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Abstract

Adsorption of arsenate (As(V)) and arsenite (As(III))to two commercially available titanium dioxide (TiO2) suspensions, Hombika
UV100 and Degussa P25, was investigated as a function of pH and initial concentration of adsorbate ions. The BET surface are
potential values of TiO2 were also measured to understand the difference in adsorption behavior of two suspensions. Both As(V) and As(III)
adsorb more onto Hombikat UV100 particles than Degussa P25 particles. Adsorption of As(V) onto TiO2 suspensions was more than As(I
at pH 4 while the adsorption capacity of As(III) was more at pH 9. The electrostatic factors between surface charge of TiO2 particles and
arsenic species were used to explain adsorption behavior of As(V)and As(III) at different pH. The Langmuir and Freundlich isothe
equations were used to interpret the nature of adsorption of arsenic onto TiO2 suspensions. The usefulness of adsorption data in remo
arsenic in water is briefly discussed.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Arsenic [arsenite (As(III)) and arsenate (As(V))] conta
ination in groundwater has become a major concern in m
countries including Bangladesh, Vietnam, and the wes
United States[1]. The main source of arsenic is geolo
cal, but human activities such as mining and pesticides
also cause arsenic pollution. The toxicity of arsenic to
man health ranges from skin lesions to cancer of brain, l
kidney, and stomach[2]. Recently, the European Union a
the United States governments have therefore lowered
maximum contaminant level for total arsenic to 10 µg/L in
drinking water.

The distribution between As(III) and As(V) in water d
pends on redox potential and pH[3,4]. Under groundwate
conditions, As(III) is the predominate form of arsenic, wh
is more toxic and mobile than As(V)[1]. As(III) has low
affinity with mineral surfaces while As(V) adsorbs eas
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to solid surfaces. The most common method of arsenic
moval is coagulation with iron salts and alum, followed
microfiltration [5–7]. The oxidation of As(III) to As(V) is
therefore highly desirable to achieve As(V) adsorption o
metal oxyhydroxides[8–11].

The oxidation of As(III) to As(V) can be accomplishe
by photocatalytic reactionsusing titanium dioxide (TiO2) as
a catalyst[12,13]. The adsorption of arsenic ions onto TiO2
plays an important role during the photocatalytic reaction
Hombikat UV100 and Degussa P25 are two commerci
available TiO2 samples. The study on adsorption of arse
onto Degussa P25 TiO2 has been performed, but simil
studies with Hombikat UV100 TiO2 have not been carrie
out. In this paper, studies of arsenic adsorption onto H
bikat UV100 TiO2 were carried out in the pH range fro
3 to 9. Studies with Degussa P25 TiO2 were also performe
under identical experimental conditions for comparison. Th
objectives of the present study were twofold: (1) to inv
tigate the pH dependence of As(III) and As(V) adsorpt
onto two TiO2 suspensions at varying initial arsenic co
centrations; and (2) to describe the data using adsorp
isotherms.

http://www.elsevier.com/locate/jcis
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Table 1
Physicochemical properties of titanium dioxide used in experiments

Property Hombikat UV100 Degussa P25

Composition 99% anatase ≈80% anatase,≈20% rutile
Density (g/cm3) 3.9 3.8
BET surface area (m2 g−1)a 334 ≈55
Average primary particle (nm)a <10 ≈30
pH in aqueous solution ≈6 3–4
Porosity Porous (mesoporous,≈5.6 nm in diameter) Non-porous

a Taken from Ref.[15].
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2. Materials and methods

Analytical grade chemicals were used without further
rification. Solutions were prepared in ultra pure water (re
tivity 18.2 M�) obtained with a Milli-Q water purification
system. Sodium arsenite, NaAsO2, was used as a source
As(III) and was obtained from Fluka chemical. The sou
of As(V) was the sodium salt of arsenic acid, hepta hydr
Na2HAsO4·7H2O (Aldrich Chemical). Stock solutions con
taining 0.0015 M As(III) and As(V) were prepared a
stored in a dark place to carry out the experiments. Deg
(Germany) and Sachtleben Chemie GmbH (Germany)
vided the two titanium dioxide samples, Degussa P25
Hombikat UV100, respectively.

