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removal in drinking water sources using carbon nanotubes (CNTs)
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ABSTRACT
This research developed models using the multiple linear regression technique for prediction of trihalomethane (THM)
removal from chlorinated drinking water sources through a combination of a coagulation process with carbon nanotubes
(CNTs). Terkos Lake water (TLW), Buyukgekmece Lake water (BLW) and Ulutan Lake water (ULW) samples were coagulated
by a conventional coagulant (alum) and increasing doses of single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs) with the addition of alum. Also, chlorination experiments were conducted with water
reservoirs from TLW, BLW and ULW, with different water quality regarding bromide concentration and organic matter
content. The factors studied affecting THM removal were contact time, chlorine dose, coagulation process, total organic
carbon (TOC), and specific ultraviolet absorbance (SUVA). Statistical analysis of the results focused on the development of
multiple regression models, as Models 1 and 2, for predicting total trihalomethane (TTHM) based on the use of contact time,
SWCNTs and MWCNTs doses, chlorine dose and TOC. When the two models were compared, Model 1 proved best suited to
describe THM removal for the three water sources. The developed models provided satisfactory estimations of THM removal;
the model regression coefficients for Models 1 and 2 were 0.88 and 0.77, respectively. Furthermore, the root-mean-square error
(RMSE) values of 0.083 and 0.126 confirm the reliability of the two models. The results show that THM removal can be simply

predicted by using the multiple linear regression technique in chlorinated drinking water sources.
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INTRODUCTION

A significant public health advance, since the turn of the 20*
century several methods have been used for disinfection of
drinking water, such as chlorination, ozonation, chlorine
dioxide, and ultraviolet irradiation. Nevertheless, chlorination
is the most widely used method in the world because of its
chlorine oxidizing potential and is extremely cost-effective
(Elshorbagy et al., 2000; Arora et al., 1997; Krasner et al., 2001).
Although chlorine disinfectant is effective, it interacts with
organic precursors in chlorinated water, and thus disinfection
by-products (DBP) such as trihalomethanes (THMs), and
haloacetic acids (HAAs) form (Elshorbagy et al., 2000; Rook,
1974; Bellar et al., 1974; White, 1992; Rofriguez and Serodes,
2001). Among more than 600 DBPs, trihalomethanes (THMs),
i.e., chloroform (CHCIL,), bromodichloromethane (CHCI,Br),
dibromochloromethane (CHBr,Cl), and bromoform (CHBr,)
have been widely reported in drinking water supplies
(Richardson, 1998). Due to the adverse health effects on
humans, stringent regulations have been developed by several
international regulatory agencies worldwide (Krasner et
al., 2001; Roccaro et al. 2014; Singer, 1994; Krasner et al.,
2006). Some of these administrations are the United States
Environmental Protection Agency (USEPA), World Health
Organization (WHO), and the European Union (EC) (Toroz
and Uyak, 2005; Uyak, 2006). USEPA and EC have set the
maximum contaminant levels (MCL) of 4 THM species
(chloroform, bromodichloromethane, dibromochloromethane,
and bromoform) as 80 ug-L™' and 100 pg-L™, respectively
(Pontius, 1993; Uyak and Toroz, 2006; US EPA, 2003). The limit
of THMs is 100 pg-L™" in Turkey.
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Prior studies have revealed that THM formation is very
complex since it can be affected by several factors including
concentration and natural organic matter (NOM) indicators
such as specific ultraviolet absorbance (SUVA), total organic
carbon (TOC), ultraviolet absorbance at 254 nm wavelength
(UV,,,), water quality parameters (e.g. pH, temperature,
inorganic ion (particularly bromide) concentration), and
chlorination conditions (e.g., contact time or travel time of
water in the system, applied chlorine dose, chlorine residual)
(Hasan et al., 2010; Sketchell et al., 1995; Chellam, 2000; Chaib
and Moschandreas, 2006; Shmeis et al., 2009; Platikanov et
al., 2010). In addition, due to the adverse health effects on
humans, several treatment alternatives have been developed
to achieve the removal of DBPs like THMs from drinking
waters. Coagulation is one of the most common methods used
for removing NOM and also DBPs in water (Edzwald and
Tobiason, 1999; Kabsch-Korbutowicz, 2005; Hu et al., 2006;
Rong et al., 2013). Furthermore, it is more efficient for the
removal of the most hydrophobic and high molecular weight
fraction of NOM (Roccaro et al., 2014).

