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Hydroxyapatite (HAP) has been widely used to immobilize
many cationic heavy metals in water and soils. Compared with
its strong sorption for metal cations, the abilities of HAP to
sorb metal anions, such as arsenic, are less significant. Improving
HAP sorption for anionic arsenic species is important for
expanding its application potential because the presence of
arsenic in the environment has raised serious health concerns
and there is need for cost-effective remediation methods. In
this work, we report an innovative method of copper doping to
improve a synthetic HAP sorption for arsenate, which is a
primary aqueous arsenic species, in simulated groundwaters.
The undoped HAP and copper doped HAP (CuHAP) were
characterized with XRD, FTIR, N, adsorption, and SEM, and
then evaluated as sorbents for arsenate removal tests. The
experimental results suggest that copper doping changed the
morphology and increased the surface area of HAP. The
CuHAP sorbed 1.6—9.1x more arsenate than the undoped
HAP did in a simulated groundwater at pH of 7.7—8.0. The
improved arsenate sorption is presumably due to the increase
in surface area of HAP as a result of copper doping. In
addition to the copper doping level, the arsenate sorption to
HAP and CuHAP can also be increased with increasing water
pH and calcium concentration. The experimental data

indicate that sorbent dissolution is an important factor governing
arsenate sorption to HAP and CuHAP.

Introduction

Hydroxyapatite [HAP, Ca;o(PO4)s(OH),], which is the principle
component of biological hard tissues and phosphate mineral
rocks, has been long recognized as an excellent sorbent for
many divalent metal cations (I—5). Because HAP is inex-
pensive, effective for a variety of metals, and readily available
in the natural environment (1—5), it has been widely used
to immobilize a wide range of heavy metals in water and
soils, including lead, cadmium, zinc, uranium, copper, and
nickel (6—9). The stabilization mechanisms of these heavy
metals on HAP include ion-exchange, surface complexation,
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coprecipitation, and dissolution—precipitation, with disso-
lution—precipitation dominating in the immobilization of
lead and uranium (3, 4, 9—15). Compared with its strong
sorption for metal cations, the ability of HAP to sorb metal
anions, such as arsenic, is less significant (5, 16). Improving
HAP sorption for anionic arsenic species is important for
expanding its application potential because the presence of
arsenic in the environment has raised serious health concerns
and there is need for cost-effective remediation methods
(17—19).

Arsenic pollution in groundwater, for example, is an issue
of concern in many countries throughout the world. Studies
have shown that there are over 100 million people in the
world who are consuming groundwater with arsenic con-
centration up to 10x higher than the World Health Orga-
nization regulated safe level (17). Traditional technologies
for arsenic remediation in groundwater include pump-and-
treat methods and in situ treating the contaminated water
with reactive materials such as zerovalent iron (ZVI)
(6, 19—23). The in situ method is preferred because of its low
costs for operation and maintenance (6, 20). As a matter of
fact, the remediation expense is a major factor confining the
application of a technology in addition to the effectiveness
because many arsenic-associated calamities occur in un-
derdeveloped countries (17—19). Compared with ZVI and
many other arsenic-sorption media (e.g., granular activated
carbon (GAQ), activated alumina, and other iron compounds),
HAP is less expensive and has been utilized in practice for
in situ immobilization of many other heavy metals in
groundwater (6, 8, 9). Therefore, HAP can be an economically
and practically benign candidate for in situ remediation of
arsenic in groundwater, provided that its sorption efficiency
for arsenic is satisfactory.

