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a b s t r a c t

The removal of arsenate and arsenite from drinking water poses challenges, especially when arsenite
is present in a significant amount. The removal of arsenite by K2FeO4, K2FeO4/FeCl3, and K2FeO4/AlCl3
salts was studied at pH 6.5 and at an initial As concentration of 500 �g As(III) L−1. The arsenite removal
in Fe(VI)/Fe(III) and Fe(VI)/Al(III) systems was also examined as a function of pH (6.0–8.0). Arsenite was
first oxidized by Fe(VI) to arsenate, which was subsequently removed through adsorption by Fe(III) or
mixed Fe(III)–Al(III) oxy/hydroxide phases. Fe(VI)/Al(III) salts had higher removal efficiency of arsenite
than Fe(VI) and Fe(VI)/Fe(III) salts. A molar ratio of 6(3/3):1 for Fe(VI)/Al(III) to As(III) decreased arsenite
concentration from 500 to 1.4 �g L−1 at pH 6.5. Arsenite removal increased with a decrease in pH from
otassium Ferrate
rinking Water

8.0 to 6.0 and exhibited less pH dependence in the Fe(VI)/Al(III) system than in the Fe(VI)/Fe(III) system.
Aluminum chloride salts performed better than FeCl3 and FeCl3/AlCl3 salts (Fe:Al = 1:1) in removing As(V)
from water. Effect of anions (phosphate, silicate, bicarbonate, nitrate, and sulfate) on the arsenite removal
by Fe(VI)/Al(III) salts at pH 6.5 was examined. Phosphate, silicate, and bicarbonate ions interfered with
the removal of arsenite in water. Nitrate and sulfate had none to minimal effect on arsenite removal.
Fe(VI)/Al(III) salts showed a potential for removing arsenite below the current drinking water standard

(10 �g L−1).

. Introduction

Arsenic is a common contaminant in groundwater worldwide
nd according to the World Health Organization (WHO), a long-
erm exposure of arsenic could reach epidemic proportions [1].
erious health concerns include cancer of the lung, skin, kidney,
ladder, and colon and digestive and neurological disorder. The
rinking water standard for arsenic at 10 �g L−1 was instituted by
he WHO, European Union, Japan, and recently by the US Environ-

ental Protection Agency [2]. In natural waters, arsenic is primarily
resent in inorganic forms as arsenious acid (H3AsO3) of trivalent
rsenite [As(III)] and as oxyanions (H2AsO4

− and HAsO4
2−) of pen-

avalent arsenate [As(V)]. Arsenate is the predominant species in
xygenated water and arsenite is more prevalent under moder-
tely reducing conditions common in groundwater. However, both
orms usually coexist in either environment because of their slow

edox transformations. The challenges in removing both As(V) and
s(III) below the drinking water standard of 10 �g L−1 and recent
rsenic contamination of groundwater in Bangladesh, India, and
ietnam have fueled the need of an effective, efficient, and fea-
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sible method for the removal of both arsenic species, particularly
arsenite.

The arsenic removal from drinking water is usually performed
by coagulation with ferric salts or alum followed by filtration.
[3,4]. However, this method cannot effectively remove arsenic
if As(III) is present in significant amount. Arsenite has very
little affinity for aluminum hydroxides [5]. Both arsenite and
arsenate have shown strong affinities for iron oxyhydroxides;
however, arsenite sorption is weaker than arsenate at pH < 7.0
[6]. The competitive effect of arsenate on arsenite sorption on
iron oxyhydroxides was more pronounced than the effect of
arsenite on arsenate sorption [7]. Because of the higher toxic-
ity and mobility of As(III) than As(V), co-occurrence of As(III)
and As(V) and their different sorption behavior towards metal
oxy/hydroxides, the oxidation of As(III) to As(V) is needed to achieve
an effective removal of arsenic from water through adsorption of
As(V) onto metal oxyhydroxides. Of the several possible chemi-
cal oxidants [8,9], ferrate [Fe(VI)] has recently received increasing
attention because of its environmentally-friendly properties and

strong oxidizing power [10]. Fe(VI) oxidizes arsenite to arsen-
ate in less than a second in natural water conditions Eq. (1)
[11].

