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Abstract

Adsorption of arsenate (As(V)) and arsenite (As(llig)two commercially availdle titanium dioxide (TiQ) suspensions, Hombikat
UV100 and Degussa P25, was investigated as a function of pH and initial concentration of adsorbate ions. The BET surface area and ze
potential values of TiQ were also measured to understand the difference in piisobehavior of two suspsions. Both As(V) and As(ll1)
adsorb more onto Hombikat UV100 particles than Degussa P25 particles. Adsorption of As(V) opgus@nsions was more than As(lIl)
at pH 4 while the adsorption capacity of As(lll) was more at pH 9. The electrostatic factors between surface chargeoaftiGi@es and
arsenic species were used to eipladsorption behavior of As(Vand As(lll) at different pH. The Langmuir and Freundlich isotherm
equations were used to interpret the nature of adsorption of arsenic orngasdgpensions. The usefulness of adsorption data in removing
arsenic in water is briefly discussed.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction to solid surfaces. The most common method of arsenic re-
moval is coagulation with iron salts and alum, followed by

Arsenic [arsenite (As(l11)) and arsenate (As(V))] contam- microfiltratipn [5-7]. .The oxidatiqn of As(lll) to As(\/) is
ination in groundwater has become a major concern in many therefore highly desirable to achieve As(V) adsorption onto
countries including Bangladesh, Vietnam, and the western Metal oxyhydroxidegs—11] .
United Stateg1]. The main source of arsenic is geologi- 1he oxidation of As(lll) to As(V) can be accomplished
cal, but human activities such as mining and pesticides canPY Photocatalytic reactionssing titanium dioxide (TiQ) as
also cause arsenic pollution. The toxicity of arsenic to hu- & catalys{12,13} The adsorption of arsenic ions onto O
man health ranges from skin lesions to cancer of brain, liver, PI2ys an important role durgnthe photocatalytic reaction.
kidney, and stomacf2]. Recently, the European Union and Homblkat leOO and Degussa P25 are two 'commermaI.Iy
the United States governments have therefore lowered the2vailable TiQ samples. The study on adsorption of arsenic

maximum contaminant level for total arsenic to 1 j onto' Deggssa P25. TiOhas bee.n performed, but similar
drinking water Yhon studies with Hombikat UV100 Ti@have not been carried

The distribution between As(lll) and As(V) in water de- out, In this Paper, studies Of. arsenig adsorption onto Hom-
pends on redox potential and [gB4]. Under groundwater bikat UV100 TiQ were carried out in the pH range from

conditions, As(lll) is the predominate form of arsenic, which sto 9..Stud'|es with Qegussa P25 bi@ere also pgrformed
is more toxic and mobile than As(\JL]. As(lll) has low under identical experimentaboditions for comparison. The

- . . . . objectives of the present study were twofold: (1) to inves-
affinity with mineral surfaces while As(V) adsorbs easily tigfatte the pH dep@ndence of Xs(lll) and As(V)( a)ldsorption

onto two TiQy suspensions at varying initial arsenic con-
* Corresponding author. centrations; and (2) to describe the data using adsorption
E-mail address: vsharma@fit.edu (V.K. Sharma). isotherms.
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Table 1

Physicochemical properties of titam dioxide used in experiments

Property Hombikat UV100 Degussa P25
Composition 99% anatase ~80% anatasey20% rutile
Density (¢fcmd) 3.9 3.8

BET surface area (fig—1)2 334 ~55

Average primary particle (nrft) <10 ~30

pH in aqueous solution ~6 3-4

Porosity Porous (mesoporous5.6 nm in diameter) Non-porous

@ Taken from Ref[15].
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2. Materialsand methods
Analytical grade chemicals were used without further pu- 0
rification. Solutions were prepared in ultra pure water (resis-
tivity 18.2 MQ2) obtained with a Milli-Q water purification
system. Sodium arsenite, NaAsQvas used as a source of
As(lll) and was obtained from Fluka chemical. The source
of As(V) was the sodium salt of arsenic acid, hepta hydrate,
NapHAsO4-7H0 (Aldrich Chemical). Stock solutions con-
taining 0.0015 M As(lll) and As(V) were prepared and