Arsenic exists in water primarily as trivalent arsenite and
pentavalent arsenate, with arsenate prevailing in many
groundwater systems (18). The mechanisms responsible for
the limited arsenate sorption to HAP include ion-exchange
(Reaction A1) and adsorption (Reactions A2 and A3) (24, 25).
Hence, the arsenate sorption to HAP could be improved by
(i) replacing phosphate by another functional group that
can be more easily substituted by arsenate, or (ii) replacing
calcium with another cationic element that has a stronger
affinity for arsenate. The element substitution in HAP lattices
can be achieved through a doping technique, which is a
technique of adding impurities to nanostructures, to modify
their physical—chemical properties (24, 26—28). A previous
study shows that doping silicate on a biogenic HAP surface
increased the ion-exchangeability of the HAP for arsenate,
thus resulting in a significant increase in arsenate removal
from geothermal water (24). However, few studies have been
performed on how the substitution of calcium by another
metal cation affects HAP sorption for arsenic in groundwater.

=HAP-PO] + AsO} = =HAP-AsO + PO} (Al)
=HAP-Ca’" + AsO}” = =HAP-Ca’'-0AsO}”  (A2)

=HAP-H' + AsO}” = =HAP-H'-0AsO3~ (A3)

In this work, we report to improve the sorption efficiency
of a synthetic HAP for arsenate in simulated groundwaters
by copper doping. We hypothesize that copper doping can
improve HAP sorption for arsenate because copper has a
stronger affinity for arsenate than calcium (29). The sorptions
of arsenate to the undoped HAP and copper-doped HAP
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TABLE 1. Chemical Compositions of the SGW and NBS Used in
Batch Arsenate Sorption Experiments

chemical SGW NBS
pH 8.0 8.4
calcium 100 mg/L 0 mg/L
magnesium 19.2 mg/L 0 mg/L
sodium 46 mg/L 46 mg/L
carbonate 120 mg/L 120 mg/L
chloride 243 mg/L 177.5 mg/L

(CuHAP) in simulated groundwaters were tested. The effects
of the copper dopinglevel and water composition parameters,
including pH and calcium concentration, on arsenate sorp-
tion were examined. The mechanisms behind these observed
effects were discussed.

Materials and Methods

Chemicals. All chemicals used were analytical grade or better.
Milli-Q water with a resistivity of 18 Q-cm was used to prepare
all solutions. Sodium arsenate (Na,HAsO,:7H,0, 99%),
sodium bicarbonate (NaHCOs;, 99.5%), bDL-lactic acid
(CH;CHOHCOOH, 90%), and copper oxide (CuO, 99%) were
obtained from Sigma-Aldrich. Phosphoric acid (H;PO4, 85%),
calcium hydroxide (Ca(OH),, 98%), calcium chloride
(CaCl,*2H,0, 99%), and magnesium chloride (MgCl,*6H,0)
were from Fisher Scientific Inc.

Preparation of HAP and CuHAP. The HAP synthesis
method was adopted from Roeder et al. (30) with a slight
modification. Briefly, a solution that contains 0.1 M of lactic
acid and 0.03 M of phosphoric acid was first made. A certain
amount of Ca(OH), powder was then added to the premade
lactic—phosphoric acid solution to reach a Ca(OH), con-
centration of 0.05 M. The mixture was constantly stirred at
4 °C for about 2 h until the added Ca(OH), powder was
completely dissolved. The resulting solution was purged with
high purity N, for 10 min, and then transferred to a Teflon-
lined reaction vessel (Parr Instrument Co.). The reactant was
sealed and heated in an isotherm oven at 200 °C for 3 h, after
which the vessel was removed from the oven and allowed to
coolin air. After cooling, the HAP precipitates were collected
on filter paper (Whatman, No.5) followed by washing with
500 mL of Milli-Q water. The precipitates were then oven-
dried at 90 °C for 12 h.

The CuHAP was synthesized following a similar procedure
to that for HAP, except that a small amount of CuO was first
dissolved in the mixed solution oflactic acid and phosphoric
acid before the addition of Ca(OH), powder. The molar ratio
of Cu/Cu+Ca in the reactant (i.e., Xcu/cu+ca) ranged from
0.01 to 0.08, and the total concentration of Cu+Ca remained
0.05 M.

