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Selective and irreversible adsorption of mercury(ll) from aqueous
solution by a flower-like titanate nanomaterial

Wen Liu,”® Xiao Zhao,” Ting Wang,’ Jie Fu, © Jinren Ni,"°

A novel flower-like titanate nanomaterial (titanate nanoflowers, TNFs) was synthesized through hydrothermal
method using nano-anatase and sodium hydroxide, and used for mercury(Il) removal from aqueous solution. The
large surface area (187.32 m? g') and low point of zero charge (3.04) of TNFs facilitated the adsorption of cations.
Adsorption experiments indicated that TNFs could quickly capture 98.2% of Hg(II) from solution within 60 min at
pH 5. The maximum adsorption capacity of Hg(II) was as large as 454.55 mg g! calculated by the Langmuir isotherm
model. Moreover, selective adsorption of Hg(II) by TNFs was observed with the coexistence of other conventional
cations (i.e,, Na*, K*, Mg?* and Ca?*) even at 10 times concentration of Hg(II). XRD analysis indicated that the prepared
TNFs was a kind of tri-titanate composed of edge-sharing triple [TiOs] octahedron and interlayered Na*/H*, and ion-
exchange between Hg?* and Na* was the primary adsorption mechanism. Furthermore, it was intresting that the
basic crystal structure of TNFs, tri-titanate (Ti30,%), transformed into hexa-titanate (TisO13%") after adsorption,
resulting in the trap of Hg(II) into the lattice tunnel of this hexa-titanate. Desorption experiments also confirmed the
irreversible adsorption due to Hg(II) trapped in TNFs, which achieved safe disposal of this highly toxic metal in

practical application.

Introduction

Titanate nanomaterials have drawn great attentions in recent
years due to their special physicochemical properties, like large
surface area and pore volume, good stability, ion-exchange property,
photo-electricity function and quantum size effect.' Hydrothermal
treatment is widely used to fabricate such materials,” and various
titanate nanomaterials with different morphologies, including
titanate nanotubes (TNTs), titanate nanofibers, titanate nanowires,
titanate nanosheets, etc., are synthesized under different
hydrothermal conditions.*® The ion-exchange property of the
titanate nanomaterials is greatly concerned in the environmental
remediation area, which leads to the efficient capture of metal ions
(especially toxic heavy metal cations).” Many studies are focused on
adsorption behaviours and mechanisms of a variety of metal cations
by titanate nanomaterials, like adsorption of common heavy metal
cations (Pb2+, cd, Cr3+, Cu*" and Ni2+),10'13 radioactive cations
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(Sr*', Ba*, Cs" and Th*"),'*'® metal and metalloid anions (Cr(VI)
and As(V))'"%.

Mercury (Hg) is a  highly toxic and  bio-
accumulative contaminant. In waters, Hg always exists as a number
of complex chemical and biological species and is involved in
various transformation processes, of which Hg methylation has been
the most concerned environmental problem.>’ Methylmercury
(MeHg) is a potent neurotoxin, which can accumulate through the
aquatic food chain and show great threats to ecosystem and human
health.?! Therefore, removal of Hg ions from aqueous solution or
blocking the transfer of Hg ion into waters has always been a very
serious issue, and lots of techniques are developed for remediation of
Hg contaminated waters. Compared to the methods like chemical
precipitation,” bioprocess technology,” electrochemical
coagulation,”* and membrane process,”> adsorption is more efficient,
easier to operate, lower cost, and more environment-friendly. 2% 2’
Thus, develop of novel Hg adsorbents, especially high efficient
nano-adsorbents, has been an important issue in this area.
Considering the excellent adsorptive performance of titanate
nanomaterials, removal of Hg from aqueous solution using these
materials is available. Although many studies reported the
adsorption of common heavy metals by titanate nanomaterials, there
is little information on adsorption of Hg, and both the behaviours
and mechanisms are largely unknown. In addition, the conventional
Na®, K*, Ca®" and Mg®" usually coexist in the heavy-metal (e.g. Hg)
contaminated waters, which with high concentrations may greatly
affect the adsorption of target heavy metal ions on materials. '* 252
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Thus, an adsorbent with high selectivity for Hg(II) adsorption is also
important for practical application.

