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Nanosizedmetal oxide, Titania, provides high surface area and specific affinity for the adsorption of heavymetals, including arsenic
(As), which is posing a great threat to the world population due to its carcinogenic nature. In this study, As(III) adsorption was
studied on pure and metal- (Ag- and Fe-) doped Titania nanoparticles. The nanoparticles were synthesized by liquid impregnation
method with somemodifications, with crystallite size in the range of 30 to 40 nm. Band gap analysis, using Kubelka-Munk function
showed a shift of absorption band fromUV to visible region for the metal-doped Titania. Effect of operational parameters like dose
of nanoparticles, initial As(III) concentration, and pH was evaluated at 25∘C.The data obtained gave a good fit with Langmuir and
Freundlich isotherms and the adsorption was found to conform to pseudo-second-order kinetics. In batch studies, over 90% of
arsenic removal was observed for both types of metal-doped Titania nanoparticles from a solution containing up to 2 ppm of the
heavy metal. Fixed bed columns of nanoparticles, coated on glass beads, were used for As(III) removal under different operating
conditions.Thomas andYoon-Nelsonmodels were applied to predict the breakthrough curves and to find the characteristic column
parameters useful for process design. The columns were regenerated using 10% NaOH solution.

1. Introduction

Naturally occurring elemental arsenic is ubiquitous and is
present in both organic and inorganic forms. It is the 20th
most abundant in earth’s crust, 14th in seawater, and 12th in
the human body [1–3]. Natural water is mostly contaminated
with the more toxic inorganic form rather than organic
one. Over 200 different mineral forms of arsenic occur, of
which Arsenates are about 60%, sulfides and sulfosalts make
20%, and arsenides, arsenites, oxides, silicates, and elemental
arsenic make the remaining 20% [3, 4]. Anthropogenic sour-
ces exceed the natural sources of arsenic by 3 : 1 [3].Themajor
man-made sources of arsenic contamination are arsenial
pesticides, fertilizers, dust of burning fossil fuel, animal, and
industrial waste disposal [3].

In natural water, arsenic exists as inorganic arsenate
(As(V)) and arsenite (As(III)). As(III) is mainly found as
arsenious acid (H

3
AsO
3
) andAs(V), occurs as anionic species

(HAsO
4

2− and H
2
AsO
4

−) [5]. Ground water mainly contains
As(III) due to the prevailing reducing conditions, while
As(V) is mainly found in the more oxidized surface waters.
Inorganic arsenic has beenmade the top priority pollutant by
USEPA [6], among which trivalent arsenic is about 60 times
more toxic than oxidized pentavalent state [7]. Inorganic
arsenic compounds are about 100 times more toxic than
organic arsenic compounds.

Humans are exposed to arsenic contamination mainly
through ingestion, inhalation, or skin adsorption; however,
among these ingestion is the most predominant form of
arsenic intake. Large doses of arsenic can result in acute
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toxic effects like gastrointestinal symptoms like vomiting,
diarrhea, poor appetite, disturbance of cardiovascular and
nervous systems functions, or even death in severe cases [8–
10]. Continuous exposure to arsenic contaminated water, or
food for several years can result in skin, kidney, bladder, and
lung cancers [11]. Although it is present in air, water, and soil,
themost direct source to which human population is exposed
is drinking water contaminated with arsenic.

High concentration of arsenic in drinking water has been
reported in many parts of the world, including Argentina,
Bangladesh, China, Chile, Canada, Hungary, India, Japan,
Mexico, Poland, Taiwan, and USA [12]. In Pakistan, 20% of
Punjab and 36% of Sindh population is exposed to Arsenic
contamination over 10 𝜇g/L in drinking water; similarly, 3%
of Punjab and 16% of Sindh population is exposed to over
50𝜇g/L of arsenic in drinking water [13]. The most alarming
situation exists inKalalanwala village (East Punjab)where the
arsenic concentration in groundwater is as high as 1900𝜇g/L
[14]. Due to the widespread negative health effects of arsenic
on humans, in 1993 WHO lowered the permissible limit of
arsenic in drinkingwater from 50 𝜇g/L (0.05mg/L) to 10𝜇g/L
(0.01mg/L), and this provisional guideline level is retained by
WHO in the latest edition of its standards [15, 16].

Many technologies are available for the removal of arsenic
from water. Among these, adsorption has been widely used
because of its simplicity in operation, greater removal effi-
ciency, cost-effectiveness, and adsorbent disposal qualities
[17]. Various natural and synthetic materials have been used
for the removal of arsenic from drinking water. Some of
the most widely used adsorbents include manganese and
activated alumina [18, 19], iron oxide [20], Fe-Ce bimetallic
oxide [21], zero-valent iron [22], red mud [23], and some
other materials like activated carbon, fly ash, crab shells,
coconut shells, and rice husks. There are, however, many
problems associated with these adsorbents like low removal
efficiency, no regeneration, their impurities, and slow kinetics
[17]. For effective adsorption, the adsorbent must be efficient
in removal, highly selective in adsorption, high adsorption
capacity, cost-effective, safe in disposal, and have large surface
area.

It has been reported that As(V) compared to As(III) is
more readily adsorbed by various adsorbents, because As(III)
is mainly present as nonionic H

3
AsO
3
in natural water at

near neutral pH [24–26]. Therefore, effective removal of
arsenic from water needs preoxidation of As(III) to As(V)
before adsorption [27]. Many oxidants, including chlorine
[28], Fe(II)/H

2
O
2
[29], hydrogen peroxide [30], KMnO

4

[24], manganese dioxide [31, 32], oxygen and/or ozone [33],
potassium ferrate [34], UV/H

2
O
2
[35], UV/Fe(III) complexes

[36, 37], and UV/TiO
2
[25, 35, 38–43] have been tested for

oxidation of As(III) to As(V).
TiO
2
due to its chemical stability, nontoxicity, low cost,

and resistance to corrosion [44] possesses a high potential for
arsenic removal. Being nanosized, titania has a large surface
area for adsorption. It can not only oxidize As(III) to As(V)
[45, 46] but also adsorb both these species from water
[47–49].

