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The conditions leading to the Donnan membrane
equilibrium arise from the inability of ions to diffuse out
from one phase in a heterogeneous system. In a polymeric
cation exchanger, negatively charged sulfonic acid
groups are covalently attached to the polymer chains,
and thus, they cannot permeate out of the polymer phase.
Conversely, a polymeric anion exchanger contains a
high concentration of non-diffusible positively charged
quaternary ammonium functional groups. It is well-established
that submicron or nanoscale hydrated iron(III) oxide
(HFO) particles exhibit high sorption affinity toward both
arsenates and arsenites. In this study, commercially available
cation and anion exchangers were used as host materials
for dispersing HFO nanoparticles within the polymer
phase using a technique previously developed. The resulting
polymeric/inorganic hybrid sorbent particles were
subsequently used for arsenic removal in the laboratory.
The most significant finding of the study is that the anion
exchanger as a substrate containing dispersed HFO
offered substantially higher arsenate removal capacity as
compared to the cation exchanger, all other conditions
remaining identical. In fact, HFO nanoparticles dispersed
within the gel-type cation exchanger were unable to remove
arsenic. The Donnan membrane effect resulting from the non-
diffusible negatively charged sulfonic acid groups in
the cation exchanger did not allow permeation of arsenate
into the polymer phase (i.e., arsenate was excluded from
the spherical beads dispersed with HFO nanoparticles). On
the contrary, anion-exchanger-supported HFO particles
or HAIX offered very high arsenic removal capacity; less
than 10% of influent arsenic broke through after 10 000 bed
vol. HAIX was also amenable to efficient regeneration
with 2% NaOH and 3% NaCl and capable of simultaneously
removing both perchlorate and arsenic selectively.
According to the information in the open literature, HAIX
is the first hybrid sorbent that utilizes the Donnan membrane
effect of the host material for sorption enhancement.
From a generic viewpoint, other metal oxide/metal
nanoparticles may also be judiciously embedded in
appropriate support materials that would reject or enhance
permeation of targeted ionic solutes.

Introduction
It is well-recognized that oxides of polyvalent metals, namely,
Al(III), Fe(III), Ti(IV), and Zr(IV), exhibit ligand sorption
properties through formation of inner-sphere complexes
(1-7). Of them, hydrated iron(III) oxide or HFO is innocuous,
inexpensive, readily available, and chemically stable over a
wide pH range. Many previous studies confirmed that iron-
(III) oxides have high sorption affinity toward both As(V) or
arsenates and As(III) or arsenites, which are Lewis bases (i.e.,
electron pair donors). Their selective sorption onto HFO
particles results from ligand exchange in the coordination
spheres of structural Fe atoms. Recent investigations using
extended X-ray absorption fine structure (EXAFS) spectros-
copy confirmed that As(III) and As(V) are selectively bound
to the oxide surface through coordinate bonding (8). Table
1 shows the major As(V) and As(III) species at slightly above-
and below-neutral pH values and also highlights their ligand
characteristics (i.e., electron-donating ability). Removal of
dissolved arsenic from naturally contaminated groundwater
essentially involves selective separation of As(V) and As(III)
oxyanions or oxyacids from the background of other elec-
trolytes or competing species. Compared to crystalline forms
of iron(III) oxides (namely, goethite, hematite, and magne-
tite), amorphous iron oxides have highest surface area per
unit mass. Since sorption sites reside primarily on the surface,
amorphous iron oxides (referred to as hydrated iron(IIII)
oxides or HFO) offer the highest sorption capacity on a mass
basis (7, 9).

The sizes of freshly precipitated amorphous HFO particles
were found to vary between 20 and 100 nm. Despite high
arsenic removal capacity, such fine submicron particles and
their aggregates are unusable in fixed beds or any flow-
through systems because of excessive pressure drops and
poor mechanical strength. To overcome the foregoing
problems, we dispersed HFO nanoparticles within a macro-
porous polymeric cation exchanger in a previous study and
used the resulting hybrid material for arsenic removal (10,
11). Alginate has been used as host materials to support HFO
nanoparticles; zeolite, activated carbon, and chitoson also
qualify as potential host materials (12, 13). All the foregoing
support materials including cation exchangers have charged
surface functional groups to a varying degree. Also, the
charged groups are fixed on the solid phase (i.e., they cannot
permeate or diffuse into the aqueous phase). The role of
these surface functional groups of the host materials and
more specifically, the Donnan membrane effect resulting
from them, has not been taken into consideration in previous
studies for relative sorption of target solutes. The general
objective of the present study is to show how the fixed surface
charge of the host material and, more specifically, Donnan
co-ion exclusion effect influences the arsenic sorption
behaviors of HFO nanoparticles.

