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a b s t r a c t

The removal of bromide (Br�) and iodide (I�) from source waters mitigates the formation of brominated
and iodinated disinfection by-products (DBPs), which are more toxic than their chlorinated analogues. In
this study, we report on our recently developed environmental-friendly method for the preparation of
novel silver chloride/superfine activated carbon composite (AgCl-SPAC) to rapidly and selectively remove
Br� and I� from surface waters. The material characteristics were tracked, before and after treatment,
using scanning electron microscopy (SEM), energy-dispersive X-ray (EDX), X-ray diffraction (XRD), and
X-ray photoelectron spectra (XPS) spectroscopies. The results showed very fast removal kinetics of Br�

and I� by AgCl-SPAC with equilibrium times at 150 s and <10 s, respectively (i.e., 2e3 orders of magni-
tudes faster than previously tested Ag-based composites). In addition, AgCl-SPAC was evaluated under
eight different Cl� concentrations up to 400mg/L and exhibited high removal efficiencies for I� (i.e.,
>90% at all tested conditions) and Br� (i.e, >80% at Cl�¼ 0.5e200mg/L, and 60e75% at extreme Cl�

conditions¼ 300e400mg/L). Unlike previous Ag-based composites, AgCl-SPAC performance was not
affected by elevated concentrations of two types of natural organic matter (2e16mg-NOM/L). The su-
perior performance was further confirmed in four different surface waters and one groundwater. After
the removal of Br� and I� from all waters by AgCl-SPAC, the subsequent DBPs formation (tri-
halomethanes, haloacetic acids, and haloacetonitriles), total organic halogens (TOX), bromine substitu-
tion factor (BSF), and calculated cytotoxicity under the uniform formation conditions (UFC) decreased
significantly. Overall, this novel composite represents a promising alternative approach, to be integrated
continuously or seasonally, for controlling the formation of brominated and/or iodinated DBPs at water
treatment plants.

© 2019 Published by Elsevier Ltd.
1. Introduction

Bromide (Br�) is ubiquitous in natural waters (e.g., rivers,
groundwaters) with a concentration range of 100e3000 mg/L (Amy
et al., 1993; Weinberg et al., 2002), with elevated concentrations in
waters affected by wastewater discharges and/or waters from hy-
draulic fracturing operations. Although Br� itself is not toxic, it
reacts with natural organic matter and disinfectants during water
.

treatment, which forms regulated disinfection byproducts (DBPs)
such as bromate and brominated trihalomethane (THM) and
haloacetic acid (HAA) (Richardson, 2014). Iodide (I�) may also be
present along with Br�, with a reported average Br�:I�mass ratio of
approximately 10:1 in natural waters (Jones et al., 2012). During
chloramination, I� can result in the formation of highly toxic
iodinated DBPs (Jones et al., 2011; Liu et al., 2018). The cyto- and
genotoxicity results showed that the toxicity index of iodinated and
brominated DBPs are >105 and >104 times their chlorinated ana-
logues (i.e., regulated DBPs), respectively (Plewa et al., 2017). Thus,
because they serve as the precursors of toxic DBPs, the removal of
Br� and I� is essential for public health and regulatory compliance
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benefits. Meanwhile, the conventional water treatment technolo-
gies (coagulation/flocculation, activated carbon, etc.) are not
effective in the removal of ambient Br� and I� (Richardson et al.,
2007). Some advanced techniques, such as reverse osmosis, nano-
filtration, electrolysis, and capacitive deionization showed a high
removal of Br� and I� (Watson et al., 2012). However, membranes
are expensive and may not be easily integrated into existing water
treatment plants, and electrochemical removal of bromide involves
oxidizing bromide to bromine that forms different toxic bromi-
nated DBPs (Dorji et al., 2018; Kimbrough and Suffet, 2002).

Previous studies have discussed the use of silver (Ag)-based
techniques to remove Br� and I� from water by forming and
precipitating the insoluble silver halogenides (i.e., silver bromide
[AgBr] and silver iodide [AgI]). Three main application methods of
silver for halide removal have been described in the literature. First,
silver cathodes were used in electrolysis cells for the removal of Br�

