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Arsenate and arsenite removal by Fe-modified activated carbon supported nano-TiO,:
influence factors and adsorption effect
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In this paper, the preparation of Fe-modified activated carbon supported nano-TiO; (Fe-TiO2/AC) particles and the
test results of the properties of the synthesized material, including crystallinity structure, surface morphology, functional
groups, and surface texture, obtained using X-ray diffraction, transmission electron microscopy, scanning electron
microscopy, and Fourier transform infrared spectroscopy, are presented. The removal rates of arsenic were evaluated
using batch tests under several simulated conditions, including pH, ionic strength, material dosage, and initial arsenic
concentration. The results indicated that arsenic removal was effective in weak alkaline conditions, and the maximum
adsorption for arsenic was observed at pH = 8. The arsenic removal rate was improved by increasing the ionic strength
and the adsorbent dosage. The adsorption of As(l11) and As(V) reached equilibrium within 3 h and 1.14 h, respectively.
The pseudo-second-order model satisfactorily described the adsorption processes. Isotherm data were fitted using the
Freundlich equation. The isotherm results showed that the maximum adsorption capacities of Fe-TiO2/AC were 28.66
mg- gt for As(l1l) and 35.22 mg- g for As(V). In the adsorption process, nano-TiO, and Fe,Os played key roles in
increasing the adsorption efficiency and converting As(I11) to As(V). Moreover, the presence of Fe(lll) accelerated the
oxidation of arsenic.
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INTRODUCTION

Arsenic (As) is a metalloid, which exists in the
form of As(Ill) and As(V) [1,2] and can be widely
detected in both natural and anthropogenic sources
[3]. Serious health threats for humans and other
living organisms have attracted considerable
attention because of their high toxicity [4,5]. From
the perspective of natural pollution, both As(lII)
and As(V) are found in soil, organisms, and water,
and are mobilized through a combination of natural

ion-exchange, adsorption, and membrane filtration,
have been used for removing toxic elements from
water and, subsequently, for alleviating water
pollution [10-16]. Among them, adsorption is one
of the most preeminent removal methods because of
its low cost, ease of operation, and high efficiency
[17]. A higher efficiency of arsenic removal can be
achieved by indirectly adsorbing arsenic or
converting As(l11) to As(V) through a pre-oxidation
process, as As(Ill) is difficult to be removed

processes such as rock weathering, biological
activities, and volcanic emissions [6]. In the case of
anthropogenic activities, arsenic contaminations
were mainly caused by combustion of fossil fuels,
petroleum refineries, mining, and nonferrous
smelting activities [7-9]. In China, the living
surroundings are exposed to different degrees of
arsenic pollution; moreover, arsenic pollution
exceeds its threshold level (10 pg-L?) in drinking
water [10]. Therefore, effective removal of arsenic
or conversion from As(l1l) to As(V) at the highest
oxidation rate for the purpose of reducing its
toxicity and other detrimental effects is a key issue
in arsenic pollution control and treatment.

A large number of methods, including physical-
chemical treatment processes such as precipitation,
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directly by using most of the existing techniques.
Titanium dioxide [18] and its modified
counterparts [19] exhibit excellent removal arsenic
efficiency by adsorbing it from the polluted water.
In brief, the adsorption can be attributed to their
special physical and chemical properties, such as
high theoretical adsorption capacity, large specific
surface area, oxidation behavior, photo-catalytic
efficiency, and high affinity of the surface hydroxyl
groups [20]. In addition, the particle size of the
adsorbent affects the adsorption capacity for arsenic
[18]. Bang et al. [21] found that the arsenic species
had a high affinity for the surface sites of TiO..
Although TiO,-doped materials exhibit excellent
adsorption performance, the effective load amount
may hinder an extensive use of traditionally
prepared nano-TiO.-doped materials. Long and Tu
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[22] studied arsenic removal by using activated-
carbon-supported granular nano-TiOz, but they
found that the nano-TiO; loaded amount was too
low to decrease the arsenic level. To improve the
loaded amount of nano-TiO,, tetrabutyl titanate
doped with activated carbon powder was produced
using the sol-gel method in our experiment. In
addition, arsenic was adsorbed widely by iron
compounds (granular ferric hydroxide and ferric
oxide) and several common minerals such as
goethite and ferrihydrite [23].

