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Abstract: With increasing arsenic (As) contamination incidents reported around the world,
better processes for As removal from industrial wastewater and other contaminated waters are
required to protect drinking water sources. Complexation of As with cetylpyridinium chloride
(CPC) cationic surfactant micelles, coupled with ultrafiltration (UF), has the potential to improve
As removal, but competition from other anions could be a limiting factor. Using a binary-system
ion-exchange model, the selectivity coefficients for binding of the monovalent and divalent
forms of arsenate (As (V)) to cationic cetylpyridinium (CP*) micelles, relative to CI', were
determined to be 0.55 for H,AsO4 and 0.047 mol L for HAsO4?, respectively. The affinity
sequence for binding of commonly occurring monovalent anions by CP* micelles was found to
be NOs > CI' > HCOs™ > H,As04, and for divalent anions, SO4* > HAsO4%. Distribution of As (V)
between the micellar and aqueous phases was explored using ion exchange isotherms, with
higher pH and lower concentrations of competing anions increasing rejection of As (V) across UF
membranes. A model accounting for these effects, based on mass balances across UF
membranes and selectivity coefficients for binding of anions to the CP* micelles, was used to
predict As (V) removal during micellar-enhanced ultrafiltration (MEUF) of mixtures of competing
anions. Model predictions agreed well with experiment results for both artificial and spiked
natural river water samples. Arsenic (= 0.1 mM) removals of 91% and 84% were achieved from

artificial waters and spiked natural river waters, respectively, by adding 20 mM CPC prior to UF.

Keywords: Surfactant micelles; Arsenic; lon exchange; Micellar enhanced ultrafiltration (MEUF);

Prediction model
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1 Introduction

Notable contamination of water with arsenic (As) has been reported in many countries,
including Bangladesh, Chile, Argentina and China (Jiang et al., 2015; Singh et al., 2015; McArthur
et al., 2016; Schwanck et al., 2016). Arsenic is a naturally occurring element that can be released
into solution from weathering and dissolution of minerals in rocks and soil (Cullen and Reimer,
1989; Garelick et al., 2009). A number of anthropogenic activities can also contribute to As
pollution in water, including petroleum refining, mining, wood preservation, and various
agricultural and industrial activities (Chilvers and Peterson, 1987; Savery et al., 2014; Liu et al.,
2015). Arsenic has high toxicity, carcinogenicity, and potential to bio-accumulate (Jain and Alj,
2000; Han et al., 2004; Brauner et al., 2014). U.S. EPA has therefore set a maximum allowable As
level in drinking water of 10 pug L (EPA, 2001). Effective treatment processes to separate As
from contaminated wastewaters and runoff can help to reduce As exposure and maintain the

quality of drinking water sources.

Arsenic bioaccumulation, toxicity and mobility in the environment are strongly affected by
chemical speciation and spatial distribution (Han et al., 2004). Arsenate (As (V)) is generally the
dominant aqueous inorganic arsenic species under oxidizing conditions, and is typically found in
shallow groundwater and surface waters under aerobic conditions (Welch et al., 2000). Arsenite
(As (111)) is the dominant species under reducing (anoxic) conditions commonly found in deeper
groundwater (Cullen and Reimer, 1989; Welch et al., 2000; Sorg et al., 2014). Arsenite has a
higher toxicity and is more difficult to eliminate from water than As (V) (EPA, 2001), but is easily
converted to As (V) by oxidation (Bissen and Frimmel, 2003; Dodd et al., 2006; Zhou et al., 2013).
Treatment of surface waters thus typically focuses on As (V). Arsenic acid is a triprotic acid, with

dissociation reactions and constants as shown in eqs 1-3 (Gecol et al., 2004; Rivas et al., 2007).
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(A pC-pH diagram and a predominance area diagram for arsenic acid are shown in Figures 1S

and 2S, respectively, in the Supporting Information.)

Kq

H3AsO, & H* + HyAsOy , pKyy = 2.22 (1)
Kaz

H,AsO; < H'Y + HAsO? ,pK,, = 6.98 (2)
Kq

HAsO?~ S H* + As03~,pK,3 = 11.4 (3)

H,AsO4 and HAsO4* are the dominant arsenate species in the pH range of 6 - 9, which is
typical of surface waters and groundwaters. Therefore, treatment technologies for removing As
from solution usually target one or both of these species. Conventional technologies used to
remove arsenic from water include adsorption (Hong et al., 2014), coagulation or precipitation
(Cui et al., 2015), ion exchange (Elton et al., 2013; Dominguez-Ramos et al., 2014), and
membrane separation (Mondal et al., 2014; Molinari and Argurio, 2017). Removal performance
for most processes is strongly pH dependent because of pH effects on both arsenate speciation
and exchange, sorption, and precipitation reactions. Membrane separation processes such as
nanofiltration and reverse osmosis can remove up to 90% to 95% of arsenic from water;
however, these processes require high operating pressures and high energy inputs (EPA, 2000;
Ning, 2002; Mondal et al., 2014). Ultrafiltration (UF) operates at lower pressures, requiring less
energy, but it does not remove low molecular weight dissolved constituents unless they are first
incorporated into larger particles or complexes. Micellar enhanced ultrafiltration (MEUF), in
which ionic surfactant micelles are used to complex dissolved aqueous pollutants, increasing
their size and thus their removal by UF, has been studied extensively due to its high separation
efficiency and low energy requirement (Schwarze et al., 2015; Huang et al., 2017; Schwarze,

