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Octahedral TiO2 nanocrystals (OTNs) have been prepared by a hydrothermal method with the main sur-
face of (101). Then the arsenic adsorption behavior on OTNs is investigated in a broad experimental pH
range from 1.0 to 13.5. The maximum adsorptions of arsenite (As(III)) and arsenate (As(V)) appear at pH
values 8 and 4, respectively. It is interesting to see that the minimum adsorptions of As(III) and As(V) are
both at pH 12 and then their adsorptions increase again at higher pH values such as 13.0 and 13.5. To our
best knowledge, it is quite new to report the arsenic adsorption on the controlled TiO2 surface especially
at very high pH values. These results might be helpful to understand the adsorption mechanism. On the
other hand, periodic slab models of TiO2 anatase (101) surface with some H+ cations, some water mole-
cules or some OH� ions are suggested to simulate the pH effect. Using these models, the adsorptions of As
(III) and As(V) are simulated by the density functional theory (DFT) method. Qualitatively, the adsorption
abilities of arsenic species, water and OH� follow the order of AsO3

3� > OH� > HAsO3
2� >

H2AsO3
� > H2O > H3AsO3 for As(III) and AsO4

3� > OH� > HAsO4
2� > H2AsO4

� > H3AsO4 > H2O for As(V). It
implies that H2AsO3

� should be the major As(III) species at pH 8 and H2AsO4
� should be the major As

(V) species at pH 4, and the most negative charged ions AsO3
3� and AsO4

3� should correspond to the
adsorptions at the high pH values 13 and 13.5.
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1. Introduction

As a cheap and nontoxic material, TiO2 has been extensively
used for arsenic removal due to the strong sorption of As(III) and
As(V) on it [1,2]. Some investigations were carried out by different
groups and similar conclusions were obtained that the max
adsorption pH for As(III) was near 9 and the max adsorption pH
for As(V) was near 4 [3–8]. Two kinds of adsorption mechanisms
have been suggested based on the models of electrostatic factors
and surface complexes [3]. These results and conclusions are very
useful. However, some improvements are still needed both from
experiments and from the adsorption models to deeply understand
the adsorption mechanism.

It is known that the (101) surface is the most abundant surface
for anatase in nature. During previous experiments, when they
could not control the surface to be (101), it was difficult to exclude
or evaluate the interferences from other surfaces. In addition, due
to the neutral pH of the usually used water, most investigations
were focused on the pH range from 4 to 9. However, the minimum
adsorption at high pH value is important for TiO2 regeneration pro-
cess. In the present paper, the (101) surface has been controlled
during the powder synthesis and a broad experimental pH range
of 1.0–13.5 is tested to show whether the surface control has a pro-
found influence on the pH effect.

The adsorption mechanism in some sense is more complex to
discuss because different distributions of As(III) and As(V) exist
in water solution as a function of pH such as in Eqs. (1)–(3) [3,9]
and Eqs. (4)–(6) [3,9,10] at 25 �C.

H3AsO3 $ Hþ þH2AsO
�
3 pK1 ¼ 9:23 ð1Þ

H2AsO
�
3 $ Hþ þHAsO2�

3 pK2 ¼ 12:10 ð2Þ
HAsO2�

3 $ Hþ þ AsO3�
3 pK3 ¼ 13:41 ð3Þ

H3AsO4 $ Hþ þH2AsO
�
4 pK1 ¼ 2:3 ð4Þ

H2AsO
�
4 $ Hþ þHAsO2�

4 pK2 ¼ 6:8 ð5Þ
HAsO2�

4 $ Hþ þ AsO3�
4 pK3 ¼ 11:6 ð6Þ

Therefore, different kinds of arsenic species might appear on the
surface at different pH range. The main question is whether the
main species in the solution would be the main one on the surface,
and how the surface complex changes with pH. In the present
paper, a new attempt is made to explain the adsorption mechanism
based on the DFT calculations with periodic slab models. The next
section gives details about the experimental and computational
methods. The results section examines the adsorption behavior of
arsenic on TiO2 anatase (101) surface at pH range of 1.0–13.5 and
a comparison between previous experimental results is made. Then
the DFT calculation results are shown to explain the adsorption
mechanism and the most favorable adsorption species and struc-
tures are suggested. At last, a brief summary is made and some con-
clusions are given.
Fig. 1. X-ray diffraction patterns: (a) OTNs precursors and (b) the OTNs products.
2. Experimental and computational methods