20

Zeta Potential (mV)
o

-20 -

stored in a dark place to carry out the experiments. Degussa 40 4 e  Hm UV-100

(Germany) and Sachtleben Chemie GmbH (Germany) pro- —m— P25

vided the two titanium dioxide samples, Degussa P25 and -60 —

Hombikat UV100, respectively. 1 2 3 4 5 6 7 8 9 10 11
The zeta potentiak, measurements of Tiused aque- pH

ous suspensions prepared by adding 0.05gto 1 L of 0.001 M _ . . o .
NaNOs. The pH was adjusted to the desired value by adding EE 1. Zeta potential of TiQ suspensions in 0.001 M NaNGat different

either HNG; or NaOH. These suspensions were shaken for
24 h in the dark, thé-potential was measured, and the final
pH of the suspensions was recorded. The Brookhaven Zeta
Plus system was used to determine the zeta potentials.
Adsorption studies of As(lIl) and As(V) were carried out
by adding the required amount of TiGuspensions into ei-
ther As(lIl) or As(V) solutions at different concentrations.
After adjusting the pH of solutions to the desired values, so-
lutions were sealed and stirred by magnetic stirrer at room 3 1 physicochemical characteristics of TiO, suspensions
temperature (29% 3 K). An Orion model 720A pH meter
was used to measure the pH of the solution. A combination The physicochemica| data of two Ti@amp|esl Hom-
electrode was calibrated using commercial pH 4.0, 7.0, andpjkat UV100 and Degussa P25, used in the study are given
10.0 buffers. The suspensions were mixed continuously forin Table 1 The characteristic differences between the two
about 2 h for Degussa P25 and 3 h for Hombikat UV100 suspensions are their composition, BET surface area, and
to establish adsorption equilibrium. At the end of the equi- porosity. Hombikat UV 100 is composed of anatase while
librium period, 10 ml of the mixture was filtered through Degussa P25 is a combination of anatase and rutile sur-
0.45 um filter and the supernatant was analyzed for As(V) faces of titanium dioxid§L5]. The particle size of Hombikat
and total arsenic. UV100 is smaller than that of Degussa PJBlgle 1. This
Inductively coupled plasma—optical emission spectroscopyyives a much higher surface area of Hombikat UV100 than
(ICP—OES) (Perkin—Elmer Optima 3000DV) was used to of Degussa P25.
measure total arsenic concentratios7/(5 uM) in the solu- The zeta potentiak, values were measured in 0.001 M
tion. The total arsenic concentrations lower thah.5 uM NaNQ;s solutions in order to observe the surface charges of
were analyzed by inductively coupled plasma—mass spec-the TiQ, suspensions. The values of zeta potential of,TiO
troscopy (ICP—MS) (ELAN 6100, Perkin—Elmer) and when- suspensions as a function of pH are showrFig. 1. The
ever necessary the solution was diluted by ELGA 182 M  points of zero charges (PZC) for Hombikat UV100 and De-
ultrapure water before analyzing to make sure the arsenicgussa P25 were obtained as 6.2 and 6.9, respectively. The
concentrations did not exceed 1.5 pM. As(V) was mea- PZC of Degussa P25 in our study is in reasonable agreement
sured spectrophotometrically using the molybdenum blue with the literature value of 8 + 0.2 [16]. At pH < pH,,,

method[14]. Concentrations of As(lll) were determined by
the difference between As(total) and As(V). The accuracy
and precision of measurements were wittis%.

3. Resultsand discussion
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Fig. 3. A plot of As(V) adsorption data using a power function kinetic model

Fig. 2. Adsorption of As(V) on Hombikat UV100 TiDsuspension as a (Eq. (3). pH 3 (0); pH4 (); PH5 (4); PH 6 (O); PH 7 ©0); PH 9 (V).

function of pH.Co = 133 pmoJL.
Table 2
Power function kinetic model parameters for adsorption of As(V) on Hom-

TiO2 surface is positively charge&(. (1) whereas at pH- bikat UV100 TiO, catalyst at different pH

PHy,c TiO2 surface is negatively chargedd. (2).

pH k (umol (g-Tiy) L min®-12) v r2
TiV-OH+H* — Ti'V-OHJ, pH < pHy, 1) 3 599+ 0.89 013+0.02 088
v RV 4 5294 0.32 010:£0.01 096
Ti¥=OH+OH™ — Ti" -0~ +H20, pH<pHy. (2) 5 458+ 0.47 012+0.02 094
6 4524 0.40 0114001 095
3.2. As(V) and As(111) adsorption equilibrium 7 134+0.13 016-0.02 096
9 1024022 0134002 092