2017; Huang et al., 2018). lonic surfactant micelles form when the concentration of surfactant
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exceeds the critical micelle concentration (CMC). These micelles act as nano-sized ion
exchangers and, consequently, ionic pollutants associated with them can be removed when the

micelles are rejected by a UF membrane.

Previous studies (Beolchini et al., 2006, 2007; Igbal et al., 2007; Jafari et al., 2017) on arsenic
removal by MEUF have focused on As (V) removal as a function of surfactant type and material,
surfactant concentration, operating conditions such as trans-membrane pressure, and
membrane molecular weight cut-off (MWCO). Greater than 90% removal of As (V) (at initial
concentrations from 29 pg L to 10 mg L) was observed in these studies using
cetyltrimethylammonium bromide (CTAB) and cetylpyridinium chloride (CPC) during MEUF.
Some researchers have considered the influence of competing anions on As (V) removal (Ergican
et al., 2005; Igbal et al., 2007; Ergican and Gecol, 2008), however, these results were achieved in
synthetic samples or groundwater, and there is a general lack of research focusing on As (V)
removal from complex ionic mixtures and the effects of pH. In wastewater and runoff, arsenic
speciation will be governed by pH, while competition from commonly occurring anions such as
HCOs, CI, NOs, and SO4* may adversely affect removal of target anions (Tang et al., 2015; Xie et

al.,, 2015).

The objective of this study was to model As (V) removal from water by MEUF, taking into
consideration the effects of pH and competing anions. To accomplish this, experiments were
conducted using an MEUF system with cationic micelles composed of cetylpyridinium (CP*) ions.
CPC was chosen because it was previously found to achieve higher removal of anionic
constituents than other typical cationic surfactants (Igbal et al., 2007). The results of
experiments on binary mixtures of anions were used to calculate selectivity coefficients for

binding of the ions of interest to the CP* micelles. These coefficients were then incorporated
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into a simplified model for anion distribution in micellar solutions (Chen and Jafvert, 2017) that
was used to predict removal of monovalent and divalent As (V) ions by MEUF from synthetic
solutions and natural waters containing mixtures of competing anions, i.e., HCOs’, Cl, NOs', and

5042:

2 Materials and methods

2.1 Materials

Cetylpyridinium chloride monohydrate (CPC, 99.0-102.0%) purchased from Sigma-Aldrich,
with a CMC of 1.08 mM (Lee et al., 2005) in pure water at room temperature, was used as the
cationic surfactant. Analytical grade sodium arsenate dibasic heptahydrate (Na;HAsO4:7H,0)
supplied by Aldrich Chemical was used as the arsenate source. To determine selectivity
coefficients, solutions containing predominantly H,AsO4 or HAsO,> were prepared by adjusting
pH to 4.5 or 9.0, respectively, after CPC addition, by dropwise addition of 0.1 M HCl or NaOH,
respectively. Solutions of other anions, including CI, HCOs,, NOs, and SO.%, were prepared from
their respective sodium salts. These and all other chemical reagents were ACS reagent grade.

Ultrapure water (18.2 MQ cm?, Milli-Q Direct 8 system) was used in all experiments.

The natural water sample used in this study was collected from the Kansas River at
Lawrence, KS and filtered through a 0.45 um filter to remove suspended solids. The anionic
composition of the water sample is provided in Table 1S in the Supporting Information. The
concentrations of ClI-and SO.% are relatively high, perhaps in part because the collection site was
close to the discharge point of a wastewater treatment plant. Subsamples were spiked with 0.12

mM Na;HAsO;4 (As = 9 mg L),

2.2 Ultrafiltration process
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A stirred dead-end ultrafiltration cell (Amicon, USA, model 8200) and cellulose membranes
(YM10, Amicon, USA) with diameter of 62 mm and effective area of 28.7 cm? were used to
separate the aqueous phase from the micellar phase. The molecular weight cut-off (MWCO) of
the membranes was 10 kDa. All experiments were conducted at room temperature and at a
pressure of 30 psi. Anions and CP* micelles were contacted for 30 min before ultrafiltration.
Sample pH was adjusted by adding HCl or NaOH and measured using a pH meter (Fisher
Accumet AB15) with a glass pH electrode (Fisher Accumet Cat. #13-620-223A).