Aluminum sulfate (alum) or ferric chloride are known
as conventional coagulants that have often been used for
removing NOM and DBPs in water sources, for many years.
However, DBPs and NOM cannot be effectively removed
with conventional coagulation processes alone (Lou et al.,
2011; Sharp et al., 2006). In recent years, carbon nanotubes
(CNTs) have, in particular, received special attention for their
exceptional water treatment capabilities. The high adsorptive
potential of CNTs derives from many appealing features
of CNTs, such as their well-defined structure and uniform
surface, 6 multilayer adsorption characteristics, additional
sorption sites, such as the interstitial regions between the CNTs
bundles, and the defects on the tubes (Shih and Li, 2008; Fagan
et al.,, 2004). Previous studies have demonstrated that CNTs
are effective adsorbents with high adsorption capacities for
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heavy metals (Li et al., 2005; Lu and Chiu, 2006; Wang et al.,
2005), phenols (Chen et al., 2008; Lin and Xing, 2008; Yang et
al., 2008), and other organic chemicals (Lu et al., 2005; Yang
et al., 2006; Yoon et al., 2012). For example, Li et al. (2003)
showed that CNTs are good fluoride adsorbents with superior
capability to activated carbon. Lu et al. (2005) demonstrated
that both NaClO-oxidized single-walled CNTs (SWCNTs)

and multiwalled CNTs (MWCNTs) are effective Zn?* sorbents.
Chen et al. (2008) investigated the adsorption of chlorophenols
on pristine and functionalized SWCNTs (hydroxylated
SWCNTs and carboxylated SWCNTs).

Although many studies have been carried on CNTs and
their adsorption properties, few have been conducted on the
removal of NOM and chlorinated compounds like THMs from
the water environment by using a combination of coagulation
with CNTs. Yoon et al. (2012) investigated the removal of
NOM from a variety of potential drinking water sources
through a combination of coagulation and adsorption with
carbon nanomaterials, and the results revealed that combined
coagulation-adsorption treatment using carbon nanomaterials
can be effective in removing NOM from various water sources.
Similarly, Ozdemir (2016) has shown that coagulation processes
using carbon nanomaterials can be effective in the removal of
THM:s from various types of chlorinated source waters.

The prediction of THM levels in drinking water sources
under different water quality and treatment conditions is
essential in order to exercise quality control and ensure
compliance with regulatory guidelines/standards. In the
literature, many mathematical models have been proposed
for the description of the mechanisms of THM formation and
kinetics (Elshorbagy et al., 2000; Abdullah et al., 2003; Sadiq
and Rodriquez, 2004; Chowdhury et al., 2009; Ma and Lu, 2012).

Empirical and kinetic THM formation models were
quantified as a power function of various quality parameters
and obtained by linear and non-linear multi-regression analysis
(Sadiq and Rodriguez, 2004; Solarik et al., 2000; Mishra et al.,
2016). Furthermore, these models can be used to determine
the effect of important parameters, including chlorine dose
and residual, contact time, coagulant dose, TOC and pH, on
THM formation. For example, Amy et al. (1987) performed a
study of 9 different raw water samples throughout the USA,
representing a diverse array of characteristics, to obtain a
relationship between THM formation and water quality
parameters, and developed two types of mathematical models
as linear and non-linear. As a result, they determined that the
product of dissolved UV absorption (DUV), and nonpurgeable
organic carbon (NPOC) was the best surrogate parameter for
predicting THM formation.

Thanks to the non-linear statistical model they developed.
Lyn and Taylor (1993) found that total trihalomethane
(TTHMs) formation was as a function of organic content,
reaction time and chlorine dose, after chlorination of raw
groundwater from a utility in Florida. Uyak et al. (2007)
reported that THM and HA A formations can be described by
the multiple linear regression technique. Also, they found that
the model regression coeflicients of THM and HAA are 0.88
and 0.61, respectively. Gupta and Kumari (2015) developed
linear and non-linear predictive models for monitoring
THM formation in drinking water supplies. As a result, they
determined that the linear model performed better than non-
linear one in terms of percentage prediction errors.

The objective of this study was to develop models using
multiple linear regression analysis for the prediction of
trihalomethane removal from chlorinated drinking water
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sources through a combination of a coagulation process with
CNTs. Water samples from Terkos Lake, Bityiikgekmece Lake

and Ulutan Lake, as three important drinking water sources,
were used in experiments. SWCNTs and MWCNTSs were used

as CNTs for determining the removal efficiency of TTHMs in

the coagulation process. Moreover, we tried to develop a fitting
model applying multiple linear regression analysis for the three
coagulated and chlorinated water sources with different water
quality characteristics, including conductivity, pH, uv,,,, TOC
and SUVA. This is the first study conducted in Turkey to model
THM removal under different chlorination conditions and CNTs.
The variables used in this study were TOC concentration, reaction
time, chlorine and coagulant doses, SWCNTs and MWCNTs.

No previous attempts have been made to develop these models

for prediction of TTHMs removal in Turkey. A few studies have
focused on the determination of TTHM removal (Hasan et al.,
2010; Mishra et al., 2012). In this study, the models were developed
against an individual dataset of THM measurements in water
samples taken from September 2014 to May 2015 in the same
reservoir waters and chlorinated under identical conditions. The
models developed for TTHM removal were validated over another
period (April 2016). The aim of validation is to measure how well
the model fits the experimental data.

