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Interest in the development of oxide-based materials for
arsenate removal has led to a variety of experimental methods
and conditions for determining arsenate adsorption isotherms,
which hinders comparative evaluation of their adsorptive
capacities. Here, we systematically investigate the effects of
buffer (HEPES or carbonate), adsorbent dose, and solution pH
on arsenate and phosphate adsorption isotherms for a
previously well characterized goethite-based adsorbent
(Bayoxide E33 (E33)). All adsorption isotherms obtained at
different adsorbate/adsorbent concentrations were identical
when 1 mM of HEPES (96 mg C/L) was used as a buffer. At low
aqueous arsenate and phosphate concentration (!1.3 µM),
however, adsorption isotherms obtained using 10 mM of NaHCO3
buffer, which is a reasonable carbonate concentration in
groundwater, are significantly different from those obtained
without buffer or with HEPES. The carbonate competitive effects
were analyzed using the extended triple layer model (ETLM)
with the adsorption equilibrium constant of carbonate calibrated
using independent published carbonate adsorption data for
pure goethite taking into consideration the different surface
properties. The successful ETLM calculations of arsenate
adsorption isotherms for E33 under various conditions allowed
quantitative comparison of the arsenate adsorption capacity
between E33 and other major adsorbents initially tested under
varied experimental conditions in the literature.

Introduction
Arsenic (As) occurs naturally in groundwaters across the world
and has been a serious threat to human health (1). Because
of human health concerns, the maximum contaminant level
(MCL) for arsenic in potable water was reduced to 10 µg/L
as As in the U.S. (2). For small water systems adsorption has
been recognized as one of the most suitable arsenic removal
technologies, and many nanostructured metal oxide-based
adsorbents for arsenic removal have been developed (3).
Arsenic is commonly found in two major oxidation states:
arsenate (As(V)) and arsenite (As(III)). Arsenate is more
strongly adsorbed onto metal oxides than arsenite (4),
therefore arsenite is typically oxidized to arsenate prior to
adsorption in water treatment systems.

Research aimed at developing and demonstrating nano-
structured metal oxide-based adsorbents for arsenate re-
moval has focused on the determination of arsenate ad-
sorption isotherms for these adsorbents (5-10). Generally,
a single adsorption isotherm is measured to provide initial
information about the feasibility of using a particular
adsorbent in a particular application, to compare the capacity
of one adsorbent to others, and to design adsorption
treatment systems such as fixed-bed adsorbers (11). Adsorp-
tion isotherms are typically obtained using batch reactors
prepared in two different ways (11): In Method 1 (constant
dose) the same quantity of adsorbent is added to solutions
with different initial solute concentrations (5, 6, 12): in Method
2 (variable dose) different quantities of adsorbent are added
to solutions with the same initial solute concentration (7-9).
It is possible that the two methods produce different
adsorption isotherms, especially when competing species
are used as pH buffers. Typically arsenate adsorption
isotherm studies are conducted experimentally at a pH value
fixed by an organic or inorganic buffer (5-10) because of the
reasons stated below. Moreover, initial arsenate concentra-
tions are often extremely high when Method 1 is used (6).
This may lead to the possibility of arsenate precipitation
which could result in overestimation of arsenate removal
capacity using fitted adsorption isotherms. Hence, systematic
surface chemistry studies of arsenate adsorption on such
oxide materials should be carried out over a wide range of
conditions, such as a range of pH values, the presence or
absence of buffers, and a range of adsorbate to solid loading
ratios.

Because arsenate adsorption on metal oxide is strongly
pH dependent, it is critical to maintain a constant pH during
adsorption isotherm tests. Arsenate adsorption isotherms
on pure metal oxides are generally determined without
buffers, and solution pH is maintained by adding small
amounts of acid and/or base as needed (4, 13) for two reasons.
First, adsorption reactions on mineral surfaces are very fast
(less than 24 h) so that it is relatively easy to keep pH constant
during adsorption tests. Second, adding another component
into the systems is undesirable because it may compete with
the target component. In the case of nanostructured porous
metal oxide adsorbents, arsenate adsorption isotherm ex-
periments are often conducted by adding organic buffers
(e.g., HEPES (5) and BES 6, 14) or sodium bicarbonate
(NaHCO3) (8, 9, 14). Because arsenate surface diffusion into
the pores is slow and rate-limiting (8, 12), it takes longer to
reach adsorption equilibrium in porous metal oxide-based
adsorbent-water systems. Previous studies have not indicated
that those buffers will affect arsenate adsorption (15, 16).