2.1. Sample preparation and characterization

Octahedral TiO2 nanocrystals (OTNs) are prepared by a
hydrothermal method [11]. 1 g of P25 is added into 10 M KOH
solution. After 1 h ultrasonic dispersion uniformity, the turbid liq-
uid is transferred into a 60 mL Teflon-lined autoclave, heated at
200 �C for 24 h, and then is naturally cooled to room temperature.
The producing white precipitates are centrifuged and washed thor-
oughly with deionized water. Subsequently, the white precipitates
are immerged into a 0.1 M NH4NO3 solution for 12 h, washed with
deionized water and then dried at 60 �C for 10 h. The proper
obtained precursors with 0.05 M hexamethylenetetramine are
placed into a 60 mL Teflon-lined autoclave and heated at 200 �C
for 24 h. Finally, the OTNs are isolated from solution by centrifuga-
tion and dried at 60 �C for 10 h. The obtained OTNs are removed
organic compounds by heated at 350 �C.

OTNs are determined by a powder X-ray diffractometry (XRD,
Rigaku-Ultima III with Cu Ka radiation). Scanning electron micro-
scopy (SEM) is recorded on a field-emission scanning electron
microscopy (FE-SEM, Hitachi S-4800). Specific surface areas (SBET)
and pore distribution of adsorbents are measured by Brunauere–
Emmette–Teller N2 adsorption–desorption on a Micromeritics
ASAP 2020 Analyzer.

Stock solutions containing 100 mg L�1 of arsenic are prepared
by dissolving As2O3 in redistilled water containing 0.1% (w/w)
NaOH and Na3AsO4�12H2O in redistilled water. The arsenic concen-
trations are determined with a rapid colorimetric method [12]. All
chemicals used in the experiments are analytical grade and all the
solutions are prepared with the redistilled water. It should be
noted that all adsorption experiments are carried out for three
times.

2.2. Computational method

The calculations are performed with DFT in periodic slab mod-
els [13]. Atomic basis sets are applied numerically in terms of a
double numerical plus polarization function [14] and a global orbi-
tal cutoff of 5.2 Å is employed. The exchange–correlation interac-
tion is treated within the generalized gradient approximation
(GGA) with the functional parameterized by Perdew, Burke and
Enzerhof (PBE) [15]. The spin-polarization effects are also included
in the calculations for the open-shell systems. The system charges
are used for the charged systems [16,17]. The conductor-like
screening model (COSMO) [18,19] is applied to simulate the water
solvent environment using a dielectric constant of 78.54 appropri-
ate to water at 25 �C. All electron DFT calculations are performed
using a DMol3 package [20–22] in Materials Studio.
3. Results and discussion

3.1. Structure and morphology

Fig. 1 shows the XRD patterns of obtained precursors and OTNs.
The sharp diffraction peaks of OTNs match clearly with the
crystal structure of the anatase TiO2 phase (tetragonal, I41/amd,



Fig. 2. (a) Higher SEM image of OTNs and (b) statistical analyses of OTNs particles diameters. The inset of (a) is the top view of a single OTNs.
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JCPDS 21-1272), indicating pure and perfect crystallographic
structure is observed. Fig. 2(a) shows a higher SEM image of OTNs
with octahedral bipyramid morphology. All the OTNs perform
well-defined lateral crystal face (predominantly anatase 101 facet)
with sharp edges and adjacent crystal faces are vertical as well as
with the same width (inset of Fig. 2(a)). Fig. 2(b) shows the particle
diameter statistical histogram of OTNs, and the average size
96.34 nm is calculated from measuring the diameter of stochastic
100 OTNs. The specific surface area of OTNs measured by BET is
17.6 m2 g�1.
3.2. Adsorption equilibrium time