In this study we have used pure and metal-doped titania
nanoparticles, coated on glass beads for arsenic removal

in a continuous flow system. The performance of titania
coated glass beads evaluated through breakthrough studies
by varying the column operation conditions, such as type of
titania nanoparticles, bed depth, influent flow rate, and influ-
ent As(III) concentration. Thomas and Yoon-Nelson models
were applied to column study. Column capacities were
calculated.

2. Material and Methods

2.1. Material and Chemicals. All the solutions were prepared
in deionized water (EC < 0.7 𝜇S/cm, Labconco WaterPro
PS). General purpose reagent titanium (IV) oxide (Riedel-
DeHaen) was used as a source of titania nanoparticles,
nitrate salts of Fe (Merck, Germany) and Ag (Merck, Ger-
many) were used as precursors for metals. Sodium arsenate,
Na
2
HAsO

4
⋅7H
2
O (BDH), was used as a source of arsenite

(As(III)).

2.2. Arsenic Stock Solution. Arsenic (III) stock solution
(100 ppm) was prepared by dissolving 420mg of sodium
arsenate in 1 L of deionized water. The pH of the solution was
adjusted to 7.0 (±0.1), using 0.1Mnitric acid and 0.1MNaOH.
The solutionwas shakenwell and then stored in dark. Further
dilutions were made using this solution.

2.3. Instrumentation. The quantitative determination of
arsenic was done by atomic absorption spectrophotometer
(AAS vario 6, analytic jena (Germany)) in hydride generation
mode. A pH meter (CyberScan 500) was used to adjust the
pH of the arsenic stock solution, with 0.1M HNO

3
and 0.1M

NaOH.

3. Experimental

3.1. Synthesis of Nanoparticles. Pure and metal-doped tita-
nia nanoparticles were prepared using liquid impregnation
method [50, 51] as described below.

In 300mL water in a beaker placed on a magnetic stirrer,
50 grams of GPR titania was added slowly and stirred for
24 hours. The titania suspension was then removed from the
stirrer and allowed to stand for 24 hours, dried at 105∘C,
ground using mortar and pestle, calcinated at 400∘C in
furnace for 6 hours, and then allowed to cool down at 10∘Cper
minute. The nanoparticles were then transferred to a plastic
bottle and placed in dark.

The metal doped nanoparticles were prepared using the
same procedure, with 1% molar ratio of the metal salt being
added to the solution before adding titania.

3.2. Characterization of Nanoparticles

3.2.1. S.E.M. Study. S.E.M. analysis of pure and metal-doped
titania nanoparticles was carried out with JEOL JSM 6460
scanning electron microscope to observe the metal distribu-
tion on the surface of TiO

2
in doped species.
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3.2.2. X-Ray Diffraction Analysis. The crystal phase and
crystalline size of the prepared titania nanoparticles were
determined by powder X-ray diffraction analysis. XRD stud-
ies of pure and doped TiO

2
were carried out using 3040/60

XPert Pro PANalytical X-ray diffractometer using CuK𝛼
radiation. The applied voltage and current were 40 kV and
30mA, respectively. Scanning was done from 10∘ to 80∘ at a
scan rate of 6∘ per minute.

The average grain size is determined using Scherer for-
mula [52]

𝐿 =
0.94 𝜆

𝛽
1/2

cos 𝜃
, (1)

where 𝜆 = 1.54 Å, CuK𝛼1 wavelength, 𝛽
1/2

= full width of a
diffraction line at one half of maximum intensity (FWHM) in
radian.

3.2.3. Band Gap Analysis. To find the wavelength of light
needed for the excitation of TiO

2
photocatalyst, it is very

important to find the band gap [53]. The TiO
2
samples were

analyzed in the diffused reflectance mode of PerkinElmer,
LAMBDA 35 UV/Vis spectrophotometer.

When photons having energy greater than or equal to
the band gap are absorbed by a semiconductor, an electron
from the valance band jumps to the conduction band, and
depending on the band gap energy there occurs a rise in the
absorbency of the semiconductor. The relation between the
absorption coefficient (𝛼) and the energy of the incidental
photon depends on the type of electronic transition [54].
There are two types of transition.

(i) Direct transition—when the electron momentum is
conserved.

(ii) Indirect transition—when themomentumof electron
is not conserved.

The electronic properties of the synthesized pure and metal
doped TiO

2
were analyzed using the remission function of

Kubelka-Munk, 𝐹(𝑅
∞
) [54, 55]

𝐹 (𝑅
∞
) =

(1 − 𝑅
∞
)

2𝑅
∞

=
𝛼

𝑆
, (2)

where𝑅
∞
is the diffuse reflectance (of a given wavelength), of

a dense layer of nontransparent infinite material and is given
by.

𝑅
∞

=
(𝑅sample)

𝑅standard
(3)

and 𝛼 and 𝑆 are the absorption coefficient (cm−1) and
dispersion factor, respectively. For particle larger than 5 𝜇m,
𝑆 is independent of the wavelength. 𝛼 is related to the energy
of incident proton by the following equation [54]:

𝛼 = 𝐴(𝐸 − 𝐸
𝑔
)
𝛾

, (4)

where 𝐴 is a constant and depends on material properties,
𝐸 is energy of photon, 𝐸

𝑔
the band gap, and 𝛾 is a constant,

and depending on the type of electronic transition it can take
different values as [54, 56].

𝛾 = 1/2—permitted direct transition.
𝛾 = 2—permitted indirect transition.
𝛾 = 3/2—prohibited direct transition.
𝛾 = 3—prohibited indirect transition.

