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Arsenic (As)-contaminatedwastewater and groundwater pose a pressing environmental issue
andworldwide concern. Adsorption of As using TiO2materials, in combinationwith filtration,
introduces a promising technology for the treatment of As-contaminated water. This review
presents an overview on the recent progress of the application of TiO2 for removal of As from
wastewater and groundwater. The main focus is on the following three pressing issues that
limit the field applications of TiO2 for As removal: coexisting ions, simulation of breakthrough
curves, and regeneration and reuse of spent TiO2 materials. We first examined how the
coexisting ions in water, especially high concentrations of cations in industrial wastewater,
affect the efficacy of As removal using the TiO2materials.We then discussed As breakthrough
curves and the effect of compounded ions on the breakthrough curves. We successfully
simulated the breakthrough curves by PHREEQC after integrating the CD-MUSIC model. We
further discussed challenges facing the regeneration and reuse of TiO2 media for practical
applications. We offer our perspectives on remaining issues and future research needs.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

As a versatile material, TiO2 has been widely used for arsenic
(As) removal, as reported in a previous review (Guan et al.,
2012). Recently, the number of publications and citations
regarding the use of TiO2 for As adsorption has increased
significantly (Fig. 1). Many efforts have attempted to synthe-
size effective TiO2-based materials including nanocrystalline
TiO2 particles (Dutta et al., 2004; Guo et al., 2013; Jegadeesan et
al., 2010; Kocabas-Atakli and Yurum, 2013; Nabi et al., 2009;
Pena et al., 2005; Xu and Meng, 2009), hydrous TiO2 (Pirila et
al., 2011; Sun et al., 2013; Xu et al., 2010), titanate nanotubes

(Niu et al., 2009; Wu et al., 2013), granular TiO2 (Bang et al.,
2005; Cui et al., 2015a; Hu et al., 2015a; Yan et al., 2015),
TiO2-impregnated chitosan beads (Miller and Zimmerman,
2010), and TiO2-coated sand (Nabi et al., 2009). The perfor-
mances of those TiO2-based materials are summarized in
Table 1. Initially, TiO2 was utilized mainly as a fine powder,
which exhibits well-known limitations in practical applica-
tions. Solving the problem of TiO2 powder exhibiting high
hydraulic loss in a fixed-bed column (Hristovski et al., 2007),
requires laborious solid/liquid separation for regeneration
(Luo et al., 2010), and includes the possible leakage of
As-adsorbed nano-sized TiO2. Granular TiO2 (0.18–0.83 mm),
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mesoporous titania beads (0.5 mm) (Dwivedi et al., 2012), and
TiO2-impregnated chitosan beads (1.0 mm) with a large
particle size that can be operated in fixed-bed columns have
been developed in recent years for As removal. Due to its high
adsorption efficiency, ability to be regenerable and reusable,
cost-effectiveness, and feasible operation (Chen and Mao,
2007; Luo et al., 2010; Yan et al., 2015), TiO2 is becoming a
promising material in field filtration of As tainted waters.

Though there are many successful applications of TiO2 in As
remediation, three pressing issues still remain, which limit its
practical application in field filtration. First, the impacts of
coexisting ions on As removal at the TiO2 surface are not fully
understood, especially for cations with high concentrations in
industrial wastewater (Hu et al., 2015b). Second, the simulation of
As breakthrough curves in TiO2 filtration columns is far from
satisfactory, and the methods of obtaining the parameters from
batch adsorptions in the laboratory used to accurately predict the
field filtration needmore effort to decipher (Cui et al., 2015a; Hu et
al., 2015a). Third, the regeneration and reuse of spent TiO2 media
is still a challenge for the practical application of TiO2 (Arumugam
et al., 2013; Bang et al., 2005; Hu et al., 2015a; Yan et al., 2015).

This paper reviews the recent progress of TiO2 applications
for treating real As-contaminated waters, focusing on indus-
trial wastewater containing high concentrations of As and
coexisting heavy metals, as well as groundwater which experi-
ences a combined ion effect from the presence of other ions. A
survey of the influence that coexisting ions have on As removal
at the TiO2 surface is discussed. Then, a connection of laboratory
experiments with field filtration is established by evaluating
the effect of the compounded ions (Fig. 2). Finally, a future
perspective is discussed and an outlook is featured.

1. Compounding ion effects on As adsorption to
TiO2

1.1. Cd at high concentrations in industrial wastewater

Smelting wastewater is usually coupled with high concentra-
tions of As and Cd, which presents a major challenge to the
environment (Bian et al., 2012; Hao et al., 2015; Liao et al., 2016;
Roussel et al., 2000). TiO2 has been investigated to simulta-
neously remove high concentrations of As(III) and Cd from

metallurgical wastewater (Luo et al., 2010; Yan et al., 2015). A
strategy for determining As(III) and Cd treatability was imple-
mented in three successive fixed-bed columns, and the initial
concentration averages of 2590 mg/LAs(III) and 12 mg/LCd in the
raw water were reduced to below discharge limit in the effluent
each time for 10 treatment cycles (Fig. 3). Though extensive
studies have been motivated to investigate the interaction of
cationic metals and anionic ligands on metal oxide surfaces
(Grafe et al., 2004, 2008; Jiang et al., 2013; Ler and Stanforth, 2003),
the molecular-level interactions between cationic Cd and neu-
trally charged As(III) on the TiO2 surface are poorly understood.