MATERIALS AND METHODS
Source water and sampling

During this study, water samples were taken from Terkos
Lake water (TLW) and Buyukcekmece Lake water (BLW) in
Istanbul city and also Ulutan Lake water (ULW) in Zonguldak
city, Turkey. The sampling was done in all 4 seasons from 2015
to 2016 (with seasons starting in September 2014, January
2015, May 2015, and April 2016). Approximately 1 million

m?® of drinking water per day is provided by the TLW and
BLW reservoirs in Istanbul. In addition, ULW is a reservoir
that provides nearly 35 000 m® of raw water to the drinking-
water treatment plant of Zonguldak. Raw water samples were
collected as a grab sample, shipped to the laboratory on the
same day and kept in the dark in a refrigerator at 4°C to retard
biological activity prior to use.

Coagulation procedure

Prior to the jar test, stock solutions containing 5 000 mg-L™ of
the SWCNTs and MWCNTs were prepared by adding 1 g of the
CNTs to 200 mL of distilled water and stirring with a magnetic
stirrer at 600 rmin. The applied coagulant doses ranged from 0
to 100 mg-L™. Coagulation of TLW, BLW and ULW was carried
out by using a Phipps and Bird 6-paddle jar test apparatus. The
jars were round beakers with 1 L capacity. Rapid mixing was at
150 rrmin~! for 2 min; flocculation was carried out at 40 rmin™!
for 30 min. The ferric chloride and alum were consistently used
for THM removal at similar dosages, as a coagulant. However,
coagulant dose was varied in accordance with the NOM content
of the source water, related to hydrophobicity. A dosage of

100 mg-L™" of alum resulted in the maximum DOC removal

for samples from 3 drinking water sources by coagulation.
However, based on economic and engineering considerations,
80 mg-L™ was selected as the optimum coagulant dosage. The
optimum combined coagulant dosage for TLW, BLW and ULW
was determined as 50 m-L™. After the jar tests were completed,
the treated water samples were collected and passed through
0.45 pm-membrane filters for DOC and THM analysis.
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Purified CNTs

One gram of raw CNTs was dispersed into a 100-mL flask
containing 40 mL of mixed acid solutions (30 ml of HNO
+10 mL of H,SO,) for 24 h to remove metal catalysts
(Ninanoparticles). After cleaning, the CNTs were again
dispersed in a 100-mL flask containing 40 mL of the mixed
acid solutions, which were then shaken in an ultrasonic
cleaning bath (Branson 3510 Ultrasonic Cleaner, Connecticut,
USA) and heated at 80°C in a water bath for 2 h to remove
amorphous carbon. After cooling to room temperature, the
mixture was filtered with a 0.45-um glass-fibre filter, and the
solid was washed with deionized water until the pH of the
filtrate was 7. The filtered solid was then dried at 80°C for 2 h
to obtain the purified CNTs. This procedure for purifying
CNTs has been used by other researchers in previous CNT
studies (Chungsying et al., 2005). After purifying the CNTs,

a simple coagulation process with the application of alum

was used for precipitating CNTs from the solution, and CNTs
particles were thus recovered. Then, the residual CNT waste
was sealed carefully using double layers of polyethylene bags
and transported to solid waste incineration plants with other
hazardous wastes from the laboratory (HSE, 2009).

3

Chlorination procedure

Chlorination of raw water samples was conducted in
accordance with Standard Methods 5710 B (APHA, 2005).
Before chlorination, sample pH values were adjusted to 7

by addition of HCI or NaOH solution as appropriate. The
chlorinated samples were placed into 125 mL amber glass
bottles with polypropylene screw caps and TFE faced septa.
The chlorination process was conducted for a given chlorine
dosage (10 mg-L™), fixed pH (pH 7), and room temperature
(20°C). Also, the chlorination process was conducted at the
chlorine doses of 5 and 10 mg-L™" and 2, 4 and 168 reaction
times for each water sample. After chlorination, the water
samples were incubated at 20°C for the desired contact time
(168 h). At the end of the reaction period, a quenching agent
(sodium sulfite solution) was added to each of the chlorinated
water samples for the analysis of THM formation.

Analytical procedure

All water samples were analysed based on the procedures
described in the Standard Methods (APHA, 2005). DOC

analysis was conducted by the high-temperature combustion
method according to 3510B using a Shimadzu- 5000A TOC
analyser equipped with an auto-sampler (APHA, 2005). The
minimum quantification limit of the analyser was 0.1 mg-L™".
UV, absorbance readings were carried out by a Shimadzu
1601 UV visible spectrophotometer at a wavelength of 254

nm (APHA, 2005). THM analysis was performed using EPA
Method 551.1 (USEPA, 1992) which includes liquid-liquid
extraction (LLE) with pentane (Uyak, 2006). For THM,
calibration standards were prepared using certified commercial
mix solutions (AccuStandard, Inc., purity N99%). THM
analyses were performed with Thermo Scientific TRACE 1300
gas chromatograph. The analysis temperature conditions are
35°C for the initial temperature and 4 min for the hold time.
The final temperature is 180°C with an increase of 30°C-min™".