Therefore,

𝐹 (𝑅
∞
) =

𝛼

𝑆
= 𝐴

(𝐸 − 𝐸
𝑔
)
𝛾

𝑆
,

𝐸 (eV) = ℎ𝑐

𝜆 (nm)
=

1236

𝜆 (nm)
,

(5)

where ℎ is plank’s constant and 𝑐 is speed of light. In case of
direct transition, the equation is

𝐹(𝑅
∞
)
2

= (
𝐴

𝑆
)

2

= (𝐸 − 𝐸
𝑔
) , (6)

while for an indirect transition the equation takes the follow-
ing form:

𝐹(𝑅
∞
)
1/2

= (
𝐴

𝑆
)

1/2

= (𝐸 − 𝐸
𝑔
) . (7)

The plot of 𝐹(𝑅
∞
)
1/2 versus 𝐸 (eV) gives the indirect tran-

sition while the direct transitions are obtained by plotting
𝐹(𝑅
∞
)
2 versus 𝐸 (eV).

3.3. Batch Studies

3.3.1. Removal Efficiency. The removal efficiencies of pure
and metal-doped titania were calculated using the following
formula:

𝐸 =
𝐶
𝑜
− 𝐶
𝑓

𝐶
𝑜

× 100%, (8)

where 𝐶
𝑜
and 𝐶

𝑓
are the initial and final equilibrium

concentration of As(III) (mg/L) in the solution.
For each sample 100mL of 0.5mg/L of As(III), solution

was prepared from the stock and transferred into a 250mL
volumetric flask. An amount of 0.5 g of the respective pure
or metal-doped titania nanoparticles was added to it and the
flaskwas placed on anorbital shaker at 145 rpm for 60minutes
for the equilibrium to be reached, centrifuged at 4000 rpm,
and finally analyzed.

3.3.2. Effect of pH on Removal Efficiency. The above process
was repeated at different pH values (4, 7, and 10) and removal
efficiency at each pH was calculated.

3.3.3. Batch Adsorption Studies. For adsorption studies,
100mLofAs(III) solution of different concentrations (0.1, 0.2,
0.4, 0.8, 1.5, 3, and 6 ppm) wastaken in a 250mL volumetric
flasks. An amount of 0.35 g of the concerned nanoparticles
was added to it, placed on an orbital shaker at 145 rpm for
90 minutes, and centrifuged at 4000 rpm. They were then
analyzed with atomic absorption spectrophotometer (AAS
vario 6, Analytik Jena (Germany)).
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3.3.4. Batch Kinetic Studies. The kinetic studies were per-
formed using 1 liter volumetric flasks. An amount of 500mL
of 0.5 ppm As(III) was taken in it, 0.5 g of pure titania
nanoparticles was added to the flask and then placed on an
orbital shaker at 145 rpm, and 5mL of solution was taken out
from the flask after specific time (1, 3, 6, 9, 12, 15, 20, 30, 40,
50, 60, 70, 80, and 90 minutes), centrifuged at 4000 rpm, and
finally analyzed.

The same process was repeated for the doped titania
nanoparticles as well.

The amount of As(III) adsorbed (𝑞
𝑡
) was calculated using

the following formula:

𝑞
𝑡
=
(𝐶
𝑜
− 𝐶
𝑡
) 𝑉

𝑚
, (9)

where 𝐶
𝑜
and 𝐶

𝑡
are the initial As(III) (mg/L) concentration

and the As(III) concentration after the time interval 𝑡,
respectively, 𝑉 is the volume of As(III) (L) and𝑚 is the mass
(g) of the nanoparticles.

3.4. Glass Beads Coating

3.4.1. Glass Beads Etching. Etching of the glass beads was
done using HF. In this method, the glass beads were dipped
in a 10% HF solution in a covered polyethylene bottle for 24
hours, and they were then removed from the solution and
rinsed with water to remove any traces of HF left.

3.4.2. Coating. Glass beads were coated with nanoparticles
using heat attachment method; 5 g of titania nanoparticles
was dissolved in 100–200mLwater in a 250mL titration flask
and placed on a shaker at 150 rpm for 15 minutes; 200 grams
of etched glass beads were weighed and transferred to the
titania suspension, and this was kept on shaking for one hour.
The glass beads were then transferred to a Petri dish and
were dipped in the titania suspension and dried in oven at
105∘C. The glass beads were then carefully removed from
the Petri dish, transferred to a china dish, and placed in
furnace at 600∘C for about 2 hours. The coated glass beads
were then cooled, washed with distilled water till none of
the nanoparticles attached to the surface gets detached with
water, dried in oven at 105∘C, and finally transferred to a
plastic bottle and kept in dark.

The metal-doped titania nanoparticles were also coated
on the glass beads using the same procedure.

3.5. Column Studies. Ordinary 100mL Burette was used for
the preparation of columns, with a diameter of 1.5 cm and
height of 2 feet. The bottoms of the columns were plugged
in with folded aluminum foil just to make a support for the
glass beads. Cotton wool or glass wool was not used due
to possibility of clogging by the nanoparticles. The columns
were packedwith the desired nanoparticles coated glass beads
to the height needed by weighing the glass beads and then
packing them in the columns.The column was then operated
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Figure 1: XRD patterns of pure and metal-doped titania nanoparti-
cles.

in such-manner that a calculated amount of arsenic stock
solution was constantly added to it through a graduated
cylinder and allowing it to flow along gravity with a constant
rate. The rate of flow was constantly checked by measuring
the amount flowing per minute after every tenminutes. Once
the process started, samples were collected at regular interval
using plastic bottles. This process was continued till column
exhaustion and the amount of arsenic in different samples
was analyzed. From these results “Breakthrough curves” were
drawn. Thomas and Yoon-Nelson models were applied to
predict the breakthrough curves and to find the characteristic
column parameters useful for process design.