Donnan Membrane Equilibrium and Co-Ion Exclusion
Effect. The Donnan membrane principle is essentially an
extension of the second law of thermodynamics, but it deals
specifically with completely ionized electrolytes in a het-
erogeneous system (14, 15). To make the illustration more
relevant to the subject of arsenic removal, consider mono-
sodium arsenate (NaH2AsO4), a completely ionized 1-1
electrolyte in water:

For a membrane that is completely permeable to both Na+
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and H2AsO4
-, the Donnan membrane principle provides the

following equality at equilibrium considering ideality:

where subscripts “L” and “R” refer to the solution at the
left-hand and right-hand side of the membrane, respectively,
and [ ] represents molar concentration or activity under ideal
condition. If sodium arsenate is the only electrolyte present
in the solution phase and the volume on either side of the
membrane is the same (say 1.0 L), the constraint from
electroneutrality requires that

Thus,

The above equality is understandably trivial, as shown in
Figure 1 (case I). The distribution of H2AsO4

- on both sides
of the membrane is however greatly altered in the presence
of an impermeable cation or anion. Consider the illustration
in case II where the salt NaR is initially present on the left-
hand side of the membrane at 1.0 M concentration. The
resulting anion (R-) cannot however permeate through the
membrane. All other conditions are essentially the same as
in case I (i.e., the membrane is completely permeable to
both Na+ and H2AsO4

- and the initial concentration of NaH2-
AsO4 on the right-hand side is 0.01 M. At equilibrium, the
equality stated in eq 1 will hold even in the presence of non-
permeating R-. Hence, Na+ and H2AsO4

- will redistribute to
arrive at the following equilibrium condition:

Note that the monovalent arsenate concentration on the left-
hand side of the membrane, [H2AsO4

-]L, is nearly 2 orders
of magnitude lower than [H2AsO4

-]R. Although the membrane
is permeable to Na+ and H2AsO4

-, the presence of electro-
lytically dissociated NaR at high concentration suppresses
the permeability of H2AsO4

- in one direction. This phenom-
enon is known as Donnan co-ion exclusion effect and does
not result from Coulombic or electrostatic interaction. The
derivation of eq 4 (and also eq 5 later) can be readily followed
by consulting the recently published English translation of

Donnan’s original paper (14, 15). It is assumed that the
volume on each side of the membrane is not altered by
osmosis. Should HFO particles be now added to the solutions
on both sides of the membrane at equilibrium, arsenic
sorption capacity in the left-hand side would be relatively
low due to significantly lower aqueous-phase arsenic con-
centration caused by the presence of non-permeating R-.

The illustration in case III (Figure 1) is, in principle, similar
to case II except that the non-permeating ion (R+) is a cation.

TABLE 1. Oxyacids and Conjugate Anions of As(V) and As(III)

FIGURE 1. Depiction of three specific cases presenting the Donnan
distribution of arsenate (H2AsO4

-) when the membrane is permeable
to (case I) all the ions; (case II) all the ions except R-; and (case
III) all the ions except R+.
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The relative distribution of Na+, Cl-, and H2AsO4
- in both

sides of the membrane, after necessary calculations, stands
as follows at equilibrium:

Note that contrary to case II, arsenic concentration in the
left-hand side, [H2AsO4

-]L, is nearly 2 orders of magnitude
greater than [H2AsO4

-]R. The addition of HFO particles in the
LHS of the membrane will therefore offer very high sorption
capacity due to an enhanced arsenic concentration at
equilibrium. The chloride concentration is also enhanced in
the left-hand side of the membrane, but HFO particles have
negligible sorption affinity for chloride anions. It is note-
worthy that the conditions leading to the Donnan membrane
equilibrium do not arise from the physical existence of a
semipermeable membrane but from the inability of an ion
to diffuse out from one phase in a heterogeneous system. In
comparison, the osmotic membrane equilibrium results from
the presence of a membrane permeable only to the solvent
separating two solutions.