The experiments are performed in air-dark systems and the sus-
pensions are prepared in 0.5-L glass beakers. Aliquots of As(III) and
As(V) stock solutions are added to make 0.2 mg L�1 of As(III) or As
(V) concentration. After adjusting the pH of solutions to the desired
values such as 4, 7 and 9 by adding hydrochloric acid and sodium
hydroxide, TiO2 is added to attain a 0.1 g L�1 suspension. Then the
0.5 L suspensions are sealed and stirred by magnetic stirrer at
room temperature. As shown in Fig. 3, As(III) and As(V) adsorption
equilibria at various pH are established in approximately 90 and
150 min, respectively. We have kept the adsorption overnight but
the results do not change (see Fig. 1s in the appendix).
Fig. 3. Adsorption equilibrium of arsenic removal by OTNs adsorbent. Initial As(III)
= As(V) = 0.200 mg L�1; OTNs content = 0.1 g L�1; solution pH values were 4, 7 and
9.
3.3. Effect of pH on arsenic adsorption

To a deeper understanding of the pH effect, a systemic study has
been carried out for all the possible pH values such as 1, 2, 3, . . . 13,
13.5. The instruments and operating steps are the same as
described in Section 3.2. The removals of As(III) and As(V) by
TiO2 adsorbent are shown in Fig. 4. It shows that the adsorption
of As(III) increases from 11% to 70% when the solution pH increases
from 1 to 8, then decreases from 70% to 8% for pH from 8 to 12,
finally increases to 11% and 20% for pH values 13 and 13.5, respec-
tively. Fig. 4 also illustrates that the maximum adsorption of As(V)
appeares at pH 4 and the maximum adsorption ratio is 68%, then
there is a decrease from pH 4 to pH 1. On the other side, there is
a large decrease from pH 4 to pH 12, and the adsorption ratio at
the minimum point is only about 5%. Then, there is a rise from
pH 12 to 13.5 with an adsorption ratio increase from 5% to 22%.
It should be noted here that the adsorption increase from pH 12
to 13.5 for both As(III) and As(V) should correspond to some
changes for the adsorption mechanism that has not yet been
clearly observed and understood.

3.4. Comparing with previous experimental results

There have been some experiments about arsenic adsorption on
TiO2 anatase surface [3–8], as collected in Table 1. It is clear that all
Fig. 4. Removal of arsenic as a function of solution pH in a suspension containing
0.2 mg L�1 of arsenic and 0.1 g L�1 of OTNs.



Table 1
A comparison of the physicochemical properties of TiO2 anatase samples and their adsorption properties.

This work Ref. [3] Ref. [5,6] Ref. [4] Ref. [7] Ref. [8]

Particle size (lm) 0.08–0.11 <0.010 0.5–2 150–600 – 0.108
SBET (m2 g�1) 17.6 334 330 250.7 98.3 –
CAs(III) (mg L�1) 0.200 10 1.0 0.300 1 5
CAs(V) (mg L�1) 0.200 10 1.0 0.300 1 5
CTiO2 (g L�1) 0.1 – 0.2 0.3; 0.6; 1.0 0.2 1
Vsuspension (L) 0.5 – 0.05 0.1 – 0.25
Mixed time (h) 4 2 22 2 for As(V) 72 24

5 for As(III)
pH rang 1–13.5 3–9 4–13 4–11 3–11 1–14
Water resource Redistilled water Ultra pure water Deionized water Ground water – Deionized water
Max adsorption pH for As(III) 8 – 9 8.5 9 7
Min adsorption pH for As(III) 12 – – – – 14
Max adsorption pH for As(V) 4 3 5 4 6 1–5
Min adsorption pH for As(V) 12 9 – – – 14
pHPZC – 6.2 5.8 – 4.8 –
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the experiments were carried out at similar processes and condi-
tions except for different TiO2 particle size, SBET, arsenic and TiO2