The effects of carbonate and organic species adsorption
in the presence of arsenate and phosphate have been reported
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for pure mineral systems. Stachowicz et al. (17) stated that
carbonate may compete with both arsenate and arsenite
adsorption, while Rahnemaie et al. (18) concluded that
carbonate species bind much more weakly than phosphate
onto goethite. Arai et al. (19) concluded that the effects of
dissolved carbonate on arsenate adsorption are influenced
by reaction conditions such as available surface sites, initial
arsenate concentrations, and reaction times. In their experi-
ments (19), different adsorbed carbonate concentrations,
associated with two different atmospheric compositions,
resulted in an enhanced and/or suppressed arsenate ad-
sorption. Although adsorption of organic buffers on metal
oxides has not been studied thoroughly, binding of organic
acids on metal oxides is relatively weak (16). Therefore, it is
still unclear how these species affect measured arsenate
adsorption isotherms, especially for commercial nanostruc-
tured granular porous adsorbents and for conditions when
aqueous concentrations of arsenate are as low as the MCL
(i.e., 10 µg/L as As).

Recently, the characteristics of arsenate and phosphate
adsorption on a well-characterized commercial nanostruc-
tured granular porous goethite-based adsorbent known as
Bayoxide E33 (E33) were established over a wide range of pH
values, surface loading and ionic strengths (12). This ad-
sorbent is one of the most frequently used for arsenic removal
in small water systems, and it rated as the best performing
adsorbent in pilot studies (3). Here, we extend the results of
our recent study by determining arsenate and phosphate
adsorption isotherms on E33 under various conditions and
by examining the effects of buffers (HEPES or NaHCO3) on
adsorption. We applied the extended triple layer surface
complexation model (ETLM) to these data using protonation
and electrolyte adsorption constants determined in our
previous study. In order to do this, we also developed a surface
complexation model for carbonate calibrated on published
adsorption data for a pure goethite.

The specific objectives of this work were (1) to understand
how different experimental methods such as choice of buffers
(e.g., no buffer, HEPES, and NaHCO3), adsorbate/adsorbent
concentrations, and solution pH affect arsenate and phos-
phate adsorption isotherms of E33; (2) to predict arsenate
and phosphate adsorption isotherms under various condi-
tions including carbonate competitive effects using the ETLM
approach; and (3) to quantitatively compare the arsenate
adsorption capacity of E33 with other major adsorbents
reported in the literature to illustrate the utility of surface
complexation models in making such comparisons.

Materials and Methods
Materials. Arsenate and phosphate stock solutions were
prepared from reagent grade Na2HAsO4 ·7H2O and
NaH2PO4 ·H2O (Sigma Aldrich, St. Louis, MO), respectively.
Reagent grade sodium bicarbonate and HEPES sodium salt
(Fisher Scientific, Pittsburgh, PA) were used as buffers. The
dry-granular goethite-based porous adsorbent, E33, was
crushed, washed, and wet-sieved using a 200 " 325 U.S.
standard mesh sieve to shorten experimental time to reach
equilibrium. The washed E33 was dried in an oven at 40 °C
for two days to avoid any phase modification or transforma-
tion (20), and then stored in a desiccator. Dried E33 was
suspended in deionized water for at least two days prior to
all experiments. The BET surface area and pHzpc of E33 are
158.1 m2/g and 8.5, respectively (12, 21). Detailed description
of the adsorbent is available elsewhere (12, 21).

Adsorption Isotherms. Arsenate and phosphate adsorp-
tion isotherms were determined using the two approaches
described above. In Method 1, the adsorbent dosage was
fixed at 0.025 g/L. Duplicates of 800 mL solutions having a
fixed amount of E33 (20 mg) and different initial solute
concentrations were prepared in 1000 mL plastic bottles.