The zeta potential,ξ , measurements of TiO2 used aque
ous suspensions prepared by adding 0.05 g to 1 L of 0.00
NaNO3. The pH was adjusted to the desired value by add
either HNO3 or NaOH. These suspensions were shaken
24 h in the dark, theξ -potential was measured, and the fin
pH of the suspensions was recorded. The Brookhaven Z
Plus system was used to determine the zeta potentials.

Adsorption studies of As(III) and As(V) were carried o
by adding the required amount of TiO2 suspensions into ei
ther As(III) or As(V) solutions at different concentration
After adjusting the pH of solutions to the desired values,
lutions were sealed and stirred by magnetic stirrer at ro
temperature (295± 3 K). An Orion model 720A pH mete
was used to measure the pH of the solution. A combina
electrode was calibrated using commercial pH 4.0, 7.0,
10.0 buffers. The suspensions were mixed continuously
about 2 h for Degussa P25 and 3 h for Hombikat UV1
to establish adsorption equilibrium. At the end of the eq
librium period, 10 ml of the mixture was filtered throug
0.45 µm filter and the supernatant was analyzed for As
and total arsenic.

Inductively coupled plasma–optical emission spectros
(ICP–OES) (Perkin–Elmer Optima 3000DV) was used
measure total arsenic concentration (>7.5 µM) in the solu-
tion. The total arsenic concentrations lower than<1.5 µM
were analyzed by inductively coupled plasma–mass s
troscopy (ICP–MS) (ELAN 6100, Perkin–Elmer) and whe
ever necessary the solution was diluted by ELGA 18.2 M�

ultrapure water before analyzing to make sure the ars
concentrations did not exceed 1.5 µM. As(V) was m
sured spectrophotometrically using the molybdenum b
-

y

Fig. 1. Zeta potential of TiO2 suspensions in 0.001 M NaNO3 at different
pH.

method[14]. Concentrations of As(III) were determined b
the difference between As(total) and As(V). The accur
and precision of measurements were within±5%.

3. Results and discussion

3.1. Physicochemical characteristics of TiO2 suspensions

The physicochemical data of two TiO2 samples, Hom-
bikat UV100 and Degussa P25, used in the study are g
in Table 1. The characteristic differences between the t
suspensions are their composition, BET surface area,
porosity. Hombikat UV 100 is composed of anatase wh
Degussa P25 is a combination of anatase and rutile
faces of titanium dioxide[15]. The particle size of Hombika
UV100 is smaller than that of Degussa P25 (Table 1). This
gives a much higher surface area of Hombikat UV100 t
of Degussa P25.

The zeta potential,ξ , values were measured in 0.001
NaNO3 solutions in order to observe the surface charge
the TiO2 suspensions. The values of zeta potential of T2
suspensions as a function of pH are shown inFig. 1. The
points of zero charges (PZC) for Hombikat UV100 and D
gussa P25 were obtained as 6.2 and 6.9, respectively
PZC of Degussa P25 in our study is in reasonable agree
with the literature value of 6.8 ± 0.2 [16]. At pH < pHpzc,
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Fig. 2. Adsorption of As(V) on Hombikat UV100 TiO2 suspension as
function of pH.C0 = 133 µmol/L.

TiO2 surface is positively charged (Eq. (1)) whereas at pH>
pHpzc TiO2 surface is negatively charged (Eq. (2)).

(1)TiIV –OH+ H+ → TiIV –OH+
2 , pH< pHpzc,

(2)TiIV –OH+ OH− → TiIV –O− + H2O, pH< pHpzc.

3.2. As(V) and As(III) adsorption equilibrium

As(V) and As(III) adsorption equilibria at various p
were established in approximately 2 and 1 h for Homb
UV100 and Degussa P25, respectively. Hombikat UV
TiO2 is composed of mesoporous particles (Table 1) in
which adsorption is possibly occurring through pore d
fusion steps and takes a longer time to reach equilibr
In comparison, Degussa P25 is made of nonporous T2
particles where only intermolecular diffusion adsorpt
processes occur. This adsorption phenomenon would
require less time to reach equilibrium.