In this article, we have attempted to modify
TiO.-doped activated carbon powder using iron.
Here, we have focused on whether the modification
of supported TiO can enhance its adsorption ability
to arsenic by iron compounds. Thus, in this study, a
new adsorbent was prepared and used to remove
As(111) and As(V) from an aqueous solution. The
effects of pH, adsorbent dosage, and ionic strength
were elucidated to explore the optimum removal
conditions. The adsorption kinetics and isotherms
were investigated to probe the adsorption efficiency
and the maximum adsorption capacity for arsenic.
The main objectives of this research were as
follows: (a) to produce a sufficient amount of a
uniform adsorption material with preloaded TiO;
and iron content, (b) to evaluate the arsenic
adsorption by the material and determine its
maximum adsorption capacity for As(lll) and
As(V), and (c) to explain the adsorption mechanism
of the material.

EXPERIMENTAL
Materials

Nitric acid (HNOs), anhydrous ethanol
(C2HsOH), tetrabutyl titanate (CisH3sO4Ti), and
glacial acetic acid (CHsCOOH) were purchased
from Sinopharm Chemical Reagent Co., Ltd
(China). Ammonium sulfate [(NH4).SO4, analytical
reagent] was supplied by Tianjin Kermel Chemical
Reagent Co., Ltd. (China). Activated carbon
powder was obtained from Hunan Deban Activated
Carbon Co., Ltd. (China). NaAsO, was the source
for preparing 1000 mg-L™"' of As(lIl). 1000 mg-L ™
of As(V) was prepared by the oxidation of a stock
solution of As(lll) wusing excess potassium
peroxydisulfate (K>S:0s). The NaCl, NaOH (0.1
mol-L™!), and HCI (0.1 mol-L™") solutions were
prepared using deionized water (18.2 MQ-cm).
Stock solutions were stored in dark before the
experiments. Unless otherwise stated, all chemicals
were of analytical grade and above.

Fe-TiO,/AC powder preparation

The preparation of the adsorbent powder is
described in detail in [24]. In brief, the procedure
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was as follows: 16.4 g of the activated carbon
powder was pre-soaked in HNOs and then, added to
a mixture of 70 mL anhydrous C,HsOH and 20 mL
tetrabutyl titanate at a pH of 2-3 (adjusted using
glacial acetic acid) to obtain solution A. Next, 20
mL of anhydrous ethanol (CHsOH), 60 mL of
water, 2.4 g of ammonium sulfate [(NH4).SO4], and
ferric nitrate were mixed in a clean breaker; the
mixture was stirred continuously by using a
magnetic stirrer. Then, acetic acid (CH;COOH) was
used to regulate the pH in the range of 2-3,
resulting in the mixed solution B. Solution B was
dropped slowly to mix with solution A using a
speed stirring process (200 rpm), and the resulting
mixture was continuously stirred by using a
magnetic mixer at 400 rpm at room temperature
(25-28°C) for 2 h. Further, the Fe-TiO/AC
soliquid was produced as follows: The Fe-TiO2/AC
sol was rested for 24 h and then, smoothly ground
after drying at 100°C. The resulting powder was
roasted in a covered crucible in a muffle furnace at
500°C for 2 h and then, naturally cooled down to
room temperature. The result was Fe-TiO/AC
powder.

Material characterization

The new material was characterized using X-ray

diffraction (XRD), transmission  electron
microscopy/scanning electron microscopy
(TEM/SEM), and Fourier transform infrared

spectroscopy (FTIR) methods. The XRD (DY2862,
Holland) method was used to explore the crystal
structure of the material. TEM (JEM-2100F, Japan)
and SEM (JSM-6490LV, Japan) were used for
determining the shapes of the adsorbent. The
functional groups of the adsorbent were observed
using FTIR (TENSOR27, Bruker, Germany). The
titanium content and the iron content were
determined using ICP-OES (Optima 5300V, Perkin
Elmer, America), and the TiO, loaded amount was
calculated.

Batch adsorption experiments

All glassware and polyethylene bottles were
soaked in 10% HNOs for at least 24 h before each
experiment and then, washed thrice with distilled
water and dried in an oven. NaCl was used to adjust
the ionic strength of the solution, and HCI and
NaOH (both 0.1 mol-L*) were used for the required
pH adjustment. The pH values were measured using
a pH meter (3E, Shanghai Leici Inc., China). 1000
mg-L~! of As(I11) and As(V) solution was diluted to
obtain the required concentrations. The reaction
volume was selected to be 25 mL, and the
adsorbent was added in the appropriate dosage and
at the appropriate time at room temperature



F.X. Qin et al.: Arsenate and arsenite removal by Fe-modified activated carbon supported nano-TiOs ...