The total volume of the experimental water samples was 100 mL. Subsamples of each
solution collected after CPC addition, but before filtration, and the first 10 mL of permeate were
analyzed to determine the total concentration of each anion initially present and the
concentrations present following MEUF, respectively.

The rejection fraction (or removal) of As, R, is defined by eq 4.

[As]aq
[As]total

where [As].q and [As]iwotal refer to As concentrations in the permeate (aqueous concentration)

and the feed solution (total concentration), respectively.

2.3 Analytical procedures

Arsenic concentrations were determined using an inductively coupled plasma-optical
emission spectrometer (ICP-OES, PerkinElmer, Optima 2000 DV). Samples were acidified with 2%
(by volume) HNOs (Fisher Scientific PN A509) prior to analysis. Triplicate ICP analyses were
performed for each sample, and measurements accepted if all results were within 10% of the
averaged value. CPC concentrations were determined using a UV-Visible spectrophotometer
(Shimadzu, UV-1650PC) at a wavelength of 259 nm. (The spectrum and standard curve are

shown in Figures 3S and 4S in the Supporting Information.) Aqueous concentrations of CI;, NOs’
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and SO,* were determined using ion chromatography (IC, Dionex ICS 2000). A Dionex lonPac
AS18 column was used to separate anions using a mobile phase of 30 mM KOH with a flow rate

of 1.0 mL/min. HCOs™ concentrations were determined by titration (APHA et al., 2012).

2.4 Selectivity coefficients for ion exchange on micelles

lonic surfactant micelles can be treated as nano-sized colloidal particles with electrical
charges, i.e., ion exchangers, and the association of counterions with micelles can be described
using the triple-layer model (Rathman and Scamehorn, 1984; Lin and Jafvert, 2000) shown in
Figure 1. The first layer is the surfactant molecules, and the second layer (commonly referred to
as the Stern layer) consists of hydrated counterions tightly associated with (bound to) the
micellar surface. Most ionic sites on the micellar surface are occupied by the associated
counterions. The third layer is the diffuse layer between the Stern layer and the bulk solution
phase, in which both the electrical potential and the concentrations of counterions drop off as a
function of distance from the Stern layer. The model is in essence a two-phase model that
considers all counterions in the micellar solution to exist either as bound ions (in the Stern layer)

or unbound free ions (in the diffuse layer and in bulk solution).
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Figure 1. Scheme of CP* micellar triple-layer model, after (Lin and Jafvert, 2000).

When anions (A™) are added to the CPC solution, the binary ion exchange process on the

micelles is as described by eq 5.

AT + nClc_zssociated onCl™ + AZs_sociated (3)

where A" refers to free anions in the diffuse layer, with charge n; and the subscript “associated”
designates anions associated with the micelles. When the system reaches equilibrium, the

equilibrium constant (Keq) is expressed by eq 6.

_ {An_]associated{a_}gif (6)
eq {An_]dif{a_}gssociated

where {i} refers to the activity of anions, and subscript “dif” represents the diffuse layer. The

activity of ions in the diffuse layer can be calculated by the Boltzmann equation (eq 7).
- — nFy
{An }dif = {4" }aqexp? (7)

where F represents Faraday’s constant, U is the electrical potential at the Stern layer and diffuse
layer boundary, R is the universal gas constant, and T is the absolute temperature. Combining
and rearranging eqgs 6 and 7 yields the expression for K.q shown in eq 8.

— - F
_ {A" Yassociatea({C1 Jaq exp(%))n _ {A" Yassociated{Cl " }aq

eq — _ _ nFyY - —n —
{ct }Zssociated{An }aq exp(ﬁ) (€1} associatealA™ Jaq

(8)

However, the Stern layer is difficult to separate from the diffuse layer by membrane
separation because the charge balance of the micellar solution must be maintained. In addition,
the associated counterion fraction on the micelles is a function of numerous conditions such as

counterion type, ionic strength, and temperature (Rathman and Scamehorn, 1984; Chen and
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Jafvert, 2017). Therefore, the micellar concentration of ions (i.e., total counterion
concentrations on micelles rejected by membrane, keeping charge balanced on the micelles)
was substituted for the associated ion concentration to calculate the apparent equilibrium
constant (eq 9), based on the assumption that the ratio of ions in the diffuse layer insignificantly
influences the overall mass balance over a certain range of ionic strengths (Chen and Jafvert,
2017). Because this study focused on As (V) removal from fresh waters with low ionic strength,
activity coefficients could be ignored when calculating the selectivity coefficients (K., eq 10)
used to characterize the affinity of a given anion for the micellar phase. The concentration of
each anion (A", i =1 to oo, including CI') in the micellar phase ([A™]mi, mole per mole of CP*

monomer within micelles) was calculated using eqs 11 and 12.

