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y of seaweed-like sodium titanate
mats for Co2+ removal†

Yoshifumi Kondo, ab Tomoyo Goto *a and Tohru Sekino *a

The development of new technologies for securing and recycling water resources are in high demand. A

key focus of these technologies is the development of various ion exchangers or adsorbents that are

used for the purification of aqueous solutions. Layered sodium titanate is one of the cation exchangers

utilised in the removal of heavy metals and radionuclides from wastewater. To enhance the removal

efficiency, the precise design of the crystal morphology, structure, and chemical composition is

important. Herein, we synthesised a unique seaweed-like sodium titanate mat (SST) using a template-

free alkaline hydrothermal process. The Co2+ sorption capacity of SST was investigated by batch testing

with cobalt(II) nitrate. SST, which was synthesised from titanium sulphate in a 10 M NaOH solution at

200 �C, had a seaweed-like structure composed of randomly distributed nanofibres of layered sodium

titanate that is approximately 9 nm in diameter. The crystal shape changed from roundish crystals to

fibrous crystals as the hydrothermal reaction period increased. The Co2+ sorption isotherm of SST was

fitted with the Langmuir isotherm model and the maximum sorption density was 1.85 mmol g�1. The

selectivity of the Co2+ sorption on SST was high in comparison to that of Ca2+ and Mg2+. Herein, the

Co2+ sorption mechanisms of SST were studied in comparison with commercially available sodium

titanate. Results show that controlling the crystal morphology, structure, and Na concentration of the

layered titanate that can be ion-exchanged determines the cation sorption properties of sodium titanate.
Introduction

For the conservation of water resources, the development of
water management and water treatment technologies are
important. Heavy metals, radionuclides, harmful anions, and
volatile organic compounds are water pollutants released from
households, industrial, and nuclear facilities. For instance, cobal-
t(II) ions (Co2+) are one of the toxic metals, a radioisotope that affect
our health and the environment. In general, the cobalt concentra-
tion in drinking water is less than 1–2 ppb.1 Cobalt ions are one of
the essential elements used by the human body for metabolism.
However, several health hazards result from high concentrations of
cobalt found in wastewaters discharged from nuclear power plants
and various industrial activities. Although the utilization, storage,
and disposal of Co ions are strictly controlled, there is a need to
develop a technology that removes Co ions from the environment
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in order to prevent health hazards and environmental pollution.
This has led to the proposal of many purication techniques.2,3 In
recent years, some organic or inorganic materials have been
proposed as adsorbents for Co2+ removal from wastewater.4–13

Furthermore, several heavy metals and radionuclides can be
removed using inorganic ion exchangers.14 Sodium titanate
compounds are used as a purication material for the removal of
heavymetal ions and radionuclides from industrial wastewater. For
example, hydrous sodium titanate is used for the removal of
radioactive Sr2+ from the wastewater of the Fukushima Daiichi
Nuclear Power Station.15,16 Sodium titanate, which is a two-
dimensional layered structure, has various chemical composi-
tions and crystal structures.16–22 These structures enable sodium
titanate to recover and immobilise cations of radionuclides and
heavy metals by ion-exchange with cations (Na+) in the interlayer of
layered titanates. Previously, the ion-exchange properties of layered
titanates were investigated using various mono-, bi-, and tri-valent
cations, such as Cs+, Sr2+, Cu2+, Pb2+, and Eu3+.15,16,20–22

The crystallographic properties of the sorbent are directly
related to sorption mechanisms, the design of the surface area,
crystal structure, and chemical composition of the sorbents.
These are key factors in the enhancement of the sorption effi-
ciency of the target cations. Therefore, unique morphological
effects on the ion-exchange and adsorption properties of
sodium titanate have been investigated to determine the
optimal material design and material process design.21 Many
This journal is © The Royal Society of Chemistry 2020
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methods have been proposed for the synthesis of layered tita-
nates with various morphologies. Among them, hydrothermal
synthesis is one of the effective synthetic methods. Many of
these methods also use an alkaline treatment of the precursor
materials.17,18,21,23,24 In the hydrothermal synthesis process, it is
known that the characteristics of the product are affected by the
hydrothermal conditions and properties of the starting mate-
rials, such as titanium propoxides17 and various TiO2.18,21,23,24

Although the long bre and needle-shaped crystals of
sodium titanates are easily formed with alkaline hydrothermal
synthesis, these crystals with micro-order have low specic
surface areas and high crystallinity. The morphology, such as
a large-sized long bre, causes a reduction in the sorption
density of the ion-exchange reaction. The material design,
which like a non-woven fabric composed of nanobres, that
achieves high permeability and high sorption properties is
required for ion exchangers for water purication.