(25—-28°C) and settled for 20 min. The sample was
then centrifuged for 30 min (4000 rpm), and
equilibrium arsenic solution was moved into sample
vials and analyzed using atomic fluorescence
spectrometry (AFS 933, Beijing Titan Instruments
Co., Ltd., China) and inductively coupled plasma
optical emission spectroscopy (ICP-OES, Optima
t

Q 5300V, PerkinElmer, America). The effects of
pH, ionic strength, adsorbent dosage, and time were
evaluated. All of the adsorption samples were
shaken continuously and uniformly in the oscillator
(HY-5,Changzhou Huanyu Scientific Instrument
Factory, China). The resulting solution samples
were analyzed within 24 h.

Adsorption results calculations

The arsenic removal rate and the amount of
arsenic adsorbed on the manufactured materials
were calculated using equations (1) and (2):

G =% ¢ 1)

Arsenic removal rate(%)=
1
Adsorption capacity by a unit mass of adsorbent

c,—C
As/adsorbent(mg g™*) = % 2
where C; is the initial arsenic concentration
(mg-L™"), C, is the arsenic concentration after
adsorption (mg-L™!), V is the solution volume (L),

and M is the adsorbent dosage (g).
Adsorption Kinetic test

Two kinetic models, namely the pseudo-first-
order kinetic model and the pseudo-second-order
kinetic model, were used to fit the experimental
data in order to estimate the adsorption rate.

The form of the pseudo-first-order kinetic model
is as follows [25]:

dQ, B

dt - Kl (Qe Qt) (3)
The following is its linear equation:
In(Qe _Qt) =1In Qe —In Kl (4)

The pseudo-second-order kinetic model can be
expressed as follows [25]:

d
2_,Q-QF  ©
Its linear equation is as follows:
A S (6)
Qt P<2Q(;2 Qe

where Q. is the amount of adsorbed arsenic at
the adsorption equilibrium (mg-g?); Q: is the
amount of adsorbed arsenic at a certain point of
time t (mg-g?); Ki: and K; are the adsorption rate
constants of the pseudo-first-order kinetic model
(™) and the pseudo-second-order kinetic model,
respectively; and t is the adsorption time (h). K; is
calculated by fitting a straight line equation of In(Qe
— Qi) — t, and the reaction rate increases with an

increase in K. Ky is calculated by fitting the straight
t

line equation of & and t.

Adsorption isothermal test

The Langmuir and Freundlich isotherm
equations can be expressed as follows [26]:
Langmuir equation:
C. C t
e __"€ (7)
Qe Qm KLQm

Freundlich equation:
1
19(Q.) =lg(Ke)+—1a(C.) (8

where Q. is the amount of adsorbed arsenic at
the adsorption equilibrium (mg-g™'), C. is the
arsenic concentration at the adsorption equilibrium
(mg-L™"), Qm is the calculated constant related to
the adsorption capacity (mg-g7!), K. is the
Langmuir adsorption equilibrium constant related to
the affinity of the binding sites and the adsorption
heat, Kr is the Freundlich constant, and n is a
parameter related to the adsorption strength. Large
values of Kr and n indicated better adsorption
performance of the adsorbent.

RESULTS AND DISCUSSION
Characterization of Fe-TiO,/AC

For the characterization of the Fe-TiOx/AC
powder, we initially examined the prepared Fe-
TiO2/AC sample using TEM and SEM, as shown in
Fig. 1. Fig. 1(a) shows the presence of a dense
microstructure. The powdered activated carbon and
nano-TiO, or Fe;Os3 particles were interlaced. We
observed that the powder was an irregular ellipsoid
with many filamentous network chains around it.
Further, we inferred that the irregular ellipsoid was
nano-TiO, and the black particles in the external
network chain were Fe,Os. Fig. 1(a) also shows that
particles of different sizes were wrapped around
each other. We observed amorphous particles,
microcrystalline particles, and nanocrystalline
particles. Thus, we concluded that the adsorption
channels of the material had stacking-capillary
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pores formed by the accumulation of nanoparticles
[27]. Fig. 1(b) shows that some of the nano-TiO;
and Fe,Os particles attached to the surface of the
activated carbon and a small number of particles
entered into the channels of the activated carbon.
The supported particles exhibited a variety of
particle sizes.

e -

20kV  X2,000. 7 40pm

Fig. 1. TEM and SEM images of the TiO,/AC sample:

TEM and (b) SEM;

On the basis of these observations and the TEM
results for the material, we concluded that
supported nano-TiO; with relatively large particles
was produced by agglomeration of small nano-TiO-
particles. The average particle size of the adsorbent
was around 10 - 52 nm.

