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KEYWORDS Abstract Microwave-hydrothermal method was used for the synthesis of TiO, and TiO, doped
Microwave-hydrothermal with zirconium. The method was fast and simple and adsorbents were used for removal of As(I1)
synthesis; and As(V) from aqueous solutions. The adsorbents were characterized by BET surface area mea-
Zr modified TiO; surements and powder XRD. Experiments showed that TiO, doped with 10% of Zr using the
Adsorption; microwave-hydrothermal method have greater specific surface area and total pore volume in com-
Arsenic removal parison with TiO, synthesized using the same method. Better removal with doped adsorbent was

obtained for both, As(III) and As(V). Further experiments were carried out with Zr doped TiO,
sorbent in order to examine kinetic of adsorption, influence of pH and effect of common anions
present in natural waters.
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1. Introduction

Arsenic is a ubiquitous element that ranks 20th in abundance
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bicide, in semiconductor industry, for preservation of wood,
the greatest treat is from groundwaters that are used as a
source for drinking water. The health of more than 100 million
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that has elevated concentration of arsenic. In recent years ele-
vated concentrations of arsenic in groundwater have been
reported in different parts of the world, including India [2],
Cambodia [3], Australia [4] and Pakistan [5].

Parallel to efforts of researchers to determine arsenic spe-
cies in natural water samples [6-9] many methods have been
investigated for removal of arsenic from drinking water like
precipitation/coprecipitation [10], separation processes [11—
13], and ion exchange [14-16]. Adsorption is considered as
the best available technique for removal of arsenic from drink-
ing water as it can be simple in operation and cost-effective. In
recent years researcher investigated materials with ability to
adsorb and oxidize As(III) to As(V) which are less toxic and
easier to remove from water [17,18]. The application of TiO,
and TiO,-based adsorbents was extensively investigated due
to its physical and chemical stability, negligible toxicity as well
as strong oxidizing power, easy preparation and high affinity
to arsenic. It is a known fact that inorganic As(IIl) is more
toxic and has less affinity for removal than As(V). Photocatal-
ysis with TiO, offers a relatively inexpensive, environmentally
benign way to achieve As(III) oxidation [19]. Also, in recent
published papers, zirconium based sorbents showed high affin-
ity toward arsenic adsorption [20-22].

The goal of our research was to examine the microwave-
hydrothermal method for the synthesis of efficient, low-cost
material for arsenic removal and the influence of doping Zr
on TiO, on adsorption capabilities. Compared with conven-
tional hydrothermal process, microwave-hydrothermal tech-
nique enables fast heating to the required temperature and
extremely fast rates of crystallization. The use of microwaves
for a very short time enhanced the TiO, crystallinity prevent-
ing an increase in particle size and minimized the decrease in
specific surface area [23.24]. TiO, and TiO, doped with 10%
of Zr materials were synthesized using this method and their
efficiencies for arsenic removal were compared with commer-
cial TiO, (Degussa P25, Germany) material. Batch experi-
ments were conducted to examine reaction kinetics, influence
of pH and presence of common anions on arsenic removal
with Zr doped TiO, sorbent.

2. Experimental

For the synthesis of adsorbents TiCly (Merck, Germany),
ZrCl, (Merck, Germany), and NH4;OH (Sigma-Aldrich,
USA) chemicals of analytical grade were used. Stock solutions
(1000 mg/dm?) of As(V) and As(I1I) were prepared by dissolv-
ing appropriate amount of Na,HAsO47H,O (Fluka, Spain)
and NaAsO, (Fisher Scientific, USA) in deionized water,
respectively. HCI (Sigma Aldrich, USA) and NaOH (Sigma
Aldrich, USA) were used to adjust solution pH.