concentrations, etc. It should be noted that the (101) surface,
which is the most thermodynamically stable surface, should also
be the most abundant surface in the previous papers. As shown
in Fig. 4, our results are in agreement with the previous results
during pH 4–9 for As(V) and during pH 3–11 for As(III). Especially,
the maximum and minimum adsorption pH values for arsenic can
be clearly observed in Fig. 4. The maximum adsorption pH value
for As(III) is at pH 8, which is only a little lower than the previous
results (pH 8.5 or 9) as listed in Table 1. All the previous reports
showed that the adsorption ability of As(III) became lower on both
sides of the maximum adsorption pH value. The same trend can be
found in Fig. 4. The most notable difference with respect to our
data is that the minimum value at high pH of 12. To our knowl-
edge, only Pena et al. [5] and Nabi et al. [8] reported about the
adsorption of As(III) at pH values higher than 12. For Pena et al.
[5], an adsorption minimum for As(III) at pH 12 was given for
the dark system in their challenge water, whereas in their deion-
ized water experiments the adsorption minimum disappeared.
Nabi et al. [8] reported that the adsorption decreased from pH 7
to pH 14. For a detail comparison, the arsenic concentrations of
Pena et al. [5] and Nabi et al. [8] were 5 times and 25 times higher
respectively than that in the present paper, and at the same time
the concentrations of TiO2 were 2 and 10 times higher respectively
than that in the present paper. Furthermore, the surface area
17.6 m2 g�1 in the present paper is much lower than that of
330 m2 g�1 from Pena et al. [5]. Therefore, there should be strong
particle size effect and arsenic concentration effect between our
results and their results.

Compared to As(III), the effect of pH on As(V) sorption is more
pronounced. Although many researches did not obtain the maxi-
mum adsorption pH values for As(V), they all agreed that acidic
condition were helpful for the adsorption of As(V). Dutta et al.
[3] suggested that the maximum and minimum adsorption pH val-
ues for As(V) were 3 and 9, although the pH range in their paper
was only from 3 to 9. Nabi et al. [8] reported that the adsorption
decreased from pH 7 to pH 14. In the present paper, the maximum
and minimum adsorption pH values are 4 and 12 as shown in
Fig. 4. Further work about the size, concentration and temperature
effects is still desirable for this system.

3.5. The adsorption mechanism

In 2004, Dutta et al. suggested two models [3]. The first one was
the electrostatic factors based on crystal pHpzc. For examples, at pH
4 the crystal possesses positive charge and As(V) (H2AsO4

�) pos-
sesses negative charge, thus the adsorption is good; at pH 9 the
crystal possesses negative charge and As(V) (HAsO4

2�) also
possesses negative charge, thus the adsorption is bad. Whereas this
model did not fit well with As(III). Because the maximum adsorp-
tion is near pH 9 when the crystal possesses negative charge and
the As(III) possesses approximately equimolar mixture of H3AsO3

and H2AsO3
� in the solution. Therefore, Dutta et al. suggested the

formation of surface complexes, which might vary with pH.
The electrostatic factors between the TiO2 surface and arsenic

species should be the basic reason for the strong adsorption of
arsenic. However, pHPZC (the pH for the point of zero charge) is cor-
responding to the whole crystal, while the adsorption process is a
microcosmic process mainly between arsenic and surface, i.e., the
surface Ti5c (the 5 coordinates Ti) with positive charge would
attract O atom of arsenic species and surface O2c (the 2 coordinates
O) with negative charge would attract H atom of arsenic species.
So, microcosmic models are more desirable to describe arsenic
adsorption. Basically there are two kinds of models used such as
the cluster model [23,24] and the periodic slab model [25]. Simple
sketches for the cluster model and the periodic slab model are
shown in Figs. 2s and 3s in the appendix.

In 2009, Pan et al. [26] simulated the pH effect of As(V) through
changing the number of H+ with a cluster model similar to Fig. 2s.
Based on the results of the adsorption energy, the bidentate binu-
clear (BB) surface complex was the most thermodynamically favor-
able mode (244.5 kJ mol�1, i.e., 58.4 Kcal mol�1) at low pH, but MM
surface complex was the most thermodynamically favorable mode
(135.6–27.5 kJ mol�1, i.e., 32.4–6.6 Kcal mol�1) at intermediate and
high pH. In 2011, Pan et al. [27] simulated the pathway from the
reactant complex (0.0 Kcal mol�1) to the monodentate mononu-
clear (MM) surface configuration (�9.2 Kcal mol�1) and then to
the BB surface configuration (�16.7 Kcal mol�1) in Fig. 4 of that
paper. However, all these calculations only considered H2AsO4

�.
For broad pH range and from Eqs. (4)–(6), all the As(V) species such
as H3AsO4, H2AsO4

�, HAsO4
2�, AsO4

3� might appear and change to
each other both in the solution and on the surface, and the adsorp-
tion and desorption might be reversible. In the models of Pan et al.
[26,27] the total charge of the clusters were all positive such as
H2AsO4