The formation of ternary surface complexes is considered
the primary uptake mechanism for As(III) and Cd on TiO2. A
systematical study performed by Hu et al. (2015b) indicated that
the formation of ternary surface complexes was dependent on
themole ratio ofAs(III) toCd.At lowAs(III) andCd concentrations
(Cd = 3.11 mmol/L, As/Cd ratio below 0.5), both As(III) and Cd
adsorbed onto the TiO2 surface as bidentate binuclear structures.
With an increase in the As/Cd ratio from 0.5 to 15.8, the adsorbed
Cd desorbed from the surface and formed a Cd–As(III)–TiO2

ternary surface complexion with the adsorbed As(III) serving as
the bridging molecule and occupying more Ti sites (Fig. 4).
Synergistic adsorption of As(III) and Cd on TiO2 was observed
after the formation of ternary surface complexes. Cd adsorption
increased froma range of 4.0–13.4 μmol/m2 in the Cd–TiO2 binary
system to 9.7–15.2 μmol/m2 for simulated wastewater (As(III)/
Cd = 2.0) and 17.1–25.2 μmol/m2 for smelting wastewater (As(III)/
Cd = 10.4) in the Cd–As(III)–TiO2 ternary system. As(III) adsorp-
tion increased from1.6 μmol/m2 in theAs(III)–TiO2 binary system
to 6.2 μmol/m2 in the ternary Cd–As(III)–TiO2 system (Fig. 5a–b).

Results from ongoing studies involving the co-adsorption of
As(V) andCdonTiO2 indicate that ternary surface complexes and
surface precipitates can form depending on the As(V)/Cd mole
ratio.With low initial As(V) (0.13 mmol/L) and Cd concentrations
(0.07 mmol/L), only ternary surface complexes of Cd–As(V)–
TiO2 were observed. By increasing As(V) to 2.0 mmol/L and Cd
concentrations to 3.11 mmol/L, different surface precipitates
formed. With an initial Cd concentration of 3.11 mmol/L, and
As/Cd = 0.5 at pH 5, only the precipitate of Cd3(AsO4)2 was
found; while for As/Cd ratio range of 2–10, both Cd3(AsO4)2 and
Cd5H2(AsO4) 4H2O compounds existed. At pH 7, both of these
precipitates existed for all samples with As/Cd ratio range of
0.5–10. Only a small amount of Cd5H2(AsO4) 4H2O existed, a

Fig. 1 – The number of publications and citations on arsenic removal using TiO2 in themost recent 20 years through theWeb of
Science™ Core Collection. The keywords for searching are “arsenic” and “TiO2.”
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Table 1 – Summary of arsenic adsorption on TiO2 and TiO2-based materials.

TiO2 Properties Reaction conditions Adsorption
capacity
(mg/g)

Reference

Particle size (nm) Specific
surface

area (cm2/g)

pHpzc As concentration
(mg/L)

pH Adsorbent
(g/L)

Nanocrystalline
TiO2

6 330 5.8 [As(III)]e = 45 7 1 >37.5 Pena et al. (2005)
[As(V)]e = 45 7 1 >37.5

HM 4.6 336 5.3 [As(III)]0 = 0.31–3450 7 5 136 Yan et al. (2016)
[As(V)]0 = 0.32–4484 7 5 140

JR05 7.5 167 6.5 [As(III)]0 = 0.31–3450 7 5 138
[As(V)]0 = 0.32–4484 7 5 144

TG01 18.2 71 6.1 [As(III)]0 = 0.31–3450 7 5 71
[As(V)]0 = 0.32–4484 7 5 106

TiO2 6.6 287.8 [As(III)]0 = 0–80 7 1 30.0 Xu and Meng
(2009)[As(V)]0 = 0–80 7 1 30.5

7.0 255.9 [As(III)]0 = 0–80 7 1 25.4
[As(V)]0 = 0–80 7 1 28.0

10.5 141.3 [As(III)]0 = 0–80 7 1 15.1
[As(V)]0 = 0–80 7 1 18.0

14.8 96.0 [As(III)]0 = 0–80 7 1 8.52
[As(V)]0 = 0–80 7 1 9.86

30.1 25.7 [As(III)]0 = 0–80 7 1 2.16
[As(V)]0 = 0–80 7 1 3.62

Nanoadsorbent 7.97 [As(III)]0 = 0.1–20 6 0.5 16.98 Kocabas-Atakli
and Yurum
(2013)

Amorphous TiO2 409 4.5 [As(III)]0 = 0.2–50 7 0.2 66.8 Jegadeesan et al.
(2010)[As(V)]0 = 0.2–50 7 0.2 19.0

Hombikat UV100 <10 334 6.2 [As(III)]e = ~31.9 9 43.1 ± 5.2 Dutta et al. (2004)
[As(V)]e = ~37.5 4 22.5 ± 5.9

Degussa P25 ~30 ~55 6.9 [As(III)]e = ~39.8 9 3.9 ± 2.4
[As(V)]e = ~37.5 4 4.6 ± 0.7

polymer–TiO2 <25 45–55 [As]0 = 10–1000 6 6 144.0–162.3 Urbano et al.
(2015)

