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onventional water treatment plant
for the minimization of new emerging pollutants in
drinking water sources: process optimization using
response surface methodology†

A. Vijaya Bhaskar Reddy,ab Zulkifli Yusop,b Jafariah Jaafar,*a Azmi B. Arisbc

and Zaiton A. Majida

This study describes the ability of conventional water treatment plants towards the removal of non-targeted

new emerging pollutants (NEPs) by optimizing the variables such as pH and polyaluminium chloride (PAC),

activated carbon, and chlorine (Cl2) concentrations. Gas chromatography-mass spectrometry (GC-MS) was

used for the separation and quantification of NEPs. Several NEPs, including ibuprofen, a drug expected to

exhibit carcinogenicity at lower concentrations, were identified in selected river water samples. The

simulation experiments were conducted using jar tests to minimize the turbidity, TOC, and ibuprofen

concentrations in water samples. In addition, response surface methodology (RSM) with central

composite design (CCD) was chosen for process optimization as well as to study the influences of the

four factors viz., pH of the solution, PAC dosage, and activated carbon and Cl2 concentrations, on the

treatment process. The quadratic models established for the three responses viz., turbidity, TOC, and

ibuprofen removal, evidenced the lower values of 0.51 NTU, 1.21 mg L�1, and 52.53% for the turbidity,

TOC, and % removal of ibuprofen, respectively, upon optimization of the selected variables. Moreover,

the optimum conditions were evaluated, aiming at 90% ibuprofen removal, which was found to be

attained at 26.50 ppm of PAC, 49.20 ppm of activated carbon, and 12.10 ppm of Cl2 concentration at

the pH value of 7.99. It was also confirmed that the experimental results are very close to the predicted

values. In addition, the removal of other NEPs, turbidity, and TOC was also maximum under the

optimized conditions. Finally, our results imply that NEPs are not only removed by coagulation itself, but

also by adjusting other parameters such as pH and Cl2 concentration. Herein, the advantages of the RSM

approach in achieving good predictions have been explained via conducting minimum number of

experiments.
1. Introduction

The presence of new emerging pollutants (NEPs) in the envi-
ronment is not new and they have remained in the environment
for a long time. However, researchers are now trying to elucidate
their presence and signicance. These are oen referred as
contaminants of emerging concern (CEC) because of their risk
associated with human health and the environment.1,2 These
pollutants are entering the aquatic and terrestrial ecosystems by
different routes and from different origins such as human and
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tion (ESI) available. See DOI:
animal excretion, discharge from the production centers,
disposition of surplus drugs etc.3 Among the various categories
of emerging pollutants, pharmaceuticals and pesticide residues
are considered as a major class as they are being detected in
various ecosystems. Most of these pollutants raise considerable
toxicological concerns since they are intrinsically and biologi-
cally active molecules. Different inspections in Europe and the
US have revealed the presence of hundreds of these pollutants
in trace amounts in surface water, ground water, drainage
water, wastewater effluents, and alarmingly in tap water.4

The presence of NEPs, such as pharmaceuticals and pesti-
cides, in surface water is of special concern since surface water
is a key source of drinking water in the growing urban pop-
ulation areas. Therefore, the presence of these pollutants in the
drinking water even at low concentrations, such as ppb or ppt,
will impact human health due to chronic exposure. There are
many widely used pharmaceuticals, such as acetaminophen,
caffeine, carbamazepine, diclofenac, and ibuprofen, whose
This journal is © The Royal Society of Chemistry 2017
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presence has been acknowledged in different water sources in
many countries.5 In recent years, low concentrations of phar-
maceutical compounds have been detected in drinking water
supplies.6–8 In addition, studies have also described the exis-
tence of various pharmaceuticals in surface water and the
inability of conventional water treatment plants towards their
removal.9,10 The extensive occurrence of these NEPs in surface
waters may cause severe problems as these surface waters are
preferably used for drinking purposes.11

Ibuprofen (2-(4-isobutylphenyl)propionic acid) is a derivative
of propionic acid and is the leading non-steroidal anti-
inammatory drug (NSAID) marketed in many countries. It is
primarily used for musculoskeletal therapy and less importantly
used as an analgesic. This drug is marketed in the doses of
400 mg and 600mg as tablets or capsules and is extensively used
all over the world. Among the top most drugs prescribed in the
US in the year 2005, ibuprofen has occupied the 17th position.12,13