�(H2O)12 + [Ti2(OH)4(H2O)6]4+ for the low pH, H2AsO4
�

(H2O)12 + [Ti2(OH)5(H2O)5]3+ for intermediate pH and H2AsO4
�

(H2O)12 + [Ti2(OH)6(H2O)6]2+ for the high pH. In our point of view,
all these models belong to low pH range. In addition, one weakness
of the cluster model is that it cannot simulate the spatial extent of
the real surface when Fig. 2s compares with Fig. 3s. As a result, the
cluster model can only simulate the Ti5c on the surface, but it can-
not simulate the O2c on the surface, therefore it cannot simulate
the surface functional groups and surface complexes accurately.

In the recent years, we tried to simulate the arsenic-TiO2 system
by the periodic slab model [13,28,29]. In our previous papers
[28,29], all the species of As(III) and As(V) with the BB and MM
structures were considered and calculated. The adsorption orders



Fig. 5. The Eads values of H+ cations or OH� ions on the surface, i.e., 8 H+, 7 H+, 6 H+,
5 H+, 4 H+, 3 H+, 2 H+, H+, OH�, 2 OH�, 3 OH�, 4 OH�, 5 OH�, 6 OH�, 7 OH�, 8 OH�.

Fig. 6. The optimized As(III) geometries on TiO2 anatase (101) surface (A–C at acidic con
TiO2-H2AsO3

�-2; (C) TiO2-H2AsO3
�-3; (D) TiO2-H2AsO3

�-1; (E) TiO2-H2AsO3
�-2; (F) TiO2-H2
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of As(III) and As(V) were OH� > AsO3
3� > HAsO3

2� > H2AsO3
� >

H2O > H3AsO3 and OH� > AsO4
3� > HAsO4

2� > H2AsO4
� > H3AsO4 > H2-

O, respectively. Thus, at high pH values OH� would be more favor-
able on the surface than As(III) and As(V) species. But this
conclusion cannot agree with the experimental results in the pre-
sent paper such that there are minimum adsorption points at about
pH 12 for both As(III) and As(V).

In the present paper, some improvements have been made in
that model (Ti32O64 super cell) as shown in Fig. 3s. The arsenic
complexes are adsorbed on the upper surface only, and the adsorp-
tion energy (in the supercell) is calculated as follows:

Eads ¼ Earsenic þ Esurface � Earsenic=surface ð7Þ

where Earsenic and Esurface are the energies of an isolated arsenic spe-
cies and the surface respectively, and Earsenic/surface is the total
energy of the same arsenic species adsorbed on the same surface.
It should be mentioned that other Eads are calculated by the same
way such as water, H+, and OH�.

After these changes, a series of calculations are performed in
order to ascertain whether the model could simulate the pH effect.
dition; D–F at neutral condition; G–I at alkaline condition). (A) TiO2-H2AsO3
�-1; (B)

AsO3
�-3; (G) TiO2-AsO3

3�-1; (H) TiO2-AsO3
3�-2; and (I) TiO2-AsO3

3�-3.



Fig. 7. The optimized As(V) geometries on TiO2 anatase (101) surface (A–C at acidic condition; D–E at neutral condition; F–G at alkaline condition). (A) TiO2-H2AsO4
�-1; (B)

TiO2-H2AsO4
�-2; (C) TiO2-H2AsO4

�-3; (D) TiO2-HAsO4
2�-1; (E) TiO2-HAsO4

2�-2; (F) TiO2-AsO4
3�-1; and (G) TiO2-AsO4

3�-2.

Table 2
The optimized geometries (Å) and Eads of As(III) adsorption configurations on TiO2

anatase (101) surface at acidic, neutral and alkaline pH conditions.

