
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 4
:5

7:
14

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A mesoporous ti
aCollege of Chemistry, Liaoning University

xdzhang@lnu.edu.cn
bBeijing National Laboratory for Molecular

for Excellence in Molecular Sciences, Insti

Sciences, Beijing 100190, China. E-mail: jia

† Electronic supplementary informa
10.1039/c7ra03439c

‡ W. H., X. L. Y. contributed equally.

Cite this: RSC Adv., 2017, 7, 30199

Received 24th March 2017
Accepted 3rd June 2017

DOI: 10.1039/c7ra03439c

rsc.li/rsc-advances

This journal is © The Royal Society of C
tanium glycolate with exceptional
adsorption capacity to remove multiple heavy
metal ions in water†

Wei Han,‡ab Xiulin Yang, ‡b Fuwen Zhao,b Xiaofeng Shi,b Taishan Wang,b

Xiangdong Zhang,*a Li Jiang *b and Chunru Wangb

A facile, green strategy is explored to obtain mesoporous titanium glycolate (Ti(OCH2CH2O)2) via a one-pot

hydrothermal reaction. The mesoporous Ti(OCH2CH2O)2 nanomaterials take on a three-dimensional V-type

stripe structure with a specific surface area of 246.5 m2 g�1 and present an excellent adsorption capacity of

toxic heavy metal ions in aqueous solution, 225.73mg g�1 for Pb(II), 131.93 mg g�1 for As(V) and 156.01mg g�1

for As(III) with fast adsorption rates. The removal mechanism was found to derive from the electrostatic

interaction or coordination interaction between Ti(OCH2CH2O)2 and heavy metal ions in aqueous solution

since the mesoporous materials display a pH-dependent effect for arsenic removal.
Introduction

Drinking-water pollution induced by heavy metal ions is
a serious threat for human health all over the world because of
their serious health-toxic and non-biodegradable properties.1,2

For example, lead can accumulate in the apatite structure of
bone to obstruct biosynthesis of heme as well as inhibit zinc
enzymes and protein synthesis;3 Arsenic, being in the form of
arsenite As(III) or arsenate As(V) in aqueous solution, may cause
skin, lung or bladder cancer.4–6 However, because the toxic
heavy metals are usually in low concentration and co-exist with
nontoxic metal ions such as Fe, Ca, Na etc., the high efficiency
and selective removal of these contaminants from drinking
water remains a challenge.

Recently, the rapid development of nanoscience and nano-
technology has greatly promoted drinking water treatment
techniques by using nanomaterial adsorbents to remove the
heavy metal contaminants. As is well known, nanomaterials
usually possess large specic surface area and abundant active
sites,7 which are expected to selectively absorb some specic
heavy metals. For example, the nanomaterials based on tita-
nium, iron and aluminum compounds or complexes8–10 have
been observed to efficiently absorb Pb or As with remaining the
innocuous metal ions unchanged.
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In order to completely remove heavy metal contaminants, it
is crucial to make clear both the usual chemical form of heavy
metals in drinking water and how they interact with the applied
nanomaterials. For most heavy metals such as Hg, Pb, Tl etc.,
a simple electrostatic absorption by some strong electronegative
nanomaterials would suffice since they exist only in metal
cationic form in water. However, some other toxic heavy metal
contaminants such as As, Se, Te, etc., may have various chemical
forms depending on the pH values in water. For example,
arsenate exists as oxyanions (H2AsO4

� or HAsO4
2�) in pH

ranging from 2 to 12, while arsenite remains as neutral
molecular species (H3AsO3) at pH < 9.2.11,12 In general, most
nanomaterials composed of metal oxides or hydroxides are
positive-charged when the pH value being lower than the
isoelectric point, so they may effectively remove the negative-
charged As(V) ions by electrostatic adsorption, but these nano-
materials are difficult to remove the neutral As(III) species.13,14

In order to improve the removal efficiency of As(III), it has
been suggested to chemically transfer the charge state of As
from As(III) to As(V) before the treatment,15–17 but this technique
is either too complicated or kinetically too slow to be available.
Undoubtedly, it would be perfect if an adsorbent can be devel-
oped to remove simultaneously both As(V) and As(III) without
any additional oxidation process, which would not only simplify
the water treatment procedure but also reduce the cost of water
treatment to a great degree.4