Conceptually, eqs 4 and 5 provide meaningful guidelines
toward formulating hybrid sorbents based on the Donnan
membrane principle. If HFO particles are dispersed within
a solid phase containing a high concentration of fixed (non-
diffusing) R+ groups, HFO will offer high arsenic(V) removal
capacity. On the contrary, arsenic removal capacity of HFO
particles will be greatly suppressed when dispersed within
a solid phase with fixed R- groups. In principle, a strong-
base polymeric anion exchanger is essentially a solid phase
containing positively charged fixed quaternary ammonium
functional groups while a strong-acid polymeric cation
exchanger is a solid phase with negatively charged sulfonic
acid functional groups. The specific objective of the proposed
study is to experimentally validate that a hybrid anion
exchanger (HAIX) dispersed with HFO nanoparticles offers
significantly greater arsenic removal capacity than a hybrid
cation exchanger (HCIX), all other conditions remaining
identical. Also, experimental data pertaining to regenerability
and removal of other contaminants by HAIX will be presented.

Experimental Section
Preparation of Hybrid Ion Exchangers. Table 2 includes
the salient properties of the commercially available cation

exchanger and anion exchanger used for preparation of the
hybrid sorbent materials. However, no endorsement is
implied; similar exchangers are also available from other
manufacturers. The preparation of the hybrid cation ex-
changer or HCIX consisted of the following three steps: first,
loading of Fe(III) onto the sulfonic acid sites of the cation
exchanger by passing 4% FeCl3 solution at an approximate
pH of 2.0; second, desorption of Fe(III) and simultaneous
precipitation of iron(III) hydroxides within the gel phase of
the exchanger through passage of a solution containing both
NaCl and NaOH, each at 5% w/v concentration; and third,
rinsing and washing with a 50/50 ethanol-water solution
followed by a mild thermal treatment (50-60 °C) for 60 min.

Figure 2 depicts the major steps of the process. Additional
information is available elsewhere (10). Hybrid anion ex-
changers were prepared through a slightly modified pro-
prietary technique (16). Total iron contents of the hybrid
exchangers were determined following 24-h digestion in two
successive steps with 10% sulfuric acid.

Figure 3A shows gel-type HAIX particles; note that the
spherical geometry is retained after processing. Figure 3B,C
shows the scanning electron microphotographs (SEMs) of
sliced parent anion exchanger bead and the hybrid material
after HFO dispersion. Since gel-type exchangers do not
possess any separate pore structure, no distinction can be
made between these two particles even at high magnification.
However, the hybrid particles develop a deep brown color
due to the presence of HFO.

Fixed-bed column runs were carried out using glass
columns (11 mm in diameter), constant-flow stainless steel
pumps, and an ISCO fraction collector. The ratio of column
diameter to exchanger bead diameter was approximately
20:1; earlier work on chromate and phosphate removals with
similar setups showed no premature leakage due to wall
effects under identical conditions (17, 18). The superficial
liquid velocity (SLV) and the empty bed contact time (EBCT)
were recorded for each column run. For As(III) column runs,
nitrogen gas was continuously sparged to guarantee that no
As(III) was oxidized to As(V). Independent analyses of feed
samples at various stages of the column run confirmed the
same.

TABLE 2. Polymeric Ion Exchangers as Host Materials

[Na+]R

[Na+]L

)
[Cl-]L

[Cl-]R

)
[H2AsO4

-]L

[H2AsO4
-]R

) 101
1

(5)

FIGURE 2. Illustration of the three-step procedure to disperse HFO
nanoparticles inside spherical cation exchanger beads.
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Exhausted HAIX beads following lengthy column runs
were regenerated using 2% NaOH and 3% NaCl solution.
Following regeneration, the bed was rinsed with carbon
dioxide sparged water for about 10-15 bed vol.

Chemical Analyses. Chloride and sulfate were analyzed
using a Dionex ion chromatograph (model DX-120 IC).
Bicarbonate or inorganic carbon was determined using a
Shimadzu carbon analyzer (model 5050A). Particle size
analysis of the HIX beads was carried out using a Beckman/
Coulter LS 100Q particle counter with a binocular optical
system.