Sorbent was prepared using the microwave-hydrothermal
method. In a typical preparation procedure, TiCl, was added
to icy deionized water (TiCly:H,O (v/v) ratio 1:10) and homo-
geneous and transparent solution was obtained. Then, the
solution was subjected to precipitation by the slow addition
of 30% NH4(OH) under constant stirring at room tempera-
ture. The hydrolysis was controlled with the addition of NHy4
(OH), until the reaction mixture attained pH between 7 and
8. The suspension was transferred into Teflon microwave
closed vessels (digestion system ETHOS 1 Milestone, equipped
with a High Pressure Rotor SK-10, Italy), sealed and heated by

microwave irradiation reaching a maximum temperature of
150 °C in 10 min, then kept at this temperature for 15 min
more for hydrothermal treatment. The resulting product was
separated by centrifugation and washed repeatedly with deion-
ized water until the precipitate became free of chloride ion.
Finally, it was dried at 80 °C for 5h and then calcined at
500 °C for 10 h. Doped TiO, sample was prepared according
to the above procedure including addition of zirconium salt
in water to give 10% of dopant. Dopant concentration men-
tioned was expressed as the weight percent. The amount of
Zr doped on TiO, was determined after total degradation of
doped sorbent in MW digestion system. 0.1000 g of sorbent
was treated with 5 cm® 85% H3PO, (Sigma—Aldrich, USA),
3 e¢m? 37% HCI and 0.5 cm® 48% HF (Sigma—Aldrich, USA)
in 100 cm® PTFE. Applied MW digestion program was
15 min until 220 °C was reached and additional 20 min at
220 °C. After the degradation, the solution was transferred
to a 25 cm® volumetric flask and Zr was determined on ICP-
AES (iCap 6500Duo, Thermo Scientific, UK). Adsorbent
TiO, doped with 10% of zirconium was labeled as 10Zr/TiO.

X-ray powder diffraction (XRPD) was used for identifica-
tion of crystalline phases, quantitative phase analysis and esti-
mation of crystallite size and strain. XRPD patterns were
collected using a Philips diffractometer PW1710 employing
CuKa radiation. Step scanning was performed with 26 ranging
from 20° to 100°, step size of 0.10° and the fixed counting time
of 5s per step. XRPD patterns were used to refine crystallo-
graphic structure and microstructural parameters using the
procedure implemented in the FullProf computer program
[25].

Adsorption—desorption isotherms were obtained by nitro-
gen adsorption at —196 °C using a Sorptomatic 1990 Thermo
Finnigan device. Prior to adsorption, the samples were
degassed for 1 h at room temperature under vacuum and addi-
tionally for 16 h at 110 °C at the same residual pressure. The
specific surface area of samples (Sggr) was calculated by
applying the Brunauer—-Emmett-Teller equation, from the lin-
ear part of the adsorption isotherm [26]. Total pore volumes
(Vior) were obtained from the N, adsorption, expressed in
liquid form, by applying Gurevitsch’s rule [27]. Micropore
volumes (Vi) were estimated according to the Dubinin—
Radushkevich method [28]. Mesopore volumes (V) were
estimated according to the Barrett, Joyner and Halenda
method from the desorption branch of the isotherm [29].

The point of zero charge (pH,,,) was determined in accor-
dance with procedure described by Babic et al. [30].

The sorption kinetic study was carried out at pH 7. The ini-
tial concentration of As(IIl) and As(V) was 10 mg/dm?® in
0.01 M NaCl (Lach-ner, Czech Republic) for adjustment of
jonic strength. In plastic flask 100 cm® of arsenic solution
and 50 mg of adsorbent were mixed for 30, 60, 120, 240, 360,
720, 1440 and 2880 min at room temperature (20 = 2 °C).
After specified period of time samples were filtered through
0.45 pm membrane filter and pH was checked.

The effect of pH on As(III) and As(V) adsorption was
examined in the range from 3 to 11. 100 em® of 10 mg/dm?
arsenic solution was adjusted to required pH value and
50 mg of adsorbent was added. Well capped plastic bottles
were shaken for 1 h at room temperature and solutions were
filtered using 0.45 um membrane filter.

Adsorption isotherm experiments were conducted at
room temperature and at pH 3.0 = 0.2 by batch adsorption
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procedure. Experiment was performed by adding different
concentrations of As(IIT) and As(V) in 0.01 M NaCl solution
in 100 cm? plastic flasks with 50 mg of adsorbent. The concen-
trations of arsenic were in the range of 1-10 mg/dm?. The vol-
ume of solution was 100 cm?® in all experiments. Plastic flasks
were shaken for 1h. The samples were filtered through a
0.45 mm membrane filter.