3.6. Column Regeneration. When the column was fully
exhausted after lengthy column runs, it was regenerated using
10% w/v NaOH solution. Sufficient amount of the regenera-
tion (10 bed volumes) was passed through the column at a
very slowflow rate (0.5mL/min).The columnwas then rinsed
thoroughly with mild warm deionized water at a flow rate of
2mL/min for about 10 bed volumes.

4. Results and Discussion

4.1. Crystal Phase Composition of the Nanoparticles. X-ray
Diffraction was used to determine the crystal phase com-
position and the crystallite size of pure and metal-doped
titania nanoparticles. It is shown by the XRD analysis that
the titania nanoparticles are 100% in anatase form. No rutile
traces were seen in the XRD patterns. The crystalline sizes
of the nanoparticles (as calculated from Shrerrer formula)
were in the range of 30 to 40 nm (titania (33.83 nm), Ag-TiO

2

(34.28 nm), and Fe-TiO
2
(37.02 nm)). The XRD patterns are

given in Figure 1.

4.2. S.E.M. Results. Particle size and morphology were
observed using S.E.M as shown in Figure 2. It is clear from
the figure that samples consisted of fine particles.The surface
morphology of the three types of nanoparticles shows some
variation. The particles were mostly spheroid and loosed.
Macropores are also clearly visible in the S.E.M images.
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(a) (b)

(c)

Figure 2: S.E.M. micrographs of pure and metal-doped titania nanoparticles. (a) TiO
2

, (b) Ag-TiO
2

, and (c) Fe-TiO
2

.

Table 1: Direct and indirect band gap values of pure and metal-
doped titania nanoparticles.

Nanoparticles Band Gap
Direct Indirect

TiO2 3.27 3.2

Ag-TiO2 3.25 2.95

Fe-TiO2 3.27 2.82

Table 2: Removal efficiencies of different nanoparticles used.

Nanoparticles TiO2 Ag-TiO2 Fe-TiO2

Removal efficiency (%) 65 90 96

4.3. Band Gap Analysis. The band gaps for pure and metal-
doped titania nanoparticles were determined by using (6) for
direct transitions, given as follows:

𝐹(𝑅
∞
)
2

= (
𝐴

𝑆
)

2

= (𝐸 − 𝐸
𝑔
) . (10)

The plot of 𝐹(𝑅
∞
)
2 versus 𝐸 (eV) gives the direct transitions

for the pure and metal-doped titania. The plots are given in
Figure 3. By extrapolating the linear part of the graphs the
band gap (𝐸

𝑔
) is obtained, as shown in the figure.

However, for an indirect transition, (7) is used as follows:

𝐹(𝑅
∞
)
1/2

= (
𝐴

𝑆
)

1/2

= (𝐸 − 𝐸
𝑔
) . (11)

The plot of 𝐹(𝑅
∞
)
1/2 versus 𝐸 (eV) gives the indirect transi-

tions for the pure andmetal-doped titania.The plots are given
in Figure 4. By extrapolating the linear part of the plots the
band gap (𝐸

𝑔
) is obtained, as shown in the figure.

The band gap of TiO
2
reported in the literature is 3.2 eV,

which corresponds to a wavelength of 385 nm. For the
synthesized pure titania nanoparticles, the direct transition
(Figure 3) shows unrealistic value of band gap above 3.27,
which for anatase phase is not expected. Similarly some
unexpected band gap values were obtained for the metal-
doped titania nanoparticles as well (as shown in Table 1).
The indirect transitions (Figure 4) show the band gap values
of 3.2 eV, 2.95 eV, and 2.82 eV for pure TiO

2
, Ag-TiO

2
,

and Fe-TiO
2
nanoparticles, respectively, and corresponds to

wavelengths of 385 nm, 420 nm, and 440 nm, respectively.
Therefore, the synthesized pure and metal-doped titania
nanoparticles follow indirect type transitions [54].

4.4. Removal Efficiency. The removal efficiencies of pure
and metal-doped titania nanoparticles are shown in the
Table 2. It is clear from the table that due to metal doping
the removal efficiency of Titania has increased enormously.
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Table 3: Langmuir and Freundlich isotherm parameters of As(III) adsorption for pure and metal-doped titania.

Nanoparticles
Langmuir isotherm parameters Freundlich isotherm parameters

𝑞
𝑚

𝑏 𝑅
𝐿

∗

𝑅
2

𝑛 𝐾
𝑓

𝑅
2

TiO2 1.6 0.377 0.84 0.978 1.22 0.385 0.996

Ag-TiO2 1.71 0.94 0.68 0.988 1.32 0.76 0.990

Fe-TiO2 3.08 2.305 0.46 0.985 1.21 3.274 0.993

∗For 𝐶
𝑜
= 0.5 ppm.
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Figure 3: Diffused reflectance spectra for direct transition of pure
and metal-doped titania nanoparticles.

The main reason is that metal doping has shifted the absorp-
tion band of titania from UV region into the visible region
of the spectrum, thereby increasing its photocatalytic and
adsorption efficiency compared to that of pure titania.

4.5. Effect of pH. The removal efficiencies were measured at
three different pH values of 4, 7, and 10, as shown in Figure 5.

It is clear from the figure that as we approach the neutral
pH the removal efficiency increases. The removal efficiency
decreases on moving both to acidic and basic pH. The
decrease in removal efficiency is more in basic region than
the acidic.

Thus from this point forward, all the processes are carried
out at neutral pH, that is, pH 7 ± 0.1.

4.6. Adsorption Isotherms. Adsorption studies were carried
out to determine the suitable conditions for maximum
arsenic removal by the nanoparticles.The pH of the solutions
was adjusted at 7. Langmuir and Freundlich models were
applied for adsorption studies.