HAP and CuHAP Characterization. The synthesized HA
and CuHA were characterized for crystal structures, functional
groups, surface morphology, and surface area by a Scintag
XGEN-4000 X-ray diffractometer (Scintag Inc., Cupertino,
CA), an Illuminat Fourier transform infrared spectrometer
(SensIR Technologies, Danbury, CT), a LEO EVO 50 electron
microscope (Carl Zeiss SMT, Germany), and a Beckman
Coulter SA3100 surface area analyzer (Fullerton, CA), re-
spectively. The ¢ potential of HA and CuHA in different water
samples was determined using a BIC ZetaPlus ¢ potential
analyzer (BrookHaven Instruments Corporation, Holtsville,
NY).

Arsenate Sorption Experiments. Arsenate sorption ex-
periments were conducted in a simulated groundwater (SGW),
or in a NaHCOs-buffered solution (NBS). The chemical com-
positions of the SGW and NBS are presented in Table 1. The
SGW was used to study the effects of pH and initial arsenate
concentration on arsenate retention by HA and CuHA, while
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FIGURE 1. SEM image of synthesized HAP (a) and CuHAP at

Xeweu+ca Of 0.08 (b). Pictures were taken at EHT (Electrical High
Tension) voltage of 20 kV. Samples were sputter coated with gold.

the NBS was used to study the effect of calcium on arsenate
sorption. To avoid arsenate transformation to arsenite, both
SGW and NBS were filtered with a 0.2-um Gelman FP-Verical
membrane before aliquots of concentrated arsenate solution
(13.3 mM) were spiked into the obtained filtrates (31). The pH
of the arsenic-containing SGW or NBS was then adjusted to
desired values using concentrated HCI and/or NaOH prior to
arsenic spiking. The suspensions of HAP or CuHAP and the
arsenic-containing waters were mixed in the dark for 24 h, within
which the sorption of arsenate to HAP or CuHAP can reach
steady state (32). At the end of the reaction, the pHs of the
suspensions were measured and recorded, and the suspensions
were filtered through 0.45-xm PTEF syringe filters (Fisher). The
filtrates were analyzed for total arsenic, phosphorus, and copper
concentration with a Perkin-Elmer optima 2000 DV inductively
coupled plasma optical emission spectrometer (ICP-OES). The
detection limits of the ICP-OES for arsenic, copper, and
phosphorus were 25, 5, and 50 ug/L, respectively. The relative
standard deviation for each triplicate measurement of the same
sample was within 5% for arsenic and copper, and within 15%
for phosphorus. All sorption experiments were performed in
duplicates and the average is presented.

Results and Discussion

HAP and CuHAP Characterization. XRD and FTIR spectra
of HAP and CuHAP at various Xcy/cu+ca SUggest that copper
doping did not significantly affect the crystalline and surface
structure of HAP (see Figures S1, S2, and Table S1, of the
Supporting Information). These results are consistent with
aprevious report by Wakamura et al. (27). The copper doping,
however, resulted in a change of morphology and specific
surface area of HAP. Figure 1 displays the SEM images of
HAP and CuHAP. Without doping, the HAP particles were
needle-like whiskers, whereas after doping, the CuHAP
particles were spherical clusters. The BET surface area of
HAP and CuHAP at Xcu/cutca Of 0.01, 0.02, 0.03, 0.04, 0.05,
and 0.08 were determined to be 6.63, 29.0, 52.0, 53.7, 63.3,
73.3,77.5m?2/g, respectively. The BET surface area correlates
well with Xcycutrca With a linear correlation coefficient of
0.81. Since the ionic radius of divalent copper ion (Cu®*;
0.072 nm) is relatively smaller than that of calcium ion (Ca*;
0.100 nm), the substitution of calcium with copper could
form strains in the HAP lattice, causing an increased surface
area. The change of morphology and specific surface area of
HAP by copper doping implies that the sorption properties
of HAP for arsenate could also be changed.

Arsenate Sorption to HAP and CuHAP.