A mathematical model for prediction of TTHM removal

In order to predict TTHM removal in chlorinated water
sources, a mathematical model was developed using multilinear
regression technique. TTHM removal was designated as the
dependent variable, and TOC, SWCNTs dose, MWCNTs,
chlorine dose and residence time were defined as independent
variables. These independent variables were selected based on
the Pearson correlation matrix at 95% significance level. Both
correlation and regression measure the linear relationship
between the variables. The goodness of the model fit was
evaluated through the examination of various statistical
parameters, including regression coefficient (R?), the F statistic,
and a value for linear regression.

RESULTS AND DISCUSSION

Characterization of NOM precursors in raw waters

Table 1 presents the average measured organic parameters

for 3 surface water supplies. Dissolved organic concentration,
UV, and SUVA are the main surrogate parameters for

NOM reactivity in water sources. Although DOC levels are

a signiﬁcant measurement of NOM concentration in water,
UV, is an indicator of the aromatic content of NOM (Trina et
al., 1990; Novak et al., 1992). However, most researchers have
found that there is strong a correlation between TOC and UV,
levels (Trina et al., 1990; Novak et al., 1992; Mller and Uden,

1983; Stevens et al., 1989).

TABLE 1
Physico-chemical characteristics of TLW, BLW and ULW samples

Parameters Units TLw BLW LW

Average Average Average
pH 7.85+0.12 8.05+0.16 7.21 £0.13
Turbidity NTU 4.40 +0.38 5.62 +0.27 3.20£0.32
Conductivity pS-cm™ 432 £12.15 513 + 14.06 336 +10.5
Total Hardness mgCaCO, L™ 126 +5.7 166 + 8.47 89 +711
Alkalinity mgCaCO, L™ 105 + 5.4 143 + 6.8 73 £4.21
Temperature °C 13+1.2 10+ 0.8 14+1.4
Br ugL™! 90 + 15 140 + 18 60 + 11
TOC mg-L™? 4.81 £0.51 4.05 +0.39 3.75+0.2
uv ., cm™ 0.15 + 0.01 0.10 £ 0.008 0.08 + 0.007
SUVA L-mg’m™ 3.12+0.12 247 +0.14 2.13+£0.11
THMFP pgL™ 335+24 245 + 21 195 + 17
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The results demonstrated that the highest TOCand UV,
absorbance values were determined in TLW (5.32 mg-L™
and 0.118 cm™), followed by BLW (4.52 mg-L™' and 0.1 cm™),
while ULW had the lowest level of UV, absorbance value of
0.075 cm™. Also, SUVA is an effective surrogate parameter
and is used for predicting the humic content of NOM and DBP
formation in chlorinated water sources (Liang and Singer,
2003). The humic fraction of TLW (SUVA: 3.12 L-mg"m™)
was found to be higher than the other two water sources.
Besides, the SUVA values of BLW and ULW were 2.55 and
2.13 L-mg"m™, respectively. Uyak et al. (2007) reported that
DBP formation rose with increasing SUVA values in surface
water supplies. Similarly, the maximum THMFP concentration
of 335 pug-L™" was detected in TLW, due to having the highest
TOC and UV, content of water. In addition, the average
THMEFP values of BLW and ULW were 245 and 195 pg-L7,
respectively. This finding also shows that SUVA values are very
closely related to quantifying the reactivity of NOM in DBP
formation like THMs (Reckhow et al., 1990; Kitis et al., 2002).

Distribution of THMsconcentration in water reservoirs

During the sample period in this study, THM levels ranged
from 195 to 335 ug-L™' for 3 chlorinated water sources within
the reaction time of 168 h. As shown in Fig. 1, CHCl3 is the
predominant THM species during the chlorination of water
from TLW, BLW and ULW.

The maximum concentration of CHCI, was observed as
248.14 pg-L™' in TLW samples, followed by ULW and BLW
samples as 141.63 pg-L ™" and 110.12 ug-L™', respectively.
However, the other THMs, i.e., CHBrZCI and CHClzBr levels
(54.64 and 27.52 ug-L™") in TLW and in ULW (32.18 and
19.43 ug-L™') were found at levels lower than those of CHCI,.