The Langmuir isotherm assumes monolayer adsorption
at the adsorbent surface. The linear form of Langmuir
adsorption isotherm equation is as follows [57]:

𝐶
𝑒

𝑞
𝑒

=
𝐶
𝑒

𝑞
𝑚

+
1

𝑞
𝑚
𝑏
, (12)
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Figure 4: Diffused reflectance spectra for indirect transition of pure
and metal-doped titania nanoparticles.
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Figure 5: Effect of pH on removal efficiency.

where 𝑞
𝑒
is the quantity of As(III) adsorbed per unit

weight of nanoparticles (mg/g) at equilibrium, and 𝐶
𝑒
is

the equilibrium As(III) concentration in the solution after
adsorption. 𝑞

𝑚
and 𝑏 are Langmuir constants correspond-

ing to maximum adsorption at monolayer coverage (mg/g)
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and energy of dsorption respectively. The values of 𝑞
𝑚
and 𝑏

can be obtained from the slope and intercept of the curves,
Figure 6.

The value of 𝑏 can be represented by another dimension-
less quantity 𝑅

𝐿
given by the following equation [58]:

𝑅
𝐿
=

1

1 + (𝑏𝐶
𝑜
)
, (13)

where 𝐶
𝑜
is the initial arsenic concentration, and the value

of 𝑅
𝐿
gives knowledge about the isotherm to be irreversible

(𝑅
𝐿

= 0), favorable (0 < 𝑅
𝐿

< 1), linear (𝑅
𝐿

= 1), or
unfavorable (𝑅

𝐿
> 1) [53]. The values of all the different

constants obtained are given in Table 2. These values clearly
suggest that Langmuir isotherm gives a good fit to the
experimental results. Moreover, the value of constant 𝑏 for
the different nanoparticles also shows great affinity of the
binding sites and chemical interaction between the adsorbent
and adsorbate. The value of 𝑅

𝐿
for all the four nanoparticles

lies between 0 and 1 suggesting favorable adsorption ofAs(III)
by pure and metal-doped titania.

The Freundlich isotherm equation is generally given by
[59, 60]:

𝑞
𝑒
= 𝐾
𝑓
× 𝐶
1/𝑛

𝑒

, (14)

where 𝐶
𝑒
is the amount of As(III) left in the solution

after adsorption and 𝑞
𝑒
is the amount of As(III) adsorbed

per unit weight of the adsorbent (mg/g). 𝐾
𝑓

and 𝑛 are
Freundlich constants.The linear form of Freundlich equation
in logarithmic form is given as follows:

ln 𝑞 = ln𝐾
𝑓
+ 𝑛 ln𝐶

𝑒
. (15)

The plot of ln 𝐶
𝑒
versus ln 𝑞

𝑒
at various initial concentration

of As(III) (0.1, 0.2, 0.4, 0.8, 1.5, 3, and 6 ppm) was drawn and
each gave a straight line with slope equal to 𝑛 and intercept
equal to ln𝐾

𝑓
, Figure 7. The values of different parameters

obtained from the plots are given in Table 3. The higher the
value of 𝐾

𝑓
represents higher affinity of the adsorbent for

As(III), while the value of 𝑛 between 1 and 10 shows favorable
adsorption. It is clear from the table that the value of 𝑛 for all
the four nanoparticles is above 1, showing that the adsorption
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Figure 7: Freundlich adsorption isotherms. (a) TiO
2

, (b) Ag-TiO
2

, and (c) Fe-TiO
2

.

process is favorable. From the table, it can be seen that the
value of 𝐾

𝑓
for metal-doped titania are higher than pure

titania. Moreover, the value of 𝐾
𝑓
for Fe-doped titania is

the greatest showing that among the metal-doped titania Fe-
doped titania serves the purpose well. The value of 𝑅2 for all
the nanoparticles is also above 0.98, showing strong linear
relationship between ln 𝑞

𝑒
and ln𝐶

𝑒
.

4.7. Kinetic Isotherms. Several models are available to express
the mechanism of adsorption of solute onto the sorbent. To
investigate themechanism of adsorption, both Lagergren and
pseudo-second-order equation were used.

To apply the Lagergren equation, an initial As(III) solu-
tion of 0.5 ppm (500mL) was taken in a 1 L flask and 0.5 g of
pure titania nanoparticles were added to it and placed on an
orbital shaker at 145 rpm, 5mL of solutionwas taken out from
the flask after specific time (1, 3, 6, 9, 12, 15, 20, 30, 40, 50, 60,
70, 80, 90, 120, and 150minutes), centrifuged at 4000 rpm and
finally analyzed. The kinetic data for this system is shown in
Figure 8.
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Figure 8: Experimental curve for arsenic adsorption by pure and
metal-doped titania nanoparticles.
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Figure 9: The kinetic data in Figure 8 plotted according to (18). (a) TiO
2

, (b) Ag-TiO
2

, and (c) Fe-TiO
2

.

The Lagergren rate equation [61] is given as follows:

𝑑𝑞
𝑡

𝑑𝑡
= 𝑘
𝐿
(𝑞
𝑒
− 𝑞
𝑡
) , (16)

where 𝑞
𝑡
and 𝑞
𝑒
are sorbed amount at any time 𝑡 and equilib-

rium sorbed concentration, respectively. 𝑘
𝐿
is the Lagergren

rate constant. At an initial condition of 𝑞
𝑡
= 0 at time 𝑡 = 0,

(16) takes the following form:

𝑞
𝑡
= 𝑞
𝑒
[1 − exp (−𝑘

𝐿
𝑡)] . (17)

Rearranging (17), we get

ln (𝑞
𝑒
− 𝑞
𝑡
) = ln 𝑞

𝑒
− 𝑘
𝐿
𝑡. (18)

In the above equation, 𝑞
𝑒
and 𝑘
𝐿
are fitting parameters.We

need to have the value of 𝑞
𝑒
in order to find the left side of (18).