The kinetics of As(V) adsorption onto Hombikat UV10
TiO2 suspensions at different pH are shown inFig. 2. The
kinetics and amounts of As(V) adsorption onto TiO2 sus-
pensions were pH dependent; higher rates and amoun
sorbed occur at low pH. Similar pH dependence on the
take of As(V) onto other oxide surfaces was found[8–12,17,
18]. The As(V) adsorption kinetic data were found to be b
described by the power function kinetic model[19], which
can be described by the equation

(3)As(V)t = ktν,

where As(V)t is amount of As(V) adsorbed at timet , andk

andν are rate constant and order, respectively, for ads
tion process. A log–log plot ofEq. (3) is shown inFig. 3.
The values ofν andk obtained from the plot are given
Table 2. A fractional order, 0.12± 0.02 adsorption proces
was found, which was independent of pH. Fractional
ders are not uncommon in heterogeneous systems[20]. The
rate constants decrease with increase in pH (Fig. 4A). In the
-

Fig. 3. A plot of As(V) adsorption data using a power function kinetic mo
(Eq. (3)). pH 3 (!); pH 4 (1); pH 5 (P); pH 6 (E); pH 7 (�); pH 9 (e).

Table 2
Power function kinetic model parameters for adsorption of As(V) on H
bikat UV100 TiO2 catalyst at different pH

pH k (µmol (g-TiO2)−1 min0.12) ν r2

3 59.9± 0.89 0.13±0.02 0.88
4 52.9± 0.32 0.10±0.01 0.96
5 45.8± 0.47 0.12±0.02 0.94
6 45.2± 0.40 0.11±0.01 0.95
7 13.4± 0.13 0.16±0.02 0.96
9 10.2± 0.22 0.13±0.02 0.92

system, anatase surface of Hombikat UV100 is consid
monoprotic[21] (Eq. (4)) and As(V) is triprotic acid[18]
(Eqs. (5)–(7)).

(4)TiIV –OH+
2 � H+ + TiIV –OH, pKs = 4.58[21],

(5)AsO(OH)3 � H+ + AsO2(OH)−2 , pKa1 = 2.3,

(6)AsO2(OH)−2 � H+ + AsO3(OH)2−, pKa2 = 6.8,

(7)AsO3(OH)2− � H+ + AsO3−
4 , pKa3 = 11.6.

The rate dependence can then be analyzed by co
ering attractions between the positive surfaces site
TiO2 with four species of As(V), AsO(OH)3, AsO2(OH)−2 ,
AsO3(OH)2−, and AsO3−

4 (Eqs. (8)–(11)).

(8)TiIV –OH+
2 + AsO(OH)3

k1→ TiIV –OH+
2 • •AsO(OH)3,

TiIV –OH+
2 + AsO2(OH)−2

(9)
k2→ TiIV –OH+

2 • •AsO2(OH)−2 ,

TiIV –OH+
2 + AsO3(OH)2−

(10)
k3→ TiIV –OH+

2 • •AsO3(OH)2−,

(11)TiIV –OH+
2 + AsO3−

4
k4→ TiIV –OH+

2 • •AsO3−
4 .

The rate constant,k, as a function of pH can be given by th
equation

k = {(
k1[H+]3 + k2Ka1[H+]2 + k3Ka1Ka2[H+]

(12)+ k4Ka1Ka2Ka3
)([H+]/([H+] + Ks

))}
/Z,
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Fig. 4.k (A) and maximum As(V) (B) as a function of pH.

whereZ = [H+]3+Ka1[H+]2+Ka1Ka2[H+]+Ka1Ka2Ka3.
The non-linear regression fit of the data gavek1 = 9.2 ±
6.0 × 101, k2 = 5.4 ± 0.1 × 101, k3 = 7.5 ± 0.1 × 103,
andk4 = 8.0 × 107 µmol (g-TiO2)−1 min0.12. These values
give a reasonable fit to the estimated rate constants (a
line in Fig. 4A). As expected the interaction of AsO3−

4 with
TiIV –OH+

2 surface is dominant at low pH. The maximu
adsorption amount of As(V) as a function of pH is shown
Fig. 4B. At pH < pHpzc, the TiO2 surface has a net positiv
charge (Eq. (4)) that attracts the As(V) anions to give high
amounts of adsorption at low pH.

The As(V) equilibrium experiments of adsorption on
TiO2 suspension at pH 4 and 9 were conducted to dev
isotherms and the results are shown inFig. 5. At both pH val-
ues, the adsorption capacity of As(V) onto Hombikat UV1
suspension was higher than onto Degussa P25 TiO2. This is
due to the higher surface area for Hombikat UV100 Ti2

particles compared to Degussa P25. The difference in po
ity may also play a role in the different adsorption capaci
of the two TiO2 suspensions.