(Bo, 2008). Second, silver-impregnated adsorbents were synthe-
sized and tested for halide removal, such as Ag-impregnated carbon
aerogels (Sanchez-Polo et al., 2007), activated carbons (Chen et al.,
2017; Ho and Kraus, 1981; Hoskins et al., 2002), graphene oxides
(Kidd et al., 2018), calcium alginate (Zhang et al., 2011), and poly-
mers (Gong et al., 2013; Polo et al., 2016). Third, recent studies have
demonstrated the direct use of silver salts (i.e., silver nitrate
[AgNO3]) (Gan et al., 2018) or silver nanoparticles (Polo et al., 2017)
for the removal of halides from surface waters. However, several
critical limitations have also been observed; including 1) the
removal efficiency decreased when these materials were tested
under typical water treatment conditions because of the competi-
tion with coexisting chloride ions (Cl�) and natural organic matter
(NOM), 2) the removal efficiency depended on the dispersion and
the availability of silver solids on the sorbent surface, 3) all reported
impregnation methods involved the oxidation of carbon surfaces
which is not an environmentally friendly approach and results in
hazardous concentrated acid wastes, 4) the impregnation methods
utilized high silver nitrate concentration (50,000e75,000mg/L),
however, the silver content after the impregnation was still very
limited, and 5) the direct use of silver (salts or particles) possess a
high risk of silver release in the treated water. Therefore, new
effective methods for halide removal are needed to address and
overcome those limitations.

Herein, we report on our recently developed silver chloride on
superfine activated carbon composite (AgCl-SPAC) for rapid and
selective removal of Br� and I� from surface waters. We hypothe-
sized that using AgCl will overcome the competition of Cl� (which
normally coexist in natural waters with Cl�:Br� ratio of 100e200).
Besides, SPAC provides an extra advantage of fast removal kinetics
and protects AgCl from photo-oxidation to maintain its high per-
formance. The specific objectives were: i) synthesis and charac-
terization of AgCl-SPAC composite, ii) test the composite
performance under challenging conditions by elevating the con-
centration of Cl� and different NOM, and iii) test the removal of Br�

and I� from different surface waters and evaluate the subsequent
change in the formation of DBPs.
Table 1
Characteristics of SPAC used in this study.

Sample Product name Origin material Silver content (%)

SPAC1 Filtrasorb 400 [F400] Bituminous Coal e

AgCl-SPAC1 34.3a

SPAC2 Hydrodarco B [HDB] Coconut Shell e

AgCl-SPAC2 34.3a

SPAC3 Aquacarb1230C [AQC] Lignite Coal e

AgCl-SPAC3 34.3a

a Silver content were calculated a ratio of the molar mass of silver added to the system
2. Materials and methods

2.1. Activated carbons, chemicals and reagents

Three different granular activated carbons (GAC) (Filtrasorb 400
[bituminous coal, Calgon], Hydrodarco 3000 [lignite coal, Norit],
and Aquacarb 1230C [coconut shell, Siemens]) were used to pre-
pare SPACwith a beadmill (MiniCer, Netzsch Premier Technologies,
Exton, PA, USA) as described in our previous study (Partlan et al.,
2016). The selected physicochemical properties of the SPAC are
summarized in Table 1. The Br�, I� and Cl� stock solutions
(1000mg/L) were prepared by dissolving reagent grade (99.0%)
sodium bromide (NaBr), sodium iodide (NaI), and sodium chloride
(NaCl) salts (Sigma-Aldrich) in distilled-deionized water (DDW),
and the desired concentrations were obtained by diluting the stock
solutions with DDW.

2.2. Preparation and characterization of AgCl-SPAC composite

AgCl-SPAC composites were prepared by dissolving 1 g of AgNO3
in 100mL of ethanol (Sigma-Aldrich) before adding 1 g SPAC (all
SPAC are stored in slurry form) and the mixture was placed on a
magnetic stirrer for 2 h. Then, 800 mL of 5MHCl solutionwas spiked
to the mixture to maintain Ag:Cl molar ratio of <1.0. The AgCl-SPAC
composite was kept mixing for onemore hour. Themixturewas left
to settle and the supernatant (ethanol) was decanted and replaced
by DDW. A rotary evaporator was used to remove any residual
ethanol. Excess amounts of NaCl were added to the decanted
ethanol, and no white precipitate (AgCl) was formed that indicated
the total transformation of AgNO3 in the composite. It should be
noted that AgCl is sensitive to light and heat. Therefore, centrifu-
gationwas avoided, because it requires resuspension via sonication
that would heat and convert AgCl particles tometallic silver. Finally,
the concentration of the AgCl-SPAC composite in the final slurry
was determined by drying a known volume of the solution at 105 �C
overnight and measuring the weight of the solid mass. Silver con-
centrations in the solutions were measured using plasma-atomic
emission spectrometry (ICP-AES).