The logarithmic term ln(𝑞
𝑒
− 𝑞
𝑡
) indicates that 𝑞

𝑒
is given a

maximummeasured value. From the data plotted in Figure 8,
the maximum value is shown by the second last data point

Table 4: Lagergren equation parameters for As(III) adsorption on
pure and metal-doped titania nanoparticles.

Nanoparticles 𝑞
𝑒

𝑘
𝐿

𝑅
2

TiO2 0.38 0.056 0.989

Ag-TiO2 0.564 0.056 0.969

Fe-TiO2 0.66 0.065 0.97

measured at 120min. The term 𝑞
𝑒
on the left hand side of

(18) was given the value at this data point. So for pure titania
𝑞
𝑒
= 0.345mg/g, for Silver-doped titania 𝑞

𝑒
= 0.475mg/g and

for iron-doped titania 𝑞
𝑒
= 0.49mg/g. The data in Figure 8,

plotted according to (18), is shown in Figure 9.
It is clear from the value of 𝑅

2 that the linear fit is
satisfactory. The values of 𝑞

𝑒
and 𝑘
𝐿
were calculated from the

intercept and slope of the linear plot. The values of various
parameters derived are listed in figure in Table 4.
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Table 5: Pseudo-second-order rate parameters for As(III) adsorption on pure and metal-doped titania nanoparticles.

Nanoparticles 𝑞
𝑒

(mg/g) k (g/mg min) h (mg/g min) 𝑅
2

TiO2 0.42 0.14 0.024 0.992

Ag-TiO2 0.56 0.097 0.03 0.986

Fe-TiO2 0.59 0.102 0.035 0.995
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Figure 10: Pseudo-second-order kinetic model. (a) TiO
2

, (b) Ag-TiO
2

, and (c) Fe-TiO
2

.

Table 6: Thomas model parameters for different nanoparticles
coated glass beads.

Nanoparticles TiO2 Ag-TiO2 Fe-TiO2

𝐾
𝑇

0.2 0.2 0.2

𝑞
𝑜

0.53 0.6 0.61

The pseudo-second-order kinetic equation is given as
[62]

𝑑𝑞
𝑡

𝑑𝑡
= 𝑘(𝑞
𝑒
− 𝑞
𝑡
)
2

, (19)

where 𝑞
𝑒
and 𝑞
𝑡
are the sorption capacities (mg/g) at equilib-

rium and at time 𝑡, respectively, and 𝑘 is the pseudo-second-
order rate constant (gmg−1min−1). At boundary conditions,
𝑡 = 0 to 𝑡 and 𝑞

𝑡
= 0 to 𝑞

𝑡
, the integrated form of (19) is given

as [63]

1

(𝑞
𝑒
− 𝑞
𝑡
)
=

1

𝑞
𝑒

+ 𝑘𝑡. (20)

Rearranging this equation, we get

𝑞
𝑡
=

1

(1/𝑘𝑞2
𝑒

) + (𝑡/𝑞
𝑒
)
. (21)
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Figure 12: Thomas model, comparison of experimental and pre-
dicted breakthrough curves.

This gets the linear form as

𝑡

𝑞
𝑡

=
1

𝑘𝑞2
𝑒

+
1

𝑞
𝑒

𝑡, (22)

where ℎ can be regarded as the initial adsorption rate as
𝑞
𝑡
/𝑡 → 0, and hence

ℎ = 𝑘𝑞
2

𝑒

. (23)

Equation (22) takes the form as

𝑡

𝑞
𝑡

=
1

ℎ
+

1

𝑞
𝑒

𝑡. (24)

Thus plotting 𝑡/𝑞
𝑡
versus 𝑡 will give a straight line, as shown

in Figure 10.The value of 𝑞
𝑒
, 𝑘, and ℎ can be determined from

the slope and intercept of the plot. The values of different
parameters obtained are given in Table 5.

4.8. Column Studies

4.8.1. Adsorption Column Process. In the beginning, all the
As(III) was adsorbed by the column which resulted in zero

effluent concentration. As more and more influent was
passed through the column, a gradual rise in the effluent
concentration was observed. In the down flow mode, when
the As(III) bearing water was introduced at the top of the
column, most of the As(III) adsorption first occurs in the
first few centimeters of the column, called the adsorption
zone. As the process continues, the upper few centimeters
of the column became saturated with the influent and the
adsorption zone moves down through the column. Finally,
the adsorption zone reaches the bottom of the column and
As(III) concentration in the effluent rises.

By plotting As(III) concentration (mg/L) in the effluent
against time (hrs), a breakthrough curve is obtained. On
the breakthrough curve, the point at which the effluent
As(III) concentration reaches its maximum permissible limit
(0.01mg/L) is called the column breakthrough point and the
corresponding time (hrs) as the breakthrough time.Thepoint
at which the effluent As(III) concentration reaches 90% of the
influent concentration is known as column exhaustion point
and the corresponding time (hrs) as exhaustion time.

Thomas and Yoon-Nelson models were applied for col-
umn design. Effects of different column parameters on the
breakthrough and exhaustion time of column were found.
The titania nanoparticles leaching from the 10 cm column
during the adsorption studies were very small, 0.015mg/L.