The FTIR spectrum of the material is shown in
Fig. 2. This figure shows that the broad
characteristic band at 3418.22 cm™ is assigned to
the O-H stretching vibration [19]. At around 1640
cm 1 a free water molecule H-O-H bending
vibration was discovered [28]. The bending
vibration at 1100 cm™ belonged to the hydroxyl
groups on the surface of the metal oxides [29]. The
broad wavenumber range of around 550 - 800 cm™
was attributed to the characteristic bands of the Ti-
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O-Ti bond [30]. The band of 570 cm™ belonged to
the Fe-O bond.
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Fig. 2. FTIR spectrum of TiO2/AC

The prepared material particles were exposed to
an XRD test. As shown in Fig. 3, the diffraction
peaks of the material were at 25.51°, 37.82°,
48.13°, 53.92°, and 75.13°, which showed a good
consistency with the diffraction structure of TiO..
Further, according to the JCPDS standard card
(N0.71-1167), the crystal form of TiO, was anatase
[31]. The peak at 20 = 26.6° matched with the
characteristic diffraction peak of SiO.. The Fe-
TiO,/AC particles included a considerable
proportion of hematite-Fe,Os;, because the
diffraction peaks of Fe-TiO2/AC were observed at
33.52°, 35.92°, 49.81°, and 54.01°, which were
assigned to the diffraction of Fe;Oz and the peak
structure was more obvious as the Fe(lll) doping
improved the crystallinity of the adsorbent.

Using this technique, we determined the
concentration of TiO, and Fe.Os; to be 250 and
114 mg-gt,  respectively.  Furthermore, we
demonstrated that the supported TiO, species were
particularly stable under acidic conditions, as no
leached TiO, was detected following a treatment
with aqua regia (5 vol%).
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Fig. 3. XRD pattern of the TiO2/AC
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Effect of pH on arsenic removal

pH is an important influencing factor for the
arsenic removal process [32]. The surface charges
of the adsorbent and the arsenic compound forms
are influenced by pH variation, thus affecting the
arsenic adsorption [33].

The effect of pH on As(l1l) and As(V) removal
was determined at pH values ranging from 3 to 11.
Fig. 4 shows that arsenic adsorption was strongly
influenced by pH. The arsenic removal rate and the
amount of adsorbed arsenic increased with an
increase in pH and then decreased until pH = 11.
The removal rate of As(V) gradually increased from
90.88% to 99.00% when the solution pH increased
from 3 to 8, and then, rapidly decreased from
99.00% to 82.39% with an increase in pH from 8 to
11. The amounts of adsorbed As(V) increased from
0.038 to 0.409 mg-g* and then, decreased to 0.035
mg-g! on the Fe-TiOo/AC particles. A similar
As(V) adsorption behavior by P25 [34] and ferric
hydroxides [35] was reported earlier. The amount
of As(Ill) adsorbed onto the Fe-TiO2/AC particles
increased steadily from 0.028 to 0.034 mg-g* at pH
values of 3-8 and then, declined gradually to 0.029
mg-g L.

The increasing removal rate and amount of
As(V) adsorbed resulted from a progressive
competition between the arsenate and hydroxyl
anions for titanium bonding and iron bonding when
pH increased from 3 to 8. The arsenic removal rate
and the amount of arsenic adsorbed onto Fe-
TiO2/AC reached a maximum at pH = 8, which was
attributed to the fact that arsenic combines more
easily with titanium and iron in a weakly alkaline
medium where arsenic is mainly present in anion
forms such as AsOs*, HAsOs*", H.AsO*, and
HAsO4>", and the nano-TiO; surface has a positive
charge; here, the uptake of arsenic is rapid because
of the repulsion from its surface at pH values higher
than 8 [36].
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Fig.4. Effect of pH on arsenic removal at room
temperature under the following conditions: initial
concentration of As(IIT) 70 pug-L™* and As(V) 84 pg-L™,
solution volume 25 mL, adsorbent dosage 0.05 g, and
ionic strength 0.01 mol-L™*

Note that more As(V) than As(l1l) was removed
because H.AsOs  and HAsO.* are the primary
As(V) forms observed at pH 3-11. Therefore, the
As(V) removal results were possibly caused by the
interaction between the neutralization of the anionic
and the positive charges. As(Ill) is mainly present
as H3AsOs, which remains as a neutral molecule in
a non-alkaline environment. However, in a weakly
alkaline environment, HzAsOs; is gradually
transformed into anionic H>AsOsz™ because of the
protonation effect and the surface of nano-TiO;
produced more adsorption sites with positive
charges by removing hydroxyl ions; thus, more
As(I11) was adsorbed [37].