The experiment results for the As(III) adsorption on
TiO2 are presented inFig. 6. Similar to As(V), As(III)
adsorption capacities onto Hombikat UV100 TiO2 parti-
cles were higher than onto Degussa P25 suspension
both acidic and alkaline medium. However, the adsorp
of As(III) onto TiO2 particles increases with increases
pH, which is opposite to the adsorption behavior found
As(V). As(III) behaves like a weak acid and goes throu
-

Fig. 5. Adsorption of As(V) on Hombikat UV100 (circle) and Degussa P
TiO2 (square) suspensions at two different pH. pH 4 (open symbols); pH
(filled symbols).

Fig. 6. Adsorption of As(III) on Hombikat UV100 (circle) and Degussa P
TiO2 (square) suspensions at two different pH. pH 4 (open symbols); pH
(filled symbols).

equilibrium represented by the equations[22]

(13)As(OH)3 � H+ + AsO(OH)−2 , pK1 = 9.23,

(14)AsO(OH)−2 � H+ + AsO2(OH)2−, pK2 = 12.10,

(15)AsO2(OH)2− � H+ + AsO3−
3 , pK3 = 13.41.

At pH 4, neutral species (As(OH)3) predominate and ap
proximately equimolar mixtures of As(OH)3 and AsO(OH)−2
are present at pH 9 (Eqs. (13)–(15)). Increase of As(III)
adsorption in alkaline solution suggests that the simple e
trostatic factors are not controlling the adsorption of As(
onto TiO2 particles. In alkaline solution, the release of p
ton from As(OH)3 (Eq. (13)) may remove the hydroxyl ion
from the coordinating layer of the TiO2 surface (Eq. (4)).
This process creates sites withpositive charge at the surfac
of TiO2 to adsorb negative As(III) anions at alkaline pH.
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Table 3
Isotherm parameters for adsorption of As(V) and As(III) on Degussa P25 and Hombikat UV100 TiO2 catalyst at different pH

pH Langmuir isotherm equation Freundlich isotherm equation

Qsat Kad (10−6 M−1) r2 n KF r2

Hombikat UV100
As(V) 4 300±79 1.2±0.3 0.98 7.2±0.8 152±11 0.90

9 121±3 0.02±0.01 0.85 3.1±0.4 16±3 0.94

As(III) 4 303±65 0.007±0.002 0.86 2.1±0.1 13±2 0.99
9 575±69 0.005±0.001 0.98 1.8±0.2 13±0.4 0.99

Degussa P25
As(V) 4 62±9 0.5±0.1 0.93 8.9±0.8 35±2 0.86

9 23±1 0.012±0.007 0.74 2.5±0.4 1.8±0.7 0.90

As(III) 4 46±7 0.05±0.01 0.94 4.6±0.3 13±1 0.96
9 52±32 0.05±0.01 0.68 1.4±0.3 14±1 0.88
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Similar patterns for adsorption of As(V) and As(III) on
iron and aluminum oxide surfaces as a function of pH h
been found[8–11]. The adsorption of arsenic onto ferrih
drite showed changes in surface charge properties o
adsorbent during the process in the pH range of 4–10[10].
The property of surface charge is related to whether t
is net release of either H+ or OH− ion during the adsorp
tion process. As(V) adsorption results in the release of O−
ions at pH 4.6 and 9.2. In comparison, the adsorption
As(III) at acidic pH releases H+ while OH− is released a
basic pH. There is an increase in the negative character o
surface adsorbing As(V) onto hydroxylated surfaces with
creasing pH, hence greater adsorption of As(V) at low pH.
As(III) treated surfaces did not show a change in the n
ative character of surfaces and therefore greater adsor
of As(III) at higher pH. A similar adsorption mechanism
As(V) and As(III) onto TiO2 surfaces may occur causin
larger amounts of As(V) at low pH and As(III) at high pH
Another possibility is the formation of complexes with s
face structural titanium dioxide sites, which may vary w
pH. Spectroscopic and model studies with iron oxide
faces have shown that As(V) forms a combination of mo
and bi-dentate complexes and a single bidentate binu
complex is obtained with As(III)[23–26]. The adsorption
of arsenic on amorphous aluminum and iron oxides has
gested the pH dependence in the position of As–O stretc
bonds for both As(III) and As(V)[18].