Species As-O1 As-O2 As-O3 As-Ti1 As-Ti2 Eads

TiO2–H2AsO3
�-1a 1.776 1.996 1.856 3.507 3.814 80.2

TiO2–H2AsO3
�-2a 1.784 2.048 1.821 3.395 3.734 76.1

TiO2–H2AsO3
�-3a 1.804 1.803 1.952 3.671 – 69.9

TiO2–H2AsO3
�-1b 1.810 1.973 1.772 3.528 3.888 31.1

TiO2–H2AsO3
�-2b 1.831 1.996 1.766 3.410 3.778 37.8

TiO2–H2AsO3
�-3b 1.846 1.849 1.788 3.623 – 41.2

TiO2–AsO3
3�-1c 1.751 1.868 1.865 3.322 3.319 90.9

TiO2–AsO3
3�-2c 1.748 1.859 1.866 3.504 3.507 90.7

TiO2–AsO3
3�-3c 1.781 1.762 1.940 3.333 – 82.2

a At acidic pH condition.
b At neutral pH condition.
c At alkaline pH condition.
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In Fig. 5, the calculation Eads results from the lowest pH (from eight
H+ cations on the surface to one H+ cation on the surface) to the
highest pH (from one OH� ion to eight OH� ions) are given. The lin-
ear relation of Eads in Fig. 5 implies that this simple model, though
heavily approximated, may give us useful information to explain
the experimental results for the pH effect. Although it is difficult
to give a clear function, there should be some relations between
Eads in Fig. 5 and the zeta potential of the TiO2 particle such as in
Fig. 1 from Dutta et al. [3]. From Fig. 5, it is clear that the Eads of
a single H+ decreases from one H+ to eight H+, whereas the total Eads
of all the H+ cations would increases. Therefore, there should be a
large positive zeta potential for eight H+ cations, i.e., at low pH
value. On the other hand, the changing of the zeta potential should
be slower at low pH values because the decrease of Eads for a single
H+. The similar trend can be found for OH� such as the large
negative zeta potentials at high pH values and the slower changing
of the zeta potential at high pH values. From Fig. 5 the larger Eads of
H+ (133.5 kcal mol�1) than that of OH� (73.6 kcal mol�1) agrees
with the pHpzc at 6.2 in Fig. 1 from Dutta et al. [3].
Using this model and Eq. (7), six water molecules, six H+ cations
and six OH� ions are put on the surface to qualitatively simulate
the neutral pH, the acidic pH and the alkaline pH conditions,
respectively. The adsorption structures and energies are shown in



Table 3
The optimized geometries (Å) and Eads (kcal mol�1) of As(V) adsorption configurations on TiO2 anatase (101) surface at acidic, neutral and alkaline pH conditions.

Species As-O1 As-O2 As-O3 As-O4 As-Ti1 As-Ti2 Eads

TiO2–H2AsO4
�-1a 1.749 1.718 1.747 1.737 3.364 3.396 69.8

TiO2–H2AsO4
�-2a 1.712 1.724 1.776 1.740 3.376 3.377 68.9

TiO2–H2AsO4
�-3a 1.839 1.769 1.768 1.641 3.599 – 47.1

TiO2–HAsO4
2�-1b 1.755 1.757 1.796 1.672 3.454 3.450 60.6

TiO2–HAsO4
2�-2b 1.750 1.754 1.673 1.817 3.368 3.309 60.0

TiO2–AsO4
3�-1c 1.774 1.774 1.719 1.711 3.437 3.434 65.3

TiO2–AsO4
3�-2c 1.789 1.730 1.729 1.714 3.464 – 58.5

a At acidic pH condition.
b At neutral pH condition.
c At alkaline pH condition.
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Figs. 6 and 7 and Tables 2 and 3 (A more detail report about the cal-
culation results are in the appendix such as Figs. 4s–9s and Tables
1s–6s). In addition, the adsorptions of other relative species are
also simulated such as water (24.6, 12.3 and 15.4 kcal mol�1,
respectively for the acidic, the neutral and the alkaline conditions),
OH� ion (66.1 and 49.3 kcal mol�1, respectively for the neutral and
the alkaline conditions), etc.

It is clear that the adsorption energies can fit with some results
from the cluster model, such as in Table 3 the Eads 69.8 and
68.9 kcal mol�1 of TiO2–HAsO4

2�-1a and TiO2–HAsO4
2�-2a qualita-

tively agree with 58.4 Kcal mol�1 of the As(V) BB complex at low
pH [26], and the energy difference from 69.8 and 68.9 kcal mol�1

to 47.1 kcal mol�1 possesses the same trend from 16.7 to
9.2 Kcal mol�1 [27] for the BB and MM complexes. At the same
time, our calculation results qualitatively agree with the
experimental results from Jing et al. [6,30], Jegadeesan et al. [7]
and Pan et al. [31] (see Table 7s in the appendix for detail). It
should be noted that the calculation method used in the present
paper such as the GGA exchange–correlation function possesses a
trend of a little over estimate the bond distance which has been
discussed in the paper of Zhang et al. [32].