Total dissolved arsenic analyses of samples were carried
out using a Perkin-Elmer atomic absorption spectropho-
tometer (AAS) with graphite furnace accessories (model
SIMAA 6000) and an electrodeless discharge lamp (EDL).
Filtration of samples through 0.4-µm filters and subsequent
analyses confirmed that arsenic during fixed-bed column
run was present only in the dissolved state.

For analyses of As(V) and As(III), they were first separated
at pH near 4.0 using a strong-base anion exchange resin in
accordance with the technique developed by Ficklin (19)
and Clifford et al. (20). Total arsenic was determined from
the original sample, As(III) was determined from the sample
collected at the exit of the anion exchange column, and
As(V) was determined by the difference. The technique was
validated by using samples of known As(III) and As(V)
concentrations.

Experimental Results
Hybrid Ion Exchangers: Cation versus Anion. Two separate
column runs were carried out with similar influent solutions
and under identical hydrodynamic conditions. In both cases,
As(V) or arsenate was a trace species as compared to other
competing electrolytes (namely, sulfate, chloride, and bi-
carbonate anions). Gel-type hybrid cation exchanger (HCIX-
G) and gel-type hybrid anion exchanger (HAIX-G) were the
sorbents used for the fixed-bed column runs. Their general
characteristics are summarized in Table 3.

Figure 4 shows comparison of As(V) effluent histories
between the two column runs; the marked difference in the
performance of the two sorbents is quite apparent. Note that
despite greater HFO content, HCIX-G was essentially unable
to remove As(V), which broke through almost immediately
after the start of the column run. On the contrary, HAIG-G

with HFO nanoparticles dispersed within an anion exchanger
showed excellent arsenic removal capacity. Only 10% of
arsenic breakthrough occurred after nearly 10 000 bed vol.

It is worth noting that after 16 000 bed vol, As(V)
concentration in the effluent first dropped rapidly and then
rose again. The column run was deliberately interrupted for
48 h slightly after 16 000 bed vol of influent were fed. The
sharp decrease in arsenic concentration in the effluent
occurred immediately after the re-start of the column run.
Such a significant drop in arsenic concentration after the
interruption suggests that the sorption of arsenic is controlled
by intraparticle diffusion within the hybrid particle (17, 18).
However, any elaborate discussion on sorption kinetics is
avoided in this paper.

Parent Anion Exchanger versus HAIX. At near-neutral
pH, arsenate or As(V) exists in the aqueous phase as a mono-
or divalent anion. Previous studies and field trials used
macroporous anion exchangers for removal of As(V) (21).
However, arsenic removal capacity is greatly reduced in the
presence of competing anions, especially by divalent sulfate
ions. Figure 5 shows As(V) effluent histories for two separate
column runs using two different sorbent materials, namely,
a commercially available anion exchanger (IRA-900, Rohm
and Haas Co., Philadelphia, PA) and the hybrid anion

FIGURE 3. (A) Photographs of HAIX-G beads (20×), scanning electron microphotograph (SEM) of a sliced (B) parent anion exchanger-gel
bead (20,000×), and (C) HAIX-G bead (20,000×).

TABLE 3. Ion Exchanger Supported HFO Particles

designation
type of ion
exchanger

pore
structure functional group matrix source

Fe loading
(mg of Fe/g)

HCIX-G cation gel sulfonate (SO3
-) styrene-divinylbenzene Purolite C-100, Philadelphia 70

HAIX-G anion gel quaternary ammonium
(R4N)+

styrene-divinylbenzene Purolite A-400, Philadelphia 60

FIGURE 4. Comparison of As(V) effluent histories between HCIX
and HAIX for two separate column runs under otherwise identical
conditions.
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exchanger (HAIX-M) after dispersing HFO within the anion
exchanger. It can be readily inferred that the arsenic removal
capacity of the parent anion exchanger is greatly enhanced
after the dispersion of the HFO nanoparticles.

Note that for the IRA-900 column run, arsenic concentra-
tion in the treated water exceeded its influent concentration
after breakthrough. This resulted from the chromatographic
elution effect caused by higher sulfate selectivity for IRA-900
over arsenate.