To realize the simultaneous removal of As(V) and As(III), one
way is to design a composite nanomaterial in which one part
can adsorb the cationic heavy metals and the other part is able
to adsorb the anionic ones.18 Up to now, unfortunately, such
composite adsorbents are unavailable in application. Another
way is to develop a material that can adsorb both metal cations
andmetal-containing anions in the meantime. Recently, several
RSC Adv., 2017, 7, 30199–30204 | 30199
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reports have shown the possibility of this technique. For
example, nanoscale zero-valent iron and goethite (a-FeOOH)
showed fast uptake rate and high adsorption capacity for
multiple heavy metal ions simultaneously,19 and nanomaterials
based on titanium compounds such as mesoporous titania
beads,8 titanate nanobelts20 and titanate nanoowers,21 also
revealed potential applications in the heavy metal ions removal.
However, some disadvantages of thesematerials, like low yields,
complicated preparation processes, instability of iron-based
nanomaterials and insufficient adsorption capacity of the
titanium-based materials, largely limited their large-scale
application in the practical drinking-water treatments.

In this context, we reported a new titanium glycolate nano-
material of which three-dimensional V-type strip structure can
not only absorb the heavy metal cations but also remove the
heavy metal-containing anions simultaneously. Moreover, this
material was able to be obtained using a very facile one-pot
hydrothermal method, and expected to have practical applica-
tions in drinking water treatments due to its low-cost and
environmentally friendly features.

Experimental
Materials

All chemical reagents used in this experiment were of analytical
grade. Lead nitrate (Pb(NO3)2), sodium hydrogen arsenate
heptahydrate (Na2HAsO4$7H2O), sodium arsenite (NaAsO2),
tetrabutyl orthotitanate (Ti(OC4H9)4), ethylene glycol (HOCH2-
CH2OH), hydrochloric acid (HCl), sodium hydroxide (NaOH)
and ethanol were procured commercially and were used as
received without further purication.

Synthesis of titanium glycolate

In a typical synthesis, 0.5 mL of Ti(OC4H9)4 was dissolved in 60
mL of HOCH2CH2OH and stirred at room temperature until
a clear solution was formed, then the solution was transferred
into a 100 mL Teon-lined autoclave and heated up at 160 �C
under vigorous stirring for 8 h. Aer cooling to room temper-
ature naturally, the solid precipitate was collected through
a PTFE membrane (pore size: 0.22 mm), and repeatedly washed
with double-distilled water and ethanol several times. The ob-
tained products were dried in a vacuum oven at 70 �C for 12 h.

Spectroscopic characterizations

The morphology and microstructure of the samples were
characterized by eld emission scanning electron microscopy
(FE-SEM, JEOL 6701F), transmission electron microscopy (TEM,
JEOL 2010). X-ray diffraction (XRD) spectrometry was preformed
on a Rigaku D/max-2500 diffractometer with Cu Ka radiation (l
¼ 1.5418 Å) at 40 kV and 30 mA. XPS was measured with an
ESCALab220i-XL electron spectrometer (VG Scientic) using
300 W Al Ka radiation. Fourier transforms infrared spectrom-
etry (FT-IR, Thermo Fisher Scientic) and Raman spectrometry
(DXR Raman Microscope, America) were employed to analyze
the surface chemical composition. Thermal gravity measure-
ment was made on a TGA/STA409 PC module with a rising
30200 | RSC Adv., 2017, 7, 30199–30204
temperature rate of 10 �C min�1 from 50 to 1000 �C under
continuous air ow. The specic surface area of the as-prepared
products was measured on a Quantachrome Autosorb AS-1
instrument, and the pore size distribution was derived from
the desorption branches of the isotherm with the Barrett–Joy-
ner–Halenda (BJH) model. The pH value was measured using
pH meter (Thermo Scientic, Model: 410p-13).
Adsorption experiments