Nitrogen gas adsorption was performed at 77 �K with an ASAP
2020 analyzer (Micromeritics Instrument Corp. U.S.). Then, Bru-
nauereEmmetteTeller (BET) equation and density functional the-
ory (DFT) were used to determine the specific surface area and pore
size distributions, respectively. The particle size distribution was
measured using a Laser Diffraction Particle Size Analyzer, SALD-
2300, Shimadzu Corporation, Japan. Scanning electron micro-
scopy (SEM) imaging and elemental compositions of all samples
was carried out in the SEmode using energy-dispersive X-ray (EDX)
measurement with a Hitachi HD-2000 STEM at an operating
voltage of 150 kV. X-ray diffraction (XRD) diffractograms were ac-
quired with Cu Ka1.2 (1.5406 Å), Ni-filtered radiation using a Bruker
D8 Advance instrument equipped with a LynxEye PSD detector.
Diffractogramswere collected from 15 to 70� 2Qwith 0.03� 2Q step
size and 8 s time step, while the sample was spun at 15 rpm. The
Specific surface area (m2/g) Total pore volume (cm3/g) Particle size (mm)
(mean± STDV)

1047 0.58 1.68± 0.16
658 0.45 1.75± 0.18
555 0.56 1.58± 0.16
242 0.31 1.71± 0.15
1050 0.50 1.35± 0.17
636 0.59 1.54± 0.17

and the total mass of carbon and silver chloride.
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divergence slit was set at 0.3�, antiscatter slit to 3�, primary and
secondary Soller slits were 2.5� and a detector window opening
was 2.71�. X-ray photoelectron spectra (XPS) were collected using a
Kratos Axis UltraDLD instrument. We used an AlKa monochromatic
flux, with exciting radiation at 1486.6 eV and 150W. The lens sys-
tem of the photoelectron analyzer was set in the electrostatic mode
to avoid rearranging and/or changing of the orientation of the
magnetic particles during acquisition. Survey spectra were
collected with the pass energy of 160 eV, and high-resolution
spectra at 20 eV, with a resolution of 0.1 eV.

2.3. Adsorption studies

2.3.1. Kinetics experiments
Each data point of the kinetic experiments was determined by

an individual batch experiment with an initial Br� or I� concen-
tration of 1mg/L and AgCl-SPAC dose of 10mg/L at pH value of
6.5± 0.2. Kinetics experiments were also run with mixtures of Br�

(1mg/L) and I� (1mg/L) at Cl� concentrations of 10 and 100mg/L.
All mixtures were shaken at a room temperature (25± 1 �C) on an
orbit shaker at 150 rpm. After certain time intervals, samples were
collected, filtered (pre-washed 0.45 mm PES filter), and kept
refrigerated until further measurements.

2.3.2. Effect of chloride and NOM on Br� and I� removal
The effects of Cl� and NOM were evaluated in batch mode with

an initial Br� or I� concentration of 1mg/L and AgCl-SPAC con-
centration of 25mg/L at pH value of 6.5± 0.2. The tested Cl� con-
centrations were 0.5, 10, 50, 100, 150, 200, 300, and 400mg/L to
cover challenging range of water quality conditions. Two NOM
isolates collected from the influent of different drinking water
treatment plants in South Carolina using reverse osmosis and fol-
lowed by resin fractionation during a previous study were used
(Song et al., 2009). The tested NOM solutions had different specific
ultraviolet absorbance (SUVA254) of 4.9 and 1.7 L/mg.m, and they
were used to evaluate the performance of AgCl-SPAC under varying
NOM concentration with DOC at 1, 2, 4, and 8mg/L. The composite
performance was also tested in four different surface waters and
one groundwater with spiked Br� and I� concentrations of 1 and
0.1mg/L, respectively. It should be highlighted the groundwater
was not spiked with Br�, because it was collected from a site with
high Br� level. The Cl� concentrations were adjusted to 50mg/L in
all waters to compare the effect of the water source. The charac-
teristics of all waters were summarized in Table 2.

2.4. Chlorination and chloramination experiments

Chlorine and chloramine demand tests were performed under
Table 2
Source water characteristics.

Water Source Code Water Type Br� (mg/L)a I� (mg/L)a Cl�

Groundwaterb GW Natural Water 2.00* 0.10 51
Treated Surface waterc TSW 1.06 0.10 48
Lake Waterd LW 1.04 0.11 49
AOM-impacted Lake Watere AOM 1.05 0.11 48
EfOM-impacted Lake Waterf EfOM 1.07 0.10 47
CH-HPOg HS Isolated NOM Powder 1.06 1.01 1.5
CH-TPHg LS 1.04 1.06 1.5
No NOM e DDW 1.05 0.10 52