Arsenate Sorption Isotherms. Figure 2(a) presents the
sorption isotherms of arsenate to HAP and CuHAP in the
SGW. The initial arsenate concentration ranged from 2.16 to
12.8 uM. The sorption data were fitted with a linear sorption
equation (eq 1). The model fitted data are shown as solid
lines in Figure 2(a), and the resulting solid-water distribution
coefficients are presented in Table 2.

[As]
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= KylAs],q M



g 3

e .

[=} N N

L by YF18.5x+0.2

2 2 : : =0.98

o

g

~ !‘U

el

[

£ 1

(e}

172}

L

=

O : .

2 0 i

< 0 002 004 006 0.08 0.1

& 0.03

.e . .

g (d) 039x0

J v=0.039x+0.015
\ v =0.

g 0.027. . . I'2 9063 V .

g ]

e x® VVy .

o v v

g 0.01 R4

o

7]

L

[

[0} . .

12} 0

< 0 002 004 006 008 0.1

Aqueous arsenate concentration (uM) XCu /Cu+Ca

FIGURE 2. Sorption isotherms for arsenate to HAP (®) and CuHAP at X;,c,+ca of 0.01 (O), 0.02 (), 0.03 (m), 0.04 (»), 0.05 (O), and 0.08
(a) in the SGW (a). Correlation of Xgycuica With solid-water distribution coefficients (K;) obtained from the linear modeling of
arsenate sorption isotherms (b). Normalized arsenate sorption isotherms with the BET surface area of HAP and CuHAP at various
Xewcu+ca (c); symbols are same with (a). Correlation of Xg,cu+ca and Ky values obtained from the linear modeling of the normalized
arsenate sorption isotherms (d). Sorbent concentration, 0.3 g/L; mixing time, 24 h; pH, 7.7—8.0. Error bars represent the range of the
data for duplicate samples.

TABLE 2. Linear Sorption Isotherm Parameters for Arsenate Sorption to HAP and CuHAP in the SGW hefore and after Normalized

with the BET Surface Area of the Sorhent

sorbent Xeucutca” Xowcusrca™ BET surface area (m?/g)
HAP 0 0 6.63
CuHAP001 0.01 0.01 29.0
CuHAP002 0.02 0.03 52.0
CuHAPO003 0.03 0.03 53.7
CuHAPO004 0.04 0.06 63.3
CuHAP005 0.05 0.08 73.3
CuHAP008 0.08 0.08 77.5

[As]snrbed = Kl‘l ° [As]aq ([As]sorhed)/(SABET) = I{d * [As]aq
K; (L/g-sorbent) P K; (L/g-sorbent) P
0.14 0.84 0.022 0.84
0.39 0.94 0.013 0.94
0.62 0.96 0.012 0.96
0.80 0.97 0.015 0.97
0.95 0.95 0.015 0.95
1.0 0.95 0.014 0.95
1.7 0.97 0.022 0.97

2Molar ratio of Cu:(Cu+Ca) in the reactant for synthesizing HAP or CuHAP. ®Molar ratio of Cu:(Cu+Ca) in the
synthesized HAP or CuHAP powder. ¢ Data from one-time measurement.

where, [As]sobeq iS the amount of arsenic sorbed to HAP or
CuHAP, umol/g-sorbent; [As],q is the residual arsenate
concentration in SGW at sorption steady state, uM; and K,
is solid-water distribution coefficient, L/g-sorbent. For HAP,
the amount of arsenic sorbed ranged from 0.4 to 1.6 umol/
g-sorbent. The uptake of arsenic by CuHAP was 1.6—9.1x
higher than that observed for the undoped HAP. The amount
of arsenic sorbed to CuHAP increased with increasing the
copper doping level (Xcy/cu+ca)- For either HAP or CuHAP,
the sorption data fitted the linear sorption equation well
(Table 2). The solid-water distribution coefficients (Ky) for
HAP and CuHAP correlated well with Xy cu+ca, With a linear
correlation coefficient of 0.98 [Figure 2 (b)]. The experimental
results and model analyses suggest that copper doping
improved the sorption ability of HAP for arsenate in the SGW.
The observed improvement was hypothesized to be due to
three reasons: (i) copper doping increased the surface area
of HAP; (ii) copper doping increased the adsorption affinity
or ion exchangeability of HAP for arsenate; and (iii) copper
doping introduced the precipitation of CusAsO, on HAP
surface.