The solutions containing different concentration of Pb(II), As(V)
and As(III) with 10, 20, 50, 100, 200 and 300 mg L�1 were
prepared using Pb(NO3)2, Na2HAsO4$7H2O and NaAsO2 as the
source of heavy metal ions, respectively. The initial pH value of
the Na2HAsO4 and NaAsO2 solution was adjusted to 4 using
hydrochloric acid (0.2 M). The time-dependant curves were
preformed with the initial ion concentration on 10 ppm and the
sample dose on 20 mg per 100 mL. At predetermined time
intervals, 8 mL supernatant solutions were pipetted and ltered
through 0.22 mm PTFE membranes. For the adsorption
isotherms, 5 mg of the mesoporous titanium glycolate was
added to 25 mL of the above solutions under stirring at room
temperature. Aer 12 h, the samples were separated through
0.22 mm PTFE membrane and analyzed by inductively coupled
plasma-optical emission spectroscopy (Shimazu ICPE-9000) to
measure the concentration of metal ions in the remaining
solution. The adsorption capacity of the adsorbents was calcu-
lated according to the following eqn (1):4,22

qe ¼ ðc0 � ceÞv
m

(1)

where C0 and Ce represent the initial and equilibrium concen-
trations (mg L�1) of heavy metals, respectively. V is the volume
of the solution (mL), and m is the amount of adsorbent (mg).
Results and discussion

Spectroscopic characterizations of titanium glycolate. Fig. 1a
and b are representative scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images of the
titanium glycolate prepared by hydrothermal method in
ethylene glycol solution. As shown in the SEM image of Fig. 1a,
the titanium glycolate material shows V-type strip shape with
a mean width of 0.4–1.0 mm and length of 6.0–10.0 mm. Signif-
icantly, the special V-type strip shape was never found in re-
ported titanium glycolate nanostructure materials. The
titanium glycolate strip took on well-dened multifaceted
structure because of the existence of V-type groove, which
undoubtedly would increase the specic surface area in favor of
adsorption capacity. TEM image shown in Fig. 1b further
revealed that the edge of V-type strips is constituted of a large
number of nanoparticles. The energy dispersive X-ray spectrum
(EDS) is recorded to identify the composition of the as-prepared
sample (Fig. S1†), in which Ti, C, and O were observed as the
main elements, indicating the formation of target titanium
glycolate; the crystallographic structure of titanium glycolate is
determined by X-ray powder diffraction (XRD), as shown in
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Representative SEM image (a), TEM image (b), and wide-angle
XRD patterns (c) of titanium glycolate; (d) nitrogen adsorption–
desorption isotherm with the pore size distribution curves by the BJH
method (insets) of the titanium glycolate.

Fig. 2 (a) XPS survey spectrum, and the inset shows a high-resolution
XPS spectrum of Ti 2p; (b) O 1s of Ti(OCH2CH2O)2; (c) C 1s of
Ti(OCH2CH2O)2; (d) TG and DTG curves of titanium glycolate.
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Fig. 1c, where the sharp diffraction peaks are mainly ascribed to
C-center monoclinic titanium glycolate.23

The specic surface area of the titanium glycolate is studied
by nitrogen adsorption–desorption experiment. As shown in
Fig. 1d, the BET surface area is estimated to be 246.5 m2 g�1,
and combining the observed type IV isotherm with a distinct
hysteresis loop, it is indicated that the titanium glycolate owns
a mesopore structure with the pore size ranging from 3.3 to
5.4 nm and the average diameter ca. 4.2 nm (Fig. 1d inset).