a These are adjusted concentration by spiking known amounts of NaCl, NaBr, or NaI soluti
concentration is Not spiked.c Treated water effluent fromMyrtle Beach water treatment p
our previous study and mixed with water from Lake Hartwell by volume ration of 1:10 (A
plant andmixedwithwater from Lake Hartwell by volume ration of 1:10 (EfOM:Lakewate
Charleston, South Carolina. DDW: distilled-deionized water.
uniform formation conditions (UFC) to determine the initial chlo-
rine and chloramine concentrations that results in chlorine and
chloramine residuals after 24 h of 1.0mg/L and 2.0mg/L as Cl2,
respectively. For chlorination, samples were buffered at pH 7.5 and
spiked with target pre-determined concentrations using sodium
hypochlorite stock solution (5% available free chlorine; 1 g/L).
Chloramination was performed using preformed chloramine at pH
7.5. Preformed chloramine stock solution (1 g/L as Cl2) was pre-
pared by titrating ammonium sulfate stock solution. Samples were
analyzed for residual chlorine and chloramine according to the DPD
colorimetric method (SM 4500-Cl G). Residual chlorine and chlo-
ramine was quenched with a stoichiometric amount of ascorbic
acid (99%) obtained from SigmaeAldrich (St. Louis, MO) and ACS
grade Na2SO3 purchased from EMD Milllipore Co. (Billerica, MA),
respectively. After quenching, samples were extracted and
analyzed for THMs, I-THMs, HAAs, halogenated acetonitrile (HAN),
and total organic halogen (TOX; i.e., TOCl, TOBr, and TOI). A detailed
description of extraction and analysis of DBPs and TOX can be found
in the supporting information section as well as in our previous
publications (Text S1 in SI) (Ersan et al., 2019; Liu et al., 2018).

Cytotoxicity of the chlorinated and chloraminated water sam-
ples was calculated using cytotoxicity index values obtained from
the previous literature (Table S2). In brief, the calculations were
performed by dividing the molar concentration of each species by
the cytotoxicity index values (%C1/2, given as M), obtained from the
literature. The analytical methods used in this study and their
minimum detection limits (MDL) are listed in the supporting in-
formation (Table S1).
3. Results and discussion

3.1. Microscopic and spectroscopic characterization of AgCl-SPAC

Micrographs of the SPAC and AgCl-SPAC1 samples are shown in
Fig. 1A and B, respectively, that confirm the presence and the
attachment of AgCl particles on the carbon surface. EDX analysis
indicated that the composite contains C, Ag, and Cl (Fig. 1C). As
shown in Fig. 2, SPAC showed XRD diffraction peaks at ~26 and 54
�2Q that are attributed to the diffractions from the graphite-like
structure (Oh et al., 2015). However, AgCl-SPAC showed four
diffraction peaks located at 27.8�, 32.2�, 46.2� and 57.5� that were
assigned to cubic AgCl (JCPDS no. 31e1238) and indexed to the
(111), (200), (220) and (222) crystal planes, respectively (Liang
et al., 2018). These observations were further confirmed using
XPS (Fig. 2B, S2 and Table S3). From the XPS survey spectrum it was
possible to detect the presence of Ag (0.4%) and Cl (0.6%). Some
residuals of Si, Al, S, Zr and Nwere also detected in the starting SPAC
material and in all samples. In the Ag 3d spectrum is possible to
(mg/L)a NO3
� (mg/L) SO4

� (mg/L) DOC (mg/L) UV254 (cm�1) SUVA254 (L/mg.m)

.21 0.50 34.55 0.78 0.013 1.72

.79 0.15 47.06 2.09 0.056 2.67

.61 <LoD 4.97 1.52 0.038 2.50

.45 <LoD 0.04 2.01 0.045 2.24

.66 3.77 5.99 1.53 0.035 2.30
2 <LoD <LoD e e 4.90
1 <LoD <LoD e e 1.70
.97 <LoD <LoD <LoD e e

ons b Groundwater was collected from a site with high Br� concentrations * This Br�

lant.d Water from Lake Hartwell, South Carolina.e AOM was prepared as reported in
OM:Lake water). f Wastewater effluent was collected from a wastewater treatment
r). g Thewater was collected from the influents to drinkingwater treatment plants in



Fig. 1. SEM micrographs of [A] SPAC1 and [B] AgCl-SPAC1. [C] EDX spectra for AgCl-
SPAC1.
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identify only one doublet (Ag 3d5/2 at 366.8 eV, Ag 3d 3/2 at 372.8
ev) that is assigned to Ag in AgCl while formation of a stable silver
carbide (Ag-C) bond was excluded (Boukhvalov et al., 2018). The C
1s spectra are similar for all the 4 samples and were fitted with 6
different components: the peak at 284.6 eV stems from sp 2/sp 3
non-functionalized carbon (C-C, C¼C, C-H), the peak at 286.7 eV
originates from C-O bond, the peak at 288.3 eV from C¼O bond
while the peak at 289.5 eV is attributed to O-C¼O bond. Peaks at
291.0 eV and 293.4 eV are typical of shake-up satellite (Papirer et al.,
1994). The Cl 2p spectrum shows at least two components, the first
one is attributed to Cl�, and is characterized by a doublet, with a Cl
2p3/2 peak located at 197.05 eV, while the second doublet at
199.85 eV originates from Cl2� (Strydom et al., 1990). The same
analysis were also performed on the spent composites after treat-
ment as described in the following sections.