In order to examine the influence of common anions (phos-
phate and sulfate) along with arsenic in water on the adsorp-
tion capabilities of adsorbents, two concentrations of anions,
I mM and 5mM, in 100 cm® 1 mg/dm® arsenic solution in
0.01 M NaCl at pH 3 were mixed with 50 mg of sorbent for
1 h. The quantity of adsorbed arsenic with and without these
salts was compared.

All samples in experiments were analyzed within 24 h. Total
arsenic concentrations were determined with ICP-AES. Instru-
ment was equipped with pneumatic nebulizer and RACIDS6
detector. The parameters of analysis were: pump rate
50 rpm, nebulizer gas flow 0.5 cm®/min, auxiliary gas flow
0.5 cm®/min, coolant gas flow 12 dm’/min, and RF power
1150 W.

All experiments performed in triplicate and average values
are reported. Variations between parallel experiments were less
than 7%.

3. Results and discussions

The most intensive diffraction peaks in the powder XRD pat-
terns of TiO, and 10Zr/TiO, (Fig. 1) can be ascribed to the
anatase crystal structure (JCPDS card 78-2486). The presence
of broad low-intensity diffraction peak at 20 ~ 30.8° can be
ascribed to the brookite phase of TiO, (JCPDS card 29-
1360). The content of brookite phase can be estimated less
than 3% in TiO, sample. For 10Zr/TiO, sample there was
an increase in brookite phase for 19%. Structure refinements
were performed by the Rietveld method.

After total digestion of material, the percentage of Zr
doped on TiO,, determined with ICP-AES, was 8.6%. Micro-
wave-hydrothermal method was very efficient for the synthesis
of doped materials as 86% of totally added Zr was incorpo-
rated in the structure of TiO,.

Determined pHp,. of 10Zr/TiO, was 6.6 £+ 0.2. Below this
pH the surface charge of adsorbent is positive and predomi-
nantly exhibits an ability to exchange anions.

Physical parameters of TiO, and 10Zr/TiO, synthesized
using the microwave-hydrothermal method are presented in
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Figure 1 XRD diffractogram of 10Zr/TiO,.

Table 1. Specific surface area for TiO, was slightly higher than
that reported for TiO, (Degussa P25) [19]. Comparing specific
surface area, total pore volume and micropore volume of TiO,
with TiO, doped with Zr we can see 3.5, 2 and 4-fold increase
for doped TiO,, respectively. A large specific surface area is
preferable for providing large adsorption capacity. Also, the
size of micropore determines the accessibility of adsorbate
molecules to the adsorption surface, so the increase in these
two properties of material could be beneficial for its sorption
properties.

3.1. Adsorption isotherms

In order to determine adsorption capabilities of TiO, synthe-
sized using the microwave-hydrothermal method and influence
of doped zirconia on adsorption capacity of TiO,, adsorption
capacities of commercially available TiO, (Degussa P25), TiO,
and 10Zr/TiO, were compared. Experimental data for adsorp-
tion of As(IIT) and As(V) on adsorbents were fitted with Fre-
undlich and Langmuir isotherm equations. Also, for 10Zr/
TiO, adsorbent, adsorption experiments were done at two
pH values, 3 and 7.

The expression for Freundlich isotherm model was given as
follows:

Q=K (1)

where Q (mg/g) is the amount of adsorbed arsenic per unit of
adsorbent, K;is a Freundlich constant related to adsorption
capacity, C, (mg/dm?) is the equilibrium arsenic concentration,
and » is a dimensionless Freundlich constant.

The Langmuir isotherm model is expressed as follows:
c_1.c o
Qe me an
where Q. (mg/g) is the amount of adsorbed arsenic per unit of
adsorbent, C, (mg/dm?) is the equilibrium concentration of
arsenic, O, (mg/g) is the amount adsorbed per unit weight
of adsorbent required for monolayer capacity, and b (dm?/
mg) is the Langmuir constant.

Slightly better correlation coefficients for adsorption of
As(IIT) onto 10Zr/TiO, were obtained with Freundlich iso-
therm model at both pH (Table 2). At pH 7 for As(V) adsorp-
tion follows Freundlich model while for pH 3 better fit was
achieved with Langmuir model. With the increase in pH from
3 to 7, adsorption capacity of As(III) increases while of As(V)
decreases. Depending on whether As(III) or As(V) is dominant
form of arsenic in water, the adjustment of pH can be used to
achieve the maximum adsorption capacity of target species.