GPR TiO2 325 [As(III)]0 = 5–90 7.6 1 17.0–18.8 Nabi et al. (2009)
[As(V)]0 = 5–90 7.6 1 19.0

Pure TiO2 108 [As(III)]0 = 5–90 7.6 1 18.0–20.3
[As(V)]0 = 5–90 7.6 1 20.4

Hydrous TiO2 3–8 312 3.8 [As(III)]0 = 0–170 7 0.5 83 Xu et al. (2010)
[As(III)]0 = 0–170 9 0.5 96

Hydrous TiO2 10.8 280 4.8 [As(III)]0 = 0.2–8.5 4–6 25.8–32.1 Pirila et al. (2011)
[As(V)]0 = 0.2–8.5 4–6 22.0–33.4

Ti hydroxide [As(III)]e = 4.1 7 2 500 Sun et al. (2013)
3D titanium
dioxide

200–350 202.6 3.76 [As(V)]e = ~97.2 4 0.1 59.7 Guo et al. (2013)

TiO2 nanotube
arrays

4 μm 49.5 5.39 [As(III)]0 = 0.5–30 7 0.9 28.9 Wu et al. (2013)
[As(V)]0 = 0.5–30 7 0.9 24.7

Granular TiO2 0.15–0.6 mm 250.7 5.8 [As(III)]0 = 0.4–80 7 1 32.4 Bang et al. (2005)
[As(V)]0 = 0.4–80 7 1 41.4

Granular TiO2 0.18–0.25 mm 196 5.8 [As(III)]0 = 1–800 8.2 1 93.0 Hu et al. (2015a)
[As(V)]0 = 1–800 8.2 1 35.2

Granular TiO2 0.25–0.38 mm 196 5.8 [As(III)]0 = 0.39–2460 5 2.5 145 Yan et al. (2015)
[As(III)]0 = 0.39–2460 7 2.5 160

Granular TiO2 0.38–0.83 mm 196 5.8 [As(III)]e = ~430 8.2 1 106.4 Cui et al. (2015a)
[As(V)]e = ~580 8.2 1 38.3

TiO2-impregnated
chitosan bead

~1 mm 0.56 7.25 [As(III)]0 = 0.1–10 9.2 0.625 2.10 Miller and
Zimmerman
(2010)

[As(V)]0 = 0.1–10 7.7 0.625 2.05
3.06 with UV
irradiation

[As(III)]0 = 0.1–10 6.6 (UV) 0.625 3.54
[As(V)]0 = 0.1–10 7.0 (UV) 0.625 2.99

TiO2-coated sand [As(III)]0 = 0.1 7.6 4 0.014 Nabi et al. (2009)
[As(V)]0 = 0.1 7.6 4 0.022

TiO2–SiO2–
polyacrylonitrile

1.0–2.0 mm 170 [As(III)]e = 2.85 8 1 4.90 Nilchi et al. (2011)

Subscripts “e” and “0” represent equilibrated and initial arsenic concentrations, respectively.
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large portion of it being an amorphous Cd–As(V) precipitate at
pH 9. The formation of ternary surface complexes and surface
precipitates enhanced the synergetic adsorption of As(V) and
Cd on TiO2. Cd adsorption increased from 13.0 μmol/m2 in the
binary Cd–TiO2 system to 15.4 μmol/m2 in the ternaryCd–As(V)–
TiO2 system. For As(V) adsorption, this value was significantly
enhanced from 5.3 to 14.3 μmol/m2 (Fig. 5c–d).

These results demonstrate that concentrations of coexisting
metals and pH conditions can significantly influence the
wastewater treatment efficiency by changing the reaction
mechanism of As and coexisting heavy metals with
solid-water surfaces. A neutral pH condition and appropriate
mole ratio are preferred to obtain a satisfactory removal
efficiency. However, ensuring optimal removal remains a
challenge due to the reality that most industrial wastewater
exhibits a low pH of 1.0, and the fact that the As/Cd molar
ratio in real wastewater is largely dependent on the associ-
ated industrial process.

1.2. Synergistic uptake mechanism for As and Cd on TiO2

The formation of a ternary surface complexion in Cd–As(III)–
TiO2 system has been evidenced by multiple complementary
techniques. A mass balance calculation predicted that Cd in
smelting wastewater will occupy more than 50.4 μmol/m2

sites with bidentate binuclear complexes if adsorption is
the only removal mechanism. However, TiO2 exhibited a
theoretical site concentration of only 30.6 μmol/m2. The lower
availability of sites demonstrated that other mechanisms
besides adsorption must contribute to the Cd removal (Grafe
et al., 2004; Jiang et al., 2013). Synchrotron-based extended
X-ray absorption fine structure (EXAFS) spectroscopy did not
evidence any Cd–As(III) complexes in the rawwater (Luo et al.,
2010), but the ternary surface complexions Cd–As(III)–TiO2

were shown to form on the TiO2 surface (Hu et al., 2015b). The
As K-edge spectra can only be fitted well with the addition of
an extra As–Cd path at 3.48–3.62 Å. The confidence level for
adding this path is in the range of 86.4%–98.2%, significantly
higher than the required value of 67%, which confirms the
appropriateness of adding As–Cd to the As–Ti path. In-situ
attenuated total reflection Fourier transform infrared spectros-
copy demonstrated that during co-adsorption of As(III) and Cd,
the vibration of As(III)–OHat 816/cmdisappeared due to the fact
that Cd can occupy the Ti–O–As complex sites to form a Ti–O–
As–O–Cd ternary complex, which was further confirmed by
density functional theory calculations (Hu et al., 2015b).