To elucidate how the surface area of HAP and CuHAP
affected arsenate sorption, we normalized the sorption data

shown in Figure 2(a) with the BET surface area of each sorbent
and re-established the sorption isotherms using the normal-
ized data. The results are presented in Figure 2(c). The
normalized arsenate sorption to the CuHAP appeared to be
lower than to HAP when Xcy/cutca ranged from 0.01 to 0.05.
When Xcu/cutca Was 0.08, the amount of arsenic sorbed to
unit area of CuHAP was similar to that of HAP. The normalized
sorption data also fitted the linear sorption equation well
(Table 2). Unlike the Ky values obtained from the unnor-
malized data, the normalized Kj values for HAP and CuHAP
no longer correlated with Xcy cutca [Figure 2(d)], implying
that the increase in surface area of HAP as a result of copper
doping is a major reason causing the improved arsenate
sorption. By increasing the surface area, copper doping could
also facilitate HAP dissolution (Reaction A4), resulting in a
decrease of sorbent mass and an elevated phosphate
concentration in the SGW. The decrease of sorbent mass
and increase of phosphate concentration in the SGW can
subsequently suppress arsenate sorption through common
ion effects and phosphate competition with arsenate for
adsorption sites (Reactions A1—A3, A5, and A6). Therefore,
the normalized sorption data can result in a lower Ky for
CuHAP than for HAP (Table 2). An evidence for phosphate
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FIGURE 3. Relation between sorbent surface area and the
amount of phosphorus released during arsenate sorption to HAP
and CuHAP in the SGW; filled circles (®) represent the
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435 (O), 6.26 (*), 8.81(v), 104 (0), 108 (A) uM. Sorbent
concentration, 0.3 g/L; mixing time, 24 h; pH, 7.7-8.0.

release under the experimental conditions is the detection
of elevated phosphorus concentration in water at the end of
the sorption experiments. As shown in Figure 3, the amount
of phosphorus released during arsenate sorption to HAP and
CuHAP is positively correlated with the BET surface area of
each sorbent. If the observed phosphorus release was
completely from the 1:1 ion-exchange of phosphate by
arsenate in the SGW (Reaction Al), then the phosphorus
released from unit area of sorbent should be equal to that
of arsenic sorbed. However, our experimental data show that
the phosphorus released from unit area of sorbent were
1.2—9.8 times higher the arsenic sorbed (see Figure S3 of the
Supporting Information), indicating that most of the phos-
phorus was released due to sorbent dissolution instead of
the phosphate-arsenate exchange on HAP or CuHAP surface.

Cay g Cuy,(PO,)g(OH), + 8H" —
101 — »Ca®" + 10xCu** + 6HPO, + 2H,0
0=<x<1 (A4)

=HAP-Ca’" + PO;” = =HAP-Ca’"-OPO3~  (A5)
=HAP-H' + PO}” = =HAP-H'-OPO}" (A6)