~ {An_}mic{a—}gq
eq {Cl_}?nic{An_]aq

(9)

Ao A Ol TR
foa = yA;ln_icyglaq Kea = [A" Jaq[Cl Tinic (10)
n- —_[an
(A7 e = S etel B e (1)
M = [CPC] —CMC = Zin ([A?_]total - [A?_]aq) (12)

where M is the concentration of surfactant monomers within micelles, i.e., the concentration of
exchange sites on the micelles (mol L'). To maintain a mass balance, M must also equal the total

equivalent micellar anion concentration (eq 12).

2.5 Modeling As (V) ion exchange in a competitive environment

The simplified model used in this study, based on mass balances, mass reaction (selectivity

coefficients), and the distribution of ionic species between the aqueous phase and a pseudo-

10
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solid micellar phase, was developed and verified in a previous study (Chen and Jafvert, 2017). In
this study, the CMC was taken into consideration in modifying the mass balance equations and
calculating the phase distribution of As (V) and other anions in mixtures of anions. The model
equations are shown in Table 1. The initial anion concentrations in each water sample were
determined prior to adding a known concentration of CPC into the water. The pH of the sample
was measured after CPC addition, and then adjusted to the desired value using HCl or NaOH, as
appropriate. The total chloride concentration was then calculated as the sum of the initial
sample concentration, plus any chloride added with the CPC and for pH adjustment. Selectivity
coefficients for binding of anions to micelles were obtained using binary ion exchange
experiments. Unknown values were the concentrations of anions in the aqueous and micellar
phases. The equations of the model were solved using “Solver” in Microsoft Excel to iteratively

minimize the sum of squared errors by adjusting initially guessed values of the unknowns.

Table 1. Model equations for calculating concentrations of As (V) in micellar solutions

[A?_]total = [A?_]aq + [A?_]mic * M
Mass balance [As]totar = [HZASOAL_]aq + [HyAsO04 Jmic * M + [HASO‘%_]aq

+ [HASOE_]TYLL'C * M

D A4 Tnie = 1

i

equations

M = [CPC]tOtal - CMC

— +
CMC calculation InCMC = aln[Q]aq + b

[Qlag = ) [47 ]aq

i

11
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Selectivity N (el v Y N

Ksetcr = el 1aq
coefficients
As species
pH = —log[H"]
dependence on
K, = [H*1[HASOIT] _ 4 y-6.98

pH§ [HAs04 ]

" A refers to each anion i in the system, including CI', H,AsO4, HAsO4%*, NOs, HCO3', and SO4% in
this study, while mass balance equations for As are listed separately.

*[Cltotal = [ClTinitial + [Clcpc + [Cl ke

""a=-0.641, b =-11.551 (Rathman and Scamehorn, 1984)

$The activity coefficient was ignored for calculation of pH and K.

(Unknowns in equations: [A7 " 144, [AY Imic, M, CMC, [Q]aq,[H*])

3. Results and discussion
3.1 As (V) removal by MEUF as a function of CPC concentration

Removal of As (V) by MEUF was first investigated by varying the concentration of CPC added.
Figure 2a shows the results for MEUF of a 0.1 mM solution of As (V) at pH 7.5 for CPC
concentrations ranging from 0 to 12 mM. When 5 mM CPC was added without any additional
NaCl (giving a CI' concentration of 5 mM due to ions accompanying the CPC), 90% (R = 0.9) of the
As (V) was rejected. Rejection increased to 94% when the CPC concentration was increased to 8
mM, again with no NaCl addition. These results are comparable to those of Igbal et al.(2007),
who reported 85% removal of As at 5 mM CPC and 94 - 96% removal at 10 mM CPC. Gecol et
al.(2004) also observed high removal (90.9% - 100%) of As by MEUF (5 kDa and 10 kDa) with 10
mM CPC at pH 5.5 and 8.0. However, as shown in Figure 2a, a high concentration of competing

anions, 5 mM ClI" (added as NaCl), inhibited removal of As (V) by MEUF. Rejection of As (V)

12
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dropped from 90 to 73% at 5 mM CPC, and from 94 to 89% with 10 mM CPC. Cationic surfactant
micelles are in essence acting as nano-sized ion exchangers and, as expected, higher

concentration of competing ions reduce binding of target ions.

Figure 2b shows the CPC concentrations in the permeate following UF separation. For the
solution containing only 0.1 mM As (V) and CPC, almost all of the CPC passed the UF membrane
at CPC concentrations under 0.6 mM. At CPC concentrations above 2 mM, the CPC
concentration in the permeate remained about 0.92 mM, indicating that micelles large enough
to be retained had formed. Free surfactant monomers and micelles exist in equilibrium when
surfactant concentration exceeds the CMC (Chen and Szostak, 2004). Typical CPC micelles
cannot pass a 10 kDa membrane (see Figure 5S in the supporting information for the particle
size distribution of a 5 mM CPC suspension), but CPC monomers are small enough to pass
through such membranes. When 5 mM NaCl was added to the 0.1 mM As (V) solution, much
less CPC passed through the membrane — only 0.32 mM (average value) for CPC concentrations
above 2 mM as shown in Figure 2b — because the CMC decreased as ionic strength increased.
According to the CMC calculation equation in Table 1 (Rathman and Scamehorn, 1984), the CMC
of CPC at 5 mM NaCl is calculated as 0.29 mM, close to the experimental values, which ranged

from 0.27 mM to 0.33 mM.