3.3. Adsorption isotherms

The two most common models to describe adsorp
process are the two-parameter isotherms of Langmuir
Freundlich. The Langmuir adsorption isotherm can be
scribed by the equation

(16)Qad= Qsat
KadCeq

1+ KadCeq
,

whereQad is the specific adsorbed quantity of a model co
pound andCeq is the pollutant concentration, both at eq
librium; Qsat is the saturation (maximum) adsorption capac
ity and Kad is the adsorption constant. Unique adsorpt
n

r
Fig. 7. Langmuir and Freundlich adsorption isotherms for adsorptio
As(V) on Hombikat UV100 (circle) and Degussa P25 TiO2 (square) sus
pensions at two different pH. pH 4 (open symbols); pH 9 (filled symbols)

sites, monolayer adsorption, and no interaction between
adsorption sites are the underlying assumptions used in
riving the Langmuir isotherm.

On the other hand, the Freundlich adsorption isoth
equation can be expressed by the equation

(17)Qad= KFC
1/n
eq ,

whereKF andn are two Freundlich isotherm parameters
Adsorption data of As(V) obtained from experiments

pH 4 for both Hombikat UV100 and Degussa P25 TiO2 sur-
faces fit well with the Langmuir equation, but the Freundl
equation gives a better adsorption of As(V) at pH 9 (Fig. 7).
The parameters obtained using non-linear least squares
ment of data for both Langmuir and Freundlich isother
for As(V) at pH 4 and 9 are given inTable 3. The value
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of Kad = 6.7 ± 0.4 × 105 M−1 As(V) adsorption at pH 4
for Degussa P25 TiO2 suspensions is in reasonable agr
ment with the literature value of 6× 105 M−1 at pH 3[13].
Experimental data of As(III) adsorption on TiO2 at pH 4
and 9 gave a better fit using the Freundlich isotherm (Ta-
ble 3). The isotherm parameters for As(III) at pH 4 and 9
Hombikat UV100 as well as Degussa P25 are also give
Table 3.

The dependence of adsorption on two different isothe
may be explained by considering that the oxide surfa
have different kinds of surface sites with different affinit
for adsorbate ions, As(V) and As(III)[27]. The density of
strong binding sites may be much less than the weaker b
ing sites of the oxide surfaces. If adsorption occurs unti
the strong binding sites are occupied, adsorption proces
low Langmuir isotherm, as was found for As(V) at pH
The Freundlich isotherm fits for As(V) at pH 9 and As(I
at pH 4 and 9 indicate heterogeneity of the surface du
involvement of both strong and weaker binding sites for
sorption, thus resulting in a multisite adsorption proces
for these adsorbate ions.

4. Conclusion

The results ofFigs. 5 and 6suggest that adsorption o
As(V) is very much higher than As(III) adsorption at pH
especially at low equilibrium concentrations of As(V). Co
paratively, adsorption of As(III) is much higher than that
As(V) at pH 9. In natural waters, arsenic is usually pres
at very low concentration; oxidation of As(III) to As(V) fo
lowed by subsequent adsorption of As(V) on TiO2 surface
at slightly acidic media would completely remove arsen
from the water. The photocatalysis process under ultrav
and visible radiation can achieve oxidation of As(III) at lo
TiO2 suspension. Additionally, TiO2 surfaces adsorbs les
As(V) at pH> pHpzc and strongly adsorb at pH< pHpzc;
the catalyst can be easily regenerated for further use by
ing the pH.

The adsorption of As(V) and As(III) onto commercial
available TiO2 in aqueous solution is controlled by both t
surface charge of TiO2 and the form of arsenic species. T
pH is therefore a strong factor in adsorption of both As
and As(III) by TiO2. The adsorption capacity of As(V) i
high in acidic solutions while that of As(III) is high in ba
sic solutions. These results suggest that under basic c
tions TiO2 photocatalyst is more efficient for the oxidatio
of As(III) to As(V). The removal of As(V) from water by ad
sorption onto TiO2 can then be maximized by adjusting t
pH to acidic environment.
-

-
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