3As(OH)3 + 2FeO4
2− + H2O → 3AsO4

3− + 2Fe(OH)3 + 5H+ (1)

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:amita.jain@famu.edu
dx.doi.org/10.1016/j.jhazmat.2009.03.101
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Iron(III) hydroxide produced from the reduction of Fe(VI) Eq.
1) subsequently coagulates arsenate. Fe(VI) thus performs a dual
unction and has an advantage over other oxidants [12]. Addition-
lly, Fe(VI) can also disinfect the water and will not give chlorinated
isinfected by-products [13].

There have been some reports on the removal of arsenite by
errate in water [9,11]. However, there is no information available
n the use of Fe(VI)/Al salts for arsenite removal and the effect of pH
nd various anions on the removal efficiency. In the present work,
systematic study on the removal of arsenite by K2FeO4 with and
ithout Fe(III) and Al(III) chloride salts was performed to determine
hich of the system suitable for removing arsenite efficiently at a

ow dose. The effect of pH on arsenite removal by Fe(VI)/Fe(III) and
e(VI)/Al(III) salts was also evaluated. A combined use of Fe(VI) and
lCl3 gave better removal performance than that of Fe(VI) and FeCl3.
herefore, the effect of phosphate, silicate, bicarbonate, nitrate, and
ulfate ions on the removal of arsenite was carried out in the mixed
olution of Fe(VI)/Al(III) salts.

. Materials and methods

.1. Materials

All chemicals used were analytical grade and were used with-
ut further purifications. High purity deionized water (18.2 M� cm)
as prepared using the Barnstead water purification system and
as used to prepare all solutions. Ferrate(VI) as the potassium salt

K2FeO4) was prepared according to the method of Thompson et
l. [14]. The purity of K2FeO4 was >98%. A molar absorption coeffi-
ient, ε510nm = 1150 M−1 cm−1, was used for the calculation of Fe(VI)
oncentrations at pH 9.0 [15].

Stock solutions of arsenite and arsenate containing 1000 mg
s L−1 were prepared using NaAsO2 and Na2HAsO4·7H2O, respec-

ively and were stored at 4 ◦C in the refrigerator. Secondary stock
olution of 100 mg As L−1 was prepared on the day of experi-
entation by diluting the primary stock solution with deionized
ater. An arsenite solution at an initial experimental concentra-

ion of 500 �g As(III) L−1 was prepared by spiking a secondary
tock solution into a 0.01 M NaCl solution in order to provide

constant background ionic strength. A solution of Fe(VI) was
repared by adding the K2FeO4 salt to water and was always
repared fresh before its addition to arsenite solutions. Solutions
f Fe(III) and Al(III) at 0.1 M concentrations were also prepared
resh using FeCl3·6H2O and AlCl3·6H2O salts, respectively. Solutions
f phosphate, silicate, bicarbonate, nitrate, and sulfate were pre-
ared from Na2HPO4, Na2SiO3·9H2O, NaHCO3, NaNO3, and Na2SO4
alts, respectively. The pH of the silicate solution was adjusted
o 7.8 by adding HCl in order to achieve silicate as H4SiO4 and
3SiO4

− species, which are generally present in natural water
amples [16].