Numerous studies have conrmed the presence of ibuprofen in
surface waters in the concentration range of 0.05–0.28 mg L�1.
Therefore, it is necessary to evolve potential treatment practices
for the removal of pharmaceuticals. Although, to date, there is
no strong evidence regarding the adverse effects of ibuprofen on
human health at trace levels, it would be benecial to consider
the principle of precaution and make the drinking water free
from ibuprofen, thus reducing the potential long term risks.14

The negative impacts of ibuprofen on the biological systems
were well studied and are inevitable. The toxic response of frog
embryos towards various doses of ibuprofen using a frog embryo
teratogenesis assay-Xenopus (FETAX) has been studied by
Richards and Cole. The inhibition of embryo growth was noticed
at a concentration of 30 mg L�1 aer 96 h of exposure and no
single embryo survived at concentrations above 70 mg L�1.15

However, note that this concentration is extreme and has never
been reported in the environment. The abovementioned results
have been produced, thriving concerns in the scientic
community, to come up with the possibility that certain drugs
and their combinations may damage human health when
people consume considerable amount of water every day for
decades unlike the most specic foods. Hence, water quality
regulations and safety limits have been established considering
the existence of pharmaceuticals at trace levels.

In recent years, several studies have been reported on the
removal of NEPs during the water treatment process. Some of
these have monitored the removal of NEPs using WTP samples,
whereas themajority of them have reported the removal of NEPs
by conducting laboratory experiments. However, the process
efficiency is somewhat different with the removal processes
conducted on a laboratory scale and in the WTP. Numerous
studies have shown that conventional treatment processes are
not effective for the removal of these compounds.16–20 Although
studies have proved that a combination of a natural system with
any advanced treatment process will effectively work for the
removal of organic pollutants, these technologies are very
expensive to adopt in the water treatment plants of developing
countries.21 However, coagulation, occulation, and chlorina-
tion processes are extensively used to treat water as they are
economical and simple to operate. A number of parameters,
This journal is © The Royal Society of Chemistry 2017
including type and dosage of coagulant/occulant, pH of the
water, mixing speed and time, temperature, and retention time,
inuence the process efficiency. In addition, the removal effi-
ciency will increase with the appropriate optimization of these
parameters.22 In conventional multifactor experiments, opti-
mization is generally achieved by changing the values of a single
parameter, whereas keeping all the other parameters constant
under a specic set of conditions. However, this is not only
a time-consuming, but also an inadequate process for achieving
the optimum values since the interactions among these vari-
ables are neglected. Therefore, RSM has been proposed to
overcome these disadvantages, in which the inuence of indi-
vidual factors and their interactions can be well studied. RSM
helps to design the experiments, build the models, evaluate the
effects of various parameters, and nd the optimum values to
obtain the best response. Further, RSM helps to nd the
possible interactions among the selected parameters using
a very limited number of experiments.23

Although many studies have been reported for the removal of
specic NEPs using RSM for process optimization, no studies
have monitored the removal of turbidity and TOC during the
removal of NEPs.24–27 These two parameters are also crucial when
the studies are conducted for the drinking water purposes.
Therefore, in the present study, we aimed to identify the non-
targeted NEPs present in the river water samples and also to
assess their removal along with the turbidity and TOC by opti-
mizing the pH, PAC, and activated carbon andCl2 concentrations.
All the selected variables were optimized using RSM to achieve the
best removal of NEPs. The effect of initial pH, coagulant dose, and
activated carbon and Cl2 concentrations were explored using
a full factorial CCD. All the experiments were performed using the
jar test, a commonly used process to assess the treatment efficacy.
Eventually, the goal of this study was to apply these results to
minimize the NEPs in the drinking water sources, from which we
can improve the quality of drinking water.
2. Materials and methods
2.1. Reagents

Ibuprofen and bisphenol A standards were supplied by Sigma-
Aldrich (St Louis, MO, USA) with purities >98%. Other refer-
ence standards of benzene, ethyl benzene, xylene, toluene, and
dodecene were obtained from Merck (Darmstadt, Germany).
Acetonitrile, acetone, dichloromethane, hexane, ethyl acetate,
and methanol were procured from S.D. ne chemicals (Mum-
bai, India) and were of analytical/HPLC grade. Activated carbon,
PAC, and sodium hypochlorite were provided by a local water
treatment plant (SAJ Skudai, Johor, Malaysia). SPE cartridges of
Oasis HLB from Waters (Milford, MA, USA) and Chromabond
C18 (Macherey-Nagel, Germany) were used for the clean-up and
preconcentration of water samples. A Milli-Q water system was
used to obtain ultrapure water (Millipore, Bedford, MA, USA).
2.2. Sampling