This experiment was conducted without buffer at pH 7.0 (a
constant pH was carefully maintained by adding HNO3 and
NaOH), with 10 mM of NaHCO3 at pH 7.0 and 8.3, and with
1 mM of HEPES at pH 7.0. Without buffer, pH had to be
adjusted frequently during the first three days. In Method 2,
duplicates of 4000 mL solutions having different amounts of
solid (10-160 mg) and fixed initial solute concentrations
(120 µg/L as As or P) were prepared in 4 L plastic bottles. This
experiment was conducted with 10 mM of NaHCO3 at pH 7.0
and 8.3, and with 1 mM of HEPES at pH 7.0. Ionic strength
was adjusted to 0.02 M using NaNO3, and pH was carefully
monitored and adjusted to the target pH values (0.1 during
the experiments, if necessary. All bottles were tumbled for
seven days to reach adsorption equilibrium.

The pH was measured with a glass electrode and a pH
meter (Mettler Toledo, Columbus, OH). Arsenate concentra-
tions were analyzed using inductively coupled plasma-mass
spectrometry (Agilent Technologies, Wilmington, DE). Phos-
phate concentrations were analyzed by a colorimetric method
using a flow injection analyzer (FIA) (Lachat Instruments,
Milwaukee, WI). A detailed description of the batch adsorp-
tion experiments can be found elsewhere (12).

Extended Triple Layer Modeling. The ETLM is a surface
complexation model integrated with spectroscopic and
molecular evidence (22). Recently, adsorption of many ions
including arsenate (23) on many oxides have been system-
atically modeled by the ETLM. In our previous study,
adsorption equilibrium constants of arsenate and phosphate
were determined for E33 in the absence of buffers. In this
study, all ETLM calculations were performed using the
computer code GEOSURF (24). Aqueous ionic activity
coefficients of dissolved species were calculated with the
extended Debye-Hückel equation. The surface complexation
reactions of arsenate and phosphate are described in eq 1-6
(12), although there is ongoing discussion regarding the
precise nature of the surface complexes formed (25, 26). The
electrostatic terms for the surface complexation reactions of
arsenate and phosphate are described in eq 7-9. The
relationships of the site-occupancy standard states to the
hypothetical 1.0 M standard states for the arsenate and
phosphate surface species are described in eqs 10-12.

deprotonated bidentate-binuclear complex:
2 > SOH + H3XO4

0 ) (>SO)2XO2
- + H+ + 2H2O (1)

protonated bidentate-binuclear complex:
2 > SOH + H3XO4

0 ) (>SO)2XOOH + 2H2O (2)

monodentate complex:
> SOH + H3XO4

0 ) >SOXO3
2- + 2H+ + H2O (3)

*K(>SO)2XO2
-

! )
a(>SO)2XO2

-aH+aH2O
2

a>SOH
2 aH3XO4

0

10F(!"r,1)/2.303RT (4)

*K(>SO)2XOOH
! )

a(>SO)2XOOHaH2O
2

a>SOH
2 aH3XO4

0

10F(!"r,2)/2.303RT (5)

*K>SOXO3
2-

! )
a>SOXO3

2-aH+
2 aH2O

a>SOHaH3XO4
0

10F(!"r,3)/2.303RT (6)

!"r,1 ) 2"0 - 3"# - 2("0 - "#) ) -"# (7)

!"r,2 ) 2"0 - 2"# - 2("0 - "#) ) 0 (8)

!"r,3 ) "0 - 3"# - ("0 - "#) ) -2"# (9)
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Here, X stands for As(V) or P. *Ki
! represents the adsorption

equilibrium constant for the formation of surface species i,
and the superscript “!” represents the site-occupancy
standard state (27, 28). Adsorption equilibrium constants
are represented relative to the surface species >SOH, and
this is indicated by the superscript “*”. The exponential terms
correct for activity differences of ions from the bulk solution
caused by the surface potential field (!"r), where F, R, and
T represent Faraday’s constant (96,485 [C ·m-2]), the gas
constant (8.314 [J mol-1 K-1]), and absolute temperature [K],
respectively. Ns represents the surface site density on the sth
solid sorbent (site/nm2); N‡ represents the standard state
adsorbate species site density (sites/m2); As represents the
BET surface area of the sth solid adsorbent (m2/g); Cs is the
solid concentration (g/L); A‡ represents the standard state
BET surface area (m2/g). In this study, values of N‡ ) 10
(site/nm2) and A‡ ) 10 (m2/g) are selected for solids (28).