.2. Methods

Batch-scale experiments were conducted by transferring 20 mL
f 500 �g As(III) L−1 (6.67 �M) arsenite solutions to 60-mL
olyethylene bottles followed by the addition of Fe(VI) solution at
arious concentrations ranging from 33.4 to 123 �M. After adding
e(VI) solution, the samples were shaken at 240 rpm using a rotary
haker (VWR DS-500) for about 10 min. The pH of the samples was
djusted to 6.5 using HCl. The samples were agitated for 24 h on

rotary shaker. The final pH was measured and the samples were
ltered through 0.20 �m pore size surfactant-free cellulose acetate
embrane filters. The arsenite analysis was performed immedi-

tely after filtration and the remainder of the sample was stored at
◦C for further analysis.
aterials 169 (2009) 339–344

In arsenite removal efficiency experiments using Fe(VI)/Fe(III)
and Fe(VI)/Al(III) salts, the Fe(VI) concentrations in mixed solutions
were varied to obtain molar ratios of As(III) to Fe(VI) in the range
1.0–3.0. This corresponds to Fe(V) concentrations of 6.7–20 �M.
After 10 min of mixing time on a rotary shaker, solutions of Fe(III)
and Al(III) chloride salts were added separately in varied concen-
trations ranging from 6.7 to 127 �M. The pH was subsequently
adjusted to the desired pH with the addition of KOH. The sam-
ples were agitated for 24 h using a rotary shaker. The final pH was
measured and the samples were filtered using 0.20 �m pore size
membrane filters.

Similar batch experiments were conducted to investigate the
effect of phosphate, silicate, bicarbonate, nitrate, and sulfate on
arsenite removal by Fe(VI)/Al(III) salts at pH 6.5. The experi-
mental set-up was the same as for the above arsenite removal
studies except that 20 mL of 500 �g As(III) L−1 arsenite solu-
tions were spiked separately with various concentrations of
phosphate (0.1–1.0 mg P L−1), silicate (1.0–10.0 mg Si L−1), bicar-
bonate (10–750 mg HCO3

− L−1), nitrate (1–10 mg N L−1), and sulfate
(1–50 mg SO4

2− L−1) prior to addition of Fe(VI).

2.3. Arsenic speciation analyses

Arsenic analysis was performed using an atomic absorption
spectrophotometer (Analyst 300 AA, PerkinElmer Corporation, Nor-
walk, CT, USA) coupled with a flow injection analysis system
(FIAS-100) and a graphite furnace system (HGA-850). The flow
injection analysis system was equipped with an electrically heated
quartz cell. An electrodeless discharge lamp was used as a radiation
source. The FIAS-100 was used to analyze arsenite concentrations
and total arsenic [As(III) + As(V)] concentration <10 �g L−1, while
the HGA-850 was used to determine total arsenic concentration
>10 �g L−1. The analytical parameters for the FIAS system were as
follows: carrier gas, argon; cell temperature, 900 ◦C; sample loop,
500 �L; carrier solution, 10% HCl; reducing agent, 0.03% NaBH4 in
0.05% NaOH (arsenite), and 0.25% NaBH4 in 0.05% NaOH (arsen-
ite + arsenate). Prior to the determination of total arsenic by FIAS,
the samples were reacted with KI and ascorbic acid for at least 1 h
before analysis to ensure that all arsenate was converted into arsen-
ite. The method detection limits for total arsenic and arsenite were
0.1 and 0.5 �g L−1, respectively. During the analysis by the graphite
furnace system, 5 �L of Pd–Mg–citric acid matrix modifier was
used. The method detection limit for total arsenic by graphite fur-
nace was 1 �g L−1. Arsenate concentrations were determined from
the difference between total arsenic and arsenite concentrations.

2.4. Surface area determinations

Samples of Fe(III), and Fe(III)–Al(III) oxy/hydroxides were syn-
thesized at pH 6.5 using K2FeO4/FeCl3 and K2FeO4/AlCl3 salts,
respectively, using a similar procedure as was used for arsenite
removal, but no arsenite was present in the solution. The sur-
face areas of the samples were determined using Beckman Coulter
SA3100 Surface Area Analyzer utilizing the gas sorption technology.
The samples were outgassed at 78 ◦C for 150 min. Nitrogen gas was
used as the adsorbate. The surface area was calculated using the
Brunauer–Emmett–Teller (BET) method.