In the present study, a seaweed-like sodium titanate (SST)
mat with a unique morphology was synthesised using titanium
sulphate solution by a simple alkaline hydrothermal synthesis
method without the addition of surfactants or templates. The
crystal phase, chemical composition, and morphology of SST
were compared with commercially available sodium trititanate
(Na2Ti3O7) by a physicochemical method, and the formation
behaviour of SST was investigated by examining the crystal
structure for each heating time. The sorption capacity and
behaviour of Co2+ were investigated by batch testing using
a 0.2–4.0 mM cobalt(II) nitrate solution, and the state of Co2+ in
the titanate structure was investigated by X-ray analysis. In
addition, the selectivity of Co2+ sorption on SST was investigated
using a test solution of Co2+, Ca2+, Mg2+, and Na+.
Experimental
Hydrothermal synthesis of seaweed-like sodium titanate

A titanium sulphate (Ti(SO4)2, FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) solution was used as the starting
material. A 10 M sodium hydroxide (NaOH, FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) solution was
prepared. 6.87 mL of 30wt% Ti(SO4)2 solution and 9.13 mL of
ultra-pure water were added to 40 mL of 10 M NaOH. The mixed
solution was transferred to a 100 mL Teon liner, which was
then sealed and placed in an autoclave for 48 hours at 200 �C.
The product was ltered, washed three times with ultra-pure
water, and freeze-dried to obtain a powder sample. Further-
more, to investigate the formation of the seaweed-like structure,
SST samples were synthesised at various hydrothermal heating
times (0 (before hydrothermal synthesis), 1, 2, 3, 6, 12, and 24 h)
using the same rawmaterial composition. Powder samples were
collected by the same procedure, as described above. They were
marked as SST_t, where t is the heating time.
Co2+ sorption test

The Co2+ sorption test was performed using a 0.2–4.0 mM cobalt
nitrate solution. Cobalt(II) nitrate hexahydrate (Co(NO3)2$6H2O,
FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) was
This journal is © The Royal Society of Chemistry 2020
dissolved in ultra-pure water and diluted to the various
concentrations of test solutions without pH adjustment.
Commercially available sodium metatitanate (Na2Ti3O7, Sigma-
Aldrich Japan, Tokyo, Japan) was used as a control sample for
the sorption test. A 0.01 g sample of the sorbent, either syn-
thesised seaweed-like sodium titanate or sodium metatitanate,
was transferred to a centrifuge tube and 20 mL of 0.2–4.0 mM
cobalt nitrate test solution was added. The tube was shaken at
150 rpm in a mechanical shaker (BioShaker BR-43FL MR, TAI-
TEC CORPORATION, Saitama, Japan) at 25 �C for one day.
Subsequently, the sorbents and solution were separated by
ltration, and the residues were analysed by physicochemical
methods aer freeze-drying (Freeze Dryer, FDU-2200, TOKYO
RIKAKIKAI CO., LTD., Tokyo, Japan). In addition, the selectivity
test of ion sorptionwas performed using Co2+, Ca2+,Mg2+, andNa+.
The mixed solution was adjusted to comprise a concentration of
1 mM for each of the above-mentioned ions, and was prepared
using Co(NO3)2$6H2O, calcium nitrate tetrahydrate (Ca(NO3)2-
$4H2O, FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan), magnesium chloride hexahydrate (MgCl2$6H2O, FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan), and sodium
chloride (NACALAI TESQUE, INC., Kyoto, Japan). The sorption test
was conducted by using the procedure described above.
Characterisation

The ion concentrations of Co2+ Ca2+, Mg2+, and Na+ remaining
in the solution aer the sorption test were measured using
inductively coupled plasma optical emission spectrometry (ICP-
OES; Optima 8300, PerkinElmer Japan Co., Ltd., Yokohama,
Japan). A wavelength-dispersive X-ray uorescence spectrom-
eter (XRF, ZSX-100e, Rigaku Corporation, Tokyo, Japan) in EZ
scan mode was also used to investigate the concentration of the
initial Na in the samples, and the Co concentration in the
residue aer the test. The pH of the solution before and aer
sorption testing was measured using a pH meter (D-52,
HORIBA, Ltd., Kyoto, Japan). The crystal size, morphology,
and microstructure of the products were observed using ultra-
high resolution scanning electron microscopy (SEM, SU9000,
Hitachi High-Technologies Corporation, Tokyo, Japan) and
transmission electron microscopy (TEM, JEM-2100, JEOL Ltd.,
Tokyo, Japan). The average thickness of the SST mat was
calculated using atomic force microscopy (AFM, VN-8010,
KEYENCE Corporation, Osaka, Japan). The crystal phase of
the products was identied by powder X-ray diffraction (XRD,
D8 ADVANCE, Bruker AXS, Germany) using Cu-Ka radiation at
40 kV and 40 mA. The adsorption–desorption isotherms of N2

gas were measured at 77 K using a Surface Area & Pore Size
Analyser (NOVA 4200e, Quantachrome Instruments Japan G. K.,
Kawasaki, Japan) aer each sample was evacuated at 378 K for
3 h. From the isotherm, the specic surface area of the products
was calculated using the multi-point Brunauer–Emmett–Teller
method. The zeta potential of samples was measured using the
electrophoretic method on an analyser (Zetasizer Nano ZS,
Malvern Instruments Ltd, Malvern, UK). Quick-scanning X-ray
absorption ne structure (XAFS) spectra of the Ti K-edge and
Co K-edge were obtained using the ionisation chamber in
RSC Adv., 2020, 10, 41032–41040 | 41033



Fig. 1 Powder XRD patterns of (a) synthesised products and (b)
commercially available sodium metatitanate.