When pH > 8, the removal rate and the amount
of adsorbed arsenic decreased because of the
decrease in the proportion of the positive charges
on the adsorbent surface [36] and the competitive
adsorption of OH™ and arsenic compounds; we
expected to achieve arsenic desorption in strongly
acidic or alkaline solutions. Note that the As(ll)
removal by FeCls decreased with an increase in the
pH value from 9 to 10 and depended primarily on
the incomplete precipitation of Fe(lll) and then on
the repulsion between H;AsOs; ~and negatively
charged iron hydroxide flocs [38]. The trend of the
As(I11) removal rate and the amount of As(lI)
adsorbed onto Fe-TiO2/AC showed a sharp decrease
at pH values of 10 - 11 and was consistent with the
adsorption of anions of the weak acid on the oxide-
water interface [23]. We also proved that the
adsorbent was a combination of iron oxides and
titanium because this phenomenon was observed in
the case of iron (hydr)oxides [35] and titanium
dioxide-adsorbed As(l11) [39]. The finding that the
removal rate and the adsorbed amount of As(lII)
onto Fe-TiO./AC were more favorable than those of
As(V) at pH values of 8 - 11 [36,40] was attributed
to the following two reasons: (a) changes in the
form of the As(Ill) compound (from HsAsOs to
H2AsOs ) and (b) the initial concentration
difference. Qiao et al. [38] observed the same
difference: the As(V) removal was more favorable
than the As(lIl) removal at a lower pH, but the
opposite trend was observed at higher pH values.
From pH 4 to 11, the adsorption efficiency of
As(V) and As(Ill) was similar because of the
photocatalytic oxidation of TiO; in the presence of
dissolved oxygen and light [41]. In addition, the
surface potential of metal oxides became more
negative and considerable adsorption of As(V) and
As(l11) was observed when pH > point of zero
charge (PZC), which indicated that the arsenic
species were adsorbed on TiO, through surface
complexation and not through electrostatic
interactions [21,41]. The results of the present study
revealed that pH 8 was the optimal adsorption
condition for removing arsenic.
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Effect of initial arsenic concentration on arsenic
removal

The removal rate and the amount of arsenic
adsorbed onto Fe-TiO,/AC as functions of the
initial arsenic concentration are illustrated in Fig. 5
at the optimal pH. The arsenic removal rate
decreased with an increase in the initial
concentration. The amount of adsorbed arsenic
increased because of the incomplete combination of
the adsorption sites with arsenic and the inability of
the adsorbed arsenic to reach saturation at a low
initial arsenic concentration. In addition, a higher
amount of As(V) than As(lll) was adsorbed under
the simulated operating conditions. The As(llI)
removal rate decreased continuously from 98.62%
to 54.99% when the initial concentration increased
to 10 mg-L* and significantly declined at the initial
concentration of 0.05-2 mg-L%; thereafter, the
downward trend appeared to be gentle at the initial
concentration of 2-10 mg-L™* and the amount of
As(111) adsorbed onto Fe-TiO2/AC increased from
0.023 to 2.674 mg-g* with an obvious increase at
the initial concentration of 1-10 mg-Lt. As(V)
displayed similar variation trends. The removal rate
decreased from 99.12% to 65.9% when the initial
concentration increased to 10 mg-L™%, and the
amount of As(V) adsorbed onto the Fe-TiO2/AC
particles increased from 0.026 to 3.259 mg-g . The
As(V) removal rate decreased sharply at the initial
concentration of 0.05—5 mg-L™* and then, remained
almost constant, and the adsorption amount of
As(V) onto Fe-TiO/AC exhibited an obvious

increase at the initial concentration of 1-10 mg-L™.
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Fig.5. Effect of initial concentration on arsenic
removal at room temperature under the following
reaction conditions: pH = 8, solution volume 25 mL,
adsorbent dosage 0.05 g, and ionic strength 0.01 mol-L™

Effect of the adsorbent dosage

The effect of the adsorbent dosage on the
removal result is shown in Fig. 6. This figure shows
that the As(lll) and As(V) removal efficiencies are
strongly influenced by the absorbent dosage: 0.5