3. Results and discussions

3.1. Arsenic removal study
The results of the arsenite removal by Fe(VI), Fe(VI)/Fe(III), and
Fe(VI)/Al(III) salts are shown in Fig. 1. In the combination sys-
tem, Fe(VI) was added to arsenite solutions [500 �g As(III) L−1] at
three concentration levels, i.e., 6.67, 13.3, and 20.0 �M (equivalent
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1:6 was needed for AlCl3 and FeCl3–AlCl3 salts to obtain As levels
<10 �g L−1. These results are consistent with the results obtained
in the arsenite removal by Fe(VI)/Al(III) salts solutions (Table 1).
These results suggest that arsenate has a higher sorption affinity

Table 1
Removal of As under different conditions at pH 6.5.

Removal of As(III) by oxidant, Fe(VI) and coagulant

Fe(VI) (�M) Coagulant (�M) Residual As (�g L−1)

0.00 0.00 500
75 – 6.9
6.67 125 FeCl3 0.7
6.67 33.4 AlCl3 1.4
13.3 120 FeCl3 2.6
13.3 26.7 AlCl3 1.5
20.0 113 FeCl3 3.4
20.0 20.0 AlCl3 1.5

Removal of As(V) by coagulant
Molar ratio 1:4 [As(V):coagulant]

0.0 �M FeCl3/AlCl3 500
26.7 �M FeCl3 150
26.7 �M AlCl3 16.2
13.3 �M FeCl3 + 13.3 �M AlCl3 59.6

Molar ratio 1:6 [As(V):coagulant]
ig. 1. Removal of arsenite by Fe(VI) (a), Fe(VI)/Fe(III) salts (b), and Fe(VI)/Al(III) salts
c) at pH 6.5. Initial arsenic concentration = 500 �g As(III) L−1.

o As(III):Fe(VI) molar ratios of 1:1, 1:2, and 1:3, respectively) fol-
owed by the addition of Fe(III) or Al(III) chloride solutions. Fe(III) or
l(III) concentration varied from 6.67 to 126.7 �M. The final pH was
.5 ± 0.1. The speciation analysis of residual arsenic in the solution
etected only arsenate. This suggests that Fe(VI) oxidized the ini-
ially added arsenite to arsenate Eq. (1), followed by the adsorption
f arsenate by Fe(III) or mixed Fe(III)–Al(III) oxy/hydroxide phases.

When only Fe(VI) was used, the concentration of residual As
n solution decreased sharply with increasing amounts of Fe(VI)
Fig. 1a) and ∼75 �M Fe in FeO4

2− was required to reduce the ini-
ial arsenite concentration [500 �g As(III) L−1] to less than 10 �g L−1

0.13 �M). Comparatively, about 100 �M Fe in FeO4
2−–FeCl3 mix-

ure was needed to achieve the residual arsenic level <10 �g L−1

Fig. 1b). It seems that iron(III) oxy/hydroxide precipitated from
e(III), produced from the reduction of Fe(VI), has higher adsorp-
ion capacity for arsenic than that precipitated directly from Fe(III)
hloride salt. Other studies also support such advantageous prop-

rties of removing contaminants by Fe(III) precipitates, produced
rom Fe(VI) ion [17,18].

In combination systems, at all three Fe(VI) concentrations used,
l(III) chloride was found more effective than Fe(III) chloride in
aterials 169 (2009) 339–344 341