River water samples were collected in a single attempt during
October 2015. A total of 25 liters of river water was collected and
RSC Adv., 2017, 7, 11550–11560 | 11551
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stored in a chiller. Sampling was carried out at the in-ow of the
water treatment plant at Skudai River, a major drinking water
source of Johor city in Malaysia. This river is the source of
drinking water for more than three million population in Johor.
The preliminary characteristics of the collected water samples
are listed in Table S1.†

2.3. Test variables

Initially, 20 preliminary experiments were conducted to deter-
mine the range of the selected variables viz., pH value, PAC,
activated carbon, and Cl2 concentrations. The working ranges of
the selected variables were 6.0–8.0 for pH, 5.0–25 ppm for PAC,
10–50 ppm for activated carbon, and 10–30 ppm for Cl2. The jar
test experiments were performed and the variables were xed
considering the nal turbidity of water < 1.0 NTU. Moreover, the
ranges for pH and Cl2 were selected following the guidelines of
“Council Directive 98/83/EC (1998), established benchmarks for
the quality of drinking water for human consumption in
Europe”.

2.4. Jar test experiments

Simulation of coagulation, occulation, sedimentation, and
chlorination practices of conventional treatment plants was
achieved using scaled-down jar tests. The jar test experiments
were carried out in 500 mL beakers with six paddle stirrers
obtained from Phipps and Bird. The time and speed of the
stirrer to increase and reduce the mixing speed was adjusted
with an automatic controller. Aer adding PAC and activated
carbon in their respective concentrations, the solution pH was
adjusted in the range between 6.0 and 8.0 using 0.1 M hydrogen
chloride and sodium hydroxide solutions. The samples were
rapidly stirred at a xed speed of 140 rpm for 5.0 min to provide
fast mixing, followed by slow mixing at 45 rpm for 10 min to
provide occulation, and then the solutions were kept undis-
turbed for 15 min for the particles to settle down. Later, the
samples were collected from water about 2.0 cm depth from the
surface to measure the turbidity, pH, TOC, and removal
percentage of the NEPs. The solution pH was measured using
a pH meter (F-54 BW, Horiba, Japan) and the turbidity was
measured by a standard nephelometric method using turbi-
dimeter (2100N, HACH, USA), followed by the percentage
removal of NEPs using GC-MS.

2.5. Sample analysis

The identication and quantication of NEPs were carried out
using GC-MS aer solid phase extraction of the samples. Pre-
concentration of the non-targeted NEPs in the water samples
was carried out by passing the samples through Chromabond
C18 solid phase extraction cartridges. First, the preconditioning
was carried out using 5.0 mL of methanol followed by 10 mL of
Milli-Q water. Aer this, 500 mL of water samples were passed
through the cartridges at a ow rate of 15 mL min�1. Aer
removing the residual water from the cartridges, 5.0 mL of
methanol was used for the elution. Finally, the extracts were
evaporated to attain a nal volume of 1.0 mL and were imme-
diately injected for GC-MS analysis aer the preparation of the
11552 | RSC Adv., 2017, 7, 11550–11560
samples. Among all the identied NEPs, ibuprofen was selected
for the removal experiments. The removal percentage of
ibuprofen by varying the selected parameters (pH value, PAC,
activated carbon, and Cl2 concentrations) in the jar test exper-
iments was examined to select themost effective composition to
achieve the best removal of ibuprofen and other NEPs.

2.6. GC-MS operating conditions

A HP 6890 gas chromatograph (GC) was equipped with a HP
7683 auto sampler and a HP 5973 mass detector (MSD) was
equipped with a BPX5 column (50 m � 0.25 mm i.d. with
0.25 mm thickness). The instrument parameters were applied as
follows: injector temperature 250 �C, column oven temperature
ranged from 50 �C (2.0 min) to 110 �C (2.0 min) at 6.0 �C min�1,
and then to 230 �C (4.0 min) at 10 �C min�1, injection volume
2.0 mL in splitless mode, and carrier gas ow rate of 1.0 mL
min�1. The transfer line and quadrupole temperatures were
retained as 240 �C and 150 �C, respectively. The lament (70 eV)
was turned on aer a 3.0 min run of the GC program. The GC
injections were carried out using a Varian 8200 auto sampler via
a 100 mL syringe into a SPI/1079 split/splitless programmed
temperature injector operated using the broad volume injection
technique. The total analysis time was 30 min and the equili-
bration time was 0.5 min. The analysis was achieved in selected
ion recording (SIR) mode with a mass-to-charge ratio between
m/z 50 to 500. The non-targeted NEPs were identied based on
their m/z values. The ion fragment m/z 207 was used for the
conrmation of ibuprofen. The ion fragmentsm/z 77,m/z 92,m/
z 106,m/z 106, andm/z 227 were monitored for the conrmation
of benzene, toluene, ethyl benzene, xylene, and bisphenol A,
respectively. In addition, Table S2† shows the list of non-
targeted NEPs and their possible routes of entry into the
drinking water sources.