Commercially available TiO, (Degussa P25) was examined
as a sorbent for arsenic by several researchers [31,32]. We com-
pared Degussa P25 sorbent with our TiO, synthesized using
the microwave-hydrothermal method, under identical experi-
mental conditions. Sorption capacities, derived from Langmuir
isotherm, for Degussa P25 were 3.66 and 6.61 mg/g for As(III)
and As(V), respectively. Specific surface area of Degussa P25
(55m?/g) is lower compared with our TiO, (66 m*/g) that
could be the reason for smaller sorption capacity of Degussa
P25.

Significant increase in 10Zr/TiO, adsorption capabilities
toward both As(III) and As(V) was observed in comparison
with TiO,, derived from Langmuir model. The reason for this
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Table 1 Comparison of physical properties of TiO, and 10Zr/TiO,.

Adsorbents TiO, 10Zr/TiO,
Pore volume (Gurvich) at /po, cm> g~ 0.236 0.465
Specific surface area, m* g~ ' 66 231
Mesopores (B.J.H.) desorption, Stand. Lecloux, Cumulative pore volume, cm> g~ 0.306 0.357
Micropore volume (Dubinin and Raduskevich), cm® g~ 0.019 0.074

Table 2 Freundlich and Langmuir adsorption parameters for As(I11) and As(V) adsorption onto 10Zr/TiO, (Q, (mg/g)). Experiments
were conducted at room temperature. Initial arsenic concentration ranged from 1 to 10 mg/dm?. Concentration of sorbent was 0.5 g/

dm?®. Reaction time was 1 h.

Adsorbent Freundlich Langmuir

10Zr/TiO, As(I1) As(V) As(I1) As(V)

pH 3 R? = 0.9825 R = 0.9539 R? = 0.9592 R? = 0.9960
K; = 5.04 K; = 10.91 Qo = 8.23 0o = 13.72

pH 7 R? = 0.9984 R* = 0.9818 R? = 0.9955 R = 0.9731
Kr =573 K = 4.24 0 = 9.76 0o = 7.18

TiO, pH 3 R? = 0.9888 R? = 0.9997 R? = 0.9542 R? = 0.9941
K; = 3.66 Kp = 5.34 0y = 5.52 0o = 7.39

TiO, (Degussa P25) pH 3 R? = 0.9757 R = 09737 R? = 0.9739 R? = 0.9927
Kr=1.71 K; = 2.70 0o = 3.66 0o = 6.61

improvement could be greater surface area and pore volume of
doped adsorbent.

3.2. Kinetic study

Kinetic of adsorption of As(IIT) and As(V) at pH 7.0 = 0.2
and room temperature (20 &+ 2 °C) is shown in Fig. 2. The ini-
tial rate of adsorption of both As(III) and As(V) was high.
During the first 30 min for As(III) more than 70% was
adsorbed of the total amount that was adsorbed in 48 h. In
the same period more than 67% of As(V) was adsorbed. The
time required for reaching equilibrium was 24 h for both
As(IIT) and As(V).

—a— As(lll)
104 = —o— As(V)
94
8 -

Ce (ppm)
./',.f

6 —o S,
54
4 = |
3 T 4 T % T 4 T % T ' T
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t (hours)

Figure 2 Adsorption kinetics of As(III) and As(V) onto 10Zr/
TiO,. Initial concentration of arsenic ¢y = 10 mg/dm?® in 0.01 M
NaCl, pH = 7, adsorbent dose 0.5 g/dm®.

Two kinetic models, pseudo-first and pseudo-second, were
fitted to data from kinetic experiment.

Pseudo-first-order rate expression of Lagergren equation
[33] is given as follows:

IOg(Qc_Qt) :10g Qc_klt (3)

where Q. and Q, are the amount of arsenate adsorbed in mg/g
at equilibrium and at time 7 (min), respectively, and &; (min™")
is the rate constant of the pseudo-first-order adsorption. The
adsorption rate constant can be determined from the slope
of the linear plot of log(Q. — Q,) versus .
Pseudo-second-order rate expression is as follows [34]:
t 1 n t
0 Qi Q.
where k> (g mg~' min~") is the pseudo-second-order rate con-
stant. k, can be calculated from the slope and intercept of the
plot #/Q, versus ¢.