Ion-exchange is demonstrated to be the dominate mechanism
for most of metal cations adsorption onto layered sodium titanate.
3% Moreover, it is widely accepted that ion-exchange just occurs in
the interlayers while the basic titanate skeleton hardly changes due to
the stable crystal structure, '® 1*3! resulting in easy desorption and
reuse of the materials.’’ However, adsorption behaviours may be
different regarding to the various structures and compositions of
titanate materials, and the lattice form may change after adsorption
for some of titanate materials with less stale structures. For example,
Yang et al. found that there was a phase transition from Na,Ti;O; to
Na,TigO;3 after adsorption of B37cgt by titanate nanofibers.
Therefore, more studies are needed to further investigate the phase
transition in the adsorption process.

In this study, a novel flower-like titanate material (titanate
nanoflowers, TNFs) was synthesized through hydrothermal method,
and adsorption behaviours of Hg(II) were systematically studied. In
addition, selective capture of Hg(Il) by TNFs was observed after
competitive  adsorption  experiments.  Furthermore,  phase
deformation of titanate and trap of Hg(II) in the adsorption process
were detailly discussed. The overall objective of this work is to
develop a new titanate material for efficiently capture of Hg(II), and
clearly interpret the selective and irreversible adsorption
mechanisms.

Experimental section

Chemicals

All chemicals were of analytical grade without further
purification. The precursor used to synthesize TNFs, TiO, (anatase,
99.7%, mean diameter of 25 nm) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). NaOH, sodium ethylene diamine tetraacetic
acid (EDTA) and absolute ethanol (also used to synthesize TNFs)
were obtained from Acros Organics (Fair Lawn, NJ, USA). HgCl,
(Fisher Scientific, Fair Lawn, NJ, USA) was dissolved in high-purity
deionized water (Millipore Co., 18.2 MQ-cm) to form a stock
solution of 1000 mg L™'. In addition, the stock solution of Na*, K,
Mg** and Ca®" was prepared using the corresponding chloride salt
and DI water, respectively.

Synthesis and characterization of TNFs

TNFs were prepared through a facile hydrothermal method
under low NaOH concentration and temperature in this study. First,
1.2 g of anatase was dispersed into an 8 M NaOH solution with a
total volume of 66.7 mL. After magnetically stirred for 12 h, the
mixture was transferred into a Teflon reactor with stainless steel
coating, and then heated at 120 °C for 48 h. After that, the white
precipitates were washed with deionized (DI) water to neutral.
Finally, TNFs were obtained after dried at 80 °C for 4 h in an oven.

Morphology of TNFs was analysed on a Tecnai30 FEG
transmission electron microscopy microscope (TEM, FEI, USA)
operating at 300 kV. The crystal phases of TNFs before and after
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adsorption were recorded using a Dmax/2400 X-ray diffractometer
(XRD, Rigaku, Japan) using Cu Ka radiation (A = 1.5418 A) at a
scan rate (26) of 4°/min. Brunauere-Emmette-Teller (BET) specific
surface areas of the materials were determined via nitrogen
adsorption-desorption isotherms at -196 °C using an ASAP2010
adsorption apparatus (Micromeritics, USA). Pore volume and mean
pore diameter were also measured by means of the nitrogen
adsorption volume at a relative pressure of 0.99. Element
composition and the oxidation state of samples were recorded on an
AXIS-Ultra X-ray photoelectron spectroscopy (XPS, Kratos,
England) using Al Ka X-ray source at 15 kV and 15 mA. Standard C
Is peak (Binding energy, E, = 284.80 eV) was used to eliminate
static charge effects. Raman spectra of the materials were recorded
on a RM-1000 (Renishaw, UK) with 514 nm excitation from a
He—Ne laser. Zeta potentials of samples at different pH were
obtained using a Nano-ZS90 Zetasizer (Malvern Instruments, UK).