4.8.2. Thomas Model. A successful design of column adsorp-
tion procedure needs prediction of the concentration-time
profile or breakthrough curve for the effluent.The maximum
adsorption capacity of an adsorbent is also required in design.
TheThomasmodel generally serves the purposewell.Thomas
model has the following form [64, 65]:

𝐶
𝑒

𝐶
𝑜

=
1

1 + exp[𝐾
𝑇
(𝑞
𝑜
𝑚 − 𝐶

𝑜
𝑉) /𝜃]

, (25)

where𝐾
𝑇
is theThomas rate constant (mL/minmg), 𝑞

𝑜
is the

maximum solid phase concentration of solute (mg/g), 𝜃 is the
effluent flow rate (L/min),𝑚 is the adsorbent quantity in the
column (g), and𝑉 is the effluent volume (L). The linear form
of Thomas model is given as

ln(
𝐶
𝑜

𝐶
𝑒

− 1) =
𝐾
𝑇
𝑞
𝑜
𝑚

𝜃
−
𝐾
𝑇
𝐶
𝑜

𝜃
𝑉. (26)

The kinetic coefficient 𝐾
𝑇
and the adsorption capacity of the

column 𝑞
𝑜
can be determined from a plot of ln(𝐶

𝑜
/𝐶
𝑒
− 1)

against 𝑡 at a given flow rate as shown in Figure 11 (shown
only for pure titania-coated glass beads column).

The Thomas equation coefficients for As(III) adsorption
by all the three types of nanoparticles coated glass beads are
given in Table 6.

The values of constants for titania nanoparticles coated
glass beads were 𝐾

𝑇
= 0.02 L/min⋅mg and 𝑞

𝑜
= 0.53mg/g.

The theoretical predictions based on the model parameters
are compared in Figure 12with the observed data (shownonly
for pure titania-coated glass beads column).

4.8.3. Yoon and Nelson Model. As compared to other models
the Yoon and Nelson model, is not only less complicated
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Table 7: Yoon-Nelsonmodel parameters for different nanoparticles
coated glass beads.

Nanoparticles 𝑘 𝜏 𝑞
𝑜

TiO2 0.067 81.59 0.407

Ag-TiO2 0.058 95.48 0.477

Fe-TiO2 0.05 107.4 0.54

Table 8: Effect of nanoparticles used on the column breakthrough
and exhaustion time.

Nanoparticles coated on GB Breakthrough
time (hr)

Exhaustion
time (hr)

TiO2 1.67 6.67

Ag-TiO2 2.33 7.67

Fe-TiO2 3 8.33

but also requires no detail related to the characteristics of
adsorbate, adsorbent type, and the physical characteristics
of the adsorption bed. This model is mainly based on the
assumption that for each adsorbate molecule the rate of
decrease in the probability of adsorption is proportional to
the probability of adsorbate adsorption and the probability
of adsorbate breakthrough on the adsorbent [64]. The Yoon
and Nelson model equation for a single component system is
given as [66]

𝐶
𝑒

𝐶
𝑜

=
1

1 + exp [𝑘 (𝜏 − 𝑡)]
. (27)

The linear form of Yoon and Nelson model is as follows:

𝑡 = 𝜏 +
1

𝑘
ln

𝐶
𝑒

𝐶
𝑜
− 𝐶
𝑒

, (28)

where𝐾 is the Yoon andNelson rate constant (L/min), 𝜏 is the
time required for 50% adsorbate break through (min), and 𝑡

is the breakthrough (sampling) time (min). These values can
be obtained by plotting ln[𝐶

𝑒
/(𝐶
𝑜
− 𝐶
𝑒
)] against 𝑡 as shown

in Figure 13 (shown only for pure titania-coated glass beads
column).

Themodel parameters obtained for theAs(III) adsorption
on all the three types of titania-based nanoparticles coated
glass beads are given in Table 7.

Alternatively, when ln[𝐶
𝑒
/(𝐶
𝑜
− 𝐶
𝑒
)] is zero, 𝜏 can also

be obtained from the adsorption time. This is because of the
fact that by definition 𝜏 is the adsorption time when 𝐶

𝑒
is

one half of 𝐶
𝑜
. From these values, the breakthrough curves

were calculated. The theoretical curves were then compared
with the corresponding experimental data in Figure 14 (both
line and dots). Derivation of (28) was based on the definition
that at 𝜏, and 50% breakthrough of the adsorption occurs.
Accordingly, at 2𝜏 the bed should be fully saturated. Because
of the symmetrical breakthrough curve, the As(III) adsorbed
by titania-coated glass beads is equal to one half of the As(III)
entering the column within 2𝜏 period. This gives rise to the
following equation [67]:

𝑞
𝑜
=
1

2
𝐶
𝑜
𝜃 (2𝜏) = 𝐶

𝑜
𝜃𝜏. (29)
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Figure 15: Effect of nanoparticles used on column parameters.
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This equation develops the relation among the adsorption
capacity (𝑞

𝑜
) of the column, influent concentration (𝐶

𝑜
), flow

rate (𝜃), and the 50% breakthrough time (𝜏). The value of 𝑞
𝑜

calculated usingYoon and nelsonmodel for all the three types
of column is given in Table 7.

4.8.4. Effect of Different Operating Conditions on Column
Sorption of As(III). Operational parameters such as flow
rate, bed height, arsenic concentration, and variation of
nanoparticles are important for column design.The influence
of these parameters on the adsorption capacity of nanopar-
ticles was studied for As(III) uptake. The effect of influent
pH on adsorption was not studied here as our previous
results revealed that optimum As(III) adsorption on our
nanoparticles occurred at pH 7.

(1) Effect of the Nanoparticles Used. In order to know which
nanoparticles packed in the column were having the best
arsenic removal efficiency, three columns of the same bed
depth and diameter (10 cm and 1.5 cm, respectively) each
packed with the glass beads coated with different nanoparti-
cles were selected.The same arsenic stock solution of 0.5 ppm
was used for all of them and the influent flow rate was kept
constant at 5mL/min for each. The column breakthrough
time and the column exhaustion time for the three different
columns, Figure 15 (only plot for pure titania-coated glass
beads is shown) are shown in Table 8.