2.7. Sample preparation

Prior to sample preparation, all the samples were sieved
through a 150 mm sieve and homogenized. Initially, various SPE
cartridges, including Oasis HLB (200 mg and 500 mg) and
Chromabond C18 (200 mg and 500 mg), were evaluated for the
best extraction recoveries. First, 2.0 mL of methanol was added
to the blank samples (500 mL) to extend the retention of ana-
lytes on the cartridges and were spiked with 1.0 mg L�1 of
ibuprofen. From the results, it was found that the best recov-
eries were obtained in the range of 82.45–91.60% with Chro-
mabond C18 cartridges using methanol as the eluent. It was
also conrmed that the recoveries were best with 500 mg rather
than 200 mg of sorbent, which conrms that the cartridges with
200 mg of sorbent were not able to retain ibuprofen and other
NEPs. Further, several organic solvents were tested for the best
elution of ibuprofen loaded on the selected SPE cartridges.
Multiple solvents, such as dichloromethane, acetonitrile, ethyl
acetate, hexane, methanol, acetone, and their mixtures were
used to test the recoveries. Moreover, PTFE containers were
used instead of glass in the sample preparation process to avoid
loss of the analytes because the analytes tend to bind to the
glass that may result in a signicant loss. The recoveries of the
This journal is © The Royal Society of Chemistry 2017
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Table 1 The levels of the variables tested in 30 central composite
designs

Parameter

Range and level

�a �1 0 1 a

A: pH 6.0 6.5 7.0 7.5 8.0
B: PAC (ppm) 5.0 10 15 20 25
C: activated carbon (ppm) 10 20 30 40 50
D: Cl2 dosage (ppm) 10 15 20 25 30
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analytes were determined as a ratio of the analytes concentra-
tion in the spiked samples to that of the standard calibration
solutions. The best results were obtained when the elution was
carried out using 5.0 mL of methanol.
2.8. Response surface methodology

It is necessary to design the experiments to adequately measure
the selected responses. Generally, it is highly complicated to
represent the relation between the selected responses (turbidity,
TOC, and ibuprofen removal) and independent variables (pH,
Table 2 The central composite design and response results for the fou

Std. Run Block

Factor 1 Factor 2 Factor 3 Fa

A:
pH

B:
PAC ppm

C: Act
car ppm C

1 12 Block 1 7.50 20.00 20.00 25
2 10 Block 1 7.50 10.00 20.00 25
3 25 Block 1 7.00 15.00 30.00 15
4 05 Block 1 6.50 10.00 40.00 15
5 07 Block 1 6.50 20.00 40.00 15
6 27 Block 1 7.00 15.00 30.00 15
7 24 Block 1 7.00 15.00 30.00 25
8 15 Block 1 6.50 20.00 40.00 25
9 30 Block 1 7.00 15.00 30.00 15
10 02 Block 1 7.50 10.00 20.00 15
11 28 Block 1 7.00 15.00 30.00 15
12 16 Block 1 7.50 20.00 40.00 25
13 22 Block 1 7.00 15.00 50.00 30
14 18 Block 1 8.00 15.00 30.00 20
15 06 Block 1 7.50 10.00 40.00 15
16 13 Block 1 6.50 10.00 40.00 25
17 29 Block 1 7.00 15.00 30.00 15
18 03 Block 1 6.50 20.00 20.00 15
19 20 Block 1 7.00 25.00 30.00 20
20 04 Block 1 7.50 20.00 20.00 15
21 21 Block 1 7.00 15.00 10.00 20
22 26 Block 1 7.00 15.00 30.00 15
23 09 Block 1 6.50 10.00 20.00 25
24 23 Block 1 7.00 15.00 30.00 30
25 14 Block 1 7.50 10.00 40.00 25
26 08 Block 1 7.50 20.00 40.00 15
27 11 Block 1 6.50 20.00 20.00 25
28 19 Block 1 7.00 5.00 30.00 20
29 17 Block 1 6.00 15.00 30.00 20
30 01 Block 1 6.50 10.00 20.00 15