Adsorption experiments

All the adsorption experiments were carried out in glass
erlenmeyer flasks (total volume of 100 mL) with Hg(II) solution and
TNFs. For kinetics studies, 0.01 g of TNFs was added into 50 and
100 mg L™ of Hg(Il) solution with a total volume of 50 mL. After
pH was adjusted to 5 using dilute HCl and NaOH aqueous solution
(aq.), the mixture was shaken (200 rpm, 25+0.5 °C) for 240 min.
Samples were taken at set time intervals and then immediately
filtrated through a 0.22 pm polyethersulfone (PES) membrane. For
adsorption isotherm tests, the initial Hg(Il) concentration varied
from 20 to 200 mg L' with a TNFs dosage of 0.2 g L', and the
mixture was shaken for 120 min to reach the adsorption equilibrium.
For effect of pH on adsorption, initial pH of Hg(II) solution (50 mg
L") was varied from 2 to 9 by adjusting with HCI and NaOH aq and
TNFs dosage was also set as 0.2 g L. Experiment on adsorption
isotherm of Hg(Il) by P25 was also conducted with initial Hg(II)
concentration from 2-30 mg L' and material dosage of 0.2 g L™ at
pH 5.

Competitive adsorption experiments were conducted as the
initial Hg(I) concentration was fixed at 50 mg L' while the
coexisting inorganic ion (including Na®, K', Mg*" and Ca®*")
concentration varied from 50 to 500 mg L™'. TNFs dosage was set as
0.2 g L' and solution pH was adjusted to 5. After 120 min's
adsorption, the Hg(II) concentration in the supernate was determined
after filtration. Mg®" and Ca*" concentration was also measured after
the corresponding experiment, respectively.

Concentrations of Hg(II) and other metal ions were measured
on an inductively coupled plasma-optical emission spectrometry
(ICP-OES, Prodigy, Leeman, USA). The adsorption capacity (Q.,
mg g') of Hg(Il) on TNFs and removal efficiency (R, %) at
equilibrium are calculated from:

0. _G =GV (1
m

and

R=%=%) 100% 2

0
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where C, (mg L) is the initial Hg(II) concentration, C, (mg L") is
the equilibrium Hg(Il) concentration, ¥ (mL) is the solution volume,
and m (g) is the mass of TNFs.

Desorption and regeneration experiments

After the initial adsorption of 50 mg L' Hg(Il) by 0.2 g L™
TNFs at pH 5, the suspension was centrifuged (10,000 rpm, 5 min)
and the supernatant was removed. Afterwards, 50 mL of DI water,
HNO; (0.1 M, 0.5 M and 1 M), NaOH (0.1 M, 0.5 M and 1 M) and
EDTA (0.1 M, 0.5 M and 1 M) solution was added respectively and
the mixture was shaken for another 120 min to start the desorption
tests. Both the Hg(Il) concentration after adsorption (C,) and
desorption (C,;) were determined, and the desorption rate D (%) is
calculated by:

p=S%=C% 100% &)
CO - Ce

An acid-base treatment was conducted to evaluate the
regeneration efficiency of TNFs. After TNFs with Hg(Il) adsorbed
were treated with HNOj; (0.5 and 1 mM), NaOH solution (0.5 and 1
mM) was used to restore the —ONa sites based on our previous
study.®! The regenerated TNFs was reused to adsorb Hg(Il) as the

foregoing conditions.

Results and discussion

Morphology of TNFs

As shown in TEM images (Fig. 1), the precursor, nano-anatase
is a kind of spherical nanoparticle with a diameter of 20-30 nm (Fig.
la). After synthesis of TNFs, peony-like nanoflowers are observed
(Fig. 1b). The new materials present as well-developed ray flowers
with a diameter of ~0.5 pm and are aggregated into flower clusters.
In addition, the petals of the TNFs are further confirmed as titanate
nanosheets (Fig. 1d). The BET surface area and single point total
pore volume of TNFs was determined as 187.32 m* g and 0.86 cm’
g’!, respectively, which are benefited to the adsorption of metal ions.
Moreover, the N, adsorption-desorption isotherms on TNFs fitted
type IV isotherms with H3 hysteresis loops according to BDDT
classification,* suggesting the presence of mesopores (2-50 nm) in
the material (Fig. Slaft). The pore size of TNFs mainly exhibits a
bimodal distribution, as shown in Fig. S1bt{. Pores with peak
diameter at ~30 nm are assigned to the internal space of curly
nanosheets while larger pores with peak diameter at 70—80 nm are
attributed to the gaps between the nanosheets and voids in the
aggregation of the materials.**>° The point of zero charge (pHpzc)
for TNFs was determined as 3.04 (Fig. S27), and the relatively low
pHpzc indicates an outstanding adsorption capacity for metal cations
at wide pH ranges.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 TEM images of (a) anatase and (b, c and d) TNFs.