Now we can explain the adsorption mechanisms. Based on the
adsorption energies, the adsorption orders of As(III) and As(V)
are AsO3

3� > OH� > HAsO3
2� > H2AsO3

� > H2O > H3AsO3 and AsO4
3� >

OH� > HAsO4
2� > H2AsO4

� > H3AsO4 > H2O, respectively. Under acidic
and neutral conditions, Eqs. (1)–(3) shows that H3AsO3 is the
dominant species in aqueous solution whereas the adsorption
ability of H3AsO3 is weaker than that of water, therefore the
adsorption of As(III) is low at low pH range; the adsorption of As
(III) increased from acidic to neutral and weak alkaline conditions,
because H2AsO3

� should appear on the surface, then the maximum
adsorption appear at pH 8–9; H2AsO3

� and HAsO3
2� cannot compet-

itive with OH� ion at high pH conditions, and only AsO3
3� could

compete with OH� ion, therefore there is a minimum adsorption
point at about pH 12 for As(III). Under acidic condition, Eqs. (4)
and (5) show that H2AsO4

� is the dominant As(V) species and its
adsorption ability is stronger than that of water, therefore H2AsO4-
� should be the predominant species on the surface. The MM sur-
face complex TiO2–H2AsO4

�-3a can enhance the concentration of As
(V) on the surface because it occupies only one surface Ti5c site. At
neutral and weak alkaline conditions, HAsO4

2� should present on
the surface. It is interesting that even if many attempts have been
made, we could not get a stable MM structure for HAsO4

2�. One rea-
son is that there would be only one H-bond between HAsO4

2� and
surface O2c, while two H-bonds can make the MM structure stable.
The other reason is that the Eads values of TiO2–HAsO4

2�-1b and
TiO2–HAsO4

2�-2b are much higher than that of two waters. So
HAsO4

2� should change to the BB types, even if its initial adsorption
structure is a MM type. As a result, more BB type HAsO4

2� would
make the adsorption density of As(V) lower. HAsO4

2� cannot com-
petitive with OH� ion at high pH conditions, and only AsO4

3� can
compete with OH� ion, therefore there is a minimum adsorption
point at about pH 12 for As(V). It is also significant to point out
here that based on our calculation results there should be some
negative charged arsenic species adsorped on the TiO2 surface to
make the total charge of the surface more negative. This conclusion
agrees with the experimental results in Fig. 1 from Pena et al. [6]
that the adsorption of As(V) and As(III) decreased the zeta potential
of the TiO2 particle, suggesting the formation of negatively charged
inner-sphere surface complexes for both arsenic species.
4. Conclusion

To a deeper understanding of the pH effect for As(III) and As(V)
adsorption behaviors on the TiO2 anatase (101) surface, a broad pH
range has been explored such as from pH 1 to pH 13.5. It is shown
that the maximum adsorption of As(III) presents at pH 8 and its
minimum adsorption presents at pH 12. The maximum and mini-
mum adsorption pH values for As(V) are 4 and 12, respectively. The
whole pH effect is crucial for arsenic adsorption and TiO2 regener-
ation to improve arsenic remediation technology. Using DFT
method, all the As(III) and As(V) solution species such as H3AsO3,
H2AsO3

�, HAsO3
2�, AsO3

3�, and H3AsO4, H2AsO4
�, HAsO4

2�, AsO4
3� as

well as water and OH� ion are put onto the surface with various
different possible attitudes to obtain their adsorption geometries
and adsorption energies. Based on the calculated adsorption ener-
gies, H2AsO3

� should be the predominant As(III) species on the sur-
face from acidic to weak basic pH conditions, AsO3

3� would be the
predominant species at pH higher than 12. For As(V), H2AsO4

�

would present at acidic pH conditions, HAsO4
2� would present at

neutral and weak basic pH conditions, AsO4
3� would present at high

pH conditions.
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Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jcis.2015.10.018.
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