This journal is © The Royal Society of Chemistry 2017
PAC, activated carbon, and Cl2 concentrations) using a rst-order
model. Therefore, a model that is capable to approximate the
response in a region closer to the optimum is normally required
and in most cases, a second-order model is sufficient. Hence, in
this study, we selected CCD, which is a very efficient tool to t in
the second-order models. The required number of experiments
for CCD are as follows: standard 2k cube points, 2� k axial points
axially xed at a distance say a, from the center to produce the
quadratic terms, and replicate tests at the center of the experi-
mental region, where k denotes the number of variables. The
independent evaluation of the experimental error is very impor-
tant and can be obtained from the replicates of a test at the
center. Commonly, ve to seven center runs are recommended to
know the exact experimental error. A CCD with 4 factors and 6
replicate tests at the center results a total of 16 + 08 + 06 ¼ 30
runs. All 30 experiments were randomly conducted to avoid the
impact of uncontrolled variables on the responses.

The composed data was statistically evaluated applying
a regression analysis to ascertain if any relationship existed
among the factors and their responses were examined. Further,
a regression design was employed to model the response as
a mathematical function of a few continuous factors and where
r selected variables

ctor 4
Response
1

Response
2 Response 3

l2 ppm
Turbidity removal
(NTU)

TOC removal
mg L�1

Ibuprofen removal
(%)

.00 0.77 1.91 39.11

.00 0.41 1.48 39.23

.00 0.86 1.99 48.99

.00 0.84 2.59 27.66

.00 0.51 1.38 29.44

.00 0.87 1.97 48.10

.00 0.87 1.81 51.89

.00 0.93 1.81 40.62

.00 0.89 2.01 48.18

.00 0.93 2.32 46.65

.00 0.86 1.92 49.60

.00 0.99 2.15 57.69

.00 0.91 2.41 54.87

.00 1.12 2.68 53.28

.00 0.75 2.31 48.03

.00 1.11 2.54 48.80

.00 0.91 1.91 49.19

.00 0.89 1.91 48.38

.00 0.91 1.31 45.84

.00 0.95 1.99 48.87

.00 0.46 1.54 52.27

.00 0.87 1.90 47.51

.00 0.51 1.73 54.20

.00 0.55 1.58 48.88

.00 1.05 2.21 54.60

.00 0.64 1.49 59.33

.00 0.68 1.47 49.13

.00 0.85 2.28 45.11

.00 1.11 2.76 39.82

.00 0.88 2.88 49.17

RSC Adv., 2017, 7, 11550–11560 | 11553
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‘good’ model criterion estimates were desired.28 Every indi-
vidual response of Y can be expressed using a mathematical
equation that correlates the response surface. The responses
can also be described by second-order polynomial equations,
according to eqn (1)

Y ¼ f ðxÞ ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biixi
2 þ

Xk

i¼1

Xk

j¼1þi

bijxixj (1)

where Y stands for the predicted response (turbidity removal,
ibuprofen removal, and TOC removal) employed as the depen-
dent variable, k denotes the number of independent variables, xi
and xj denotes the independent variables that inuence Y, b0 is
a constant coefficient, and bi, bij, and bii are the coefficients of
linear, interaction, and quadratic terms, respectively. The actual
design used in this study is displayed in Table 1. A multiple
linear regression analysis was conducted to estimate the coef-
cient parameters using Design-Expert soware (version 8.0.1).
The soware was further utilized to express the 3D surface and
2D contour plots of the response models.

To nd the acceptable experimental domain, preliminary
assessments were conducted to regulate themore effective ranges
of pH value, PAC, activated carbon, and Cl2 concentrations prior
to designing the experimental runs. From the preliminary
investigations, it was observed that coagulation was most effec-
tive in the PAC range between 5 and 25 ppm, activated carbon
range between 10 and 50 ppm, Cl2 dosage between 10 and
30 ppm, and pH range between 6.0 and 8.0. Aer determining the
ranges of the variables, they were coded to lie at �1 for the
factorial points, 0 for the center points, and �a for the axial
points. The codes were determined as a function of the range of
interest of each factor. A CCD experiment with 16 factorial points,
8 axial points, and 6 additional trials (run numbers 25–30) as
replicates of the center point are presented in Table 2.
3. Results and discussion
3.1. Statistical analysis

The experimental outcomes, experimental design model, and the
predicted turbidity, TOC, and ibuprofen removal are presented in
Table 2. The CCD model was used to develop mathematical
equations, in which each response Y ¼ f(x) was determined as
a function of pH value, PAC, activated carbon, and Cl2 concen-
trations. The results of the tted models for turbidity, TOC, and
ibuprofen removal are presented in eqn (2)–(4).