The macroscopic observation for change of ζ potential by
synergistic adsorption can be simulated with charge distribu-
tion multi-site complexation (CD-MUSIC) modeling under the
constraint of molecular-level results (Hu et al., 2015b). The
pHpzc of TiO2 changed from initial 5.3 to 5.7 upon first Cd
adsorption, and then decreased to 4.4 after As(III) was added
to the system (Fig. 6a). Conversely, the pHpzc of TiO2 first
changed from 5.3 to 4.6 upon As(III) adsorption, and then
increased to 5.2 after Cd was added to the above As(III)–TiO2

adsorption system (Fig. 6b). This charge neutralization dem-
onstrates the formation of ternary surface complexes, where
the adsorbed As(III) can provide new sites for Cd adsorption.
Therefore, the complexes of Ti2O2AsO−5/3, Ti2O2Cd−2/3, and

Fig. 2 – Picture for As removal using TiO2.

Fig. 3 – (a) Schematic flowchart for the proposed As-contaminated wastewater treatment process using granular TiO2 columns.
(b) As(III) breakthrough curves of three columns in series in a typical treatment cycle (Yan et al., 2015).
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Ti2O2AsOCd1/3 were used to simulate binary As(III)–TiO2,
binary Cd–TiO2, and ternary Cd–As(III)–TiO2 adsorption sys-
tems, respectively.

For the system of As(V) adsorption on TiO2, the pHpzc of
TiO2 changed from initial 5.3 to 3.4 upon As(V) adsorption,
indicating the formation of inner-sphere complexes. For the
system of As(V) and Cd co-adsorption on TiO2, the pHpzc of
TiO2 changed from initial 5.3 to 4.1 (Fig. 6c), indicating the

formation of a ternary Cd–As(V)–TiO2 surface complex. The
complexes Ti2O2AsO2

–5/3 and Ti2O2AsO2Cd1/3 were used to
simulate binary As(V)–TiO2 and ternary Cd–As(V)–TiO2 ad-
sorption systems, respectively. The CD-MUSIC model de-
scribed the following binary and ternary surface reactions:

Binary Cd–TiO2 : 2`TiOH−1=3 þ Cd2þ ¼ `Ti2O2Cd−2=3 þ 2Hþ ð1Þ

Fig. 4 – Surface complexation for As(III) and Cd co-adsorption on TiO2 (Hu et al., 2015b).

Fig. 5 – Experimental pH adsorption edges (symbols) and charge distribution multi-site complexation (CD-MUSIC) calculations
(lines) of Cd (a) and As(III) (b) in simulated wastewater (molar ratio of As(III)/Cd(R) = 2, As(III) = 5.26 mmol/L) and copper smelting
wastewater (R = 10.4, As(III) = 51.52 mmol/L) (Hu et al., 2015b). Experimental pH adsorption edges (symbols) and CD-MUSIC
calculations (lines) of Cd (c) and As(V) (d) in simulated wastewater (molar ratio of As(V)/Cd, R = 0.5 and 2, Cd = 3.11 mmol/L).
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Binary As IIIð Þ–TiO2 : 2`iOH−1=3 þH3AsO3 ¼ `Ti2O2AsO−5=3

þ 2H2OþHþ
ð2Þ

Ternary Cd–As IIIð Þ–TiO2 : 2`TiOH−1=3 þH3AsO3 þ Cd2þ

¼ `Ti2O2AsOCd1=3 þ 2H2OþHþ
ð3Þ

Binary As Vð Þ–TiO2 : 2`TiOH−1=3 þ AsO4
3− þ 2Hþ

¼ `Ti2O2AsO2
–5=3 þ 2H2O

ð4Þ

Ternary Cd–As Vð Þ–TiO2 : 2`TiOH−1=3 þAsO4
3− þ 2Hþ þ Cd2þ

¼ `Ti2O2AsO2Cd1=3 þ 2H2O
ð5Þ

The synergistic adsorption of As and Cd on TiO2 via the
formation of ternary surface complexes and surface precip-
itates further inhibited the metal release into the aqueous
phase, contributing to its immobilization (Grafe et al., 2004,
2008; Jiang et al., 2013). Though much effort was put into
studying the synergetic uptake mechanism of As adsorption
on metal oxide surfaces with the influence of coexisting heavy
metals, the results may be a case-by-case study due to the
complicated contamination species and various solid-water
interfaces.