However, high bromide to organic matter ratios which led
to more brominated THMs indicated that bromoform was the
major THM species (Amy et al., 1992; Pan and Zhang, 2013).
Bromide concentration was highest in BLW at 0.14 mg-L™,
followed by TLW and ULW, in decreasing order, at 0.09
and 0.06 mg-L, respectively. Thus, CHBrZCl and CHClzBr
concentrations in BLW were higher than that of TLW and
ULW. As shown in Fig. 1, bromoform (CHBr,) has the lowest
concentration of the trihalomethane species in all water
samples. Although the maximum CHBr, concentration was
measured to be 13.34 pg-L™" in chlorinated BLW within the
reaction time of 168 h, TLW and ULW showed concentrations
ranging from 5 to 2 pg-L™". These results have also been
reported by several other studies (Kampioti, 2002; Hu et al.,
2009; Yang et al., 2005). In our study, these outcomes have
also demonstrated that chlorinated THMs predominated over
brominated THMs in water sources. This is consistent with the
results obtained by Ates et al. (2007) and Golfinopoulos and
Nikolaou (2005).

Effect of coagulation process on THM removal

In this study, the coagulation process of chlorinated raw water
samples was conducted by conventional coagulant (alum) and
increasing doses of SWCNTs and MWCNTTs, with the addition
of alum for 3 chlorinated water sources in the jar-testing
procedure. As shown in Fig. 2, the greatest percentage TTHM
removal was observed in TLW with combined coagulation by
alum in chlorinated TLW (%94), followed by BLW (%80) and
ULW (%76), within the reaction time of 168 h.
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Figure 1
Formation of THM species in three chlorinated water sources

This result demonstrated that, due to the coagulation
process, the hydrophobic portion of NOM is removed more
than the hydrophilic portion. Thus, the highest TTHM removal
was determined in TLW samples with SUVA = 3.12 L. mg'm™.
The highest TTHM removal using only SWCNTs was recorded
in TLW (73.52%), followed by BLW (68.5%) and ULW (62.25%).
Similar to SWCNTs, the highest percentage of TTHM removal
using only MWCNTs was obtained at about 67% in TLW.
Also, although the removal percentage of TTHM was slightly
lower in TLW when using only MWCNTs (67.52%) than when
using SWCNTSs (73.52%), high levels of TTHM removal were
observed using only MWCNTs, with 74.23% and 70.42% for
BLW and ULW, respectively.

As can be seen in Fig. 2, the removal percentage for
TTHM was significantly higher in BLW (87.23%) and ULW
(84.14%) when using MWCNTSs + alum than when using
SWCNTs + alum, at 80.63% and 76.22%, respectively. Among
the chlorinated water sources, the maximum TTHM removal
was observed in TLW (94.21%) with SWCNTs + alum. Also,
TTHM removal ratio was slightly lower in TLW when using
MWCNTSs + alum (82.48%). This outcome revealed that the
hydrophilic NOM detected in BLW (SUVA = 2.47L-mg"-m™)
and ULW (SUVA = 2.13 L-mg"-m™) was more easily removed

by MWCNTSs than by SWCNTs.
1uu
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A ULW - = a
70 M ry
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Figure 2
Comparison of TTHMs removal using conventional coagulation (only
alum) and combined coagulation processes. Optimum alum dose =
80 mg-L"" and combined coagulant dose = 50 mg-L".
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Moreover, chlorinated TLW, BLW and ULW samples were
coagulated by the increasing doses of alum. The maximum
TTHM removal when using only alum was recorded in
TLW (53%), followed by BLW (42%) and ULW (37%) (Fig.
2). For 3 chlorinated water sources, TTHM removal was low
when using only alum, while high TTHM removals were
determined with combined coagulation. Furthermore, the
combined coagulation using CNTs was more efficient than
the conventional coagulant in the removal of TTHM from
chlorinated TLW, BLW and ULW. Prior studies have also
reported this finding (Lu and Chiu, 2006; Wang et al., 2005;
Wei and Yue, 2009; Zhao et al., 2013).

Effects of chlorine dosage and contact time on TTHM
formation

In this study, raw and coagulated water samples were
chlorinated to provide data on THM formation in 2, 24 and 168
h reaction time with 2 different chlorine doses, at Cl2 =10 and
5 mg-L™". According to Table 2, the maximum THM formation
was observed when the highest chlorine dose (Cl, = 10 mg-L™)
was applied to each raw water sample prior to coagulation
within the reaction time of 168 h.

As shown in Table 2, TTHM concentrations of TLW, BLW
and ULW were 256.12, 198.77 and 176.04 pug-L™', respectively, at
the reaction time of 168 h and the chlorine dosage of 10 mg-L™".
On the contrary, for chlorine dosage at 5 mg-L™', the amounts of
TTHMs formed were measured to be 183.26, 123.51 and 102.69
pg-L™ for TLW, BLW and ULW samples at the reaction time
of 168 h, respectively. Concurring with the literature, these
outcomes implied that the amount of THM increased with
increasing chlorine dosage and reaction time. (Rodriguez and
Serodes, 2001; Toroz and Uyak, 2005).