If copper doping did not increase the association affinity
or ion-exchangeability of HAP for arsenate, then the nor-
malized arsenate sorption to HAP and CuHAP should
decrease when Xc,cu+ca increased, since increasing copper
doping level can facilitate sorbent dissolution and subse-
quently inhibit arsenate sorption. However, our experimental
data show that the CuHAP with Xcy/cutca 0f 0.08 resulted in
the same normalized K value as HAP did, although the former
was more subjected to dissolution than the latter (Figure 3).
From Reaction A4, CuHAP dissolution can introduce Cu?* to
water in addition to phosphate species. Cu?* can also enter
the aqueous phase from CuHAP surface through the ion-
exchange by Ca?* and Mg ?* ions in the SGW (Reaction A7).
Itis possible that the released Cu?*" reacted with unhydrolyzed
arsenate (AsOi") in the SGW to form CuzAsO, precipitate
thus increased the apparent arsenic sorption. To verify this,
we examined the residual copper concentration in the SGW
at the end of the sorption experiments. The results confirm
that increasing the copper doping level can increase the
residual copper concentration in the SGW after arsenate
sorption (see Figure S4 of the Supporting Information). For
all CuHAP tested, the maximum residual copper concentra-
tion in the SGW was 0.72 uM. Due to the complexation of
Cu?* with carbonate and the hydrolysis of AsO}~ (see Table
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S2 of the Supporting Information), the ionic product of Cu**
and AsO3~ in the SGW was estimated to be less than 107392,
which is about 5 orders lower than the solubility product of
Cu;(AsOq), (Ky, = 10731). Therefore, precipitation of
Cu;(AsO,), was unlikely to occur under the experimental
conditions. The speciation calculation of copper in the SGW
also indicate that no other copper precipitates, such as CuCOs
or Cu(OH),, had formed. As a result, the fact that CuHAP at
Xcu/curca 0f 0.08 had the same normalized Ky as HAP under
the condition that the former released 8—30x more phos-
phorus than the latter (Table 2, Figure 3), indicates that copper
doping could improve the association affinity or ion-
exchangeability of HAP for arsenate.

=HAP-Cu*" + Ca*" or Mg*" =
=HAP-Ca’" or =HAP-Mg*" + Cu*" (A7)

The examination of arsenate sorption isotherms suggests
that copper doping increased the sorption ability of HAP for
arsenate in the SGW, presumably due to the increase in
surface area. The surface area normalized sorption dataimply
that sorbent dissolution inhibits arsenate uptake by HAP
and CuHAP. Through common ion effects, water composition
parameters such as pH and calcium concentration can affect
arsenate adsorption (Reactions A2 and A3), as well as HAP
or CuHAP dissolution (Reaction A4). Therefore, the sorption
efficiency of HAP and CuHAP for arsenate can vary with water
pH and calcium level. To test this, we examined the effects
of pH and calcium concentration on arsenate removal by
HAP and CuHAP sorption.

Effect of pH. The effect of pH on arsenate removal by
HAP or CuHAP was examined in the SGW. Prior to adding
the sorbent, we adjusted the initial pH of the SGW to 4.0—10.0.
The water pH changed to 5.5—9.1 at the end of the sorption
processes owing to the buffering effects of HAP (25, 33).

Figure 4(a) demonstrates the effect of pH on arsenate
removal from the SGW. For either HAP or CuHAP, the
arsenate removal increased dramatically with increasing
pH and then leveled off when water pH approached 8.0.
Over the pH range tested, the arsenate removal efficiency
by HAP ranged from 0.68 to 9.36%, while it was from 5.75
t042.0% by CuHAP. At all pH levels, the removal of arsenate
by CuHAP was higher than by HAP, which is consistent
with the observations shown in Figure 2(a). The uptake of
arsenate by CuHAP increased with increasing Xcu/cu+ca
and the effect of copper doping level was more significant
at high pH than at low pH. The effects of pH on arsenate
removal by HAP or CuHAP suggest that electrostatic
attraction is not a major mechanism responsible for the
arsenate sorption under our experimental conditions,
otherwise the apparent arsenate sorption would decrease
with increasing pH (Reaction A3). Instead, the observed
effects should be due to sorbent dissolution. As discussed
previously, sorbent dissolution can result in a decrease of
sorbent mass and an increase of phosphate concentration
in water, both of which can inhibit arsenate sorption. As
suggested by Reaction A4, lowering pH can favor the
dissolution HAP and CuHAP, and thus suppress arsenate
sorption. Copper doping increased the surface area of HAP,
which facilitated arsenate sorption as well as HAP dis-
solution (Figure 2(a) and Figure 3). When water pH
decreased, the inhibition effects of sorbent dissolution on
arsenate sorption became more and more significant. As
aresult, the improved arsenate sorption by copper doping
was more compromised at low pH than at high pH.
Therefore, the effect of the copper dopinglevel on arsenate
removal by HAP and CuHAP appeared less significant at
low pH than at high pH.