Efficiency of Regeneration and Reusability. Following
several trials, a mixture of brine and sodium hydroxide was
found to be an efficient regenerant for HAIX sorbed with
arsenate. Figure 6 shows the concentration profile of arsenic
during desorption with 2% NaOH and 3% NaCl. Note that
95% arsenic recovery is achieved in 15 bed vol.

It is recognized that any significant loss of HFO nano-
particles from the hybrid ion exchanger during lengthy
column runs would adversely affect the reusability of the
material. Figure 7 shows total iron concentration at the exit
of the fixed-bed column for nearly 15 000 bed vol. Although
there is no specific trend, total iron concentration in the
treated water never exceeded 5 µg/L.

With aging and changes in environmental condition,
amorphous HFO nanoparticles may get transformed into
crystalline forms, namely, goethite, hematite, or magnetite.
However, X-ray diffractograms (XRDs) for sliced HAIX beads
after prolonged usage did not show any noticeable increase
in the crystalline forms of iron oxide particles.

Simultaneous Removal of Percholorate and Arsenate.
Both perchlorate (ClO4

-) and arsenate (H2AsO4
- or HAsO4

2-)
exist as anions in the aqueous phase; however, their chemical
characteristics are very different. While perchlorate is a
hydrophobic anion with poor ligand characteristic, arsenate
is a fairly strong ligand. Several groundwater sources in the
western states of the United States are contaminated with
trace concentrations of both arsenic and perchlorate. Figure
8A shows the effluent histories of both perchlorate and arsenic
for an HAIX column run using simulated groundwater. For
nearly 10 000 bed vol, both arsenic and perchlorate were
completely removed. The parent strong-base anion exchange

FIGURE 5. Comparison of As(V) effluent histories between a strong-
base anion exchanger (IRA-900) and HAIX under identical conditions.

FIGURE 6. Dissolved arsenic concentration profile during desorption
of HAIX using 2% NaOH and 3% NaCl as the regenerant.

FIGURE 7. Dissolved iron leakage during a lengthy column run in
the absence of oxygen in the feed.

FIGURE 8. (A) Effluent histories of arsenic and perchlorate during
fixed-bed column run with HAIX. (B) Effluent histories of arsenic
and perchlorate during a fixed-bed column run using granulated
ferric hydroxide (GFH) sorbent.
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resin was unable to remove arsenic as already demonstrated
in Figure 5. For comparison, simultaneous removal of
perchlorate and arsenic was also examined independently
for one commercially available iron oxide based sorbent
media (namely, granular ferric hydroxide or GFH) purchased
from US Filter Co. Figure 8B presents effluent concentration
profiles of perchlorate and arsenic through a GFH column.
Note that GFH was unable to remove perchlorate. However,
arsenic removal was quite satisfactory with GFH.

As(III) in the Feed. Figure 9A provides As(III) effluent
history for an HAIX column run with 100 µg/L As(III) in the
feed; the complete influent composition is also provided in
the same figure. Nitrogen was continuously sparged in the
influent storage tank to eliminate any possible As(III)
oxidation to As(V). At near-neutral pH, As(III) is non-ionized
(i.e., it exists as HAsO2). Previous studies (22, 23) demonstrated
that, during fixed-bed column runs with plug flow config-
uration, HFO particles can partially oxidize As(III) to As(V)
at neutral pH. Figure 9B shows both As(V) and As(III)
concentrations from 9000 bed vol onward for the same
column run after arsenic has broken through. The results
confirm that As(V) is partially produced within the column.
Anion exchanger as a support material for HFO nanoparticles
is thus beneficial because it enhances permeation of arsenate
into the polymer phase as demonstrated earlier.

Discussion
Donnan membrane processes, also referred to as Donnan
dialysis, have been successfully applied in many chemical
processes including selective separation of toxic ions (24-
26). Recently, alum and Fe(III) coagulant have been recovered
in high purity from water treatment plant residuals using

DuPont’s Nafion cation exchange membrane with no signs
of noticeable membrane fouling (27-29). However, according
to the information in the open literature, preparation and
development of a highly selective hybrid sorbent based on
the Donnan membrane principle has not been reported to
date. Results of Figures 4 and 5 clearly demonstrate how the
Donnan effect resulting from the polymer support materials
can greatly influence the sorption behaviors of HFO particles
and enhance the arsenic removal performance.