g
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dosage was sufficient to reach the adsorption
equilibrium when the initial arsenic concentration
was 1.3 mg-L?, and Fe-TiO2/AC was significantly
efficient with respect to As(V) adsorption as
compared to As(Ill) adsorption at an equivalent
adsorbent level. The removal rate of arsenic
increased with an increase in the adsorbent dosage,
but the amount of adsorbed arsenic decreased.
Further, a steep change occurred when the
adsorbent dosage increased from 0.01 to 0.5 g, and
a constant removal result was maintained with a
further increase in the adsorbent dosage in the
adsorption process. When 0.5 g of Fe-TiO2/AC was
added to 25 mL of an arsenic solution, more than
93% of As(V) and 95% of As(lll) were adsorbed,
but the amounts of As(V) and As(ll) adsorbed were
0.055 mg-g* and 0.065 mg-g?, respectively. The
amount of arsenic adsorption decreased with an
increase in the adsorbent dosage. When the dosage
was less than 0.5 g, the amount of adsorbed arsenic
sharply decreased and then reached equilibrium.
Thus, we concluded that a higher adsorbent dosage
resulted in a higher removal rate and a lower
adsorption amount before the adsorption
equilibrium was reached because the number of
adsorption sites for the removal of arsenic increased
with an increase in the adsorbent dosage and led to
a higher removal rate, but the arsenic concentration
remained unchanged in the adsorption process. The
adsorption equilibrium was reached when the
adsorbent dosage was 0.5 g. More adsorption sites
were produced when the adsorbent dosage
increased from 0.5 to 3.0 g, but these adsorption
sites could not be fully utilized, which continued to
keep arsenic adsorption capacity onto the adsorbent.
Geng-fuhrman et al. [42] observed a similar
phenomenon during arsenate removal from water
by using neutralized red mud.
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Fig.6. Effect of adsorbent dosage on arsenic removal
at room temperature under the following reaction
conditions: pH = 8, initial As concentration 1.3 mg-L?,
solution volume 25 mL, and ionic strength 0.01 mol-L™*
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Effect of ionic strength

In this section, the removal rate of arsenic onto
Fe-TiO./AC is discussed, and the results are shown
in Fig. 7. As(lll) adsorption was clearly more
dependent on ionic strength than As(V) adsorption.
In the adsorption process, the arsenic removal
efficiency increased when the ionic strength
increased to 0.5 mol-L%. The removal rate of
As(Il) increased from 89.71% to 94.70%. The
amount of As(Ill) adsorbed onto Fe-TiO/AC
increased from 0.058 to 0.061 mg-g. Further, the
removal rate of As(V) increased from 93.83% to
97.47%. The amount of As(V) adsorbed onto Fe-
TiO2/AC increased from 0.061 to 0.063 mg-g* with
an increase in the ionic strength. This was attributed
to the linking of the surface hydroxyls of the
adsorbent and arsenic by a ligand exchange reaction
and the formation of inner surface complexes [43].

Adsorption kinetics

Adsorption kinetics experiments were conducted
to determine the rate of arsenic removal. In this
process, As(l11) and As(V) removal by the material
was conducted under the same conditions. The
experimental results are presented in Fig. 8. It
shows that arsenic removal rate was enhanced with
increasing adsorption time before adsorption
equilibrium was reached. The arsenic removal rate
increased at a quick pace. The As(V) removal rate
remains relatively constant within 70 min (1.17 h)
to 1440 min (24 h) by the material under the current
experimental conditions. In other words, the
adsorption of As(V) reached equilibrium in 70 min
(1.17 h). For As(lll), adsorption equilibrium was
attained in 90 min (1.5 h).
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Fig.7. Effect of ionic strength on arsenic removal at
room temperature under the following reaction
conditions: pH = 8, initial As concentration 1.3 mg-L?,
solution volume 25 mL, and adsorbent dosage 0.5 g

The Kinetic parameters of the adsorption obtained
using equation (4) are shown in Table 1. The correlation
coefficients of the As(V) and As(lll) adsorption were
0.7854 and 0.7835, respectively. The pseudo-first-order

kinetic model was used to describe the experimental data
of As(V) and As(Ill) in the current conditions, but it
failed to explain the arsenic adsorption onto Fe-TiO./AC.
Therefore, we concluded that physical adsorption could
not be ignored in the arsenic removal process, which
implied that the adsorption rate of As(V) onto the
adsorbent was faster than that of As(lll). The
experimental data were consistent with the information
reflected by the K value.

The pseudo-second-order kinetic parameters are
presented in Table 2. The data regarding the As(l11)
and As(V) adsorption onto the adsorbent were well
described by the pseudo-second-order model. The
obtained correlation coefficients were higher than
0.9999 and were in the following order: As(V) >
As(111). K followed the order As(V) > As(ll1I).

As compared to the pseudo-first-order model,
the pseudo-second-order model fitted the
experimental data very well, which implied that the
arsenic adsorption onto the adsorbent was a
complex process involving surface adsorption,
inter-components, and intra-particle diffusion [44].
An excellent effect of arsenic adsorption onto the
adsorbent was obtained using physical adsorption
and chemical adsorption, and chemical bonds were
the main factors influencing the chemical
adsorption process [45].