Figure 2c shows As (V) removal and CPC retention at low CPC concentrations, above and
below the CMC, the concentration at which micelle formation is significant. In the absence of
CPC and competing anions, 16-38% (average = 24%, R = 0.24) of the As (V) was removed by
membrane adsorption. As the CPC concentration was increased, rejection of As (V) increased to
above 40% with 0.2 mM CPC, decreased to 23% with 0.6 mM CPC, then increased sharply as the

CPC concentration increased beyond 0.6 mM CPC. Below 0.6 mM CPC, there was almost no CPC

13
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rejected by the membrane because no micelles had formed. The small and varying removals of
As (V) observed were presumably caused by a complex adsorption process, including adsorption
of As (V) and CPC monomer onto the membrane, as well as desorption of As (V) and complexes
of As (V) and CP* adsorbed onto the membrane, due to increased competition from CI" as the
CPC concentration increased. A previous study reported anion rejection by a UF membrane was
enhanced by surfactant concentrations much lower than the CMC, because of the adsorption of
surfactant monomers on the membrane (Morel et al., 1997). As shown in Figure 2c, adding 5
mM of ClI” ions reduced As (V) removal in the absence of CPC, presumably by competing for
adsorption sites on the UF membrane, but significantly increased As (V) removal at CPC

concentrations greater than 0.4 mM by causing increased formation and retention of micelles.
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Figure 2. MEUF performance as a function of CPC concentration: (a) rejection of As (V) with and
without addition of 5 mM CI~; (b) CPC concentrations in the permeate; and (c) rejection of As (V)

and retention of CPC.
3.2 Selectivity coefficients for binding of As (V) to CP* micelles

Equation 10, which defines selectivity coefficients for binding of anions by micelles in binary
systems, can be rearranged to express the ratio of ions in the micellar phase as a linear function
of the ratio in the aqueous phase (eq 13), and the linear regression of this equation for a given
set of experimental conditions can be used to calculate the value of Ks; (Chen et al., 2017; Chen

and Jafvert, 2018; Chen et al., 2018).

[An_]mic _ [An_]aq
[cr e~ Sel e,

(13)

Figure 3a shows the ratio of [H2AsO4] to [CI]in the CP* micellar phase regressed against

their ratio in the aqueous phase according to eq 13. The slope of the regression plot represents

15
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the selectivity coefficient for H,AsO4, which was determined to be 0.55 (unitless). The dashed
line in Figure 3a represents a selectivity of 1 (i.e., no preference for either ion). A higher slope
indicates a greater affinity for the CP* micelles. Therefore, CP* has a lower affinity for HAsO4
than for CI". Previous studies have reported the selectivity coefficients for HCOs” and NOs5™ for CP*,
relative to CI, as 0.60 and 2.73 (unitless), respectively (Chen and Jafvert, 2017). Thus, the affinity
order for binding of these monovalent anions, commonly present in natural waters, to CP*
micelles is NOs > Cl > HCOs3™ > H,AsO,". The selectivity coefficient (affinity) is directly related to
the Gibb’s free energy change for the ion exchange reaction. For outer-sphere ionic
complexation, the free energy change is a function of the ionic radius and ionic charges (Pauley,
1954; Sodaye et al., 2007). For ions with same valence, the difference of their affinities to the
micelles (or other ion exchange materials) is primarily caused by the ionic radius (Chen and
Jafvert, 2018; Chen et al., 2018), because an ion with smaller ionic radius will hydrated with

more water molecules, which decreases the attractive force for the micellar surface.

Figure 3b shows the ratio of [HAsO4%] to the square of [CI] in the CP* micellar phase
regressed against the same ratio in the aqueous phase. (As shown in eq 10, the CI”
concentration is squared when exchanging a divalent ion for a monovalent ion.) The selectivity
coefficient for binding of HAsO4> by CP* micelles, with respect to CI, is 0.047 mol L based on
the slope of the regression plots, which is lower than reported selectivity coefficient for binding
of SO4% by CP* micelles (0.0706 mol L) (Chen and Jafvert, 2017). Note that, for divalent anions,
the selectivity coefficient has units of mol L because of the squared values in the regression
equation. Therefore the values of the selectivity coefficients for divalent anions cannot be
directly compared with those for monovalent anions. The affinity of CPC for divalent versus

monovalent anions is discussed in the following section.

16
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300  Figure 3. Regression plots for As (V) selectivity by CP* micelles relative to ClI': (a) for H,AsO4 (pH
301 =4.5); (b) for HAsO4* (pH =9.0). The initial total As (V) and CPC concentrations were 1 mM and

302 5-10 mM, respectively.