To elucidate the lack of arsenic removal capacity of the
hybrid cation exchanger or HCIX, let us consider a typical
cation exchanger bead of 0.5 mm or 500 µm diameter (dp).

Considering a bead density (Fb) of 1100 kg/m3, the mass
(m) of a single bead is

The estimated capacity of C-100 cation-exchange resin is
q ) 4.0 equiv/kg. Then, the number of fixed negative charges
(Ne) in a single bead is

where 6.02 × 1023 is the Avogadro’s number.
Thus, inside a tiny 500 µm cation exchange bead, there

remain 1.73 × 1017 number of covalently attached sulfonic
acid groups with negative charges that cannot permeate from
the exchanger phase to the aqueous phase. Comparing this
situation with case II scenario of Figure 1, it may be readily
inferred that monovalent and divalent arsenate will be
completely rejected from permeating into the polymer phase
due to the Donnan exclusion effect. HFO nanoparticles
dispersed inside the cation exchanger are thus inaccessible
to arsenate. That is why HCIX did not show any arsenic
removal capacity for the column run presented in Figure 4.
It is worth mentioning that activated carbon, zeolite, alginate,
etc. also contain significant concentration of negatively
charged functional groups, namely, carboxylate and alumino
silicate. These substrates may be easily dispersed with HFO
nanoparticles, but arsenic removal capacity will not be fully
attained due to Donnan exclusion effect. In a previous study,
alginate loaded with HFO showed poor arsenic removal
capacity during fixed-bed column runs (13).

On the other hand, polymeric anion exchanger is an
excellent substrate because it allows enhanced permeation
of anions within the polymer phase due to its high concen-
trations of fixed positive charges. Figure 10 provides a
schematic illustrating the difference between cation and
anion exchanger as substrate materials. Note that both cation
and anion exchanger beads are electrically neutral. Elec-
trostatic repulsion/attraction is not the underlying reason
for the difference in permeation of arsenate into the polymer
phase. The presence of high concentration of non-diffusing
fixed charges (R+ or R-) in the polymer phase acts as a highly
permeable or impermeable interface for arsenate, thus
influencing its sorption onto HFO particles embedded in the
polymer phase.

HAIX has two distinctly different binding sites within the
polymer phase: first, covalently attached quaternary am-
monium functional groups with high affinity toward hydro-
phobic anions such as perchlorate and second, surface
hydroxyl groups of HFO with high affinity toward ligands
such as arsenites and arsenates. These two classes of sorption
sites are also independent of each other. During the column
run in Figure 8, quaternary ammonium groups were re-
sponsible for selective sorption of perchlorate ions while HFO
surface groups led to the binding of arsenate through
formation of inner-sphere complexes. Also, the HFO nano-

FIGURE 9. (A) Arsenic effluent history during a fixed-bed column
run with an influent containing only As(III) or arsenite. (B) As(III)
and As(V) concentrations in the treated water for the column run
in Figure 10A beyond 9000 bed vol.

m )
πdp

3

6
Fb ) 7.2 × 10-5 g

Ne ) qm
1000

× 6.02 × 1023 ) 1.73 × 1017 charges
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particles are considered to be a weak diprotic acid with the
following two dissociation constants (30):

where the overbar represents the solid phase.
Figure 11 illustrates the distribution of the three surface

functional groups of HFO (e.g., FeOH2
+, FeOH, and FeO-)

with respect to pH. Note that in the pH range of 4.0-9.0,
ligands (i.e., Lewis bases such as arsenates and arsenites) get
selectively sorbed through the formation of inner-sphere
complexes (31). Other ions present in the solution (e.g.,
chloride, sulfate, bicarbonate) form only outer-sphere com-
plexes through electrostatic interactions and yield poor
sorption affinities. At pH greater than 11.0, negatively charged

FeO- is the predominant surface functional group, thus
rejecting all anions including arsenites and arsenates. That
is why arsenic desorption with caustic soda and brine solution
is very efficient as demonstrated in the results of Figure 6.
Selective arsenic binding through Lewis acid-base interac-

tions onto other transition metals (namely, ion exchanger
supported Cu(II)) is also possible and has been reported
earlier (32). Last but not least, polymer or zeolite supported
metal oxide/metal nanoparticles are finding wider applica-
tions in catalysis, bioseparation, drug delivery, and envi-
ronmental remediation (33-35). Donnan membrane effect
caused by the host materials may play a significant role in
determining the effectiveness of the hybrid materials for
intended applications.