decreasing arsenic to below 10 �g L−1 (Fig. 1b and c). A com-
parison of Fig. 1b and c shows that in the Fe(VI)/Al(III) system,
arsenic solution concentrations decreased sharply with increas-
ing Al concentrations, while it decreased relatively slowly with
increasing Fe(III) concentrations in the Fe(VI)/Fe(III) system. These
results suggest that the Fe(III)–Al(III) oxy/hydroxide phases pro-
vided more surface sites for arsenic adsorption than did the Fe(III)
oxy/hydroxide phases. This could be attributed to the smaller
particle size of the Fe(III)–Al(III) oxy/hydroxide precipitates than
Fe(III) oxy/hydroxide precipitates leading to higher surface area and
more adsorption sites available for arsenic retention. This obser-
vation was confirmed by determining the surface areas of the
precipitates. The specific surface area values were determined as
250 and 336 m2 g−1 for Fe(III) oxy/hydroxides and Fe(III)–Al(III)
oxy/hydroxides, respectively. The Fe(III)–Al(III) oxy/hydroxides pre-
cipitates with larger surface area were thus able to remove arsenic
at a lower dose than the Fe(III) oxy/hydroxides precipitates with
smaller surface area.

The required concentrations of Fe(VI) and a coagulant to remove
arsenite below drinking water standard (10 �g L−1) under different
conditions are given in Table 1. At all Fe(VI) concentrations, the
required amounts of Al(III) were much lower than that of Fe(III)
to reduce the As level to below 10 �g L−1. Interestingly, the molar
amount of a combination of Fe(VI) and a coagulant remains con-
stant to decrease As <10 �g L−1. These molar concentrations were
found to be 133 and 40.0 �M for Fe(VI)/Fe(III) and Fe(VI)/Al(III) salts,
respectively (Table 1).

In order to gain a better understanding of As removal by Fe–Al
oxy/hydroxides, additional experiments were performed sepa-
rately on the removal of arsenate by Fe(III), Al(III), and an equimolar
mixture of Fe(III)/Al(III) chloride salts at pH 6.5 (Fig. 2). The results
in Fig. 2 indicate that AlCl3 was more effective for arsenate removal
than FeCl3, and FeCl3–AlCl3 salt solution, and the removal efficien-
cies were in the following order AlCl3 > FeCl3–AlCl3 > FeCl3. This
order is also demonstrated in Table 1 at two different molar ratios of
As(V) to coagulant. A molar ratio of 1:4 was not sufficient to achieve
the residual concentration of As below 10 �g L−1. A molar ratio of
0.0 �M FeCl3/AlCl3 500
40.0 �M FeCl3 82.8
40.0 �M AlCl3 1.0
20.0 �M FeCl3 + 20.0 �M AlCl3 2.5

Initial arsenic concentration = 500 �g As L−1 (6.67 �M).
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as competitive as phosphate with arsenate. For example, silicate at
ig. 2. Removal of arsenate by Fe(III), Al(III), and Fe(III)/Al(III) (Fe:Al = 1:1) salts at
H 6.5. Initial arsenic concentration = 500 �g As(V) L−1.

or aluminum oxy/hydroxide phases than for iron oxy/hydroxide
hases.

The literature reveals inconsistencies as to whether Al(III) or
e(III) or Fe(III)–Al(III) salts are the most effective for arsenate
emoval. Previous studies [5,19] have reported that alum and fer-
ic chloride were equally efficient in removing As(V) at pH <7.5 but
e(III) salts were more effective than alum at pH >7.5. However,
ther researchers [3,20] have found that ferric chloride was a much
ore effective coagulant than alum in removing arsenate at pH
7. In a recent report, a mixed Fe(III)–Al(III) reagent at Al:Fe = 1:1
olar ratio yielded better arsenate removal efficiency than individ-

al Fe(III) or Al(III) salt solution [21]. More recently, in the study on
he adsorption and desorption of arsenate on presynthesized copre-
ipitated Al(III)–Fe(III) hydroxides, approximately an equal amount
f arsenate was adsorbed at molar ratios of Al:Fe ≤1:4, but arse-
ate adsorption decreased with an increase in Al:Fe molar ratios
1:4 [22].

The differences in the results could be attributed to having dif-
erent experimental conditions in various studies [19–22]. In our
ork, we used membranes with a pore size of 0.20 �m, while in
ost of the previous studies, 0.45 �m pore size membrane filters
ere applied. Aluminum hydroxide flocs with sorbed arsenic can
ass through 0.45 �m pore size membranes and decrease arsenic
emoval by alum coagulation [19]. This is consistent with our obser-
ation and specific surface area data that the Al oxy/hydroxide flocs
re smaller in size than the Fe oxy/hydroxide flocs.