X-ray photoelectron spectroscopy can provide valuable
insight into the surface chemical composition of titanium gly-
colate. The survey XPS spectrum of Ti(OCH2CH2O)2 in Fig. 2a
shows the composition of sample with Ti, O and C elements. As
indicated in the insert of Fig. 2a, the two Ti 2p peaks at 458.9
and 464.6 eV correspond to binding energies of Ti 2p3/2 and Ti
2p1/2, respectively, indicating the presence of a Ti(IV) oxidation
state in titanium glycolate;24 the high-resolution XPS of O 1s in
Fig. 2b reveals two well-dened peaks at 531.3 and 532.0 eV,
which are separately attributed to Ti–O and C–O species; the
broad peak of C 1s (Fig. 2c) is well-tted by two sub-peaks with
binding energies of 285.2 and 286.2 eV, where the dominant
peak at 285.2 eV is characteristic C–C/CHn, and the other peak is
assigned as C–O.25 Moreover, survey scans of the Ti(OCH2CH2-
O)2 sample further reveals the atom ratio of Ti : O : C being
about 1 : 4.5 : 4.6, which is accordance to the theoretical value
1 : 4 : 4. The somewhat extortionate estimate of C and O is
believed to be resulted from remnant ethylene glycol and/or the
adventitious carbohydrates adsorbed on the sample.

To investigate the thermal-stability properties of the tita-
nium glycolate, TG-DTG analyses were performed in air
(Fig. 2d). Referring to strong exothermic peak around 352.8 �C,
the weight loss between 200 and 500 �C on the TG curve is
caused by the decomposition of Ti(OCH2CH2O)2, in which the
This journal is © The Royal Society of Chemistry 2017
large one step weight loss of 47.16% is consistent with the
calculated value (47.55%) from Ti(OCH2CH2O)2 to TiO2.26

Heavy metal were removed by the titanium glycolate. The
high surface area and mesopore structure of the titanium gly-
colate gave a suggestion to be an excellent candidate for heavy
metal removal in water treatments. Based on the previous
studies of titanium-based nanomaterials on drinking water
treatments, As(III), As(V) and Pb(II) ions were selected as typical
toxic heavy metal ions to examine the efficiency of the titanium
glycolate used in water treatments.

The surface charge of a sample is usually an important
parameter to assess adsorption behaviour, so the zeta potential
of Ti(OCH2CH2O)2 was rstly measured. Before measurements,
the samples were dispersed in deionized water to form
a homogeneous solution by ultrasonic followed by continuous
stirring for 12 h. The pH values of the composite were initially
adjusted from 2.0 to 10.0 by adding 0.2 M HCl or NaOH. As
shown in Fig. S6,† the point of zero charge (pHpzc) of the
Ti(OCH2CH2O)2 is about 5.15, which means the surface charge
of Ti(OCH2CH2O)2 is positive at pH < 5.15, while the surface
charge of that is negative at pH > 5.15.

Because the different chemical forms of As(III) and As(V) in
aqueous solution, the pH dependence of the titanium glycolate
using on As(V) and As(III) adsorption is rstly studied. Na2-
HAsO4$7H2O and NaAsO2 were used to obtain As(V) and As(III)
solution with 10 mg L�1 of initial arsenic concentrations, and
0.2 g L�1 dosage of Ti(OCH2CH2O)2 is used as adsorbent. As
shown in Fig. 3, it is observed that the arsenic sorption behavior
by Ti(OCH2CH2O)2 depends strongly on the pH values. Obvi-
ously, Ti(OCH2CH2O)2 has a high adsorption ability for As(V) at
pH < 5, but the ability reduces rapidly when pH value being
larger than 5. On the contrary, poor adsorbing efficiency for
As(III) of Ti(OCH2CH2O)2 was investigated on low pH value but
good efficiency can be obtained when pH > 4 and then keep
constant until pH ¼ 10.

The pH dependence of the titanium glycolate adsorbent for
As(V) can be ascribed to the protonation of Ti(OCH2CH2O)2,
RSC Adv., 2017, 7, 30199–30204 | 30201
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Fig. 3 Adsorption efficiency of As(V) and As(III) by titanium glycolate as
a function of pH. Experiments were conducted at pH 2–10, with 5 mg
samples stirring for 2 h. Initial arsenic concentration: 10mg L�1, sample
volume: 25 mL.