303 3.3 Distribution of As (V) in the aqueous and micellar phases

304 “lon exchange isotherms” can be used for describing ion distribution in the aqueous and
305 micellar phases, and they are especially useful for comparing removals of monovalent and
306 divalentions on a single graph. They are typically normalized by expressing the concentrations

307 in each phase as equivalent fractions, which can be calculated using eqgs 14-16.

308 C=Y;n[A} 1aq (14)
309 x; = n[A] ]aq/C (15)
310 y; = n[A] Imic (16)
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where, C is the total normality of the anions in solution (eq L*); and x; and y; refer to the

equivalent fraction of anion A; in the aqueous and micellar phases, respectively. ). x; = 1 and

Xyi=1

In a binary system containing only H,AsO4 and CI, the equivalent fraction of H,AsO4 in the
CP* micellar phase (y) can be expressed as a function of the equivalent fraction of H,AsO4 (x) in

the aqueous phase, as shown in eq 17 (Chen and Jafvert, 2017).

y = Kse1x
1-x+Kge1x

(17)

According to eq 17, the phase distribution of the monovalent anion H,AsO4 in a binary system
depends only on K. Therefore, at relatively low ionic strength, where the K, is constant, the
concentrations of these monovalent anions do not affect the distribution of H,AsO4 in a
mono/mono-anion exchange system. K, for binding of H,AsO4 relative to ClI” is less than 1, so
the isotherm for H,AsO4™ lies below the line of y = x shown in Figure 4. This illustrates once again

that the CP* micellar phase has less affinity for H,AsO,™ than for CI".

For binding of ions by micelles in a binary system, the phase distribution of a target divalent

anion being exchanged for a monovalent ion can be expressed using eq 18 (Lee et al., 2007).

4Kse1x

2K,
y=1=(A+255% - D/GD (18)

Figure 4 shows the model-calculated phase distributions of 1 mM As (V) at varying pH values
using equations 17 and 18, including one set of calculations with 5 mM additional Cl” ions added
in the form of NaCl. The open symbols show the previously described experimental results (from
Figure 3) compared to these calculations, while the filled symbols show experimental results for

As (V) at pH 6 and with 5 mM NaCl. The isotherm for binding of H,As042” by CPC, in a binary
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system containing only 1 mM HAsO.?*, lies well above the line of y = x, indicating that the CP*
micelles have a much higher affinity for the divalent HAsO,>™ anions than for the monovalent

H,AsO4 or Cl™ ions.

It should be noted that, unlike the phase distribution of monovalent anions, the phase
distribution of divalent ions, including HAsO4?" is related to K.;/C. Therefore, increasing the
concentration of competing ions (i.e., a higher total normality of anions in the aqueous phase, C)
leads to a lower fraction of target ions in the micellar phase. Put another way, increasing the
number of competing anions causes the distribution of As to shift towards the aqueous phase,
moving the isotherm closer to the line of y = x. Ignoring other effects, if the concentration of
competing ions increases sufficiently, the isotherm can even drop below the line of y = x,
indicating that As preferentially remains in the aqueous phase. With 5 mM NaCl added to
solution, the HAsO4* isotherm in Figure 4 lies closer to the y = x line, i.e., the fraction of HAsO,*
in the micellar phase is lower for any given aqueous phase equivalent fraction when more ions
are present in solution. Take x = 0.1 for example; when the aqueous phase fraction is 0.1, the
micellar phase fraction of HAsO4* with only CPC and 1 mM As in the solution is around 0.5, but
the micellar phase fraction is only 0.35 with 5 mM CI- added. As described in eq 18, for a
divalent-monovalent system, the micellar fraction of the divalent ion depends on C, the total
normality. Thus, any increase in the total number of ions in the aqueous phase will reduce the
divalent ion preference for the micellar phase. This has also been observed with SO4* and HPO,*

in a previous study (Chen and Jafvert, 2017).

At pH 6, 85% of As (V) in the aqueous phase is HAsO, and the other 15% is HAsO4* (as
illustrated in the pC-pH diagram for As (V) shown in Figure 1S in the Supporting Information).

Therefore, the system at pH 6 is a ternary system (consisting of the two arsenic species plus Cl),
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so the phase distributions of H3AsO4 and H,AsO4> cannot be modeled using eq 17 or 18, which
apply only to binary systems. The model shown in Table 1, coupled with eqs 1-3 to quantify As
(V) speciation as a function of pH, was used to determine the phase distribution line for 1 mM
As (V) at pH 6. This adjusted model corresponds well to the experimental data (Figure 4). The
isotherm for As (V) at pH 6 is located between the line of HAsO4” (monovalent As (V), lower

affinity) and HAsO.? (divalent As (V), higher affinity).