Effects of THM precursors on THM removal

TOC,UV,,, and SUVA are the most important surrogate
parameters used to predict NOM reactivity and DBP
formation. Among these parameters, TOC is an indicator
measurement for the NOM and DBP levels in water. In other
words, the change in TOC concentration is related to the
production of DBPs like THMs in chlorinated water sources.
A higher TOC level is, thus, likely to produce more THMs. As
shown in Table 1, the highest TOC concentration (4.81 mg-L™)
was observed at the highest THMF concentration (335 pg-L™)
in chlorinated TLW. Similarly, among the chlorinated water
samples, the largest percentage of maximum TTHM removal
(94%) using SWCNTs + alum was observed at the highest TOC
concentration, in TLW within the reaction time of 168 hours.
Besides, higher TTHM removals in chlorinated BLW (87%)
and ULW (84%) using MWCNTs + alum were recorded to be

4.05 and 3.75 mg-L™" as TOC concentrations. In addition, uv,,
is a reasonable surrogate for TOC concentrations, not only

in natural waters (Brandstetter et al., 1996) but also in other
environments such as sediment pore waters (Deflandre and
Gagne, 2001). As can be seen in Fig. 3, among the chlorinated
water samples, the largest percentage of maximum TTHM
removal using SWCNTs and alum was observed in TLW with
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Figure 3
Plot of residuals versus predicted THM values for
(a) Model 1 and (b) Model 2

TABLE 2

Formation of TTHMs in chlorinated TLW, BLW and ULW samples for varying reaction times and chlorine dosages
Source waters TLW BLW ULW

TTHM (ug-L™") | TTHM (pug-L") | TTHM (ug-L™") | TTHM (ug-L™") | TTHM (ug-L™") | TTHM (pg-L™")
Reaction times (h)

C1,=10 (mg-L™) | Cl=5(mg-L") | CL=10(mg-L) | CL=5(mg-L”") | CL=10(mg-L™") | Cl,=5(mg-L")
2 68.22 54.68 61.02 42.24 51.49 37.88
24 193.34 121.06 135.58 67.26 113.14 56.33
168 256.12 183.26 198.77 123.51 176.04 102.69
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the highest UV, value at 0.15 cm™ followed by BLW and

ULW using MWCNT + alum at 0.1 and 0.08 cm™, respectively.
Among these parameters, SUVA has significant potential
effects on the humic content of NOM and formation of
chlorination by-products. For the three water samples studied,
the highest TTHM removal by combined SWCNT and alum
coagulation, at about 95%, was determined in chlorinated TLW
samples with a SUVA value of 3.12 L-mg™-m™. On the contrary,
the lowest TTHM removal using only alum coagulation was
observed in ULW samples with SUVA value of 2.13 L-mg"-m™.
Similar to the studies in the literature, this result shows that
the hydrophilic portion of NOM with lower SUVA values was
not effective for TTHM removal with conventional coagulation
process. (Ozdemir, 2014; Ozdemir et al., 2013; Worrall and Burt
2009).

Modelling the TTHM removal by CNTs

The development of multiple regression models for predicting
TTHM removal for chlorinated water from TLW, BLW, and
ULW was based on the use of TOC values, chlorine contact
time, chlorine dose and the doses of SWCNTs and MWCNTs.
The multilinear regression models obtained for this study are
as follows:

THM — 103.756 X SWCN’ILI.ZSZ X TOC71.172 X C120.479X Tim60.174
Model (1)

THM — 103.363 X MWCNTI.O‘]I X TOC-0.931 X CZZO.SZO X Tl‘meO.ISO
Model (2)

Table 3 and Table 4 illustrate the outcomes of Pearson
matrix correlations for the examination of the relationships
between the variables.

A moderate relationship (r = 0.702) was obtained between
the amount of TTHM and chlorine dose for Model 1. Moreover,
for Model 2, Pearson regression tests also showed a moderate
correlation (r = 0.641) between the amount of TTHM and
chlorine dose. Similarly, for Model 1, a medium level of
correlation (r = 0.642) was determined between the amount
of TTHM and TOC values, followed by that for Model 2 (r =
0.655). Prior research suggested that strong correlations were
obtained between TOC and amount of TTHM due to the
coagulation process (Toroz and Uyak, 2005; Uyak, 2006; Pontius,
1993; Uyak and Toroz, 2006). However, an inverse relationship
(r=-0.689) between the amount of TTHM and SWCNT dosage
was observed for Model 1. As discussed in the earlier studies in
the literature, a similar relationship was obtained between the
amount of TTHM and MWCNT dosage (r= —0.697) for Model 2.
(Liang and Singer, 2003; Nikolaou et al., 2004).