Turbidity removal Y (NTU) ¼ 0.98 + 0.13A � 8.333 � 10�5B +

0.10C + 8.970 � 10�5 + 0.15A2 � 0.085B2 � 0.040C2 � 0.041D2 +

0.13AB � 0.015AC � 0.040AD � 0.31BC + 0.18BD + 0.64CD

(2)

TOC removal Y (mg L�1) ¼ 1.88 � 0.051A � 0.49B + 0.11C �
0.19D + 0.85A2 � 0.072B2 � 0.20C2 � 0.070D2 + 0.60AB +

0.032AC + 0.21AD � 0.42BC + 0.68BD + 0.87CD (3)

Ibuprofen removal (%) ¼ 52.41 + 6.09A + 0.47B � 1.44C + 3.42D

� 6.10A2 � 7.17B2 � 2.57C2 � 8.11D2 + 7.19AB + 25.04AC �
12.59AD + 2.94BC � 6.20BD + 11.66CD (4)
11554 | RSC Adv., 2017, 7, 11550–11560
ANOVA results for the removal of turbidity, TOC, and
ibuprofen are listed in Table 3. From the experimental results,
the P-value of the regression model equation i.e., 0.0001 (P <
0.05) conrms that the results are best tted to second-order
polynomial model. As presented in Table 3, the model was
found to be signicant at a 95% condence level with all
p-values of regression# 0.05, following the F-test. Moreover, the
lack-of-t values were also determined from the experimental
error (pure error) and residuals. F-Values for the lack-of-t are
4.82, 1.86, and 4.18 for turbidity, TOC, and ibuprofen removal,
respectively, and indicate the signicance of the model corre-
lation among the selected variables and resulting process
responses, as depicted in Fig. 1. Further, the lack-of-t tests
help to nd the breakdown of a model and to represent the data
of the points in an experimental domain, which are not incor-
porated in the regression. If a model is signicant and contains
one or more important terms that explain that the model does
not suffer from the lack-of-t, it does not necessarily mean that
the model is good. If the experimental domain is absolutely
noisy or some crucial variables are omitted from the experi-
ment, there is a possibility to obtain a high residual value in the
data, which was not explained by the model. Thus, the coeffi-
cient of determination, denoted by R2, must be considered to
measure any model's overall performance. Moreover, the
adjusted R2 allows for the degrees of freedom associated with
the sum of the squares also to be considered in the lack-of-t
test, which is an approximate value of R2. When the difference
between R2 and adjusted R2 values is vast it indicates the
involvement of non-signicant terms in the model. In addition,
the value of R2 and R2(adj) for all the three parameters approves
the model's accuracy. Moreover, the R2 values are not signi-
cantly different in the parity plots of the experimental and
predicted values, as shown in Table 3. In addition, there is no
strong evidence for the departures of normality from the normal
probability plots of the residuals for turbidity, TOC, and
ibuprofen removal, as shown in Fig. 2. As seen in Fig. 2, all the
points in the plot form a fairly straight line, and hence, the
normality hypothesis was relatively satised. As a result, we can
say that the model is fairly suitable to describe the removal of
turbidity, TOC, and ibuprofen using response surface method-
ology varying the pH value, PAC, activated carbon, and Cl2
concentrations. Hence, the second-order models, as presented
in eqn (2)–(4), used tomeasure the responses are signicant and
acceptable.
3.2. Interpretation of the operational parameters using the
response surface and counter plotting

According to the RSM model, the solution pH, PAC, activated
carbon, and Cl2 concentrations are the terms that inuence the
removal of turbidity, TOC, and ibuprofen at a 95% condence
level. Further, 3D plots and their corresponding contour plots
were described to better explain the independent variables and
their inuence on the removal of turbidity, TOC, and ibuprofen,
as shown in Fig. 3. In Fig. 3(a)–(c), the pH value and Cl2
concentration were kept constant at 7.0 and 20 ppm, respec-
tively, and the inuence of PAC and activated carbon on the
This journal is © The Royal Society of Chemistry 2017
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Table 3 ANOVA results for the three responses viz., turbidity, TOC, and ibuprofen removal

Turbidity removal

Source Sum of squares DF Mean square F value Prob > F

Model 1.03 14 0.074 53.61 <0.0001 Signicant
Residual 0.021 15 1.372 � 10�3

Lack of t 0.019 10 1.865 � 10�3 4.82 0.0482 Not signicant
Pure error 1.933 � 10�3 5 3.867 � 10�4

