, while the lowest ILCR was found in the
sludge sample from Aqgaba WWTP as shown in Table 9.
In Jordan, guidelines for PCBs in soils have not been
established yet. Thus, recommended guidelines from
USEPA were taken into consideration. According to
USEPA guidelines in regulatory terms, an estimated
cancer risk of 107® or less denotes virtual safety. On
the other hand, an estimated cancer risk greater than
10~* denotes potentially high risk (EPA U 1989;

Kherbet As- Irbid Agaba
Samra

2 influent

= effluent

@ Sludge

74

Abu-Nusair Al salt
WWTP

Kumar et al. 2014). Therefore, the results of all WWTPs
fall below the limit of great cancer risk.

By multiplying the estimated cancer risks of expo-
sure to sludge-PCBs sample by 10°, it is possible to
determine the theoretical number of cancer cases per
million of people. For example, ILCR of 8.28 x 10°¢
in Abu-Nsair sample means that the number of people
who are suspected of cancer due to exposure to PCBs in
this sample is eight out of every million. Therefore, if a
person was exposed to the highest level of PCBs in Abu-
Nisair for 70 years, he has 8 in a million increased chance
of developing cancer from this exposure. This is the
highest estimate of the risk, but the actual risk is likely
lower. The total estimated cancer risks associated with
the exposure to sludge samples-PCBs for adults and
children in all WWTPs were found to be acceptable.
Even under the worst-case scenario, the estimated can-
cer risk for adults and children in all sites are within the
acceptable range of excess cancer risk of 1.0 x 107 to

Table 9 Estimated polychlorinated biphenyls (PCBs), toxic equivalency values (TEQ), and incremental lifetime cancer risk (ILCR) for

adults and children due to PCBs exposure

PCB ng kg{1 TEQ ng kg{1 ILCR for adults ILCR for children
Al-Salt 59.56 458 1.145x10°° 3.924x10°
Abu-Nsair 184.41 9.66 2415x1077 8276 x10°°
Aqaba 51.1 1.64 4.100x 1077 1.405x10°°
Irbid 223.85 324 8.100x 1077 2776 x10°°
Kherbet AS-Samra 179.39 477 1.1925x107° 4.087x107°
Mean - - 1.195x10°° 4,094 x10°°

@ Springer
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1.0x10°, specified by the USEPA (Kumar et al. 2014;
US Environmental Protection Agency 2005).

4 Conclusion

The present study gives insight into the level of twelve
dioxin-like PCBs in the influent, effluent, and sludge of
five WWTPs in Jordan. The removal efficiencies of
PCBs in the investigated WWTP were calculated. Var-
iation in the obtained results was observed due to dif-
ferent characteristics of the raw wastewater in the efflu-
ent as well as the different treatment technologies
employed in the investigated plant. Abu-Nsair WWTP,
which uses rotating biological contactor in the treat-
ment, shows the highest efficiency with respect to the
removal of total PCBs. In three of the investigated
wastewater treatment plants, the amount of PCBs in
sludge exceeded the limit proposed by European Union
legislation, which suggests that this sludge should be
subjected to further treatment process in order to be safe
for use as fertilizer or for human exposure. The total
estimated cancer risk of exposure to PCBs in the studied
sludge samples ranged from 4.1 x 107" to 2.42x10°°
for adults. The number of people suspected to develop
cancer due to the exposure to the sludge of the WWTPs
in Jordan is between 4 and 20 out of ten million.
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