Carbonate surface complexes have been examined by in
situ attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy on goethite (29-31) and hematite
(32, 33). All of the studies except Bargar et al. (2005) (33)
assigned carbonate surface complex structures to mono-
dentate-mononuclear inner-sphere species. Bargar (33)
assigned their experimental IR spectra to density functional
theory (DFT)/molecular orbital (MO)-calculated frequencies
and suggested that two carbonate species exist on hematite,
one an inner-sphere bidentate binuclear surface complex
and the other an outer-sphere or hydrogen bonded carbonate
complex. The outer-sphere or hydrogen bonded species was
only observed in the absence of ionic strength control. They
ruled out the possibility of any monodentate-mononuclear
species because none of the calculated vibration frequencies
for these species were able to reproduce the experimental
IR spectra.

Villalobos and Leckie (34) conducted carbonate adsorp-
tion experiments on goethite under a wide range of pH, ionic
strength, and surface coverage values under both open and
closed system conditions. Villalobos and Leckie (30) describe
their adsorption data using a modified TLM. They obtained
a reasonable model fit by assuming that carbonate adsorbs
as a monodentate mononuclear species >SOCOO-, with a
charge allocation of 0 and -1 on the 0- and #-planes,
respectively. Improved model fits were achieved by a charge
allocation of 0.2 and 0.8 on the 0- and #-planes, respectively
with protonated monodentate species (>SOCOOH) and Na-
ternary species (>SOCOONa). Hiemstra et al. (35) analyzed
the same carbonate adsorption data with a CD-MUSIC model,
and they showed that a bidentate binuclear species
(>(SO)2CO) could fit the adsorption data. Rahnemaie et al.
(18) also concluded that the bidentate inner-sphere complex
(>(SO)2CO) is dominant.

In our present study, the carbonate adsorption data on
goethite provided by Villalobos and Leckie (34) was analyzed
using the ETLM. Basic surface parameters including the
surface protonation constants, the electrolyte adsorption
constants and the inner-layer capacitance were taken from
refs 27 and 28 (Table S1of the Supporting Information). The
site density for the goethite was determined as a fitting
parameter in the ETLM for carbonate adsorption data as a

function of surface coverage because the site density of
goethite varies depending on the type of goethite (23). In the
ETLM analyses for carbonate adsorption on goethite, a single
reaction involving a deprotonated monodentate mono-
nuclear inner sphere species (>SOCOO-) can describe all of
the experimental data as shown below. The surface com-
plexation reaction, the corresponding mass law expression,
and the description of !"r are given by eq 13-15.

Most of the infrared information indicates that there
is a single dominant inner-sphere surface species in the
presence of background electrolyte ions under a wide range
of pH conditions. Most infrared studies indicate that
the inner-sphere species is a deprotonated species. These
spectroscopic observations are consistent with the present
ETLM of carbonate adsorption. Interestingly, the obtained
!"r (eq 15) is the same as that of the charge allocation
employed in the modified TLM (30), suggesting that the
unusual charge allocation in the TLM proposed by
Villalobos and Leckie (30) could be explained by including
the electrostatic work of desorption of the water dipole
from the goethite surface during anion adsorption by ligand

FIGURE 1. Arsenate (a) and phosphate (b) adsorption isotherms
for E33 in 0.02 M NaNO3 solution without buffers shown
together with the ETLM predictions (solid lines). The
correlation coefficients (R2) of the ETLM predictions for
arsenate (Figure 1a) at pH 4, 7, and 10 are 0.99, 0.99, and 0.98,
respectively. Those for phosphate (Figure 1b) at pH 4, 7, and 10
are 0.98, 0.98, and 0.96 (pH 10), respectively.

log *K(>SO)2XO2
-

! ) log *K(>SO)2XO2
-

0 + log((NSAS)2

N‡A‡
CS)

(10)

log *K(>SO)2XOOH
! ) log *K(>SO)2XOOH

0 + log((NSAS)2

N‡A‡
CS)

(11)

log *K>SOXO3
2-

! ) log *K>SOXO3
2-

0 + log(NSAS

N‡A‡) (12)

Monodentate-mononuclear inner-sphere complex:
>SOH + H+ + CO3

2- ) >SOCOO- + H2O (13)

*K>SOCOO-
! )

a>SOCOO-aH2O

a>SOHaH+aCO3
2-

10F(!"r)/2.303RT (14)
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exchange (22). The ETLM parameters used in this predic-
tion are listed in Tables S1-S4 (Supporting Information
(SI)).