Adsorption of Hg(ll) by TNFs

Adsorption of Hg(II) onto TNFs over time is displayed in Fig.
2a. It is observed that TNFs could quickly capture of Hg(Il) from
aqueous solution. The adsorption mainly occurred in the first 10 min
and could rapidly reach equilibrium within 60 min either for initial
Hg(II) concentration at 50 or 100 mg L. The equilibrium adsorption
capacity was as high as 245.5 and 407.4 mg g, with a removal
efficiency of 98.2% and 63.0% for Hg(I) at 50 or 100 mg L,
respectively. Pseudo-first-order and pseudo-second-order models are

used to analyse the kinetics results, which are expressed as:*® %’
Pseudo-first-order model: & =€ Q. exp(-ki) “4)
r_1 _ +L
Pseudo-second-order model: & ©& Q. %)

where Q, and 0, (mg g™ are the adsorption capacities of Hg(II) at
time ¢ (min) and equilibrium, respectively. &, (min™) and &, (g mg’
min™) are the rate constants of the pseudo-first-order and pseudo-
second-order kinetic models, respectively.

Table S1f lists the parameters for the two kinetic models.
Obviously, the pseudo-second-order model can better describe the
adsorption kinetic results (R?= 1), indicating the rate-controlling step
for adsorption was chemical interaction, exhibited by the initial
diffusion of Hg®" ions from solution to TNFs’ surface, and then
interaction between —ONa/~OH groups of TNFs and Hg*" ions.”’

Adsorption isotherm result is presented in Fig. 2b, which is
further analysed using Langmuir®® and the Freundlich® models, as
expressed below:
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0 - 9,PC,
Langmuir model: 1wC (6)
_ 1n
Freundlich model: 0. =KC, 7

in which Q, (mg g") and C, (mg g™ are the adsorption capacity and
concentration of Hg(Il) at equilibrium. Q,,,, (mg g'l) represents the
maximum adsorption capacity, and » (L mg") is the Langmuir
1ny &
) is

the Freundlich constant related to adsorption capacity and » is the

constant related to the adsorption energy. Ky ((mg g'1)~(L mg'l)

heterogeneity factor indicating the adsorption intensity of the
adsorbates.

The corresponding parameters for adsorption isotherm models
are listed in Table S27. The isotherm data fit well with the Langmuir
model (R* = 0.9997), with an extremely large maximum adsorption
capacity of 454.55 mg g™'. Tt is suggested that monolayer adsorption
occurs on the TNFs, and there was no interaction between adsorbed
Hg(IT) ions.*® In comparison, the adsorption performance of TNFs
for Hg(II) is much better than most of the conventional adsorbents,
such as activated carbon (55.6 mg g'),* multi-walled carbon
nanotubes (87.7 mg g™),*! mesoporous silica (200.6 mg g™ for SBA-
15 and 140.4 mg g for MCM-41),* Aspergillus versicolor biomass
(75.6 mg g"),* and even ion-exchange resin (358.7 mg g’") ** (Table
S37). In addition, the Hg(Il) adsorption capacity on TNFs is much
larger than that on P25, which is only 19.4 mg g’ calculated by
Langmuir isotherm model (Fig. S37).