Stronger linearity was obtained with pseudo-second order
model (Table 3). This indicates that the adsorption process
might be chemisorption. Similar results were observed for
adsorption of As(II) and As(V) on iron-zirconium binary
oxide where equilibrium was achieved after 25 h and adsorp-
tion of As(III) was faster than As(V) [35]. As pseudo-second
order rate model does not provide information about rate-con-
trolling step experimental data were fitted to the Webber—Mor-
ris model [36]. If adsorption is one surface binding process and
rate is limited by intra-particle diffusion, data plotted in Q; vs.
1°% should exhibit linearity and intercept at the origin. Straight
lines do not pass through origin indicating that the adsorption
of As(IIT) and As(V) is a multiple process not governed only
with intraparticle diffusion (Figs. 3 and 4).

4)

3.3. Effect of pH on As(III) and As(V) removal

The effect of pH on As(III) and As(V) adsorption is shown in
Fig. 5. At lower initial pH the adsorbed quantity of As(III)
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Table 3 Pseudo-first and pseudo-second kinetic parameters for As(III) and As(V) onto 10Zr/TiO,. Initial concentration of arsenic
¢o = 10 mg/dm?® in 0.01 M NaCl, pH = 7, adsorbent dose 0.5 g/dm”.

Adsorbent Pseudo-first order Pseudo-second order
R ki (min~") R? k> (g mg 'min~")
10Zr/TiO, As(IIT) 0.9642 0.0029 0.9990 0.0041
10Zr/TiO, As(V) 0.9706 0.0025 0.9985 0.0055
_— = As(lll) o]
n u i —m— As(lll) //’
11,5 81 —— Asll) _—
[ 4
7 4
11,0 S ]
= " 6
S 105 = = |
S 10,5
€ . g5
5 =
10,0 4 4
. 87
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24
9,04 n ]
14
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Figure 3  Intraparticle mass transfer plot for As(III) adsorption

on 10Zr/TiO-. Initial concentration of arsenic ¢co = 10 mg/dm? in
0.01 M NaCl, pH = 7, adsorbent dose 0.5 g/dm?.
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Figure 4 Intraparticle mass transfer plot for As(V) adsorption

on 10Zr/TiO,. Initial concentration of arsenic ¢, = 10 mg/dm? in
0.01 M NaCl, pH = 7, adsorbent dose 0.5 g/dm”.

slowly increased with the increase in pH to 9. With the increase
in pH above 9 the decrease in adsorption occurred. This could
be explained with increased electrostatic repulsion of AsO3
anions, which were dominant form of As(III) above pH 9,
and negative surface charge of adsorbent. For As(V) the

Figure 5 The effect of pH on adsorption of As(III) and As(V)
onto 10Zr/TiO,. Initial concentration of arsenic ¢, = 10 mg/dm3,
contact time 1 h, adsorbent dose 0.5 g/dm?.

maximum adsorption was achieved at pH 3 and further
increase in pH decreased adsorption capability almost linearly.
Dominant form of As(V) at pH 3 is H,AsOg and the surface
charge of adsorbent is positive. With the increase in pH, the
surface charge becomes less positive up until pH,,.. After it
becomes negative dominant forms of As(V) in less acidic, neu-
tral and alkaline water are HAsO3~ and/or AsO3 ", resulting in
increase in electrostatic repulsion of adsorbent surface and
As(V) species.

3.4. Effect of competing anions

PO;~ and SO3~ anions are common constituents of natural
waters which have molecular structure similar to arsenic. Their
influence on arsenic adsorption onto 10Zr/TiO, was investi-
gated and results are presented in Table 4.

The presence of PO; ™ has a significant influence on As(V)
adsorption on 10Zr/TiO,. With higher concentration of added
anion, decrease in adsorption was more pronounced. Addition
of SO3™ anion did not significantly affect As(V) removal. Sim-
ilar effects of PO3~ and SO3~ anions on As(V) adsorption was
reported by Ren et al. [35]. As for As(IIl), addition of 1 mM
and 5 mM PO}~ achieved similar reduction in adsorption sug-
gesting that saturation of active sites was achieved with 1 mM
concentration while effect of SO~ anion was less compared
with PO
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Table 4 Effect of PO}~ and SO  anions on As(IIT) and
As(V) adsorption onto 10Zr/TiO, adsorbent. Initial concen-
tration of arsenic ¢y = 1 mg/dm?, pH = 3, adsorbent dose
0.5 g/dm?>.