The examination of pH effects on arsenate sorption to
CuHAP reveals that the CuHAPs have appreciable arsenate
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mixing time, 24 h. Error bars represent the range of the data for
duplicate samples.

removal efficiencies under alkaline conditions. This is
different from ZVI and other iron compounds, the most widely
used arsenic sorbents, which have high efficiencies for
arsenate removal only atlow pH values (19). As a comparison,
we tested the arsenate removals from the SGW with an initial
water pH of 9.0 by using the CuHAP at Xcycu+ca 0f 0.08 and
an iron-coated sand (34). The results show that the arsenate
removal efficiency for the CuHAP was 2.7 x higher than that
for the iron-coated sand (56.7% versus 20.7%) under the same
experimental condition, implying that CuHAP can be ad-
vantageous over iron-based sorbents for arsenate removal
in alkaline waters.

As shown in Figure 4(b), up to 727 umol/g-sorbent of
phosphorus was released from from HAP or CuHAP during
arsenate sorption. For each sorbent, the phosphorus release
decreased with increasing water pH, but increased with
increasing the copper doping level. Unlike the arsenate

removal efficiency, the effect of copper doping on phos-
phorus release was less significantly at high pH than at
low pH. If the phosphorus was released from the ion-
exchange of arsenate for phosphate on HAP or CuHAP
surface, then the trend for phosphorus release with pH
would follow that for arsenate removal efficiency. This is
opposite from our observation. Therefore, the phosphorus
detected was most likely released from sorbent dissolution.

In accordance with the trend for phosphorus release
with pH, the residual copper concentration in the SGW
was also found to decrease with increasing water pH and
increase with increasing the copper doping level [Figure
4(c)]. When the initial water pH ranged from 6.0 to 10.0,
the residual copper concentration was within the range of
0.31—-2.3 uM (equivalent to 0.02—0.15 mg/L), which was
1—2 orders lower than the U.S. Environmental Protection
Agency (USEPA) regulated maximum contamination level
(MCL) for copper in drinking water. When the initial pH
of the SGW was 4.0, the maximum residual copper
concentration was 18.75 uM (equivalent to 1.2 mg/L), still
lower than the regulated MCL of 1.3 mg/L (35). In addition
to CuHAP dissolution, copper could also be released from
CuHAP through the ion-exchange of Cu?* by Ca?" or Mg?*
in the SGW. However, based on a speciation calculation
of calcium and magnesium in the SGW, the amounts of
Ca?" and Mg** ions did not change over the pH range
tested. Therefore, the observed pH effects on residual
copper concentration in the SGW should mainly reflect
the variation of CuHAP dissolution with pH. The observed
copper doping effects on phosphorus release and residual
copper concentration shown in Figures 4(b) and (c) suggest
that CuHAP was more soluble than HAP, especially in the
acidic SGW.

The fact that lowering pH favors HAP dissolution was
also noticed by Valsami-Jones et al. and Sneddon et al. (25, 33).
Our experimental data further imply that pH is also an
important factor controlling the solubility of CuHAP. Though
sorbent dissolution inhibits arsenate sorption to HAP, it can
promote the retentions of lead and uranium, which rely on
HAP dissolution and reprecipitation of additional phosphate
mineral phases (3, 4, 9, 11, 15). As indicated by Figures 3 and
4(b),(c), CuHAP is more soluble than HAP. Therefore, the
copper doping technique can be used to improve HAP
sorption efficiencies for cationic heavy metals in addition to
that for arsenic.