There is a general speculation about the health concern of
luminum in drinking water at concentrations >100 �g L−1, the
aximum contaminant level for aluminum in drinking water. The

esidual aluminum concentrations in solutions were analyzed using
raphite furnace technique by atomic absorption spectrophotome-
er and were found to be <20 �g L−1 over the experimental pH range
6.0–8.0) of this study (data not shown).

.2. Effect of pH

Effect of pH on arsenite removal by Fe(VI)/Al(III) and
e(VI)/Fe(III) salts are shown in Fig. 3. In both the systems, the resid-
al arsenic concentration in solution decreased with a decrease in
H. However, arsenite removal in Fe(VI)/Fe(III) system showed a

reater dependence on pH than in the Fe(VI)/Al(III) system. Analy-
is of the data in Fig. 1b and c suggests that there are fewer surface
ites on the Fe(III) oxy/hydroxide surface than on the Fe(III)–Al(III)
xy/hydroxide surface. This would cause a stronger competition
Fig. 3. Effect of pH on arsenite removal by Fe(VI)/Fe(III) and Fe(VI)/Al(III) salts.
[Fe(VI)] = [Fe(III)] = [Al(III)] = 20 �M. Initial arsenic concentration = 500 �g As(III) L−1.

between arsenate and hydroxyl ions during the adsorption of arse-
nate on the Fe(III) oxy/hydroxide surface than on the Fe(III)–Al(III)
oxy/hydroxide surface to yield results similar to those of Fig. 3. Fur-
thermore, the differences in the point of zero charge (PZC) values of
Fe(III) hydroxide and Fe(III)–Al(III) hydroxide could also contribute
to this varied pH effect on arsenite removal. The PZC values of
Fe hydroxides and Fe–Al hydroxides (Fe:Al = 1:1) are 7.0–8.5 and
8.7–9.1, respectively [22,23]. Thus, the latter would be relatively
more positively charged than the former at the experimental pH of
6.5 in our study. This leads to more favorable conditions for arsenate
removal in the Fe(VI)/Al(III) than in the use of Fe(VI)/Fe(III) system.

3.3. Effect of anions

The influence of phosphate, silicate, and bicarbonate ions on
arsenite removal by the Fe(VI)/Al(III) chloride salts at pH 6.5 is
shown in Fig. 4. The presence of phosphate at 0.1 and 0.2 mg L−1 had
a negligible effect on arsenic removal. This implies that either there
were enough sites available for both arsenate and phosphate to
adsorb simultaneously or there were some specific sites that pref-
erentially adsorbed phosphate. However, phosphate at ≥0.5 mg L−1

(equivalent to P/As molar ratio of ≥2.4) adversely affected arsenic
removal resulting in higher residual dissolved arsenic concentra-
tion (Fig. 4a). At 0.5 and 1.0 mg P L−1, arsenite removal reduced
to 73 and 30%, respectively. Hence, higher dose of Al salts would
be required in the presence of phosphate, for example, 47 and
114 �M Al were needed to reduce arsenite concentration from 500
to <10 �g L−1 in the presence of 0.5 and 1.0 mg P L−1, respectively,
as compared to 20 �M Al in the absence of phosphate.