Results and Discussion
Adsorption Isotherms without Buffer. Arsenate and phos-
phate adsorption isotherms for E33 at three different pH
values (4.0, 7.0, and 10.0) with a solid concentration of 1.0
g/L were obtained without using buffer in our previous
study (12). Here, to investigate the dependence of adsorp-
tion on solid concentration and to obtain sufficient data
at low aqueous equilibrium concentrations, arsenate and
phosphate adsorption isotherm tests were conducted at
pH 7.0 with a solid concentration of 0.025 g/L. Results are
shown in Figure 1 together with the ETLM predictions. No
adsorption dependence on solid concentration was ob-
served for either arsenate or phosphate. The ETLM
parameters determined in our previous study are listed in
Table 1. Although the ETLM overestimated phosphate
adsorption at pH 10, the ETLM was generally able to predict
arsenate and phosphate adsorption isotherms rather well
over a wide range of pH and solute concentrations. At pH
7.0, the ETLM predictions of arsenate and phosphate
adsorption isotherms at a solid concentration of 0.025 g/L
were identical to those at a solid concentration of 1.0
g/L.

Modeling Carbonate Adsorption Edge on a Goethite.
Carbonate adsorption on goethite (34) under closed and
open system conditions are predicted using the ETLM in

Figure 2. Under most conditions, the ETLM could describe
the adsorption data well using the monodentate-
mononuclear inner-sphere complex of carbonate (>SO-
COO-). Although the discrepancies between the experi-
mental data and the ETLM calculations are larger at higher
pH, the standard deviations of the experimental data are
also larger at higher pH. The ETLM predictions are mostly
within the range of the standard deviations of experimental
values.

Adsorption Isotherms with Buffers. Arsenate adsorption
isotherms conducted by Method 1 are shown in Figure 3.
Comparing the adsorption isotherms conducted at pH 7.0
with HEPES and those conducted at pH 7.0 without buffer,
no measurable effect of HEPES was observed (Figure 3).
However, at lower aqueous equilibrium concentrations of
arsenate and phosphate (!1.3 µM, 100 µg/L as As), the
adsorption isotherms measured at pH 7.0 with NaHCO3

are significantly different from the isotherms without
buffer. Conversely, above surface coverage of approxi-
mately 1.0-2.0 µmol/m2, the ETLM systematically un-
derestimated the amount of adsorbed arsenate in the
presence of carbonate. This may be due to surface
precipitation, surface polymerization, and surface diffusion
into the mineral structure. It is somewhat consistent with
the results in ref 23 that the ETLM underestimates the
amount of adsorbed arsenate at surface coverages above
!2.5 µmol/m2. This can be seen only in the presence of

TABLE 1. Characteristics and the Extended Triple Layer Model (ETLM) Parameters of Bayoxide E33 (Surface Protonation
Constants, Electrolyte Adsorption Constants, and Adsorption Equilibrium Constants of Arsenate, Phosphate, and Carbonate)

name reaction log K

Hypothetical 1.0 M Standard State

log K1
0 >SOH + H+ ) >SOH2

+ 4.9

log K2
0 >SO- + H+ ) >SOH -12.1

log *KNa+0 >SOH + Na+ ) >SO-_ Na+ + H+ -8.7

log *KNO3
-0 >SOH + H+ + NO3

- ) >SOH2
+_NO3

- 8.0

Site-Occupancy Standard State
log K(>SO)2AsO2

-! 2 > SOH + H3AsO4
0 ) (>SO)2AsO2

- + H+ + 2H2O 2.9

log K(>SO)2AsOOH
! 2 > SOH + H3AsO4

0 ) (>SO)2AsOOH + 2H2O 2.4

log K>SOAsO4
3-! >SOH + H3AsO4

0 ) >SOAsO3
2- + 2H+ + H2O -0.2

log K(>SO)2PO2
-! 2 > SOH + H3PO4

0 ) (>SO)2PO2
- + H+ + 2H2O 2.3

log K(>SO)2POOH
! 2 > SOH + H3PO4

0 ) (>SO)2POOH + 2H2O 1.6

log K>SOPO4
3-! >SOH + H3PO4

0 ) >SOPO3
2- + 2H+ + H2O -0.1

log K>SOCOO-! >SOH + H+ + CO3
2- ) >SOCOO- + H2O -6.9

a The properties of E33 are Ns ) 4.0 sites/nm2, As ) 158.1 m2/g, C1 ) 1.0 F/cm2, C2 ) 0.20 F/cm2, and pHzpc ) 8.5 (12).
The value of !pKn