Effect of Calcium Concentration. Figure 5(a) presents
the effect of calcium concentration on arsenate removal
by HAP and CuHAP in the NBS. For all sorbents tested,
increasing calcium level appeared to assist arsenate
sorption. The effect of calcium concentration on arsenate
sorption to CuHAP is more significant than to HAP. For
example, when calcium concentration increased from 0
to 2.5 mM, the arsenate removal efficiency increased from
2.4% to 5.4% by using HAP, wheares it increased from
15.3% to 45.3% when CuHAP at Xcycut+ca Was used. The
calcium effects on arsenate sorption to HAP and CuHAP
are thought to be due to two reasons. First, according to
Reaction A4, increasing calcium concentration in water
can inhibit HAP and CuHAP dissolution, which can inhibit
arsenate sorption to the sorbents. The common ion effect
of calcium on HAP or CuHAP dissolution was verified by
the observations for the phosphorus release, which ap-
peared to decrease with the increase of calcium concen-
tration in the NBS [Figure 5(b)]. The suppression of HAP
dissolution by large amount of calcium in solution was
also reported in literature (25, 36). Second, Ca*" in water
can complex with phosphate on HAP surface, resulting in
an increase of sorption sites and subsequently an increase
of arsenate sorption (Reaction A8). The measurement of
the ¢ potential of HAP and CuHAP suggests that the
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FIGURE 5. Effect of calcium concentration on arsenate removal
(a), total phosphorus released (b), and residual copper
concentration (c) in the NBS during the sorption of arsenate by
HAP and CuHAP at Xcuca of 0.02 (CuHAP002), 0.05
(CuHAPO005), and 0.08 (CuHAPO008). Initial arsenate concentration,
4 uM; sorbent concentration, 0.3 g/L; mixing time, 24 h; pH,
8.2—8.4. Error bars represent the range of the data for duplicate
samples.

sorbents were negatively charged in the calcium-free NBS.
The surface charge of the sorbents became less negative
as calcium concentration increased (see Figure S5 of the
Supporting Information), which implies that Ca®>* formed
complex with the HAP or CuHAP surface (37).

=HAP-PO?™ + Ca®* + AsO} =
=HAOPOY -Ca*'-0AsO3  (A8)

Different from the phosphorusrelease, the residual copper
concentration in the NBS decreased first and then increased
with increasing calcium concentration [Figure 5(c)]. It is
because in addition to CuHAP dissolution, the residual copper
concentration in water is also governed by the Ca®t—Cu?*
ion exchange the CuHAP surfaces, which is favored at high
calcium level (Reaction A7). The experimental data shown
in Figure 5(c) thus reflect a combined results of sorbent
dissolution and ion-exchange of Cu?* by Ca?" in solution.
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The examination of calcium effects on arsenate removal
by HAP and CuHAP further proves that sorbent dissolution
was a major mechanism controlling arsenate sorption under
the experimental conditions.

Implications. Arsenic pollution in groundwater has raised
health concerns throughout the world. Remediating arsenic
contaminated groundwater requires the employment of low-
cost approaches (19). In situ treatment of groundwater with
HAP can offer an economically and practically benign method
for arsenic remediation, provided that the sorption efficiency
of HAP for arsenic is satisfactory. By using an innovative
copper doping method, we improved a synthetic HAP
sorption for arsenate, which is a primary arsenic species in
groundwaters, in simulated groundwater by up to 9.1 x. Such
an improvement is attributed to the increase in surface area
of HAP as a result of copper doping. Our experimental data
also reveal that the CuHAP can result in appreciable arsenate
removals within a pH range of 6.0-9.0 and a calcium
concentration range of 0—2.5 mM, which is representative
for average groundwater conditions. As a result, the CuHAP
can be advantageous for arsenate sorption under alkaline
conditions over the iron-based sorbents, which are the most
commonly used arsenic-sorption media and have high
sorption efficiencies only in acidic waters (19). The CuHAP
has a larger surface area and appeared to be more soluble
than HAP, especially when water pH was low. It indicates
that the copper doping technique also has the potential to
promote the sorptions of heavy metals including cadmium,
zinc, lead, and uranium, whose removals are dependent on
the surface area and solubility of HAP (3, 4, 9, 11, 14, 15).
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