0.8 HASO42_
0.7 __'- H2A504_
--=--As(V)(pH=6.0)
06 41—~ HAsO,2"with 5 mM NaCl
Y=X o -
0.5 - ///
(®) // _
- _-
~0.4 A A_~ /,,’
(o} }// ’,-'
0.3 - o e //-
(4 N A .’,.’ u
0.2 1 x4
o L
0.1 - // L7 - -
. - -
0.0 =—— . . .
0.00 0.05 0.10 0.15 0.20 0.25

Figure 4. Equivalent fraction of As (V) in the CP* micellar phase (y) versus the equivalent fraction
of As (V) in the aqueous phase (x), with CI" as the co-ion, as a function of pH and NaCl addition at

1 mM initial As (V). Lines illustrate model calculations; symbols show experimental data.

3.4 The effect of pH and competing anions on As (V) removal

Removal of 0.1 mM As (V) using 5 mM CPC over a range of pH values, with 5 mM NacCl
added, is shown in Figure 5a. Rejection of As (V) increased from 0.39 to 0.89 as the pH

increased from 5.0 to 8.2, with good agreement between the experimental results and model-
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calculated values. Higher pH leads to a higher As removal because As (V) is increasingly present
as a divalent anion with a higher affinity for CP* micelles. These results are consistent with
previous studies of As removal using CPC micelles (Gecol et al., 2004) and cationic polymers

(Molinari and Argurio, 2017), both of which observed better removal as pH became more basic.

1.0
Experimental value 0.89 0.97 Experimental value
—A— Model calculation 0.75 1.0 1 %\0.89 —A— Model calculation
0.8 2\/ %
-
0.8
a.
= 0.58 / ~ 0.67 b.
=06 - =3
kS 0.39 £0.6 1
Q 5
8 8
E 0.4 A 30.4 1 0-_?’4
< < -
02 A 02 %\‘%j
0.0 T T T 0.0 T T T T
5.0 6.0 7.0 8.2 0 5 10 25 50
pH NaCl added (mM)

Figure 5. Measured and calculated As (V) removal by MEUF (a) at different pH values in a system
containing 0.1 mM As (V), 5 mM CPC, and 5 mM NaCl; (b) as a function of the concentration of

added chloride. (The error bars represent standard deviations of repeated experiments.)

NaCl was added into water samples at concentrations varying from 0 to 50 mM to
investigate the effect of increasing concentrations of a competing anion (Cl’) on As (V) removal
by MEUF. Figure 5b shows the results obtained for a 0.1 mM As (V) solution to which 5 mM CPC
was added at pH 8.2. Rejection of As (V) decreased from 0.97 to 0.15 as the concentration of
NaCl in the solution increased from 0 to 50 mM. As the fraction of Cl"in the aqueous phase
increased, the fraction of Cl" in the micellar phase also increased, while the fraction of As (V) in

the micellar phase decreased, as expected. Similar decreases in As removal resulting from
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competing anions have were observed in previous studies (Ergican et al., 2005; Igbal et al.,

2007).

The experimentally measured removals of As (V) were close to model-calculated values
based on Ks.;when the concentration of Cl" ranged from 0 to 10 mM. However, the experimental
removals were substantially higher than the calculated ones at Cl" concentrations of 25 and 50
mM (Figure 5b). This may be because the true value of K for As increased at a higher ionic
strength. From eq 10, K. Wwas considered equal to K.q and relatively constant over a range of
low ionic strengths, but this assumption grows less accurate as ionic strength increases to the
point where the activity coefficients are significantly different from 1. Kim and Benjamin (Kim
and Benjamin, 2004) observed an increase in sulfate/nitrate selectivity for an ion exchange resin
as ionic strength increased. For better accuracy, the model should be adjusted as ionic strength

increases.

In addition, the simplified model uses [A™]mic as a surrogate for [A™]associated t0 calculate Kie;.
However, [A™]mic includes both anions in the Stern layer (the ‘true’ [A" ]associated) and anions in the
diffuse layer ([A"]4i). As the ionic strength increases, the fraction of ions on the Stern layer also
increases (Lin and Jafvert, 2000). As a result [A" ]associated aNd [A™ ]mic approach the same value,
and the apparent selectivity coefficient (Ks./) for As increases, becoming closer to the real Keq. A
similar trend of increasing apparent selectivity of micelles for I relative to Br  was also reported

as a function of increasing ionic strength (Warr, 1997).