3.2. Removal efficiency of Br� and I� by adsorption on AgCl-SPAC

Preliminary experiments were run to evaluate the removal of
Br� and I� using the three composites (i.e., AgCl-SPAC1, AgCl-
SPAC2, and AgCl-SPAC3). As shown in Fig. S1, all composites
exhibited similar removal efficiencies for Br� and I� in the presence
and in the absence of spiked Cl� concentrations at 100mg/L. These
results indicated that the SPAC types and characteristics had min-
imal effect on the composites’ performance. Thus, all experiments
in the subsequent sections were run with only AgCl-SPAC1. All
samples were measured after treatment using ICP-AES and no sil-
ver leaching was observed.

3.2.1. Br� and I� removal kinetics
Fig. 3 depicts the fast removal kinetics of Br� and I� by AgCl-

SPAC1 with equilibrium times at 150 s and <10 s, respectively.
The applied AgCl-SPAC1 dose was only 10mg/L, which reflects the
superior performance of our composite compared to other previ-
ously tested Ag-based materials. For instance, Rajaeian et al. (2018)
have recently reported on the kinetics of Br� removal using silver
impregnated activated carbon (SIAC; Norit AG, Cabot Norit) at
initial Br� concentration of 1e6mg/L and SIAC dose of 800mg/L.
Although they have used adsorbent dose >30 times higher than our
tested concentration, the equilibrium time using SIAC was in the
range of 120e180min (i.e., 50e60 times longer than AgCl-SPAC). In
addition (Sanchez-Polo et al., 2007), developed Ag-doped carbon
aerogels and tested the removal kinetics of Br� and I� (100 mg/L) at
composite dose of 1000mg/L. Despite the high dose in their study,
the removal did not reach an equilibrium within their tested
experiment time (i.e., 60e70min). Similarly, the equilibrium time
for Br� removal using silver-loaded porous carbon spheres was in
the range of 240e720min (Gong et al., 2013).

At the end of the kinetics experiments, the composites were
collected, dried, and tested using XRD and XPS. Fig. 2 confirms the
formation of AgBr (diffraction peaks at 31and 44 �2Q) and AgI
(diffraction peaks at 25, 33, 43, 48 and 59 �2Q) (Lee et al., 2000;
Zang and Farnood, 2008). These observations are in line with the
XPS analysis as summarized in Table S3, Fig. 2B and S2. For AgBr-
SPAC, Ag surface concentration is 0.6% and Br 0.8% while for AgI,
Ag is 1.5% and I is 16%. For AgBr-SPAC the peak position of Ag 3d5/2 is
367.5 eV and Br 3d5/2 is 67.7 eV confirming the formation of AgBr.
The presence of AgI for AgI-SPAC is supported by the Ag 3d5/2 peak
at 368.0 eV and I 3d5/2 peak at 619.1 eV (Strydom et al., 1991).

In this study, we also report on the effect of coexisting anions on
the halides removal kinetics by AgCl-SPAC1. As shown in Fig. 3, only
a slight change in the kinetics of the simultaneous removal of Br�

and I� was observed. Further, the effect of two Cl� concentrations
(10 and 100mg/L) on the removal kinetics was evaluated. The Br�

removal was slower only when Cl� concentration was elevated to
100mg/L with an observed equilibrium time of 10e15min.
Meanwhile, elevating Cl� concentration did not affect the removal
speed of I� using AgCl-SPAC1. To the best of our knowledge, no
similar kinetics data (i.e., under challenging conditions) has been
reported in the literature for other Ag-based sorbents.

3.2.2. Effect of chloride and NOM on Br� and I� removal
Previous studies have indicated high Cl� concentrations as a

limiting factor for Br� removal (Chen et al., 2017; Gan et al., 2018;
Kidd et al., 2018). In our study, the removal of Br� and I� by AgCl-



Fig. 2. [A] XRD traces of SPAC1 and AgCl-SPAC1 as well as AgBr-SPAC1 and AgI-SPAC1 (i.e., after treatment) and [B] XPS Cl 2p spectrum for AgCl-SPAC, Br 3d spectrum for AgBr-SPAC
and I 3d spectrum for AgI-SPAC.

Fig. 3. Kinetics experiments for [A] Br, and [B] I using AgCl-SPACl1. Experiments were run in single solute experiments and in Cl� challenging conditions. AgCl-SPAC1 dose¼ 10mg/
L and pH¼ 6.5. Values are means of data from triplicate experiments and the standard deviation indicated by vertical error bars.
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SPAC1 was evaluated under 8 different Cl� concentrations up to
400mg/L, which corresponded to molar ratios of Cl�:Br� and Cl�:I�

up to 900 and 1450, respectively. As illustrated in Fig. 4A, AgCl-
SPAC1 maintained very high I� removal efficiency (>90%) at all
tested conditions. Concurrently, the Br� removal efficiencies were
85e97% at Cl� concentrations up to 200mg/L. When Cl� concen-
tration was raised to 300e400mg/L, the Br� removal efficiencies
decreased to 65e75%. Recently, Kidd et al. (2018) tested Ag-
impregnated graphene oxide and showed Br� removal efficiency
of >90% under Cl�:Br� mass ratio up to only 100 (the maximum
tested Cl� concentration was 20mg/L). Besides, their material, in
Fig. 4. Effect of [A] Cl�, and [B] NOM on Br- and I- removal efficiency using AgCl-SPACl1. [Br�

LS: low SUVA254 NOM and HS: high SUVA254 NOM.
comparison to AgCl-SPAC, needed extensive oxidation steps that
would reflect on their applicability and environmental impact. The
higher removal of I� than Br� using AgCl-SPAC was attributed to
their differences in solubility, as the solubility product constants
(Ksp) for AgBr and AgI are 5.35� 10�13 and 8.52� 10�17, respec-
tively. It should be noted that some previous studies suggested that
higher levels of Cl� ions causes the formation of ‘bioavailable’ AgCl2�

ions (Silver, 2003). However, no silver was detected in our samples
at high Cl� concentration conditions.

NOM is ubiquitous in natural waters and wastewaters with or-
ders of magnitudes higher concentrations than Br� and I� (Ateia
]0¼ 1mg/L, [I�]0¼ 1mg/L, pH¼ 6.5, AgCl-SPAC dose¼ 25mg/L, and reaction time¼ 2 h.
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et al., 2017a; Shimizu et al., 2018). The effects of NOM concentration
(2e16mg-NOM/L) and type (i.e., high SUVA254 and low SUVA254)
on Br� and I� removal by AgCl-SPAC1 are shown in Fig. 4B. The
removal efficiencies of I� were >95.5% at all tested conditions using
both NOM solutions (i.e., DOC¼ 1e8mg/L). The Br� removal was
not affected by the elevated concentrations of low SUVA254 NOM,
however, the removal efficiency decreased by 2, 4, and 7%when the
concentration of high SUVA254 NOM increased to 2, 4, and 8mg-
DOC/L. The previously tested Ag-based materials were severely
impacted with the presence of NOM by two main hypothesized
mechanisms: 1) high SUVA254 NOM have high molecular size that
can cause blockage of the pores, and 2) NOM is negatively charged
and can interact with Agþ (Ateia et al., 2017b; Gabelich et al., 2002;
Sanchez-Polo et al., 2007). Themain removal mechanism of Br� and
I� by AgCl-SPAC1 is by ion exchange which is reflected on its
selectivity and superior effectiveness compared to previous mate-
rials. We have further examined the performance of AgCl-SPAC1 in
four different spiked surface waters and one groundwater (Table 2).
The initial Br�:I� mass ratio was 10 in all surface waters and was 20
in the groundwater due to the high Br� concentration in the source.
The removal efficiencies of Br� and I� from the groundwater were
94± 3 and 91%, respectively. Besides, except for lake water
impacted with a treated wastewater effluent organic matter
(EfOM), the removal of Br� and I� from all tested surface waters in
this study were in the range of 84e86 and 95e97%, respectively
(Fig. 5). The EfOM-impacted lake water reduced the Br� and I�

removal by 12% and 7%, respectively. This reduction might be
attributed to the presence of other constituents in the treated
wastewater. The impact of Br� and I� removal from all tested wa-
ters on the subsequent DBPs formationwas further discussed in the
following section.

3.2.3. The impact of AgCl-SPAC on THMs, HAAs, and HAN formation
and speciation

For the tested five water sources, the impact of AgCl-SPAC1
treatment on the DBP formation and speciation was evaluated
under both chlorination and chloramination conditions. Fig. 6
shows the formation and speciation of DBPs (i.e. THMs, HAAs,
Fig. 5. Removal of B� and I� from different water sources using AgCl-SPACl. [Cl�]0¼ 50mg
reaction time¼ 2 h.
and HANs) in the studied waters before and after AgCl-SPAC
treatment. THMs formation in LW, GW, TSW, EfOM and AOM wa-
ters were 46.0, 57.2, 193.1, 137.5, 174.6 mg/L, respectively (Fig. 6A).
Among the studied waters, higher total formation of THMs were
observed in TSW, EfOM and AOM, sources as compared to LW and
GW sources. The observed differences in total formations can be
explained by the differences in organic matter concentration (DOC)
and type (SUVA254), which can alter the formation and speciation of
both Cl-THMs and Br-THMs. For example, whereas both TSW and
AOM had similar DOC concentrations, their total THM formations
were slightly different. TSW had higher SUVA254 value than AOM
(Table 2), which can explain THM formation difference. While the
GW's DOC concentration and SUVA254 value were less than LW, the
total THMs formations were similar. The reason for high formation
in GW is the higher initial Br� concentration (Table 2). Although,
the tested waters had varying SUVA254, no difference was observed
among BSFTHM values (Table S4). This might be attributed to the
relatively high initial bromide concentration ([Br]0¼12.5 mM),
when compared to previous studies (Liu et al., 2018). The speciation
of THMs in all studied water sources were in the order of
TBM>DBCM>DCBM> TCM. In raw water samples, TBM was the
dominant specie among the all THM species, which can be attrib-
uted to high initial concentration of Br� in these waters. After AgCl-
SPAC1 treatment, TBM concentrations significantly decreased by
82%, 94%, 96%, 79% and 94% from LW, GW, TSW, EfOM, and AOM
background, respectively. While the concentration of TBM signifi-
cantly decreased in the studied waters, the formation of TCM and
DCBM increased due to shift in speciation from Br-THM to Cl/Br-
THMs (Gan et al., 2018). The decrease in BSFTHM further shows
the effectiveness of AgCl-SPAC1 treatment on the removal of Br-
THMs, where 44%, 47%, 60%, 32%, 49% decrease in BSFTHM were
observed in LW, GW, TSW, EfOM, and AOM background, respec-
tively (Table S4).