Table 5 and Table 6 present the ANOVA results for the
regression coefficients, the standard errors and the t-values
for the variables included in the developed models. Statistical
examination showed that the residuals of the models follow a
normal distribution (Draper and Smith, 1981) and the mean
value of the residuals should be zero. Beta is the referred
regression coeflicient for each independent variable.

As can be seen in Fig. 3, the mean value of residuals is
zero, and they are evenly distributed above and below the zero
baselines for Models 1 and 2. Since the R? value of Model 1 is
higher than that of Model 2, the residuals and predicted values of
Model 1 are closer to the zero line than that of Model 2 (Fig. 3).

Figure 4 shows the comparison between predicted and
observed values for Model 1. Model 1 gives a satisfactory fit, in
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TABLE 3
Pearson correlation coefficients of THM for SWCNTs
Log log Alum | log TOC log Cl, log
THM dosage Time
log THM 1.000
log SWNT | -0.689 1.000
log TOC 0.642 | -0.966 1.000
log Cl, 0.702 -0.477 0.503 1.000
log Time 0.502 | -0.005 0.004 0.033 1.000
TABLE 4
Pearson correlation coefficients of THM for MWCNTs
log THM Iz%sl‘\aI;;n logTOC | logCl, 'I'Ii(;?e
log THM 1.000
log
MWNT
30-50 nm | -0.697 | 1.000
log TOC 0.655 | -0.971 1.000
log CI, 0.673 | -0.431 0.443 1.000
log Time 0.400 0.000 | -0.030 |-0.013 | 1.000
TABLE 5
Regression analysis coefficients for SWNT of THM model
THM B Standard error t-values p-level
constant 3.756 0.219 17.186 <0.001
logSWNT | -1.232 0.097 -12.702 <0.001
logTOC -1.172 0.156 —7.522 <0.001
logCl, 0.479 0.024 19.645 <0.001
logTime 0.174 0.008 22.017 <0.001
TABLE 6
Regression analysis coefficients for MWNT 30-50nm of THM
model
THM B Standard error | t-values p-level
Constant 3.363 0.420 8.016 <0.001
lscz)g_l\;[(}/\rllII\InT _1.041 0.161 —6.462 < 0.001
logTOC -0.931 0.330 —2.824 0.005
logCl, 0.520 0.038 13.653 <0.001
logTime 0.150 0.012 12.511 <0.001

agreement with the results of previous studies (Golfinopoulos,
1998; Uyak et al., 2005; Nikolaoua et al., 2004). Although
Model 2 gives good results with a moderate R*value, it may be
necessary to more precisely predict TTHM removal (Fig. 4).
The use of different coagulants in the coagulation process and
TOC concentrations for TTHM could be the reason for this
result. Figure 4 indicates that for TTHM removal, Model 1 can
estimate more precisely than Model 2.

As shown in Table 7, although these two models are
statistically significant, Model 1 gives slightly better prediction
performances compared to Model 2. For example, RMSE
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Figure 4
Comparison between predicted and observed THM values of
(a) Model 1 and (b) Model 2

TABLE 7
Statistical evaluation of THM models
Model R R? Ad’:fte" Fvalue | RMSE
Model 1 0.957 0.916 0.915 477.1 0.083
Model 2 0.910 0.829 0.825 211.9 0.126

values were 0.083 and 0.126 for Model 1 and Model 2,
respectively. This also shows that Model 1 more precisely
predicts TTHM removal compared to Model 2.

The models developed for TTHM removal were validated
against an individual dataset of THM measurements in water
samples taken during another period (April 2016) from the
same reservoir water sources and chlorinated under identical
conditions of this study. The aim of validation is to measure
how well the model fits the experimental data. Figure 5 shows
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the results of observed and predicted TTHM removal values for
Model 1 and Model 2, respectively. In order to validate these
models, the TTHM removal was predicted using Model 1 and
Model 2 for an independent set of data and compared with the
experimental data.

The Model 1 validation indicates very satisfactory
predictions with an R* value of 0.88, while validation of
Model 2 shows a relatively good estimation with an R?
value of 0.77. The validation results are at a satisfactory
level for explanation of the observed variability for 3 water
sources. Moreover, the results demonstrate that under these
experimental conditions, indicating the variations of chlorine
dosage, chlorine contact time, TOC concentration and SWCNT
and MWCNT dosage, TTHM removal can be well described by
multilinear regression technique. These findings are consistent
with the results obtained by similar previous studies (Babei et
al., 2015; Feungpean et al., 2015).