3.5 Model predictions of As (V) removal from mixtures of anions

Arsenic removal from mixtures of anions by MEUF was assessed in both artificial waters and
a surface water sample spiked with As (V). Artificial water samples contained As (V) at 0.1 mM,
Cl, NOs and SO4% each at 1 mM concentration, and HCOs at 5 mM. All anions were added to
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deionized water as sodium salts, resulting in a final pH of 8.2. Figure 6 shows the measured As
(V) rejection by MEUF, as well as the removal expected based on model calculations. Arsenic (V)
removal increased from 38% to 91% as the concentration of CPC increased from 3 mM to 25
mM. (Arsenic removal was 3% in the absence of CPC addition.) Predicted and experimental As
removals for this system were not significantly different at 95% confidence (p = 0.108), based on
a pair-sample t-Test. Table 2 shows the predicted and measured concentrations of all anions in
the permeate when 25 mM CPC was added to the artificial water sample. Increasing the
concentration of sulfate to 5 mM resulted in a decrease in As (V) removal from 90% to 69% due
to enhanced competition from divalent sulfate ions. In addition, the concentration of CPC in the
permeate decreased due to the higher ionic strength (lower CMC). Similar effects of anion
competition have been observed in published studies. For example, Ergican et al. (2005)
investigated the effect of co-occurring inorganic solutes on arsenic removal from well water by
MEUF and found that As removal decreased as the sulfate concentration increased from 28 to

400 ppm.
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422 Figure 6. As (V) removal by CPC from artificial water samples. (The error bars represent standard
423  deviations of repeated experiments.)
424 Table 2. Predicted and measured concentrations of anions in the MEUF permeate
Concentration (mM)
Test As
Condition Sample SO4* NOs HCOs cr As (V) CMC Rejection
Meas. initial 1.118 1.074 5.050 24990 0.105
25 mM CPC
Predicted Perm.  0.061 0.139 2.026 7.453 0.009 0.187 0.92
1mM 5042-
Measured Perm.  0.060 0.125 2.193 7.900 0.011 0.213 0.90
Meas. initial 5.204 1.084 4.720 25.583 0.102
25 mM CPC
Predicted Perm.  1.089 0.262 2.780 11.860 0.029 0.130 0.71
5mM 5042'
Measured Perm.  0.955 0.207 3.073 12.304 0.032 0.136 0.69
425
426 Figure 7a shows the removal of As (V), SO4*, and HCOs;™ by MEUF, from the spiked Kansas
427  River water samples, at CPC concentrations from 5 to 20 mM. The removal of As from the spiked
428  Kansas River water samples was 5-10% lower than that from the artificial waters at the same
429  concentrations of CPC, due to stronger competition from other anions. As expected, SO4> was
430  strongly rejected (91% at 20 mM CPC) due to its strong affinity for CP* micelles, and HCO3 was
431  the least rejected because of its low affinity for CP* micelles. Because the pH of the water
432  samples was above 8, most of As (V) was present as HAsO4*, which has a relatively high affinity
433  for CP* micelles. Removal of As (V) increased from 0.50 to 0.84 as the concentration of CPC
434  increased from 5 mM to 20 mM.
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Figure 7b compares the measured concentrations of anions and CP* monomers in the MEUF
permeate with the model-calculated values. The added CPC concentration ranged from 5 to 20
mM. There was good agreement between measured and model-calculated values for all
constituents except for ClI, for which the measured CI concentrations were higher than model-
calculated concentrations. (The average error between measured and model-calculated

concentrations of Cl is only 6.2%, and all agree to within 10%.)
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443 Figure 7. Measured and model-predicted results of the spiked Kansas River water samples. (a)
444  rejection of anions from Kansas River water samples spiked with 0.12 mM As (V); (b)

445 relationship between measured and model-calculated concentrations of anions and CPC in the
446  permeate (with upper and right axes for ClI- and HCOs™ and left and lower axes for As (V), SO4*

447  and CPC).
448  4.Summary and Conclusions

449 This study evaluated and modeled As (V) removal, from both synthetic solutions and spiked
450  samples of natural water, by micellar enhanced ultrafiltration (MEUF), using cetylpyridinium
451  chloride (CPC) to form the micelles. Monovalent arsenate was poorly removed, but greater than
452  90% removal of divalent arsenate (the predominant form at pH values >7) was achieved using
453  >5 mM CPC in the absence of competing anions. The selectivity coefficient for H;AsO4 uptake by
454  CP* micelles was determined to be 0.55 (unitless) with respect to CI', and the affinity order for

455 monovalent anions was NOsz > Cl" > HCOs > H,AsO,". The selectivity coefficient for HAsO4% was
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0.047 mol L, lower than that for SO4%. Competing anions decreased removal of As (V), as
expected. A simplified model based on mass balances across UF membranes, selectivity
coefficients determined from test results on binary systems, and As speciation as a function of
pH was used to predict As (V) removal by MEUF. The predicted values were in good agreement
with experiment results for both synthetic solutions and samples of natural river water
containing mixtures of anions. These results suggest that As removal will be more limited in
waters with high concentrations of competing anions. Adjustments to the model may be
considered in future research to predict As (V) removal from wastewaters or other waters with

high ionic strength.

Supporting Information

Supporting information available includes a pC-pH diagram and a predominance area diagram
for As (V); a UV absorbance spectrum and a standard curve for determining CPC concentrations;
the particle size distribution of CPC micelles; and anionic composition of Kansas River water
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