(2) Effect of BedHeight. To know howmuch is the effect of bed
height on the arsenic removal efficiency, three columns of bed
height 10, 20, and 30 cm of each type of nanoparticles were
taken, keeping the influent arsenic concentration at 0.5 ppm
and as flow rate at 5mL/min, shown in Figure 16 (only plot
for pure titania coated glass beads shown).The data obtained
is shown in Table 9.

From the data above it is clear that with an increase in bed
height the arsenic removal efficiency of column increases, this
is because of greater contact time plus more adsorbent for the
adsorption of As(III).

(3) Effect of Flow Rate. For this purpose, a column of
each nanoparticles (pure, Ag-doped, and Fe-doped tita-
nia) was selected. The columns were charged at flow rates
of 5 and 10mL/min. The influent As(III) concentration
was maintained at 0.25mg/L. The bed depth and column
diameters were 10 cm and 1.5 cm, respectively. The column
breakthrough time and the column exhaustion time for the
flow rates of 5 and 10mL/min for all the three types of
nanoparticles, Figure 17, (only plot for pure titania-coated
glass beads shown) are given in Table 10.

It is evident from the results that an increase in flow rate
causes a decrease in residence time, which in turn lowers
the removal efficiency. With a lower flow rate, the removal
efficiency increases due to the increase in residence time.

(4) Effect of Initial Concentration. To determine the effect
of influent arsenic concentration on the performance of our
columns, three influent arsenic concentrations (i.e., 0.25, 0.5,
and 1 ppm) were selected. Bed depth and column diameter
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Figure 16: Effect of bed height on the column parameters.
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Figure 18: Effect of influent concentration on column parameters.
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Table 9: Effect of bed height on the column breakthrough and exhaustion time.

Nanoparticles
coated on GB

Breakthrough time (hr) Exhaustion time (hr)
10 cm 20 cm 30 cm 10 cm 20 cm 30 cm

TiO2 1.67 3.67 4.5 6.67 9 14

Ag-TiO2 2.33 4.33 6 7.67 9.67 16

Fe-TiO2 3 5 6.5 8.33 10.67 16

Table 10: Effect of flow rate on the column breakthrough and exhaustion time.

Nanoparticles coated on glass beads Breakthrough time (hr) Exhaustion time (hr)
5mL/min 10mL/min 5mL/min 10mL/min

TiO2 2.33 0.67 7.67 2.83

Ag-TiO2 3 1 8.67 3.33

Fe-TiO2 3.67 1.33 9 3.67

Table 11: Effect of influent concentration on the column breakthrough and exhaustion time.

Nanoparticles coated on glass beads Breakthrough time (hr) Exhaustion time (hr)
0.25 ppm 0.5 ppm 1 ppm 0.25 ppm 0.5 ppm 1 ppm

TiO2 4.67 3.67 2 10 9 7.33

Ag-TiO2 5.67 4.33 2.33 11.33 9.67 8.33

Fe-TiO2 6 5 2.67 11.67 10.67 8.67
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Figure 19: As(III) concentration profile during column regeneration.

were maintained at 20 cm and 1.5 cm, respectively, and flow
ratewasmaintained at 5mL/min. All the three types of coated
nanoparticles were used, Figure 18 (only plot for pure titania-
coated glass beads is shown). The results found are given in
Table 11.

As expected with increase in influent arsenic concentra-
tion, the column breakthrough and column exhaustion times
were decreased.This shows that the lower the influent arsenic
concentration, the more the efficiency and life of the column.

4.8.5. Column Regeneration and Reuse. For a viable sorption
process, easy regeneration and reuse of the columnmedia are
necessary. The exhausted 20 cm bed volume columns (for all

the three nanoparticles coated glass beads) after exhaustion
were regenerated with 10% NaOH solution. During des-
orption, the arsenic recovery profile is shown in Figure 19.
It was found that 10 bed volumes were sufficient for 99%
arsenic recovery from the column. Initially in the first 2-3
bed volumes almost 86% of the adsorbed arsenic was eluted,
and the rest got desorbed in 7 further bed volumes. This
clearly shows that the sorption sites of glass beads coated with
nanoparticles are easily accessible and also that adsorption-
desorption process is reversible.

After regeneration, the column was rinsed with mild
warm deionized water to remove any traces of NaOH and
lower the pH to normal, as in basic range the adsorption is
less efficient. The column was then dried and was subjected
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during two successive cycles.

to the next sorption cycle. Figure 20 shows both the consecu-
tive sorption cycles, from which it is clear that the removal
efficiency during the second cycle is decreased by about
10%. Hence, it is clear from Figure 20 that As(III) removal
capacities of different nanoparticles coated glass beads during
the two consecutive cycles, and the regeneration and reuse of
these coated glass beads offers an economical approach for
As(III) removal from water.

5. Conclusions

This adsorption and column study of titania-based nanopar-
ticles coated on glass beads is carried out to know the fixed
bed column performance of these nanoparticles for As(III)
removal. These nanoparticles (both in powder and coated
form) were found to be efficient in removing As(III) from
water at neutral pH (i.e., pH 7); any increase or decrease in pH
resulted in a decrease in their efficiency. Metal doping shifted
the absorption band of titania from UV into visible region,
thus enhancing both its photocatalytic activity and efficiency
to adsorb As(III). Among the nanoparticles used, Fe-doped
titania gave the best results both in powder and coated form.
Thomas and Yoon-Nelsonmodels applied to evaluate column
parameters gave results in clear agreement with the practical
results.The column once used could be regenerated in a cost-
effective way using 10% NaOH only within 10 bed volumes.
Subsequent rinsing of the column with mild warm deionized
water for 10–13 bed volumes made the column ready for
second sorption cycle. The efficiency of the column was not
much affected during the two consecutive cycles.
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