Fig. 6B illustrates HAA formation and speciation of raw and
treated waters by AgCl-SPAC1. Total HAA formation for LW, GW,
TSW, EfOM and AOMwaters were 106.3, 15.73, 44.3, 70.6, 88.6 mg/L,
respectively. Although the initial DOC concentrations were similar
(~2mg/L) in TSW and AOM, the HAA formation was 2 times higher
/L, [Br�]0¼ 1mg/L, [I�]0 ¼ 0.1 mg/L * [Br�]0¼ 2mg/L, AgCl-SPAC dose¼ 25mg/L, and



Fig. 6. Impact of AgCl-SPAC1 treatment on the formation and speciation of THMs, HAAs and HANs. Treatment conditions: [Cl�]0¼ 50mg/L, [Br�]0¼ 1mg/L, [I�]0 ¼ 0.1 mg/L *
[Br�]0¼ 2mg/L, AgCl-SPAC dose¼ 25mg/L, and reaction time¼ 2 h. DBP experimental conditions: [HOCl]0¼ 4.25 ± 0.75mg/L, [Br]0¼1000 mg/L, [I]0¼ 100 mg/L, pH¼ 7.5,
T¼ 21± 1 �C, reaction time¼ 24 h.
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in AOM than TSW. Br-HAAs (DBAA, BDCAA, DBCAA and TBAA) were
the dominant species among the all detected HAA species. While
60% of HAAs species in all studied waters were Br-HAAs, they
decreased significantly after AgCl-SPAC1 treatment for LW, GW,
TSW, EfOM and AOM waters by 74.5%, 73.4%, 50.6%, 57.9%, and
55.0%, respectively. BSFHAA values were also calculated and the
results showed that BSFHAA values decreased 41.8%, 64.6%, 59.3%,
30.0%, and, 46.2% from LW, GW, TSW, EfOM, and AOM background,
respectively (Table S4).

Fig. 6C shows the formation, speciation and removal of HANs by
AgCl-SPAC. Total HAN formation ranged from 1.3 to 10.9 mg/L. While
total HAN formation of LWand GWwere below 2.0 mg/L, TSW, EfOM
and AOM had similar HAN formations (4.9, 5.2, 5.2 mg/L, respec-
tively). The speciation of HANs in all studied water sources were in
the order of DBAN> BCAN>DCAN (CAN, TCAN and BAN were not
detected). The observed higher concentration of DBAN among the
all HAN species attributed to high initial concentration of Br� in
these waters. Total HAN removals in TSW, EfOM and AOM were
42.5%, 41.6%, 45.4%, respectively. After AgCl-SPAC1 treatment,
speciation of HANs shifted from Br-HAN (DBAN) to Cl/Br-HANs
(DCAN and BCAN), which can be linked to reduced concentration
of Br in the backgroundwaters. Because of very lowor no formation
of chlorinated HANs BSFHAN values were higher than 0.9 for all
waters. Removal percentages of DBAN for LW, GW, TSW, EfOM and
AOM were 55.5%, >99%, 77.7%, 55.2%, 75.1% respectively which also
confirms the Br� selectivity of this SPAC. BSFHAN decrease calcu-
lated as 26.2%, >99%, 53.2%, 12.7%, 52.3% from LW, GW, TSW, EfOM,
and AOM background, respectively (Table S4). Fig. 7 shows the total
formation and removal of organic halides (TOCl, UTOCl, TOBr, and
UTOBr) from the studied water sources after AgCl-SPAC treatment.