For effect of pH on adsorption (Fig. 2¢), at low pH (2 and 3)
below pHpyc of TNFs, the Hg(II) adsorption capacity was relatively
small (11.4 mg g" at pH 2 and 113.6 mg g™ at pH 3). It was because
TNFs were positively charged in these pH ranges, thus capture of
Hg(Il) cations was inhibited due to electrostatic repulsion. In
addition, abundant of H" would compete for adsorption sites with
Hg(Il) cations at low pH. When pH increased to 4, the adsorption
capacity sharply increased to 224.6 mg g because of the surface
charge of TNFs turned to negative (Fig. S2f), which could
efficiently capture Hg(Il) cations from solution. At pH > 5,
increasing negative charges located on TNFs' surface resulted in
large adsorption capacities, with an almost complete removal of
Hg(1l) (> 98%). Moreover, the precipitation of Hg(II) (in the form of
Hg(OH),) at higher pH (> 6) should also not be ignored (Fig. S4+),
and co-precipitation with TNFs would be the dominate adsorption
mechanism for these ions.*’

4 | J. Mater. Chem. A, 2015, 00, 1-3
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Fig. 2 (a) Adsorption kinetic, (b) isotherm and (c) pH effect on
adsorption of Hg(II) by TNFs.

Selective adsorption of Hg(ll) in the presence of coexisting
inorganic ions

Considering the high concentration of Hg(Il) and coexisting
inorganic ions (e.g. Na', K, Mg2+ and Ca®"), in wastewater from
mining, metal smelting, coal purification procedure, and so on,”® the

This journal is © The Royal Society of Chemistry 2015

Page 4 of 10



Page 5 of 10

effect of these conventional inorganic ions on adsorption of Hg(II)
are shown in Fig. 3a. It was found that the coexisting Na* and K*
just slightly inhibited adsorption of Hg(II) onto TNFs, as the
adsorption capacity only decreased by 5.4% and 5.7% even at
inorganic ion concentration of 500 mg L. The inhibition effects
caused by the divalent ions (Mg>" and Ca®") were a little larger than
that by monovalent ions. However, large Hg(II) adsorption capacity
of 226.5 and 218.9 mg g”' (decreased by 7.8% and 10.9%) were still
obtained in the presence of 500 mg L' of Mg* and Ca®’,
respectively. A parameter called separation factor () is introduced
to further evaluate the adsorption preference of TNFs for Hg(Il) in
the presence of Mg?" and Ca*', which seem to show more obvious
inhibition effect on adsorption than Na" and K". The separation
factor () is defined as:'
aHg Qﬁ,HgCE,i (8)

i
Qe,ice,Hg

where Q. and Q,; are the adsorption capacities of Hg and
coexisting metal 7 at equilibrium (mg g™'), while Ceng and C,; are the
equilibrium concentrations of Hg and metal i (mg L™).
Generally, o, = 1 implies that the adsorption selectivity of Hg(II) is
equivalent to that of coexisting metal i, while when a,® > 1 means
Hg(1l) is preferred to be absorbed by TNFs. As shown in Fig. 3b,
of€>> 1 for each binary system at various Mg*" and Ca®"
concentrations (ongHg > 710 and ac,® > 360), indicating the
obviously selective adsorption of Hg(II) by TNFs. Smaller
separation factor is gained at higher Mg**/Ca®" initial concentration,
due to the superiority of the metal concentration. In addition, smaller
separation factor is observed with Ca>" existing, indicating a larger
inhibition effect on Hg(II) adsorption caused by Ca®".

250

200 +

150

Q,(mgg”)

100

50

0 50 100 200 500
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Fig. 3 (a) Effect of coexisting inorganic ions on adsorption of
Hg(I) by TNFs, and (b) separation factor for Hg(II) adsorption
onto TNFs in the presence of Mg2* and Ca?+.

The strong affinity of Hg(II) to TNFs is mainly due to the lower
hardness based on Hard-Soft Acid-Base (HSAB) principle.®'* In our
previous studies, we proposed the adsorption of metal cations onto
sodium titanate materials via three steps: (1) dissociation of hydrated
metal ion into bare ion; (2) capture of bare ion by negatively charged
titanate via electrostatic attraction; (3) ion-exchange of bare ion with
interlayered Na'/H".!" For step 1, metal ion with lower hydration
energy can more easily transform into bare ion; For step 2, metal
cation with higher valence has larger electrostatic attraction force;
For step 3, according to Pearson’s HSAB Principal,***® hard acids
bind strongly to hard bases and soft acids bind strongly to soft
bases. TNFs with a composition of sodium titanate can be
recognized a "hard acid-soft base" material, while metal cations in
solution is considered to be Lewis acid, thus metal cation with lower
hardness is more inclined to exchange with the interlayered Na'/H"
(high hardness). Therefore, although Hg(II) has larger hydration
energy than Na®, K* and Ca®"* the much lower hardness (7.7)
results in relatively stronger affinity to TNFs than the four inorganic
jons (Table. S41).° Furthermore, Hg(Il) ion with larger ionic radius
and strong affinity to titanate leads to the deformation of titanate
structure and irreversible adsorption, which also enhances its
competitive adsorption onto TNFs, and it will be detailly discussed
in the next section.