! is assumed to be the same as for goethite () 5.6) given by Fukushi and Sverjensky (23). The values
of log K1

! and log K2
! are 5.7 and 11.3, respectively, and the values of log KM+! and log KL-! are 3.6 and 3.5, respectively

(12). The complete list of the ETLM parameters and the relationships among those parameters are presented in Table
S1-S4 (SI).
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carbonate, and further research is necessary to understand
the mechanism.

The competitive effects of carbonate on arsenate and
phosphate adsorption isotherms were predicted using the
ETLM as shown in Figure 3. The adsorption equilibrium
constant of carbonate for E33 referring to the hypothetical
1.0 M standard state was estimated from the constants for
goethite reported by Villalobos (30) listed in Table S5 of the
SI using the equations below.

Considering the values of the surface properties, the
adsorption equilibrium constant of carbonate for E33 refer-
ring to the hypothetical 1.0 M standard state was estimated
to be 10-1.6. This value is used in Figure 3 to predict the
effects of carbonate on arsenate and phosphate adsorption
isotherms. Figure 3 also includes results of sensitivity analyses

for the adsorption equilibrium constant of carbonate (log K
( 0.25). The model can describe arsenate and phosphate
adsorption isotherms in the presence of carbonate particu-
larly if a small adjustment is made to the predicted equi-
librium constant (log K ( 0.25).

Arsenate adsorption isotherms obtained following Method
2 are shown together with the ETLM predictions in Figure
4, and all adsorption isotherms obtained in this study are
shown together in Figure S2 of the SI. No measurable effect
of HEPES was observed (Figure 4, Figure S1 of the SI). The
arsenate and phosphate adsorption isotherms conducted at
pH 7.0 with NaHCO3 are, however, different from those
measured with HEPES at lower arsenate and phosphate
aqueous-phase concentrations. In Figure 4, although arsenate
adsorption isotherms were described well using the ETLM,
the predicted phosphate adsorption isotherms are relatively
inaccurate probably due to the inaccurate predictions of
phosphate adsorption isotherms in the previous study.
Methods 1 and 2 produced different adsorption isotherms
when NaHCO3 was used as a buffer (Figure S2 of the SI)
presumably because the ratio of oxyanions/solid in Method
2 is lower than this ratio in Method 1 at the constant NaHCO3

concentration employed. The error caused by the presence
of carbonate during arsenate adsorption isotherm experi-
ments, expressed by qe(NaHCO3)/qe(HEPES), determined by each
of the two experimental methods considered are predicted
using the ETLM in Figure 5. This figure shows that carbonate

FIGURE 2. The ETLM prediction of carbonate adsorption edge
on the goethite in a closed system (R2 ) 0.96) (a), open system
in NaCl solution (R2 ) 0.98) (b), and open system in NaNO3
solution (R2 ) 0.99) (c). The data are obtained from the study
conducted by Villalobos and Leckie (34). Closed and open
symbols indicate 0.01 and 0.1 M background electrolyte
solution, respectively.

log *K>SOCOO-
! ) log *K>SOCOO-

0 + log(NSAS

N‡A‡) (16)

log K>SOCOO-
! ) -log *K>SOCOO-

! - pHZPC +
!pKn

!

2
(17)

FIGURE 3. Arsenate (a) and phosphate (b) adsorption isotherms
for E33 at pH 7.0 and 8.3 with buffers (i.e., 1 mM of HEPES and
10 mM of NaHCO3) determined by Method 1. Ionic strength in
solutions was controlled at 0.02 M using NaNO3. Solid lines are
the ETLM predictions of adsorption isotherms using the
carbonate surface complexation constant predicted by the
ETLM theory (log*K>socoo-

0 ) -1.60). Dotted lines are the results
of sensitivity analyses for ETLM predictions of adsorption
isotherms, and the carbonate surface constants referring to the
1.0 M standard state were adjusted (0.25 (log).
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concentrations as low as those typically found in groundwater
(!10 mM) can cause significant error in arsenate adsorption
isotherms.