Acknowledgments
The project was financed in part by a grant from the
Commonwealth of Pennsylvania through the Pennsylvania
Infrastructure Technology Alliance (PITA). Additional support
from the U.S. EPA (Grants R82-8163 and RD-83143001) and
the National Science Foundation (INT-0217830) are also
gratefully acknowledged. We are also thankful to Ping Li for
his assistance in preparing the illustrations.

Literature Cited
(1) Gao, Y.; SenGupta, A. K.; Simpson, D. A new hybrid inorganic

sorbent for heavy metals removal. Water Res. 1995, 29 (9), 2195-
2205.

FIGURE 10. Schematic illustrating (A) enhanced permeation of anions into the hybrid sorbent in the presence of non-diffusible cations
(anion exchanger) and (B) exclusion of anions from the hybrid sorbent in the presence of non-diffusible anions (cation exchanger).

FIGURE 11. Distribution of surface functional groups of HFO particles (symbols with overbars) with pH and predominant sorption/desorption
mechanisms for arsenites and arsenates at different pH values.

FeOH2
+ T H+ + FeOH pKa1 ) 6.5 (6)

FeOH T H+ + FeO- pKa2 ) 9.0 (7)

6514 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 39, NO. 17, 2005



(2) Suzuki, T. M.; Bomani, J. O.; Matsunaga, H.; Yokoyama, Y.
Preparation of porous resin loaded with crystalline hydrous
zirconium oxide and its application to the removal of arsenic.
React. Funct. Polym. 2000, 43, 165-172.

(3) Dutta, P. K.; Ray, A. K.; Sharma, V. K.; Millero, F. J. Adsorption
of arsenate and arsenite on titanium dioxide suspensions. J.
Colloid Interface Sci. 2004, 278, 270-275.

(4) Yuchi, A.; Ogiso, A.; Muranaka, S.; Niwa, T. Preconcentration
of phosphate and arsenate at sub-ng ml-1 level with a chelating
polymer-gel loaded with zirconium(IV). Anal. Chim. Acta 2003,
494, 81-86.

(5) Pierce, M. L.; Moore, C. B. Adsorption of As(III) and As(V) on
amorphous iron hydroxide. Water Res. 1982, 6, 1247.

(6) Ghosh, M. M.; Yuan, J. R. Adsorption of inorganic arsenic and
organicoarsenicals on hydrous oxides. Environ. Prog. 1987, 3,
150-157.

(7) Jang, J.-H. Surface chemistry of hydrous ferric oxide and hematite
as based on their reactions with Fe(II) and U(VI). Ph.D.
Dissertation, The Pennsylvania State University, 2004.

(8) Manning, B. A.; Fendorf, S. E.; Goldberg, S. Surface structures
and stability of As(III) on goethite: spectroscopic evidence for
inner-sphere complexes. Environ. Sci. Technol. 1998, 32, 16,
2383-2388.

(9) Dixit, S.; Hering, J. G. Comparison of arsenic(V) and arsenic(III)
sorption onto iron oxide minerals: implications for arsenic
mobility. Environ. Sci. Technol. 2003, 37, 4182-4189.

(10) DeMarco, M. J.; SenGupta, A. K.; Greenleaf, J. E. Arsenic removal
using a polymeric/hybrid inorganic hybrid sorbent. Water Res.
2003, 37, 164-176.

(11) Cumbal, L.; Greenleaf, J.; Leun, D.; SenGupta, A. K. Polymer
supported inorganic nanoparticles: characterization and en-
vironmental applications. React. Funct. Polym. 2003, 54, 167-
180.

(12) Min, J. M.; Hering, J. Arsenate sorption by Fe(III)-doped alginate
gels. Water Res. 1998, 32, 1544-1552.

(13) Zouboulis, A. I.; Katsoyiannis, I. A. Arsenic removal using iron
oxide loaded alginate beads. Ind. Eng. Chem. Res. 2002, 41,
6149-6155.

(14) Donnan, F. G. Theory of membrane equlibria and membrane
potentials in the presence of non-dialysing electrolytes. A
contribution to physical-chemical physiology. J. Membr. Sci.
1995, 100, 45-55.