In this study, with the use of these two models, it is possible
to estimate TTHM removal ratios in chlorinated raw water of
3 surface water supplies. However, TTHM removal values can
be estimated more accurately with Model 1 for 3 chlorinated

Equation Y = 0.8853664753 * X + 6.509182294
Number of data points used = 179 -
Average X = 66.3868 -
Average Y = 65.2858 - =
Coef of determination, R-squared = 0.883686
200 —
jary
35, 150 —
=
=
I
=
o
2
2
S 100 —f
=
50 —
° | | | | |
[¢] 50 100 150 200 250 300
Observed THM (ug/L)
(a)
250
Equation Y = 0.7907136803 * X + 11.02327527
Number of data points used = 180
Average X = 63.1947
Average Y = 60.9922 - = -
Coef of determination, R-squared = 0.766112 ™
200 —
=
)
5, 150 —
2
=
T
[=
=]
2
3
S 100 —
=
50 —
° | | | |
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Figure5

Validation of the model for predicted and measured THM values of
(a) Model 1 and (b) Model 2
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water sources. In the past, several studies have proposed many
complex statistical models for DBP formation (Golfinopoulos
and Arhonditsis, 2002; Chowdhury and Champagne, 2008).
However, these models were restricted to field data within the
ranges of specific datasets and low inaccurate predictions of
THM concentrations.

CONCLUSIONS

In this study, the maximum THMFP concentration was
observed in the chlorinated TLW samples, atan average of 335
ug-L™, along with the highest SUVA value (3.12 L-mg"-m™).
The major THM species formed during the chlorination of
water from TLW and ULW was CHCI, followed by CHCI, Br
and CHBr,Cl, respectively. Since BLW had the highest bromide
concentration, CHBrZCl and CHClzBr concentrations in BLW
were higher than that of TLW and ULW. Among the THM
species, CHBr, had the lowest concentration, ranging from

5.99 to 0.45 pg-L™ for 3 water sources. During the experimental
conditions, the coagulation processes were conducted by

alum and by adding alum to CNTs according to the jar-test
procedure. The maximum TTHM removal was observed with
SWCNTs + alum in the chlorinated samples (94%) within the
reaction time of 168 h.

In addition, the hydrophilic NOM detected in BLW (SUVA
=2.47 L'mg'm™) and ULW (SUVA=2.13 L-mg"-m™") was more
easily removed by MWCNTSs than by SWCNTs. For example,
TTHM removals using MWCNTs + alum in BLW and ULW
were 87% and 84%, whereas this removal was recorded as 82%
in TLW. This result revealed that the hydrophilic portion of

NOM was more easily removed by MWCNTSs than by SWCNTs.

Furthermore, the results of the coagulation processes show
that combined coagulation is very efficient in TTHM removal
from chlorinated TLW, BLW and ULW samples. In this paper,
parameters affecting TTHM removal were investigated initially
using surrogate parameters; TOC, UV, and SUVA. The
experimental results showed that the highest TTHM removal
was obtained in chlorinated TLW with the highest TOC

(4.81 mg-L™") and UV, (0.15 cm™) values. Furthermore, the
highest TTHM removal was observed at high concentrations
of hydrophobic fractions of NOM. Also, the influence of the
humic character of the water affects the reactivity of water
with chlorine. In other words, higher SUVA values have

more phenolic and carboxylic groups which prompt THM
removal. Therefore, as presented in the literature, TLW has

the maximum THM removal of 94% because of its high SUVA
content, followed by BLW and ULW, recorded as 87% and 84%,
respectively (Ozdemir, 2016; Uyak et al., 2007; Ozdemir et al.,
2013; Uyak et al., 2005; Zhang et al., 2011).

In this study, two models, Model 1 and 2, were developed
for predicting TTHM removal by multilinear regression
approaches using combined coagulation process in TLW,
BLW and ULW under the given chlorination conditions.

By using the two models, it is possible to predict the

TTHM in Istanbul and Zonguldak reservoir waters. This
modelling effort can be very useful for developing general
methodological tools that predict the amount of THM based
on raw water characteristics and disinfection practices, and
can assist the utility operators to conform to the legislative
measures. Models 1 and 2 were obtained as a linear equation
using several variables: TOC concentration, chlorine
dosage, residual time and SWCNT and MWCNT dosages.
By using either of the two models, it is possible to predict
THM removal in three drinking water sources. In order to
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evaluate the performance of the two models, the number of
observations, N, F, R?, standard error of estimate and RMSE
were used as statistical variables, respectively. According to
the variables, the better results were determined by Model 1
for RMSE and R? values as 0.083 and 0.88, respectively. They
also perform at a satisfactory level for the explanation of the
observed variability for three water resources. The slightly
lower R? value for Model 2 compared to that for Model 1
shows that Model 1 is more precise for the prediction of THM
removal. In other words, the validations of the two models
as Model 1 and Model 2 demonstrate satisfactory predictions
with R? values of 0.88 and 077, respectively.

One of the most significant results of this study is that
THM removal can be simply predicted using Models 1 and 2
without using the other sophisticated models for only three
water sources. In addition, it appeared that under these
experimental conditions, THM removal in water does not have
a more stochastic character, which is easily described by the
multiple regression method. Future study in this area must be
directed toward the study of spatial and temporal variation in
DBP levels in different water sources.
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