As(V) and As(lll) adsorption equilibria at various pH

were established in approximately 2 and 1 h for Hombikat gystem, anatase surface of Hombikat UV100 is considered
UV100 and Degussa P25, respectively. Hombikat UV100 monoprotic[21] (Eq. (4) and As(V) is triprotic acid18]
TiO2 is composed of mesoporous particlégalgle 1) in (Egs. (5)~(7).
which adsorption is possibly occurring through pore dif- v N N v
fusion steps and takes a longer time to reach equilibrium. T ~OH; = H™ +Ti"-OH,  pK, =4.58[21], (4)
In comparison, Degussa P25 is made of nonporous TiO AsO(OH)3 = H™ +AsO2(OH),, pK,1=23, (5)
particles where only intermolecular diffusion adsorption — 2 _
processes occur. This adsorption phenomenon would thusASOZ(OH)2 FHT+ASGOH)™,  pKe2=68, (6)
require less time to reach equilibrium. AsO3(OH)?~ = HT + AsO}", pK,3=116. (1)

The kinetics of AS(V) adsorption onto Hombikat UV100 The rate dependence can then be ana|yzed by consid-
TiO2 suspensions at different pH are showrFig. 2 The  ering attractions between the positive surfaces sites of

kinetics and amounts of As(V) adsorption onto Fi€us- TiO, with four species of As(V), ASO(OH) AsO(OH);,
pensions were pH dependent; higher rates and amounts adASOg(OH)z_ and As(j‘ (Eqs. (8)=(11).

sorbed occur at low pH. Similar pH dependence on the up-

take of As(V) onto other oxide surfaces was foy8€12,17,  TiV_OHJ + ASO(OH)3 M i V_OHJ ¢ «ASO(OH)3, (8)
18]. The As(V) adsorption kinetic data were found to be best TiV_OH + ASO.(OH)S

described by the power function kinetic mod#®], which 2 2

can be described by the equation ke Ti'V—OH! ¢ eASO(OH);, (9)
As(V), = ki, (3) Ti'V—OHJ + AsO3(OH)*~

where AgV), is amount of As(V) adsorbed at timeandk ] Ti'V—OHJ e eAsO3(OH)?", (10)
andv are rate constant and order, respectively, for adsorp- " N ks ey N 5

tion process. A log—log plot oEq. (3)is shown inFig. 3. TiV-OHJ + AsC}~ = Ti'V—OHJ e eAsO] . (11)

The values ofv andk obtained from the plot are given in  The rate constant, as a function of pH can be given by the
Table 2 A fractional order, L2+ 0.02 adsorption process  equation

was found, which was independent of pH. Fractional or- 3 o N
ders are not uncommon in heterogeneous sysf2@jsThe k= {(ka[H"T* + k2Ka1[HT1° + k3K a1 Ka2[H ']

rate constants decrease with increase inpig.(4A). In the + kaKa1Ka2Ka3)((HT1/(IHT1+ Ky))}/ Z, (12)
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. . . . . . I T T T T T T T T T T T
Ilrle in Fig. 4A). As gxpectgd the interaction of A%OW{th 0 100 200 300 400 500 600
Ti'V—OH] surface is dominant at low pH. The maximum [AS(1]eg (uM)

adsorption amount of As(V) as a function of pH is shown in
Fig. 4B. At pH < pszc- the TiQ, surface has a net positive  Fig. 6. Adsorption of As(lll) on Hombikat UV100 (circle) and Degussa P25
charge Eq. (4) that attracts the As(V) anions to give higher TiO2 (square) suspensions at two diffat pH. pH 4 (open symbols); pH 9
. (filled symbols).

amounts of adsorption at low pH.

The As(V) equilibrium experiments of adsorption onto o .
TiO, suspension at pH 4 and 9 were conducted to developequilibrium represented by the equati¢ag]
isotherms and the results are showFig. 5. At both pH val- o 3
ues, the adsorption capacity of As(V) onto Hombikat Uv100 AS(OH)s=H" +AsOOH),.  pK1=9.23, (13)
suspension was higher than onto Degussa P25.Tifis is AsO(OH), = Ht + AsO2(OH)>~, pK»=1210, (14)
due to the higher surface area for Hombikat UV100 O 2 it _ _
particles compared to Degussa P25. The difference in poros—AsoZ(OH) =H 4+ Asog » PK3=1341 (15)
ity may also play a role in the different adsorption capacities At pH 4, neutral species (As(OH) predominate and ap-

of the two TiQ; suspensions. proximately equimolar mixtures of As(Okland AsGOH),

The experiment results for the As(lll) adsorption onto are present at pH 9E@s. (13)—(15) Increase of As(lll)
TiO, are presented irfFig. 6. Similar to As(V), As(lll) adsorption in alkaline solution suggests that the simple elec-
adsorption capacities onto Hombikat UV100 Ji@arti- trostatic factors are not controlling the adsorption of As(lll)