Fig. 7. Impact of AgCl-SPAC1 treatment on the formation and speciation of TOX (TOCl, TOBr). Treatment conditions: [Cl�]0¼ 50mg/L, [Br�]0¼1mg/L, [I�]0 ¼ 0.1 mg/L *
[Br�]0¼ 2mg/L, AgCl-SPAC dose¼ 25mg/L, and reaction time¼ 2 h. DBP experimental conditions: [HOCl]0¼ 4.25 ± 0.75mg/L, [Br]0¼1000 mg/L, [I]0¼ 100 mg/L, pH¼ 7.5,
T¼ 21± 1 �C, reaction time¼ 24 h.
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Total TOX formation for LW, GW, TSW, EfOM, and AOMwaters were
258, 159, 439, 372, and 430 mg/L, respectively. In Fig. 7, the known
TOX consist of measured THMs, HAAs, and HANs and the unknown
TOX calculated by subtracting known TOX from total TOX. Overall,
in percent wise, 49%, 36%, 50%, 49%, and 55% of the total TOX
comprises of known TOX in LW, GW, TSW, EfOM and AOM,
respectively. The application of AgCl-SPAC treatment was effective
in reducing both known and unknown TOBr by 58.1%, 68.4%, 71.3%,
54.1%, and 63.6% from LW, GW, TSW, EfOM, and AOM, respectively.

Experiments were also conducted under chloramination con-
ditions to evaluate the impact of AgCl-SPAC treatment on I-THMs
removal, and results were given in Fig. 8. Total I-THM formations for
LW, GW, TSW, EfOM, and AOMwaters were 17.0, 32.1,14.0, 28.3, and
8.8 mg/L, respectively. Among the detected species, TIM (iodoform)
was the most dominant species (Fig. 8), due to the high initial I�

concentration of 100 mg/L in all source waters. The treatment
Fig. 8. THM and I-THM formation and speciation of raw and treated waters after chlora
[Br�]0¼ 2mg/L, AgCl-SPAC dose¼ 25mg/L, and reaction time¼ 2 h.
results showed that AgCl-SPAC was also very effective to remove I-
THMs from water, where total I-THM removals in LW, GW, TSW,
EfOM, and AOM were 96.9%, 92.5%, 96.6%, 91.5%, and >99%,
respectively (Fig. 8). The results indicate that AgCl-SPAC1 was
effective in removing both brominated and iodinated DBPs simul-
taneously, which brings extra benefit when the formation of Br/I-
DBPs is of concern during water treatment.

In addition, the impact of AgCl-SPAC1 treatment on the calcu-
lated cytotoxicity of raw and treated samples was investigated.
Based on the measured DBPs, the total calculated cytotoxicity
values for the studied raw waters were in the order of
AOM> TSW> EfOM> LW>GW (Fig. S3A). The results also indi-
cated that HANs (i.e., DBPs with the highest cytotoxicity index
values within the detected DBP classes in this study) controlled the
calculated cytotoxicity of the samples regardless of their lower
formations. After AgCl-SPAC treatment, calculated cytotoxicity
mination. Treatment conditions: [Cl�]0¼ 50mg/L, [Br�]0¼1mg/L, [I�]0 ¼ 0.1 mg/L *
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values decreased by 23.3%, 47.1%, 59.3%, 27.4%, and 59.2% from LW,
GW, TSW, EfOM, and AOM background, respectively. Similarly,
under chloramination oxidation, the total calculated cytotoxicity
values for the studied waters were in the order of
EfOM>GW> TSW> LW>AOM (Fig. S3B). After AgCl-SPAC1 treat-
ment, calculated cytotoxicity values decreased by 99.8%,93.8%,
99.8%, 94.1%, and >99% from LW, GW, TSW, EfOM, and AOMwaters,
respectively.

4. Conclusions

This study explored, for the first time, the use of AgCl-SPAC
composite for the removal of Br� and I� from four different sur-
facewaters and one groundwater to control the formation of the Br-
DBPs and I-DBPs. The proposed synthesis method, unlike previ-
ously reported studies, is simple and environmental-friendly, as it
does not require any acid oxidation steps. In addition, the resulting
composite showed rapid and selective removal for Br� and I� under
typical challenging background water conditions (i.e.,
Cl� ¼ 0.5e400mg/L, and NOM¼ 1e8mg-DOC/L). A significant
decreased in the formation of the subsequent DBPs (THMs, HAAs,
and HANs) and the total organic halogens (TOX) was observed after
the application of AgCl-SPAC1 to all tested waters under UFC con-
ditions. In addition, similar reduction was shown in the calculated
BSF and calculated cytotoxicity of all waters. In full-scale water
treatment plants, AgCl-SPAC can be used in the sameway as regular
SPAC (i.e., the addition to a mixed tank preceding a filter such as an
ultrafiltration) (Takaesu et al., 2019). Thus, the continuous and/or
seasonal integration of such novel composites in water treatment
plants can represent an alternative strategy to control the forma-
tion of brominated and/or iodinated DBPs.
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