Concentration Concentration Concentration
of anions of As(V) (pg/dm®) of As(IIT) (pg/dm?)
after adsorption after adsorption

0 <0.010 <0.010

1 mM POy~ 0.578 0.629

5mM POy~ 0.817 0.682

1 mM SO;~ 0.040 0.281

5mM SOz~ 0.045 0.295

Table 5 Chemical composition of tap water of the Zrenjanin
city.

Component Concentration (mg/dm?)
pH 8.0
ClI™ 23.21
SOz~ 50.74
HCO3 1705
Total P 0.67
As 0.092
Ca 14.1
Mg 10.0
K 1.4
Fe 0.61
Mn 0.027
Zn 0.26
Al Not detected
100 —e— 10 mg 10Zr/TiO,
! —*— 100 mg 10Zr/TiO,

90

80
-y i
> 70
& 60
"@' 4
o 50
8 4
Q 404
o
e .
' 30
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< 7]

104
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t (min)

Figure 6 The decrease in arsenic concentration in natural water
sample from the city of Zrenjanin with the increase in the contact
time, for 0.1 and 1.0 g/dm® adsorbent dosages (concentration of
arsenic = 92 pg/dm?).

3.5. Arsenic removal from the naturally contaminated water
sample

To evaluate potential use of 10Zr/TiO, adsorbent for arsenic
removal in real water samples, tap water from the city of

Zrenjanin was used (it is located in the northern part of Ser-
bia). Groundwater was pumped from city wells and distributed
to taps after the addition of chlorine. Total arsenic concentra-
tion was 92 ug/dm?®. Other ionic species of this water sample
are shown in Table 5.

Kinetic experiments with 0.1 g/dm? and 1.0 g/dm?> loadings
of 10Zr/TiO, adsorbent were carried out to investigate effi-
ciency with natural water sample. With 1 g/dm® adsorbent
dose after 5 min of contact time the removal of arsenic was
more than 80% (Fig. 6). With 30 min of contact time arsenic
level in water was at the WHO recommended limit. This exper-
iment with naturally contaminated water sample demonstrated
that 10Zr/TiO, could be used to treat natural water samples
with elevated concentration of arsenic.

4. Concluding remarks

Titanium dioxide and zirconium doped titanium dioxide, were
synthesized using microwave-hydrothermal method and used
for arsenic removal. XRPD patterns showed that the main
phase was anatase with smaller percentage of brookite phase.
Sorption capacities for As(III) and As(V) onto 10Zr/TiO, at
pH 3, derived from Langmuir isotherm model, were 8.23 and
13.72 mg/g, respectively. TiO, adsorption capacities of As(III)
and As(V), at same pH (5.52 and 7.39 mg/g, respectively) were
smaller compared to doped adsorbent. Compared with starting
TiO,, 10Zr/TiO, have more developed surface area, mesopore
and micropore volume as well as total pore volume which may
be responsible for greater sorption capacity. In the pH range
from 3 to 9 the adsorption of As(III) slightly increased, while
in the same pH range substantial decrease in adsorption of
As(V) was obtained. Presence of SO3~ anions affected only
As(IIT) adsorption, while PO;~ had negative effect on both,
As(IIT) and As(V). Initial adsorption of both arsenic species
was fast. The adsorption kinetics followed the pseudo-second
order rate equation for both, As(III) and As(V). Kinetic results
also suggest that adsorption mechanisms were complex where
both, surface adsorption and intraparticle diffusion contribute
to the rate determining step. After only 30 min of treatment of
natural water sample that contained 92 pg/dm? of total arsenic
with 1.0 g/dm® 10Zr/TiO, adsorbent resulted in final arsenic
concentration at the recommended WHO limit. The synthesis
of zirconium doped titanium dioxide, using the microwave-
hydrothermal method, provided a promising sorbent for
As(IIT) and As(V) removal.
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