Adsorption isotherms

The adsorption isotherm experiments were
performed at different initial concentrations ranging
from 0.2 to 562.1 mg-LY The adsorption
equilibrium time was maintained at 3 h for the

As(111) removal and 70 min for the As(V) removal.
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Fig.8. Kinetic curve of arsenic removal by the
adsorbent at room temperature under the following
reaction conditions: pH = 8, initial As concentration 1.3
mg-L%, solution volume 25 mL, and adsorbent dosage

05¢g

Table 1. Pseudo-first-order parameters and equation
for As(111) and As(V) removal

I 1 1
1000 1200 1400 1600

Parameters As(111) As(V)

K1 1.6405 2.1026

R? 0.7835 0.7854
Fitting IN(Qe — Q) =—1.641t — In(Qe — Qt) =—2.103t -

equation 4.551 4.648
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Table 2. Pseudo-second-order parameters and
equation for As(111) and As(V) removal
Parameters As(l11) As(V)
K2 212.8190 581.9038
R? 0.99996 0.99999

Fitting equation t/Q¢=15.776t + 1.170 t/Q:=15.511t + 0.413

The Freundlich and Langmuir parameters are
presented in Table 3 and Table 4, respectively.
These results indicated that the arsenic adsorption
data fitted the Freundlich isotherm better than the
Langmuir isotherm, and the corresponding good
correlation coefficient values were between 0.9528
and 0.9780, which indicated that the arsenic
adsorption by the material was heterogeneous
adsorption on a non-uniform surface. The n value of
the Freundlich equation was greater than 1; this
indicated that the adsorption of arsenic was easy.
The KF value of As(V) was relatively large, which
implied that the removal of As(V) was more
favorable than that of As(lll). According to the
isotherm  results, the maximum adsorption
capacities of Fe-TiO./JAC were 28.66 mg-g* and
35.22 mg-g* for As(lll) and As(V), respectively.
As compared to many other adsorbents, the new
material exhibited excellent adsorption capacity.
For instance, Pena et al. [41] found that 8.30 mg-g*
of As(I11) and 11.20 mg-g* of As(V) were removed
by nanocrystalline TiO2. Altundogan et al. [46]
estimated the maximum adsorption capacities of red
mud for As(l11) and As(V) to be 0.33 mg-g* and
0.35 mg-g 2, respectively.

Table 3. Freundlich isotherm constants

Parameters As(111) As(V)
Kr 0.3538 1.5172
R2 0.9780 0.9528
n 1.4215 1.7184
- . IgQe = —0.45119 + IgQe = 0.18103 +
Fitting equation ™7 743481gCe 0.58195IgCe
Table 4. Langmuir isotherm constants
Parameters As(I11) As(V)
Ke 0.025 0.228
R2 0.8824 0.8967
Qm 14.63 16.71
Fitting equation Ce/Qe =207.gg84ce + Ce/Qi:OOZ.g??QSCe

Adsorption mechanism

Arsenic removal from an aqueous solution by
Fe-TiO2/AC requires simultaneous physical and
chemical adsorption. Further, a sufficient number of
adsorption sites are required for arsenic removal.
The positive charge on the TiO; surface facilitates
arsenate adsorption by electrostatic interactions at
pH = 8, where the arsenate is present mainly as
anion. The deprotonation of arsenite may remove
the hydroxyl ions from the coordinating layer of the
TiO2 support, and thus, some adsorption sites with a
positive charge are created on the adsorbent
surface
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to adsorb the As(I1l) anions in the process [37]. A
nano-TiO, loading can complete the partial
conversion of As(l11) to As(V) because the catalytic
oxidation activity of TiO, and arsenic can form
monodentate or bidentate complexes at the surface
of TiO; [23,47]. In the adsorption process, As-O-
AsO;" and As-O-H,AsO*" groups were formed
during the As(V) removal by nano-TiO; with
anatase crystals, and As-O-AsO:®”~ and As-O-
HAsO42 were found under mild conditions during
the As(lll) removal and the adsorption of As(V)
and As(lll) on TiO; by the As-O-Ti and As-O
bonds [18]. The Fe(lll) supports of the Fe-TiO/AC
particles accelerated the oxidation of As(lll) to
As(V) [48]. Then, the arsenic anions and Fe-OH of
Fe-TiO,/JAC formed bidentate or binuclear
complexes [49,50]. Further, iron-modified activated
carbon was effective in arsenic adsorption because
the oxyanionic arsenic species were adsorbed at the
iron oxyhydroxide surface by forming complexes
with the surface sites [51]. Therefore, the
adsorption mechanism of arsenic on Fe-TiO2/AC
was mainly influenced by the complex formation.