Adsorption mechanism: deformation of TNFs and irreversible
adsorption

XRD patterns of nano-anatase, TNFs before and after
adsorption of Hg(II) are shown in Fig. 4. After hydrothermal
treatment for synthesis of TNFs, all the anatase transformed into
titanate. The peaks at 20 = 10°, 24°, 28°, 48° and 62° in the spectra
of TNFs are assigned to sodium tri-titanate with a universal chemical
formula of Na,Ti;O; (JCPDs No.31-1329).%° Specifically, the peak
at 20 = 10° represents the interlayer distance (d,gy) of tri-titanate.
Typically, tri-titanate is composed of triple [TiOg4] octahedron as the
basic skeleton and interlayered Na*, which are the ion-exchange sites
for cations (Fig. 5). For TNFs with Hg(II) adsorbed (TNFs-Hg), it is

J. Mater. Chem. A, 2015, 00, 1-3 | 5
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interesting that the crystal phase of TNFs totally transformed into
hexa-titanate  (Na,TigO;3, JCPDs No. 73-1398)°" ' also
accompanying with a decrease of interlayer distance (dpy) from
0.837 nm of tri-titanate to 0.575 nm of hexa-titanate. Generally,
formation of hexa-titanate needs more energy than that of tri-
titanate,”” 32 so Hg(Il) adsorption onto TNFs is an exothermic
reaction, and the accumulation of heat in lattice unit may result in
the deformation of titanate crystal phase, as well as great collapse of
the interlayers. Previous studies also widely reported the metal
cation (e.g. TI(I), TI(IIT) and Cu(Il) ) adsorption by TNTs was an
exothermic reaction.'” * Furthermore, no crystalline of Hg(Il) or
relegated compounds formed after adsorption, indicating ion-
exchange just processed in the interlayers.

== T6: hexa-titanate
—=T6(200) T3: tri-titanate
: Eirs Te T6T6T6 TIG TG A: anatase
: i | |
| A I T6
= ot e et S\t SN A\
2 g3 30 TNFs-Hg
= ARE
[) : :
= : : T3
8 V} : T3 T3 3
@ ’A TNFs
: ‘\ A A
L I 1 LA A 4
CIPE | Anatase
T T T T T T

10 20 30 40 50 60 70
26 (degree)

Fig. 4 XRD patterns of anatase and TNFs before and after Hg(II)
adsorption.

A schematic diagram depicting the adsorption mechanism of
Hg(II) by TNFs is displayed in Fig. 5. Before adsorption, TNFs
exhibit in the crystal phase of tri-titanate: triple corrugated ribbons of
edge-sharing [TiO4] octahedrons compose the basic structure and
Na" locates in the interlayers. After ion-exchange of Hg>" with Na",
the Hg?" will draw the triple [TiOq] octahedron unit to corner-shared
ones, and as a result, hexa-titanate is formed. In addition, hexa-
titanate possesses microporous tunnel structures, which can
efficiently entrap the adsorbed Hg?*, thus achieving irreversible
adsorption and safe disposal of this highly toxic heavy metal.
Assuming that one Hg?" can exchange with two Na, the adsorption
and phase deformation process can be simply expressed as:

2Na,Ti;0; + (1-0.5x) Hg*" + H,0 — Na,Hg, 5, TigO,3 + (4-x) Na™+
20H ®

6 | J. Mater. Chem. A, 2015, 00, 1-3

Na,Ti,0, (Na, Hg),Ti,0, (Na, Hg),Ti,0,,

ion-exchange | b
D —
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Fig. 5 Schematic diagram of adsorption mechanism of Hg(II) by
TNFs.