Silicate at ≤2 mg Si L−1 had no significant effect on arsenite
removal, but resulted in a noticeable reduction at concentrations
>2 mg Si L−1 (Fig. 4b). In the presence of 5 and 10 mg Si L−1 (equiv-
alent to Si to As ratio = 27 and 53, respectively), arsenite removal
decreased to 87 and 50%, respectively. Such effects of silicate
have been reported for adsorption of arsenic onto iron hydroxides
[24,25]. Silicate has been reported to hinder hydrolysis of Fe(III)
salts at a concentration of 5 mg Si L−1, which could have also con-
tributed to the reduction in As removal [24]. Like phosphate, silicate
also appears to compete with arsenate for sorption sites. How-
ever, the results of the current study indicate that silicate is not
1 mg Si L−1 had no significant effect on arsenite removal, whereas
phosphate at 1 mg P L−1 reduced arsenite removal more than 50%.
Arsenate and phosphate have similar pK values, but pK values of
silicic acid differ (pK1 = 9.46 and pK2 = 12.56) [16]. At the initial
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trations of As in the filtered sample are shown in Fig. 5. At a low
concentration of Al(III), NOM spiked sample (4 mg C L−1) showed a
lower reduction in the concentration of As compared with the sam-
ple having <1 mg C L−1. However, no significant differences between

Table 2
The effect of nitrate and sulfate on the removal of arsenite by Fe(VI) and aluminum
chloride at pH 6.5.

[Al] (�M) Residual arsenic (mg L−1)

Nitrate (mg N L−1) Sulfate (mg SO4
2− L−1)

1.0 5.0 10 1.0 10 20 50

20.0 1.8 1.6 1.3 2.5 6.3 7.8 11
33.3 0.3 0.3 0.2 0.5 1.0 1.5 3.0
ig. 4. Effect of phosphate, silicate, and bicarbonate on removal of arsenite by
e(VI)/Al(III) salts at pH 6.5. Fe(VI) = 20 �M and initial arsenic concentration = 500 �g
s(III) L−1.

H of 7.8, uncharged species, Si(OH)4 would be present predom-
nantly, which may not be strongly preferred by positively charged
e(III)–Al(III) oxy/hydroxide surface at pH 6.5. This results in less
nfluence of silicate than phosphate on the removal of As in the
e(VI)/Al(III) system. The results indicate that if silicate is present
t 5 and 10 mg Si L−1, 60 and 114 �M Al are required in addition to
0 �M ferrate to achieve effective removal of arsenite.

Bicarbonate also had an effect on arsenite removal, but the
agnitude of the effect was much less than that observed with
hosphate and silicate even when bicarbonate was present at con-
entrations about 2–3 orders of magnitude higher than that of
hosphate and silicate (Fig. 4c). Although the reduction in arsenic
emoval increased with increasing bicarbonate concentration from
aterials 169 (2009) 339–344 343

10 to 750 mg L−1, the reduction of arsenic removal was much
smaller compared with the increase in bicarbonate concentration.
In the presence of bicarbonate at 10, 50, 100, and 500 mg L−1 (corre-
sponding to As to C molar ratios of 1:24, 1:123, 1:246, and 1:1227),
arsenite removal was reduced to 94, 94, 89, and 75%, respectively. It
is important to note that even at an As:C molar ratio 1:>1000, 75%
As removal was observed. These results indicate that arsenic has a
much greater affinity for Fe(III)–Al(III) oxy/hydroxide surface than
bicarbonate and these two ions apparently do not adsorb on Fe–Al
oxy/hydroxide surface by the same mechanism. Similar effects of
bicarbonate on arsenate removal by nanoscale zerovalent iron at
pH 7 were observed [26]. Bicarbonate ions have been reported to
form inner-sphere monodentate complexes with surface functional
groups of Fe and Al hydroxides [27]. Phosphate and silicate ions also
form inner-sphere complexes and compete strongly with arsenic
on Fe or Al oxy/hydroxide surfaces. This suggests that some mecha-
nism other than competition between arsenic and bicarbonate ions
contribute to the reduction in arsenic removal.