1.3. Coexisting ions in geogenic groundwater

Besides cationswithhighconcentrations inwastewater, cations
such as calcium (Ca) and magnesium (Mg) in groundwater also
have synergistic effects on As(V) adsorption due to electrostatic
forces, while exhibiting negligible effects on As(III) (Cui et al.,
2015a; Kanematsu et al., 2013; Stachowicz et al., 2008). Hu et al.
(2015a) studied the interference of Ca toward As(V) molecular
structures absorbed on TiO2, and the results suggested the
formation of a Ca–As(V)–TiO2 ternary surface complex. The
formation of a ternary complex can significantly increase
the synergetic uptake of As(V) and Ca (Masue et al., 2007),
and promote As attenuation in groundwater (Zhang et al.,
2014). Though the coexisting Mg concentration (104.3 mg/L)
was much higher than Ca (39.1 mg/L) in groundwater, the
Ca adsorption density was higher than Mg (311 mg/g vs.
171 mg/g) in a study by Cui et al. (2015a). These interesting

results may be attributed to the distinct adsorption behaviors,
where Ca can strongly bond to the surface and formaCa–As(V)–
TiO2 ternary complex.

In contrast to cations, As adsorption on metal oxides is
sometimes suppressed in the presence of co-existing anionic
and nonionic species. Niu et al. (2009) demonstrated that
anions such as phosphate (P), silicate (Si), and sulfate (SO4

2−)
decreased As(V) adsorption on TiO2-based materials (TN
180-1), but no evident competition was observed for As(III)
removal; however, the reduced removal efficiency for both
As(III) and As(V) via TiO2 under competing ions was observed
by Pena et al. (2005). Jegadeesan et al. (2010) reported that the
presence of P (7 mg/L) and Si (20 mg/L) decreased As(III)
adsorption to amorphous TiO2 by 43.0%; whereas the As(V)
adsorption capacity of amorphous TiO2 was not affected by
the presence of P, but declined by 29.1% in the presence of Si.
The effects of nitrate (NO3

−) and chloride (Cl−) on As adsorption
have been proven to be negligible (Ciardelli et al., 2008; Hu et
al., 2015a). In another study by Cui et al. (2015a), bicarbonate
(HCO3

−) significantly inhibited As(V) adsorption by 52%
from 5.0 to 2.4 mg/g, however, As(III) adsorption declined by
only 8% on granular TiO2. Deng et al. (2010) determined the
influence of anions in groundwater on the adsorption of As(V)
to a Ce–Ti oxide adsorbent, which followed the order of HPO4

2−

> HCO3
− > SiO3

2− > SO4
2− ≈ NO3

− > Cl−. Liang et al. (2016) studied
As retention and transport behavior in the presence of anionic
and nonionic surfactants, and their results indicated that
coexisting surfactants decreased As adsorption on ferrihydrite
by up to 29.7%. The increase in As mobilization by organic
matrix can be attributed to the formation of As-organic matter
complexes (Sharma et al., 2011; Wang and Tsang, 2013), which
hinder its access to sorbent surface. On the other hand,
increasing As mobility by organic surfactants provides a new
way for As removal from contaminated soil (Gusiatin, 2014).

Though the effects of single ions have been widely studied
in batch systems, their combined impacts on As adsorption
and transport in field columns are still not fully understood.
The complexity of the coexisting ion effects can bemanifested
by HCO3

−, which competes weakly with As adsorption, but may
greatly promote the release of adsorbed As in the presence of

Fig. 6 – Experimental and CD-MUSIC simulations of zeta potential of 0.2 g/L TiO2 as a blank, 0.03 mmol/L As(III)/As(V), and
0.03 mmol/L Cd adsorbed TiO2 as a function of pH in 0.04 mol/L NaClO4 solution (Hu et al., 2015b). (a) The pHpzc of TiO2 with Cd
adsorbed first and then As(III) was added to the system. (b) The pHpzc of TiO2 with As(III) adsorbed first and then Cdwas added
to the system. (c) The pHpzc of TiO2 with As(V) adsorbed first and then Cd was added to the system.
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Ca and Mg (Saalfield and Bostick, 2010). Cui et al. (2015a)
studied the compounding influence of Ca, Mg, Si, and HCO3

− on
As removal by TiO2, and found that the effect exhibited by
coexisting ions was not a simple summation of individual ion
effects but a compromise between them. By considering the
compounding effects of Si, Ca, and HCO3

− on As adsorption, the
As breakthrough curves in TiO2 field columns were success-
fully predicted (Hu et al., 2015a).

The effects that coexisting ions have on As removal are
significant and inevitable to consider when studying actual
groundwater especially those contributed by Si and Ca, which
exist at much higher concentrations in groundwater. When
seeking improved As removal technology, it is critical to
accurately quantify and predict the competitive interactions of
As with ions coexisting on oxide surfaces. Studying molecular
surface complexes in the presence of coexisting ions during
filtration may contribute to successful modeling of the geo-
chemical transport.