Fig. 4 (a) The concentration change of Pb(II), As(V) and As(III) vs.
adsorption time; (b) adsorption kinetics based on the pseudo-second-
order kinetic model for the adsorption of Pb(II), As(V) and As(III) ions
onto the titanium glycolate, in which the initial concentration of metal
ions is 10 mg L�1 and the titanium glycolate sample dose is 20 mg per
100 mL; (c) adsorption isotherms; (d) representative Langmuir
isotherm of Pb(II), As(V) and As(III) adsorption on the titanium glycolate,
with the initial ion concentrations being 10–300 mg L�1 and the
sample dose at 5 mg per 25 mL.

Table 1 Experimental and calculated qe values, pseudo-second-order
rate constants (k2), and correlation coefficient values (R2). The dosage
of the Ti(OCH2CH2O)2 adsorbent is set as 0.2 g L�1

Heavy
metal ions

Experimental qe
(mg g�1)

Calculated qe
(mg g�1)

k2
(g mg�1 min�1) R2

Pb(II) 50.00 50.51 1.829 � 10�2 0.9997
As(V) 48.79 52.16 2.876 � 10�3 0.9961
As(III) 44.90 49.16 1.957 � 10�3 0.9990
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which makes the material to carry positive charges under low
pH condition and naturally adsorb the negative-charged As(V) of
HAsO4

2�/H2AsO4
� ions driven by electrostatic interactions. But

along with the pH value increasing, more and more OH� ions
are introduced into the solution that would compete with the
As(V) species to be adsorbed on the titanium glycolate surface so
that affect the As(V) absorption ability of this material. Other-
wise, the electrostatic adsorption between As(III) and Ti(OCH2-
CH2O)2 would never happen since As(III) does not exist in the
anions in water,27 leading to weak pH dependence of the
Ti(OCH2CH2O)2 for As(III). In fact, it is suggested that the
adsorption of As(III) on Ti(OCH2CH2O)2 follow by means of
a coordination interacting mechanism.

The adsorption speed of titanium glycolate for Pb(II), As(V)
and As(III) is investigated, as shown in Fig. 4a, which is
undoubtedly one of the most important features for materials
using in water treatments. It can be clearly observed that
adsorption ability of Ti(OCH2CH2O)2 for different heavy metal
ions is quite different, i.e., the adsorption/desorption reach an
equilibrium in 20 min for Pb(II), in 30 min for As(V) and in
60 min for As(III), respectively. If we set the initial ion concen-
tration at 10 mg L�1, the maximum removal efficiency of the
Ti(OCH2CH2O)2 for Pb(II), As(V) and As(III) is separately 100%,
97.6% and 89.8%, indicating an excellent performance of this
nanomaterial.

The rapid adsorption speed of Ti(OCH2CH2O)2 for heavy
metal ions shows an excellent adsorption kinetic property of
this material. A linear form of pseudo-second-order rate model
(k2, g$mg�1 min�1) was adopted to well t the experimental
data, as shown in Fig. 4b, which suggests a chem-sorption
process with the rate limiting step.28 Briey, the pseudo-
second-order model is shown as:

t

qt
¼ 1

k2qe2
þ 1

qe
t (2)

where qt and qe are the amounts of adsorbed heavy metal (mg
g�1) at time t and at the adsorption/desorption equilibrium
30202 | RSC Adv., 2017, 7, 30199–30204
time, respectively, k2 and qe can be calculated from the slope
and the intercept of the plots of t/qt against t, as shown in Table
1, and the correlation coefficient (R2) is also shown in the table.
Based on this kinetics model, the adsorption rate of Ti(OCH2-
CH2O)2 for Pb(II) is ca. 6 times faster than that for As(V) and 9
times faster than that for As(III).

The adsorption capacity of Ti(OCH2CH2O)2 for Pb(II), As(V)
and As(III) ions is evaluated using the equilibrium adsorption
isotherm. In Fig. 4c, the Ce represents the equilibrium
concentration of heavy metal ions (mg L�1) with different initial
amounts of the heavy metals from 10 to 200 mg L�1, and qe is
the amounts of adsorbed heavy metal (mg g�1) while the
adsorption/desorption process reaching equilibrium. It can be
observed that while the initial amount of heavy metal is little, all
of the heavy metal ions are adsorbed by Ti(OCH2CH2O)2, but
along with the increasing of the initial concentration of heavy
metal ions, the adsorption capacity qe of Ti(OCH2CH2O)2 slowly
reaches maximum.