Table 2 shows the effect of nitrate and sulfate ions on arsenite
removal by Fe(VI)/Al(III) salts at pH 6.5. Nitrate ions at concentra-
tions ranging from 1 to 10 mg N L−1 showed a negligible effect on the
arsenite removal efficiency. However, arsenite removal was slightly
affected by SO4

2− ions in the concentration range from 1 to 50 mg
SO4

2− L−1. At Fe(VI) and Al(III) concentration of 20 �M each, the
residual As concentration increased from 2.5 to 11 �g As L−1 with
an increase in sulfate concentration from 1 to 50 mg SO4

2− L−1. As
evident in Table 2, a higher dose of 33 �M Al(III) was required to
decrease the arsenic concentration to <10 �g L−1 in the presence
of 50 mg SO4

2− L−1 as compared to a dose of 20 �M Al(III) in the
absence of sulfate. Overall, the results of having none to minimal
effects of nitrate and sulfate on the adsorption of arsenate onto
Fe(III)–Al(III) oxy/hydroxide phase indicate that Fe(VI)/Al(III) can
efficiently remove arsenic under natural water conditions.

Finally, the removal of arsenic from a drinking water sample,
spiked with 500 �g L−1 arsenite was sought. This drinking water
is supplied by the City of Tallahassee in Florida. The composition
of the drinking water was: pH 7.5, hardness 156 mg L−1 as CaCO3,
phosphate <0.5 mg P L−1, silicate 13 mg Si L−1, and dissolved organic
carbon <1.0 mg C L−1. After adding Fe(VI) into the sample, differ-
ent amounts of Al(III) salt solution were added and the pH of the
sample was adjusted to 6.5. The concentrations of remaining As in
filtered samples were determined. As shown in Fig. 5, the removal
of As could be achieved using ∼100 �M Al(III), similar to results
obtained in solution containing Si (see Fig. 4). To see the effect of
natural organic matter (NOM) in water on the removal of As, Suwan-
nee River NOM at a concentration of 4 mg C L−1 was added into
the arsenite spiked drinking water sample. The remaining concen-
46.7 0.2 0.1 0.1 0.4 0.7 0.9 1.9
60.0 0.1 0.1 <0.1 0.3 0.3 0.6 1.0
80.0 0.1 0.1 <0.1 0.3 0.2 0.4 0.7

113 0.1 0.1 <0.1 0.4 0.3 0.4 0.3

Initial arsenic concentration = 500 �g As(III) L−1 (6.67 �M); [Fe(VI] = 20 �M.
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ig. 5. Effect of NOM on the removal of arsenite in drinking water by Fe(VI)/Al(III)
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amples with and without NOM were observed for removal of As at
l(III) concentration >100 �M. It seems that at low concentrations
f Al(III), functional groups present in organic matter compete with
rsenic for sorption sites resulting in less sites available for arsenic
emoval. At higher Al(III) concentrations (>100 �M), sufficient sorp-
ion sites are available for removal of arsenic in the water samples
ontaining NOM at 4 mg C L−1.

. Conclusions

Fe(VI)/Al chloride salts were more effective and efficient than
e(VI) or Fe(VI)/Fe(III) chloride salts in reducing arsenite concen-
ration from 500 �g As(III) L−1 to <10 �g As L−1. A molar ratio of
(3/3):1 for Fe(VI)/Al(III) to As(III) reduced arsenite concentra-
ion from 500 to 1.45 �g L−1 at pH 6.5. Aluminum chloride salts
erformed better than FeCl3 and FeCl3/AlCl3 salts (Fe/Al = 1:1) in
emoving As(V) from water. The optimum Al(III) to As(V) molar ratio
as 6:1 for effectively removing As(V) from 500 to below 10 �g L−1

t pH 6.5. If both arsenite and arsenate are present concurrently in
ater, Fe(VI)/Al chloride salts are suitable for efficient removal of

rsenic. Phosphate, silicate, and bicarbonate ions interfered with
rsenite removal by Fe(VI)/Al(III) salts at pH 6.5 but the magni-
ude of interference was different for each ion. Nitrate and sulfate
ad negligible effect on arsenite removal. Overall, Fe(VI)/Al chloride
alts demonstrated potential in removal of arsenite and arsenate
rom drinking water below the current drinking water standard
10 �g L−1).
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