CONCLUSIONS

Fe-TiO./AC powder was synthesized using the
sol-gel method; it was mesoporous and had a
particle size ranging in nanometers. Further, it had a
high adsorption capacity for arsenic in a weakly
alkaline solution, and the maximum adsorption
capacity of the material was observed at pH = 8. An
increased amount of arsenic was adsorbed by
increasing the ionic strength, material dosage, and
initial arsenic concentration. The adsorbent was
better at removing As(V) than at removing As(111).
The adsorption kinetics and the adsorption
isotherms were described well by the pseudo-
second-order kinetic equation and the Freundlich
isotherm model, respectively. Further, the arsenic
adsorption equilibrium by the adsorbent was
reached within 3 h.
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N3BJIMYAHE HA APCEHAT U APCEHUT C ITOMOILTA HA HAHO-
TiO; HAHECEH BBbPXY MO/IU®UILIMPAH C XXEJIS30 AKTUBEH
BBIJIEH: BJIMAEIIN ®AKTOPU U AICOPBLIMOHEH EDEKT

®. Kuut?, U. Veir”, XK. Vaur?, . JIu?, Kc. JTu?, . JTu?

! Konexc no pecypcu u oxonna cpeoa, FOzozanaden ynusepcumem, Yonzxunz 400716, Kumaii
2 Jlabopamopus no umlbop/wa%uowu cucmemu 3a NIAHUHCKY 001ACMY U ONA36aHe HA OKOTHAMA cpedd Ha
nposunyus I yusicoy, Ynusepcumem na I'yudcoy, I'yane 550001, Kumaii

3 Koneoic no exoumnsicenepcmeso, Yuusepcumem na I'yuscoyMunyy, T'yane, 550025, Kumaii
Iocrenmiaa va 18 nexemBpu 2017, Kopurupana Ha 26 stHyapu 2018
(Pe3rome)

B craTusita e mpencraBeHo TosydaBaHeTo Ha HaHO- 1102, HAaHECEH BBPXY aKTUBCH BBIUICH, MOIU(MHIIUPAH C KETS30
(Fe-TiO2/AC), KakTo W pe3yaTaTHTe OT MW3IMTBAHETO Ha CBOWCTBATA HA MarepHvaia, BKIIOYUTEIHO KPHCTAIHA
CTPYKTYpa, MOBBPXHOCTHA MOP(DOJIOTHS, PYHKIMOHAIHHI TPYIU ¥ MOBBPXHOCTHA TEKCTYpa. Pe3yaTaTuTe ca moiydeHu
C MOMOINTA HAa PEHTreHOBa AWU(PAKIHUs, TPAHCMHCHOHHA €JEKTPOHHA MHUKPOCKONHMS, CKaHUpalla eJeKTPOHHA
MUKpockonus U Fourier tpancdopmupainia uHppayepBena crnekrpockonus. CTelneHTa Ha HM3BJIMYAHE Ha apceHa e
OLICHEHA Ype3 CTATHYHHM EKCIEIPUMEHTH TPH CUMYJIMPAaHH YCIOBUS Ha pH, HOHHA CHIla, KOJUYECTBO AJCOPOEHT W
M3XO0JIHA KOHIEHTPALUA HA apceHa. Y CTAHOBEHO €, ue W3BJIMYAHETO HA apceHa MpoTHYa e(EKTUBHO B ciaboaikaiHa
cpella ¥ MakCHMaJHa aacopOuus ce Habmonasa npu pH 8. M3BaudaHeTo Ha apceHa ce moo0psiBa MpHy MOBUIABaHe Ha
HOHHATa CHWJIa W KOJIMIecTBOTO ancopOent. Ancopbimsarta Ha As(lI1) u As(V) moctura paBHOBeCHE ChOTBETHO 32 3 4 U
1.14 4. MonenpT OT IICEBIOBTOPH MOPAIBK OIMMCBA 33J0BOJUTEIHO aJCOPONMOHHUTE mporecH. ExcriepuMeHTaIHuTe
JIAHHU CHOTBETCTBAT Ha ypaBHeHweTo Ha Freundlich. M3orepmuunute pe3ynTaTté Mokas3Bar, Y€ MaKCHMATHHST
ancopbuuonen kanamuter Ha Fe-TiO/AC e 28.66 mg- g'za As(Ill) u 35.22 mg- g 3a As(V). Hauo-TiO, u Fe;03
HIpasT KIIOYOBH POJIM 3a IOBUINABAHE Ha ajcopOIroHHaTa crocoOHocT W mpeBpbiranero Ha AS(I) B As(V).
Hammuwnero ua Fe(lll) yckopsiBa okuCIIeHHETO HA apceHa.
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