2. Connection of batch adsorption experiments
with field filtration

Comprehensive study for treatment of As in water combining
oxidation, coagulation, and filtration is reported by previous
publications (Cui et al., 2015b; Terracciano et al., 2015), and
filtration adsorption is considered oneof themost cost-effective
and user-friendly techniques that provide As-treated water
worldwide (Bang et al., 2005; Cui et al., 2015a; Hu et al., 2015a).
Adsorptive filtration using TiO2 fixed-bed columns for As
removal has been reported by extensive studies (Table 2). Bang
et al. (2005) used a granular TiO2 column to treat groundwater
with anAs concentration of 43 μg/L. Hristovski et al. (2007, 2008)
used aggregated TiO2 nanoparticles and titanate nanofibers as
packed bed adsorbentmedia to treat As(V)-contaminatedwater
with concentrations ranging from 28 to 122 μg/L. As part of a
current study, two different samples of geogenic groundwater
were taken from sites in Shanxi, China; the first contained
374 μg/L As(III) and 291 μg/L As(V), and the second had 454 μg/L
As(III) and 88 μg/L As(V). Thesewater samples were remediated
using granular TiO2 columns, and their results suggested that
groundwater treatment using TiO2 can provideAs-safe drinking
water (Fig. 7) (Cui et al., 2015a; Hu et al., 2015a). Accurate
predictions of As breakthrough curves from filtration columns
are important to determine and plan for future operating and
maintenance costs. Therefore, simulating As breakthrough
curves using parameters from batch adsorption experiments
is a key issue in need of a solution.

2.1. Field columns with various empty bed contact time

Empty bed contact time (EBCT) is considered a major connec-
tion between batch adsorption and column filtration, also a
significant parameter that controls As breakthrough curves
from fixed-bed columns. General understanding is that extend-
ed As removal can be achieved with a long EBCT (Hristovski
et al., 2007, 2008; Kanematsu et al., 2012). For example, the study
of Hristovski et al. (2007) suggested that arsenic breakthrough
(>1 μg/L) on titanium-based Adsorbsia GTO columns began at
3000, 6000, and 10,000 bed volumes (BVs) with EBCTs of 0.1,

0.25, and 0.5 min. Similarly, Cui et al. (2015a) studied the As
breakthrough curves on granular TiO2 columns at EBCTs of
0.11, 0.22, 0.32, 0.54, and 1.08 min, and the results indicated
that the number of BV before the effluent As concentration
exceeded 10 μg/L (BV10) exhibited a clear linear increase as a
function of EBCT. The reason can be attributed to the fact that
extended contact time can facilitate the mass transfer
diffusion of As into granular TiO2 pores (Cui et al., 2015a), which
can also be evidenced by theAs reaction constant logK increasing
as a function of adsorption time (Swedlund et al., 2014).

However, Westerhoff et al. (2006) theorized that improved
arsenic removal can be achieved with a shorter EBCT on
goethite-based granular porous adsorbent E33, because
competing constituents (e.g., silicate) migrate more quickly
through the bed than As (Cui et al., 2015a), and with a longer
EBCT there is a longer exposure to competing ions and
therefore less treatability than at a shorter EBCT. Similar
results were also observed by Kanematsu et al. (2012). They
showed that a longer EBCT resulted in a worse As(V) removal
performance with iron oxide in the presence of Si, because Si
moves faster than As(V) and occupies adsorption sites on the
media. In addition, an extended EBCT could increase time
cost during the water treatment process. Therefore, the set of
EBCT necessitates careful study by considering the effect of
coexisting ions and economic factors.

2.2. PHREEQC coupled with CD-MUSIC to simulate As
transport in the field column

Arsenic adsorption on metal oxide surfaces has been exten-
sively studied using varied surface complexation models
(Kanematsu et al., 2013; Stachowicz et al., 2008). CD-MUSIC is
one of themost widely usedmodels to describe As adsorption
behavior on metal oxide surfaces under the constraint of
synchrotron spectroscopic studies and molecular simulation
results (Cui et al., 2015a; Hu et al., 2015b). PHREEQC, a
geochemical model, integrates a macroscopic mass transfer
process with a microscopic surface complexation model
(Parkhurst and Appelo, 2013). It can be applied in calculating
solution complex speciation, batch-reaction, one-dimensional
reactive-transport, and inverse modeling.

CD-MUSIC models were used to simulate batch adsorption
behaviors of As(III), As(V), and coexisting ions such asCa, Si, and
HCO3

− at theTiO2 surface (Cui et al., 2015a;Huet al., 2015a). In the
modeling runs, the transport properties of groundwater
components and adsorption constants remained the same
except for some fine-tuning of As adsorption parameters in
the CD-MUSIC model. When using this fine-tuning approach,
the parameters obtained from batch adsorption must be
modified to satisfactorily approximate the column data.
Kinetic limitations were initially thought to be the critical
contributor in predicting the As transport process in the TiO2

columns using parameters obtained with batch experiments
(Hu et al., 2015a; Maji et al., 2012); however, after excluding
their influence, the effect of coexisting ions on As adsorption
was recognized as the main challenge. Herein, while simulta-
neously considering the adsorptions of As, Ca2+, Si(OH)4, and
HCO3

−, and the formation of Ca–As–TiO2 ternary surface
complexes, the breakthrough curves of As, Ca2+, Si(OH)4, and
HCO3

− in the TiO2 filters were well-simulated with the PHREEQC
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Table 2 – Summary of As removal from geogenic groundwater and wastewater using column filtration.