In order to explore the adsorption mechanism, two empir-
ical isotherms models, i.e., the Langmuir and Freundlich
models, are adopted to analyze the adsorption process of
This journal is © The Royal Society of Chemistry 2017
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Table 2 The maximum adsorption capacity (qm), equilibrium constant
(b), and correlation coefficient values (R2)

Heavy metal ions qm (mg g�1) b (L mg�1) R2

Pb(II) 225.73 0.1253 0.9977
As(V) 131.93 0.2119 0.9999
As(III) 156.01 0.1444 0.9978

Fig. 5 (a) FTIR spectra of Ti(OCH2CH2O)2 before and after adsorbing
heavy metal ions; high resolution XPS spectrum of (b) Pb(II) 4f, (c) As(V)
3d and (d) As(III) 3d on titanium glycolate surface after treating with
200 mg L�1 of Pb(II), As(V) and As(III) aqueous solution at pH ¼ 4,
respectively.
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Ti(OCH2CH2O)2 for Pb(II), As(V) and As(III) ions, which are
expressed as follow equations:

Ce

qe
¼ 1

qmb
þ 1

qn
ce (3)

log qe ¼ log kF þ 1

n
log Ce (4)

where qm and b are Langmuir constants that represent the
maximum adsorption capacity of the adsorbents and the energy
of adsorption, respectively; and kF and n are the Freundlich
isotherm constants that represent the adsorption capacity and
the adsorption intensity, respectively.

Comparing the tting results of the two isotherm models
with that of experiments, it was found that the adsorption
process of Ti(OCH2CH2O)2 for Pb(II), As(V) and As(III) ions follow
the Langmuir model (Fig. 4d) as no expected linear plot of
Freundlich isotherm is observed (Fig. S2†). Therefore, the Pb(II),
As(V) and As(III) ions adopt a monolayer adsorption on the
surface of Ti(OCH2CH2O)2.

Based on the Langmuir adsorption isotherm, the correlation
coefficients, equilibrium constant and maximum adsorption
capacity of the as-prepared Ti(OCH2CH2O)2 were summarized
in Table 2, which indicates clearly a high adsorption capacity of
Ti(OCH2CH2O)2 for all the Pb(II), As(V) and As(III) ions.

To further explore the adsorption mechanism of Ti(OCH2-
CH2O)2 for heavy metal ions, FTIR spectroscopic characteriza-
tions of Ti(OCH2CH2O)2 were performed to understand how the
surface species changes before and aer heavy metal ion
adsorption on the titanium glycolate, as shown in Fig. 5a. For
the Ti(OCH2CH2O)2 sample, the broad band at 3387 cm�1 is
ascribed to stretching vibrations of –OH groups; the bands at
2927 and 2856 cm�1 are assigned to the stretching vibrations of
C–H; the weak band at 1637 cm�1 can be assigned to the
hydroxyl deformation mode of the adsorbed water; the band at
1458 cm�1 is the bending vibration of –CH2 and the bands at
1223 and 1059 cm�1 can be ascribed to C–C and C–O stretching
vibration, respectively. As for the four bands at 918, 879, 632
and 596 cm�1, they can be assigned to the characteristic of
ethylene glycolate ligands linked to titanium of C–O–Ti, and the
other three bands at 536, 498 and 442 cm�1 are assigned to the
Ti–O–Ti stretching and bending vibrations.23

Aer the heavy metal ion adsorption, it was observed that the
IR spectra features largely changed due to the adsorbed species.
First, due to the large coverage of heavy metal ions on the
surface of Ti(OCH2CH2O)2, most characteristic peaks of
Ti(OCH2CH2O)2 become weak or even disappear aer the heavy
metal ion adsorption; secondly, some new spectral bands
This journal is © The Royal Society of Chemistry 2017
appear in the spectra corresponding to different heavy metal
adsorption, for example, a sharp peak at 1385 cm�1 appears in
the spectrum of Pb(II)-adsorbed Ti(OCH2CH2O)2, which is
attributed to the stretching vibration of the adsorbed NO3

�

group.29 For the As(V) and As(III) adsorption, the spectrum
separately showed a new peak at 816 cm�1 and 802 cm�1, cor-
responding to the stretching vibrations of As(V)–O and As(III)–O,
respectively.27,30 Similar spectral change of Ti(OCH2CH2O)2
before and aer heavy metal adsorption was also observed in
Raman spectra (Fig. S3†).