Cor total 1.05 29

Std. Dev. 0.037 R-Squared 0.9804
Mean 0.83 Adj R-squared 0.9621
C.V. 4.47 Pred R-squared 0.8857
PRESS 0.12 Adeq precision 27.366

TOC removal

Source Sum of squares DF Mean square F value Prob > F

Model 5.16 14 0.37 110.39 <0.0001 Signicant
Residual 0.050 15 3.339 � 10�3

Lack of t 0.039 10 3.949 � 10�3 1.86 0.02553 Not signicant
Pure error 0.011 5 2.120 � 10�3

Cor total 5.21 29

Std. Dev. 0.058 R-Squared 0.9904
Mean 2.01 Adj R-squared 0.9814
C.V. 2.88 Pred R-squared 0.9490
PRESS 0.27 Adeq precision 36.617

Ibuprofen removal

Source Sum of squares DF Mean square F value Prob > F

Model 1436.06 14 102.58 52.82 <0.0001 Signicant
Residual 29.13 15 1.94
Lack of t 26.02 10 2.60 4.18 0.0641 Not signicant
Pure error 3.11 5 0.62
Cor total 1465.19 29

Std. Dev. 1.39 R-Squared 0.9801
Mean 47.48 Adj R-squared 0.9616
C.V. 2.94 Pred R-squared 0.8824
PRESS 172.34 Adeq precision 30.383

Fig. 1 The design expert plots of residuals vs. predicted values for (a) turbidity, (b) TOC, and (c) ibuprofen removal from water samples.
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removal efficiency was studied. The best removal of turbidity
was obtained at 22.38 ppm and 10.47 ppm of PAC, and
48.18 ppm and 15.43 ppm of activated carbon. The resultant
turbidity of water at the abovementioned concentrations was
This journal is © The Royal Society of Chemistry 2017
0.51 NTU. A relatively higher turbidity was observed between
these concentrations and a lower turbidity was observed beyond
the abovementioned limits. Moreover, the best removal of TOC
i.e., 1.21 mg L�1 was observed at 22.86 ppm of PAC and
RSC Adv., 2017, 7, 11550–11560 | 11555
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Fig. 2 The normal probability plots of the standardized residual for (a) turbidity, (b) TOC, and (c) ibuprofen removal.
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43.20 ppm of activated carbon. The removal efficiency was
increased upon increasing the concentrations of PAC and acti-
vated carbon up to 25 ppm and 50 ppm, respectively, and then
decreased upon further increase in their concentrations.
Moreover, the best removal of ibuprofen (52.53%) was observed
Fig. 3 Representative 3D images and their 2D contour plots obtained fo

11556 | RSC Adv., 2017, 7, 11550–11560
at 13.97 ppm of PAC and 20.69 ppm of activated carbon. Slightly
lower removal rates for ibuprofen were obtained when the
concentrations deviated from the abovementioned values.
Overall, the removal of turbidity, TOC, and ibuprofen is highly
r the removal of (a) turbidity, (b) TOC, and (c) ibuprofen.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27733k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
6:

58
:1

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
dependent on PAC and activated carbon, whereas slightly
dependent on the initial pH value and Cl2 concentration.
3.3. NEPs removal during the water treatment process

It is not easy to evaluate the removal of NEPs at a particular
stage in the conventional treatment processes as the processes
depend on several aspects (e.g., system arrangements, operation
schedules, treatment conditions, and inuent loadings in
source waters) in WTPs. Hence, a detailed study is required to
investigate the removal mechanism of various pollutants. In
this study, we described the removal of several non-targeted
NEPs at each stage of treatment in the WTP by comparing it
with laboratory scale experiments. Generally, coagulation is the
most common process for the removal of colloidal particles.
However, research has disclosed that the coagulation process
itself is not effective for the elimination of pollutants. Several
researchers have reported that the coagulation process is
capable of removing only 15% of pharmaceuticals and other
NEPs.29–31 In addition, the removal of micropollutants during
the coagulation process is not only achieved by coagulation, but
also by the combination of adsorption and electrostatic inter-
actions between the micropollutants and the coagulant. Then,
the chlorination step is effective to eliminate microbial activity
and it triggers the oxidation of organic materials. Moreover, it
starts the ring cleavage of aromatic compounds and helps in the
formation of oxidative by-products from pesticides and phar-
maceuticals.31 However, the efficiency of chlorination is less
Table 4 Estimation of the second-order response surface parameters f

Name Goal Lower limit Upper l

pH Is in range 6 8
PAC Is in range 5 40
Activated carbon Is in range 5 70
Cl2 Is in range 10 40
Turbidity removal Is maximum 0.41 1.12
TOC removal Is maximum 1.31 2.88
Ibuprofen removal Is target ¼ 90% 27.66 98