Similarly, Yang et al. also found the phase transition from tri-
titanate to hexa-titanate for titanate nanofibers after adsorption of
radioactive Cs"."

observed for TNTs (sodium tri-titanate) after adsorption of Cs"."’

However, deformation of titanate was not
Same results were also drawn in our previous studies, for the
structure of TNTs before and after adsorption of heavy metal cations
(e.g. Pb*, Cd*', Cu?" and Cr’"), the triple [TiOq] skeleton did not
change while only interlayerred peak shifted due to ion-exchange.'®
39-33 Therefore, It can be concluded that phase deformation from tri-
titanate to hexa-titanate in the adsorption process mostly occur when
both of the following two conditions are satisfied: (1) metal cation
with large ionic radius which can draw the terminal oxygen atoms in
[TiOg] unit together; (2) materials with not very stable titanate
structure, such as titanate nanofibers and titrate nanosheets
(microstructure of TNFs in this study).

Elemental composition of TNFs before and after Hg(Il)
adsorption was further analysed by XPS (Fig. 6), and the
corresponding atomic composition is presented in Table S57. Before
adsorption, the main elements composed TNFs are Na, Ti and O,
which is consistent with the crystalline of sodium titanate obtained
from XRD. Considering the basic structure of Na,Ti;0; and washing
procedure after hydrothermal treatment for synthesis (residual H' in
the interlayers), the chemical composition of TNFs can be written as
Na, 50H( 4, Ti30,-2.4H,0. Therefore, The theoretical
exchange capacity for divalent ion is 3.01 mmol/g. Considering the

maximum

experimental Hg(II) adsorption capacity of 1.22 mmol/g at initial
concentration of 50 mg/L and pH 5, not all the exchangeable ions
(Na" and H") were replaced via adsorption, and Na' ion-exchange
was primary rather than H™. After Hg(II) adsorption, the intensity of
Na 1s peak greatly decreased while a new peak assigned to Hg 4f
appeared (Fig. 6a), and composition of TNFs transformed to
Nag 34Ho38Hg0.64TisO13-2.6H,0. This result is in accordance with our
previous studies, i.e., adsorption of metal cations is mainly
contributed to the ion-exchange with interlayerred Na'.*® Due to the
large hardness of H' (+0), Na” plays the dominant role in the ion-
exchange process. In the high resolution of O 1s spectra, the peak at
ca. 532 and 530 eV presents the O from adsorbed surface hydroxyl
groups (—OH) and crystal lattice [Ti-Og].* > The fraction of lattice
O decreased from 93.2% to 89.9% after Hg(Il) adsorption, resulting
from combination of terminal O atoms in the [TiOg] via adsorption
(shown in Fig. 5). There is almost no change for the Ti 2p peaks (Ti
2p1, and Ti 2p;,) before and after adsorption, suggesting
deformation of Ti;0,* to TigOy3* does not change the basic lattice
unit of [TiOg], while just alters the composition form of [TiOg].
Moreover, after adsorption, all the Hg presents as Hg”', indicating
adsorption mechanism is ion-exchange between Hg>" and

interlayerred Na*.*

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (a) XPS survey, (b) high resolution of O 1s, (c) Ti 2p and (d)
Hg 4f spectra for TNFs before and after adsorption.

As described in Raman spectra (Fig. 7), the spectra of TNFs is
similar to that of titanate materials synthesized under low NaOH
concentration or low temperature,® >7 which is consistent with the
hydrothermal conditions of 8 M NaOH and 120 °C in this study.
Specifically, the peak at 909 cm™ is assigned to the short Ti—O
stretching vibration related to Na®, namely, Ti—-O—Na. After
adsorption of Hg(II), a typical hexa-titanate spectra was observed.
The peak at 920 cm™ belongs to the moderate-length Ti—O bond, and
moreover, the characteristic peaks for tri-titanate at ca. 309 cm’
(vibration of the short Ti—O band) and 883 cm™ (vibration of the
short Ti—O band) did not appear. All the findings indicates that there
is no terminal oxygen atom in the crystal structure of TNFs after
adsorption, and all the oxygen atoms at the surface become linearly
coordinated by two titanium atoms, thus titanate with a structure of
Na,TigO;, formed after adsorption. 15,58

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Raman spectra of TNFs before and after Hg(II) adsorption.