TiO2 media Particle size
(mm)

EBCT
(min)

BV10 Reaction conditions q(BV10)
(mg/g)

Reference

Granular TiO2 0.15–0.6 3 45000 As(V) = 43 μg/L, Ca = 41 mg/L, Mg = 26 mg/L,
Si = 21 mg/L, HCO3

− = 210 mg/L, pH = 7.91
1.7 Bang et al. (2005)

Granular TiO2 0.15–0.6 3 41500 As(V) = 52 μg/L, Ca = 41 mg/L, Mg = 26 mg/L,
Si = 21 mg/L, pH = 7.67–8.36

2.8 Bang et al. (2011)

Granular TiO2 0.18–0.38 2.5 3460 As(III) = 56 μg/L, As(V) = 14 μg/L, Ca = 36 mg/L,
Mg = 16 mg/L, Si = 33 mg/L, P = 20 μg/L, pH = 7.3

0.29 Hao et al. (2009)

Granular TiO2 0.38–0.83 0.11 0 As(III) = 373 μg/L, As(V) = 291 μg/L, Ca = 39.1 mg/L,
Mg = 104.3 mg/L, Si = 8.9 mg/L, HCO3

− = 387.5 mg/L,
pH = 8.2

0 Cui et al. (2015a)
0.22 158 0.13
0.32 247 0.18
0.54 527 0.40
1.08 968 0.96

Granular TiO2 0.18–0.25 4 2955 As(III) = 454 μg/L, As(V) = 88 μg/L, Ca = 35.3 mg/L,
Mg = 24.6 mg/L, Si = 5.1 mg/L, pH = 8.2

1.53 Hu et al. (2015a)
4 2563 1.36
4 2577 1.49
4 2392 1.38

MetsorbG 0.48 21000 As(V) = 43 μg/L, Ca = 30 mg/L, Si = 3.7 mg/L,
HCO3

− = 87 mg/L, P = 15 μg/L, pH = 7.2
0.6 USEPA (2008)

MetsorbG 0.57 16000 As(V) = 21.5 μg/L, Ca = 54 mg/L, HCO3
− = 342 mg/L,

P = 54 μg/L, pH = 7.7
0.2 USEPA (2008)

MetsorbG 0.28 15000 As(V) = 28 μg/L, Si = 25 mg/L, pH = 8 0.51 Hristovski et al. (2007)
MetsorbG 5 14000 As(V) = 25 μg/L, pH = 7.8 0.2 Westerhoff et al. (2006)
Adsorbia GTO 0.57 4000 As(V) = 51 μg/L, Ca = 5.1 mg/L, Si = 10.7 mg/L,

HCO3
− = 83 mg/L, P = 162 μg/L, pH = 7.4

0.2 USEPA (2008)

Adsorbia GTO 0.48 16000 As(V) = 43 μg/L, Ca = 30 mg/L, Si = 3.7 mg/L,
HCO3

− = 87 mg/L, P = 15 μg/L, pH = 7.2
0.5 USEPA (2008)

Adsorbia GTO 0.38 12500 As(III) = 0.8 μg/L, As(V) = 40.2 μg/L, Ca = 18 mg/L,
Si = 5.1 mg/L, HCO3

− = 69 mg/L, P = 33 μg/L, pH = 8.6
0.4 USEPA (2008)

Adsorbia GTO 0.38 10000 As(III) = 22.5 μg/L, As(V) = 13 μg/L, Ca = 16 mg/L,
Si = 5.1 mg/L, HCO3

− = 64 mg/L, P = 24 μg/L, pH = 8.5
USEPA (2008)

Adsorbia GTO 0.1 5288 As(V) = 28 μg/L, Si = 25 mg/L, pH = 8 0.12 Hristovski et al. (2007)
0.25 7755 0.07
0.28 29000 0.34
0.5 10575 0.09

Granular TiO2 0.25–0.38 30 90 As(III) = 2590 ± 295 mg/L, Cd = 12 ± 2 mg/L,
pH = 7.0

162 ± 20 Yan et al. (2015)

EBCT: empty bed contact time. BV10: bed volume before As effluent concentration below 10 μg/L. q(BV10): As adsorption density when the
effluent As concentration was <10 μg/L.

Fig. 7 – (a) Household filter using granular TiO2 as adsorbent media. (b) As breakthrough curve from a filter as a function of bed
volumes. (c) Arsenic adsorption structures on TiO2 as evidenced by EXAFS study (Cui et al., 2015a). (d) Urinary As concentration
decreased after local residents drank As-treated groundwater (Hu et al., 2015a). EXAFS: extended X-ray absorption fine
structure.
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model (Fig. 8) (Hu et al., 2015a). The satisfactory modeling
results endorse the application of CD-MUSIC in the PHREEQC
code to predict As adsorptive transport in theTiO2 columns, and
highlight the importance of compounding ion effects on As
adsorption.

3. Regeneration and reuse of TiO2

The regeneration and reuse of spent TiO2 media presents a
pressing issue for its application as an efficient adsorbent.
Following As adsorption, it is usually regenerated with
NaOH (Arumugam et al., 2013; Hu et al., 2015a). For a
typical study using granular TiO2 to remediate wastewater
with a high concentration of As(III) and coexisting Cd (Yan
et al., 2015), spent TiO2 media were regenerated using
H2SO4 and NaOH. The total desorption ratio was in the
ranges of 76%–93% for As(III) and 62%–89% for Cd in 10
treatment cycles, and the regenerated TiO2 adsorbent was
able to be re-used with no decrease in its adsorption
capacity, which was 162 ± 20 mg/g for As(III) and 1.00 ±
0.16 mg/g for Cd.