Comparing the Arsenic Adsorptive Capacities of Com-
mercially Major Adsorbents. Successful ETLM calculation
allows quantitative comparison of arsenate adsorption
isotherms between E33 and other major commercial ad-
sorbents initially tested under varied experimental conditions
in the literature (Figure 6). Arsenate adsorption isotherms
determined by Method 1 with organic buffers (5, 6) were
compared in Figure 6A, and arsenate adsorption isotherms
determined by Method 2 with NaHCO3 buffer (7-9) were
compared in Figure 6B. Arsenate adsorption isotherms for
E33 and an akaganeite (#-FeOOH) based wet adsorbent
(Granular Ferric Hydroxide, GFH, Siemens) (6, 8) for pH 8.4
cross at an aqueous arsenate concentration of !40 µg/L as
As. GFH has a higher adsorptive capacity at concentrations
above this threshold (Figure 6A,B). Since adsorptive media
shown in Figure 6 are most frequently used in small water
systems, this is useful information to choose the best
adsorbent for water treatment. In these figures, E33 has higher
adsorption capacity than other adsorptive media, which is
consistent with the results of extensive pilot tests (3). In the
future, newly developed adsorbents should be compared with
E33 because of its high adsorptive capacity and the availability
of the ETLM parameters.

Implications. The results of this study suggest that a typical
concentration of carbonate (!10 mM) in groundwater can

compete with arsenate and phosphate for adsorption on a
commercial goethite-based adsorbent and play an important
role in arsenate mobility especially at arsenate aqueous
concentrations below!1.3 µM (100 µg/L). Although phosphate
can compete more strongly with arsenate than carbonate at
thesameconcentration,usuallycarbonateexists ingroundwater
at a much higher concentration than phosphate. Moreover,
carbonate competition can be a source of uncertainty when
arsenate adsorption isotherms are compared at low aqueous
arsenate concentration as shown above. The ETLM approach
can describe the carbonate competitive effect on arsenate and
phosphate adsorption on E33 with the adsorption equilibrium
constant of carbonate for E33 estimated from a pure goethite.
This implies that adsorption equilibrium constants of other
ions for E33 can be obtained from other references using the
ETLM approach and that competitive adsorption of arsenate
with other ions can be predicted.
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FIGURE 5. The ETLM prediction of the equilibrium arsenate
adsorption in the presence of carbonate buffer (qe(NaHCO3)) and in
the presence of HEPES (qe(HEPES)) as a function of equilibrium
aqueous concentration of arsenate illustrating the importance
of this effect when studying arsenate adsorption near the U.S.
drinking water standard (10 µg/L as As).

FIGURE 4. Arsenate (a) and phosphate (b) adsorption isotherms
for E33 at pH 7.0 and 8.3 with buffers (i.e., 1 mM of HEPES and
10 mM of NaHCO3) determined by Method 2. Ionic strength in
solutions was controlled at 0.02 M using NaNO3. Solid lines are
the ETLM predictions of adsorption isotherms using the
carbonate surface complexation constant predicted by the
ETLM theory (log*K>socoo-

0 ) -1.60). Dotted lines are the results
of sensitivity analyses for ETLM predictions of adsorption
isotherms, and the carbonate surface constants referring to the
1.0 M standard state were adjusted (0.25 (log).
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Supporting Information Available
Details on the following: (1) The detailed list of the surface
parameters of E33 and the goethite (34) (Table S1); (2) The
detailed list of adsorption equilibrium constants of arsenate
and phosphate for E33 at different solid concentrations (Table
S2, S3); (3) The detailed list of adsorption equilibrium
constants of carbonate for E33 and goethite mineral (Table
S4); (4) The list of experimental conditions of adsorption
isotherms for various adsorbents in the literature (Table S5);
(5) The fitted Freundlich curves for arsenate and phosphate
adsorption isotherms determined by Method 2 (Figure S1);
(6) Comparison of arsenate and phosphate adsorption
isotherms determined by Method 1 and 2 (Figure S1). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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