XPS spectrometry is used to further characterize the oxida-
tion state of the adsorbed heavy metals on Ti(OCH2CH2O)2
nanostructures. Fig. S4† shows the full-range XPS spectra of
Ti(OCH2CH2O)2 nanostructures aer Pb(II), As(V) and As(III)
adsorptions, and the high-resolution XPS spectrum for the
adsorbed heavy metals are shown in Fig. 5b to d. In general,
Pb(NO3)2 shows the 4f7/2 peak at 138.5 eV, whereas Pb hydrox-
ides shows corresponding peak at around 137.75 eV, so it is
obvious that the two XPS peaks at 138.65 and 143.5 eV in Fig. 5b
can be attributed to Pb4f in the adsorbed Pb(NO3)2, and this
result is consistent with that of FTIR spectrometry. As for the
As(V), the 45.8 eV peak in Fig. 5c can be deconvoluted into two
peaks at 45.3 (3d5/2) and 46.09 eV (3d7/2), corresponding to
As3d(V). Therefore, it is suggested that phys-adsorption is
occurred for the above heavy metal ions on titanium glycolate
nanostructures.

The XPS curves of Ti(OCH2CH2O)2 samples aer absorbing
As(III) were analysed carefully as shown in Fig. 5d. Different
from the assignment of As(V), the 44.6 eV peak can be decon-
voluted into a pair of peaks at 44.3 (3d5/2) and 45.03 eV (3d7/2),
which can be assigned to As(III)–O and As(V)–O.31–33 This indi-
cates that there are As(V) to appear on the surface of the mes-
oporous Ti(OCH2CH2O)2 nanomaterials, which probably
resulted from the oxidization of a part of As(III). In addition,
RSC Adv., 2017, 7, 30199–30204 | 30203

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03439c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 4
:5

7:
14

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
there are a large number of hydroxyl groups on the surface of
the mesoporous Ti(OCH2CH2O)2 (Fig. 5a), which contribute to
the effective adsorption through the coordination reaction
between –OH and As(III) in aqueous solution. Therefore, we can
infer that the adsorption of As(III) on the surface of mesoporous
Ti(OCH2CH2O)2 nanomaterials is a complex process involved of
both oxidization and coordination reaction simultaneously.
Namely, the whole adsorption process includes the adsorption
of As(III) directly onto Ti(OCH2CH2O)2, the oxidation of As(III) to
As(V) and adsorption of As(V) onto Ti(OCH2CH2O)2.

Besides of FTIR and XPS, SEM, TEM, EDS and element
mapping are also performed to characterize the surface species
aer the Ti(OCH2CH2O)2 adsorbing heavy metal ions. As shown
in Fig. S5,† SEM images reveal that the structure of the
Ti(OCH2CH2O)2 adsorbent is slightly damaged aer heavy
metal adsorption, and EDS analysis conrms the composition
of adsorbents aer heavy metal ion adsorption containing
relevant metals. Moreover, TEM and element mapping further
demonstrate that the heavy metal ions are uniformly adsorbed
on the Ti(OCH2CH2O)2 surface.
Conclusions

A novel titanium-based nanomaterial with large surface area
deriving from three-dimensional V-type stripe structure was
synthesized by a convenient and green technique. The eco-
friend material is well characterized by various spectroscopic
techniques, and is found to own mesopore structure with
surface area as high as 246.5 m2 g�1. Being an excellent
candidate in drinking water treatments, the titanium-based
nanomaterial exhibits fast adsorption rates and high removal
capacity for multiple typical toxic heavy metal ions such as
Pd(II), As(V) and As(III), no matter which form these metal exists,
in cation or anion in the water.
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