For TiO2 that adsorbs groundwater containing As and
coexisting Si, the formation of Si polymers can occupy the
surface sites and consequently inhibit As adsorption and TiO2

regeneration (Christl et al., 2012; Hu et al., 2015c). Hu et al.
(2015a) studied granular TiO2 regeneration using NaOH and
HCl after adsorbing real groundwater containing the following

analytes of interest at pH 8.2: 454 μg/L As(III), 88 μg/L As(V),
35.3 mg/L Ca, and 5.10 mg/L Si. The As desorption rate was
able to reach 99.5% for the first regeneration and 98.7% for the
second, and the adsorption capacities of the TiO2 column
before the effluent As concentration exceeded 10 μg/L was
1.53 and 1.36 mg/g for pristine and regenerated TiO2, respec-
tively. The desorption rates were 86.8%–88.6% for Ca2+ and
45.9%–48.2% for Si(OH)4. The low Si(OH)4 desorption rate can
be ascribed to the polymerization of Si(OH)4 on the TiO2

surface during the long-term filtration cycle (Hu et al., 2015c).
With the formation of Si(OH)4 polymers and because of their
low desorption rates, decreased As adsorption capacities in
the regenerated TiO2 column were observed, even though
the As regeneration rate was extremely high (98.7%–99.5%)
(Hu et al., 2015a).

4. Perspectives

Regeneration of spent TiO2 media presents an enduring topic
for promoting the application of TiO2 in practice. Due to the
formation of Si(OH)4 surface oligomers and polymers on the
TiO2 surface, the presence of silicates in the groundwater may
be one of the most important reasons for the exhaustion of
the As adsorption capacity. In order to use and regenerate
TiO2 adsorbents efficiently, groundwater filtration must be
completed in a short period of time (or a short EBCT) before Si
oligomer and polymer species colonize TiO2 surface sites.

Fig. 8 – Observed (points) and simulated (lines) for As, Si(OH)4, Ca2+, and HCO3
− breakthrough curves with 10 g of new (red) and

regenerated (blue) granular TiO2 as a function of bed volumes during the filtration experiments. The dashed lines in As
breakthrough curves are PHREEQC modeling results with the inclusion of a kinetics module. Q represents the total adsorption
capacities during the column filtration experiments, while Q10 is the As adsorption capacity when the effluent As
concentration was <10 μg/L (Hu et al., 2015a).
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Meanwhile, appropriate generation approaches should be
developed to remove surface silicate oligomers and polymers
during the adsorbent regeneration process. Furthermore, studies
concerning the post-treatment of the regeneration solution
would be beneficial.

The substantial development of TiO2-based materials has
made adsorptive filtration a promising technology for arsenic
removal in the future. Thus, synthesizing TiO2-based mate-
rials with an excellent adsorption performance is a consistent
pursuit. Meanwhile, TiO2 material should have a large particle
size and strong hardness to be operated easily in field filtration.
Recent studies have shown that the adsorption performance of
TiO2 largely depends on its exposed crystal facets (Liu et al., 2014;
Yan et al., 2016). The study of As adsorption on different anatase
TiO2 surfaces suggests that {001} facets have stronger Lewis
acid sites than {101} facets, resulting in a higher As adsorption
affinity, with As surface complexes being more energetically
favorable on {001} than on {101} facets (Yan et al., 2016). Thus,
TiO2 with highly-active {001} facets should present a favorable
adsorption to As. Although much effort has been put into
fabricating TiO2 withmore exposed {001} facets, the synthesized
TiO2 exhibits a limited specific surface area of 1.6 m2/g (Yang
et al., 2009). Thus, the synthesis of TiO2withmore exposedactive
facets and large surface areas is another direction in which to
endeavor.

TiO2-based arsenic removal methods developed to date
have been mainly focused on the photocatalytic oxidation of
As(III) to As(V), followed by adsorption due to the lower affinity
of As(III) to metal oxide surfaces. Photooxidation of As(III) in
UV/TiO2 systems has been extensively studied. However, the
mechanisms of As(III) photocatalytic oxidation on TiO2 is still
a controversy, which is proposed to be controlled by different
reactive oxygen species such as the hydroxyl radical (UOH)
and superoxide radical (O2U

−) (Ding et al., 2015; Dutta et al.,
2005; Ryu and Choi, 2006). Many efforts have been taken to
synthesize TiO2 with active {001} facets, which is preferred
in the generation of UOH (Liu et al., 2010). Another study
concludes that {001} facets can facilitate the transfer of
photo-excited electrons to the adsorbed O2 to generate O2U

−

(Yan et al., 2016), which contributes to As(III) photooxidation.
Further studies suggest that the synergy of low-energy {101}
and high-energy {001} TiO2 facets can enhance the photocat-
alytic activity of anatase TiO2 with the spatial separation of
reduction and oxidation sites in different TiO2 facets (Roy
et al., 2013; Yu et al., 2014). Therefore, the synergistic effects
of different coexisting facets on the generation of radicals,
and their influence on the As(III) photocatalytic oxidation
process should be elucidated in the future. Understanding
these phenomena is essential to the application of TiO2 in the
arsenic water treatment field.
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