Fig. 4 2D contour plots and their 3D surface plots obtained for the rem

This journal is © The Royal Society of Chemistry 2017
than coagulation towards the removal of micropollutants.28

Moreover, it is highly complicated to determine the removal of
NEPs at each stage as we do not handle these three processes
side-by-side. Therefore, laboratory scale chlorination experi-
ments were conducted to determine the efficacy of chlorination
by varying the Cl2 concentration and solution pH. The turbidity,
TOC, and NEPs removal rates were satisfactory when main-
tained at a higher Cl2 concentration i.e. 20 ppm. However, low
removal rates of the NEPs were obtained using the higher Cl2
concentration (20 ppm) at a lower pH (6.0). Therefore, the Cl2
concentration and pH value weremaintained at 20 ppm and 7.0,
respectively, for the best removal of NEPs, turbidity, and TOC. A
previous study also recommended that the solution pH plays an
important role in the effective removal of pollutants.31 Our
results suggest that the optimization of control factors, such as
pH and Cl2 concentration, are necessary for the effective
removal of micropollutants during the disinfection process.
3.4. Process optimization

The optimum values to achieve a 90% removal of ibuprofen
were determined rst in coded units, and then converted into
un-coded units using eqn (2)–(4). A solution pH of 7.99, Cl2
concentration of 12.10 ppm, PAC concentration of 26.50, and
activated carbon concentration of 49.20 ppm were found as the
optimum conditions using the RSM model. The experiments
were repeated three times under these optimum conditions and
the ibuprofen removal efficiencies were found to be 89.20%,
or the removal of ibuprofen

imit Solution
Predicted
value

Experimental
value Error (%)

7.99 — — —
26.50 — — —
49.20 — — —
12.10 — — —
— 0.69 0.71 � 0.42 2.89
— 1.25 1.23 � 0.88 �1.62
— 90.0 89.63 � 2.25 �0.46

oval of ibuprofen under the optimized conditions.

RSC Adv., 2017, 7, 11550–11560 | 11557
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Fig. 5 Gas chromatograms of all non-targeted NEPs viz., (1) benzene, (2) fluorides, (3) toluene, (4) ethyl benzene, (5) xylene, (6) bisphenol A, (7)
dodecene, and (8) ibuprofen (a) before and (b) after the optimization process.
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91.60%, and 88.10% with a % RSD < 3.0 (Table 4). The average
removal efficiency of ibuprofen was 89.63%, which is closer to
the model prediction of 90%. Fig. 4(a) and (b) illustrate the 3D
response surface plot and 2D contour plot of the quadratic
models for pH value, PAC, activated carbon, and Cl2 concen-
trations with respect to ibuprofen removal. As shown in
Fig. 4(a), ibuprofen removal increased upon increasing the PAC
and activated carbon concentrations. However, the concentra-
tions of Cl2 and PAC were moderately maintained to avoid the
formation of residual Cl2 in the nal treated water. Hence, the
concentration of Cl2 was restricted to 12.10 ppm and that of PAC
was restricted to 35 ppm to avoid further health issues due to
residual Cl2 if present in the nal treated water. In addition, the
concentrations of other non-targeted NEPs were also found to
beminimal at this optimized level, which is an added advantage
of the procedure. The gas chromatograms of the identied
NEPs before and aer the optimization process are shown in
Fig. 5.
4. Conclusions

The benets of RSM to attain the optimal conditions used
during a conventional water treatment process via adjusting the
pH value, PAC, activated carbon, and Cl2 concentrations were
demonstrated in this study. Further, the RSM model was
enforced as an experimental design to explore the optimal
variables to remove the turbidity, TOC, and ibuprofen from river
water samples by adjusting the pH value and PAC, activated
carbon, and Cl2 concentrations. The impact and interactions of
the four operating variables, including the initial pH value and
11558 | RSC Adv., 2017, 7, 11550–11560
PAC, activated carbon, and Cl2 concentrations, during the water
treatment process were examined. The results of this study have
proved that RSM is a powerful statistical optimization and
modeling tool for the removal of pollutants using a conven-
tional water treatment process. The models were represented as
3D response surfaces and 2D contour graphs to better explain
the optimal performance. Moreover, the four variables viz., pH
value and PAC, activated carbon, and Cl2 concentrations play
crucial roles in minimizing the turbidity, TOC, and ibuprofen
and other NEPs in the drinking water sources.
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