(15) Donnan, F. G. Z. Electrochem. Angelwandtle Phys. Chem. 1911,
No. 17572-581.

(16) Cumbal, L. Ph.D. Dissertation. Department of Civil and
Environmental Engineering. Polymer Supported Inorganic
Nanoparticles. Lehigh University, Bethlehem, PA, 2004.

(17) Zhao, D.; SenGupta, A. K. Ultimate removal of phosphate using
a new class of anion exchanger. Water Res. 1998, 32, 1613-
1625.

(18) Li, P.; SenGupta, A. K. Intraparticle diffusion during selective
ion exchange with a macroporous exchanger. React. Funct.
Polym. 2000, 44, 273-287.

(19) Ficklin, W. Separation of As(III) and As(V) in groundwaters by
ion exchange. Talanta 1983, 30, 371.

(20) Clifford, D.; Ceber, L.; Chow, S. As(III)/As(V) separation by
chloride-form by ion-exchange resins. In Proceedings of the
AWWA WQTC, Norfolk, VA, 1983.

(21) Chwirka, J. D.; Thompson, B. M.; Stomp, J. M. Removing arsenic
from groundwater. J. Am. Water Works Assoc. 2000, 92, 79-88.

(22) Greenleaf, J. E.; Cumbal, L.; Staina, I.; SenGupta, A. K. Abiotic
As(III) oxidation by hydrated Fe(III) oxide (HFO) microparticles
in a plug flow columnar configuration. Trans. 1nst. Chem. Eng.
B 2003, 81 (3), 87-98.

(23) Greenleaf, J. E. Mechanism of arsenic removal with hybrid ion
exchanger. M.S. Thesis, Lehigh University, Bethlehem, PA, 2003.

(24) Wallace, R. M. Concentration and separation of ions by Donnan
membrane equilibrium. Ind. Eng. Chem., Process Des. Dev. 1967,
6 (4), 423-431.

(25) Cox, J. A.; Denunzio, J. E. Donnan dialysis enrichment of cations.
Anal. Chem. 1977, 49 (8), 1272-1275.

(26) Sudoh, M., Kamei, H., Nakamura, S. Donnan dialysis concen-
tration of cupric ions. J. Chem. Eng. J. 1987, 20 (1), 34-40.

(27) Prakash, P.; SenGupta, A. K. Selective coagulant recovery from
water treatment plant residuals using Donnan membrane
process. Environ. Sci. Technol. 2003, 37 (20), 4468-4474.

(28) Prakash, P.; SenGupta, A. K. Modeling Al3+/H+ ion transport in
Donnan membrane process for coagulant recovery. AIChE J.
2005, 51 (1), 333-344.

(29) SenGupta, A. K.; Prakash, P. Process for selective coagulant
recovery from water treatment plant sludge. United States Patent
6,495,047, 2002.

(30) Stumm, W.; Morgan, J. J. Aquatic Chemistry: Chemical Equilibria
and Rates in Natural Waters; Wiley-Interscience: New York,
1996.

(31) Dzombak, D. A.; Morel, F. M. M. Surface Complexation Modeling:
Hydrous Ferric Oxide; Wiley: New York, 1990.

(32) Ramana, A.; SenGupta, A. K. Removing selenium(IV) and arsenic-
(V) oxyanions with tailored chelating polymers. J. Environ. Eng.
1992, 118 (5). 755-775.

(33) Bandini, M.; Fagioli, M.; Melloni, A.; Umani-Ronchi, A. Polymer-
supported indium Lewis acid. Adv. Synth. Catal. 2004, 346 (5),
573-578.

(34) Tamami, B.; Yageneh, H. Preparation and applications of a
polymer supported peroxotungstate complex as a novel poly-
meric oxidizing agent. React. Funct. Polym. 2002, 50, 101-106.

(35) Mayer, D.; Wood, K.; Bachas, L. G.; Bhattacharyya, D. Degrada-
tion of chlorinated organics by membrane-immobilized nano-
sized metals. Environ. Prog. 2004, 23 (3), 232-242.

Received for review January 26, 2005. Revised manuscript
received April 13, 2005. Accepted May 1, 2005.

ES050175E

VOL. 39, NO. 17, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 6515