cles were higher than onto Degussa P25 suspensions ironto TiO, particles. In alkaline solution, the release of pro-
both acidic and alkaline medium. However, the adsorption ton from As(OH} (Eqg. (13) may remove the hydroxyl ion
of As(lll) onto TiO, particles increases with increases in from the coordinating layer of the TiOsurface Eq. (4).
pH, which is opposite to the adsorption behavior found for This process creates sites withsitive charge at the surface
As(V). As(lll) behaves like a weak acid and goes through of TiO, to adsorb negative As(lll) anions at alkaline pH.
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Table 3
Isotherm parameters for adsorption of As(V) and As(lll) on Degussa P25 and Hombikat UV19@atdlyst at different pH
pH Langmuir isotherm equation Freundlich isotherm equation
Osat Kag(10°M~1) r? n K r?
Hombikat UV100
As(V) 4 300+79 12+03 0.98 72+0.8 152+11 090
9 121+3 0.02+0.01 085 31+04 16+3 0.94
As(lll) 4 303+65 0007+0.002 Q86 21+0.1 13+2 0.99
9 575+ 69 0005+0.001 Q98 18+0.2 13+04 0.99
Degussa P25
As(V) 4 62+9 05+0.1 0.93 89+0.8 35+2 0.86
9 23+1 0.012+0.007 Q74 25+0.4 1.8+0.7 0.90
As(ll1) 4 46+7 0.05+0.01 094 46+0.3 13+1 0.96
9 52+32 005+0.01 068 14+03 14+1 0.88

Langmuir Isotherm

Similar patterns for adsorption of As(V) and As(lll) onto
iron and aluminum oxide surfaces as a function of pH have
been found8-11] The adsorption of arsenic onto ferrihy-
drite showed changes in surface charge properties of the
adsorbent during the process in the pH range of 410D
The property of surface charge is related to whether there
is net release of either Hor OH~ ion during the adsorp-
tion process. As(V) adsorption results in the release of OH
ions at pH 4.6 and 9.2. In comparison, the adsorption of
As(lll) at acidic pH releases Hwhile OH™ is released at
basic pH. There is an increase in the negative character of the
surface adsorbing As(V) onto hydroxylated surfaces with in-

1/Quq

Freundlich Isotherm

creasing pH, hence greatersadption of As(V) at low pH. 24 Azé e
As(lll) treated surfaces did not show a change in the neg- 204 P B
ative character of surfaces and therefore greater adsorption ;ﬂ; 1.6 .
of As(lll) at higher pH. A similar adsorption mechanism of 3 10 i
As(V) and As(lll) onto TiQ surfaces may occur causing B s n |
larger amounts of As(V) at low pH and As(lll) at high pH. '

Another possibility is the formation of complexes with sur- 0.4 — T T T T T T T
face structural titanium dioxide sites, which may vary with 08 12 16 20 24 28 32
pH. Spectroscopic and model studies with iron oxide sur- log(Ceq)

faces _have shown that As(V) forms ,a Combmatlon of ,mono- Fig. 7. Langmuir and Freundlich adsorption isotherms for adsorption of
and bi-dentate complexes and a single bidentate binuclears) on Hombikat UV100 (circle) and Degussa P25 Ji@quare) sus-
complex is obtained with As(l11]23-26] The adsorption  pensions at two different pH. pH 4en symbols); pH 9 (filled symbols).

of arsenic on amorphous aluminum and iron oxides has sug-

gested the pH dependence in the position of As—

O stretching,; . . .
sites, monolayer adsorption, and no interaction between the
bonds for both As(11l) and As(V8]. y P

adsorption sites are the underlying assumptions used in de-
riving the Langmuir isotherm.

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

3.3. Adsorption isotherms

The two most common models to describe adsorption

process are the two-parameter isotherms of Langmuir and) K,:Céé”, (17)
Freundlich. The Langmuir adsorption isotherm can be de-
scribed by the equation whereKg andn are two Freundlich isotherm parameters.
KadCo Adsorption data of As(V) obtained from experiments at
Oad= Qsar—o®4 (16) pH 4 for both Hombikat UV100 and Degussa P25 T&dir-
1+ KadCeq faces fit well with the Langmuir equation, but the Freundlich

whereQ4qis the specific adsorbed quantity of a model com- equation gives a better adsorption of As(V) at pH®( 7).
pound andCeq is the pollutant concentration, both at equi- The parameters obtained using non-linear least squares treat-
librium; Qsatis the saturation (mamium) adsorption capac- ment of data for both Langmuir and Freundlich isotherms
ity and Kag is the adsorption constant. Unique adsorption for As(V) at pH 4 and 9 are given iflable 3 The value
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