Desorption of Hg(ll) from TNFs and material regeneration

Desorption rates of Hg(Il) from TNFs via different treatments
are presented in Fig. 8. It is found that almost no Hg(II) desorbed
from TNFs when H,O (D = 0.9%), NaOH (D = 2.4% at 1 M) and
EDTA (D = 7.5% at 1 M) were used as desorbents. Although ion-
exchange of Hg?" with Na™ was the dominate adsorption mechanism,
further addition of Na® (even with high concentration) could not
replace the adsorbed Hg(Il), indicating adsorption of Hg(II) by TNFs
was irreversible. Deformation from tri-titanate to hexa-titanate
resulted in efficiently trap of Hg(Il) in the tunnels (Fig. 5), which
facilitated the safe disposal of Hg(II) after adsorption. Under HNO;
treatment, the release of Hg(I) into solution was mainly due to
destroy of titanate structure and dissolution of titanate (especially at
higher HNO; concentration at 1 M).3">%% The acid treatment may
provide an available method for reuse of TNFs after desorption and
regeneration. We developed an acid-base method through initial
HNO; and subsequent NaOH treatment to evaluate the regeneration
efficiency of TNFs. It was found the TNFs could be partially
regenerated with treaded with 0.5 mM HNO; and NaOH (Fig. S5),
because the desorption rate was low at low HNOj; concentration (Fig.
8). In addition, adsorption capacity of Hg(I) on regenerated TNFs
could reach up to 207.3 mg g (just decreasing by 15.6% compared
to original TNFs), while decreased to 163.4 mg g™ (by 33.5%) after
3 desorption-regeneration cycles due to damage of structure of TNFs.
However, such high acid concentration is virtually nonexistent in
real environment, so Hg(II) can hardly be desorbed and pose any
threat to environment after practical application, and stable trap of
Hg(II) into TNFs is reliable.

J. Mater. Chem. A, 2015, 00, 1-3 | 7



Journal of Materials Chemistry A

100
o v
I 0.5 M
80 oM
g
o 604
ud
c
S
3 40
2
jo}
)
20 4

HNO NaOH

EDTA H,0
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treatment.

Conclusions

Titanate nanoflowers were synthesized through a facile
hydrothermal method using nano-anatase and NaOH. Titanate
nanosheets composed the peony-like flowers, which possessed a
large specific surface area of (187.32 m” g™') and low point of zero
charge (3.04). XRD analysis indicated that TNFs was a kind of
sodium tri-titanate, composing of triple [TiOg] octahedron as the
basic skeleton and interlayered H'/Na". Adsorption of Hg(Il) by
TNFs could quickly reach the equilibrium within 60 min and
pseudo-second-order model could well describe the kinetic process.
The maximum adsorption capacity of Hg(II) onto TNFs could reach
up to 454.55 mg g according to the Langmuir isotherm model,
which was much larger than that on other conventional adsorbents.
More importantly, TNFs could selectively capture Hg(II) in the
presence of other inorganic cations, as the adsorption capacity only
decreased by 7.8% and 10.9 % even at 10 times concentration of
Mg?" and Ca®' to that of Hg(Il). Furthermore, there was a phase
deformation for TNFs after adsorption of Hg(Il), whose tri-titanate
(Ti3072') structure transformed into hexa-titanate (Ti60132'), resulting
in formation of titanate lattice tunnel and trap of Hg(Il). XPS
analysis furthers confirmed the TNFs performed as tri-titanate of
Na, soH 41 Ti3072.4H,0 and phase deformation. In addition,
desperation of Hg(Il) from TNFs by DI water and NaOH solution
was hard (< 3%), demonstrating the irreversible adsorption due to
trap of Hg(Il) in hexa-titanate. This study proposed an efficient
method to removal of Hg(Il) using a novel titanate nanomaterial,
which can achieve the goal of safe disposal of this highly toxic
heavy metal.
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