Fig. 2 (a and b) SEM, (c) STEM, and (d) TEM images of the SST mat
synthesised by hydrothermal treatment, maintaining a temperature of
200 �C for 48 h.
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transmission mode on the Kyushu University Beamline (BL06)
of the Kyushu Synchrotron Light Research Center (SAGA-LS;
Tosu, Japan). The Ti K-edge extended XAFS (EXAFS) spectra
were collected over a photon energy range of 4.6 to 6.2 keV. For
the Co K-edge, the EXAFS spectra were measured in the range of
7.6 to 7.9 keV. The spectra obtained were analysed using
REX2000 soware (Rigaku Co., Tokyo, Japan). Anatase (TiO2,
FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan),
Rutile (TiO2, FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan), and sodium metatitanate were used as reference
samples for the Ti K-edge. Additionally, cobalt(II, III) oxide
(Co3O4, NACALAI TESQUE, INC., Kyoto, Japan), Co(NO3)2-
$6H2O, and cobalt hydroxide (Co(OH)2, FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan) were used as reference
samples for the Co K-edge.

Theoretical analysis of the sorption isotherm of Co2+

The results of the sorption test were analysed using the
following method. The removal efficiency (%) of Co2+ from the
test solution was calculated as follows:

Ci � Ceq

Ci

� 100; (1)

where Ci is the initial concentration of Co2+ (mmol L�1) and Ceq

is the equilibrium concentration of Co2+ in the test solution
(mmol L�1). In addition, the sorption isotherm of Co2+ on the
sorbents was analysed using the Langmuir equation. Ci and Ceq

are related by the following expression:

Ceq

Q
¼ 1

QmaxK
þ Ceq

Qmax

; (2)

where Q is the amount of Co2+ absorbed per gram (mmol g�1),
Qmax is the maximum amount of Co2+ adsorbed on the sorbent
(mmol g�1), and K is a constant related to the adsorption rate
coefficient.

The theoretical ion-exchange capacity per gram (IEC, mmol
g�1) was calculated as follows:

mNa

100
� 1� 1

MNa

� 1000; (3)

where mNa (wt%) is the Na concentration of samples obtained
by ICP-OES analysis, and MNa is the atomic weight of Na (g
mol�1).

Results and discussion
Characterisation of the SST mat

The crystal phase, structure, elemental composition, and
morphology of the synthesised product aer maintaining
a temperature of 200 �C for 48 h were investigated using various
physicochemical methods. Fig. 1a shows the powder XRD
pattern of the product synthesised by the one-step hydro-
thermal treatment. All of the peaks of the product were assigned
to a layered dititanate phase (H2Ti2O5$H2O) (PDF no. 00-047-
0124), and the diffractogram had relatively broad peaks. Peaks
of byproducts, such as sodium sulphate, were not observed. The
d-value of 200, which shows the interlayer distance of sodium
41034 | RSC Adv., 2020, 10, 41032–41040
titanate, was calculated to be 0.89 nm using the maximum peak
at 2q¼ 9.9�. The XRD pattern of commercially available sodium
metatitanate (TC) is shown in Fig. 1b. Several high-intensity
peaks of Na2Ti3O7 (PDF no. 00-031-1329) and a few low-
intensity peaks of Na2Ti6O13 (PDF no. 00-037-0951) were detected
(Fig. 1b). The d-value of 001, which shows the interlayer distance of
Na2Ti3O7, was calculated to be 0.83 nm using the maximum peak
at 2q ¼ 10.6�. The d-value of the synthesised product was slightly
larger than that of TC, as the interlayer distance of dititanate is
larger than that of trititanate due to a difference in the crystal
structures.17 From the SEM images of the synthesised sodium
titanate (Fig. 2a and b), a unique mat structure was observed,
which was similar to non-woven fabric and composed of nano-
bres with a diameter of approximately 8.9 nm. It has been known
that the layered sodium titanate has variousmorphologies, such as
nanobre, plate, and tube structures.17–25

A uniform nanobre structure is shown in the scanning
transmission electron microscopy (STEM) image of the syn-
thesised SST (Fig. 2c). Fig. 2d shows the TEM image of a layered
structure of nanobres with a lattice distance of the interlayers
of approximately 0.89 nm. These results agree with the inter-
layer distance calculated using a d-value of 200 obtained by XRD
analysis. From the AFM observation (Fig. S1†), the average
thickness of the SST mat was 129 nm.

Fig. 3 shows the Ti K-edge of the X-ray absorption near-edge
structure (XANES) spectra of titanium compounds. The XANES
This journal is © The Royal Society of Chemistry 2020



Fig. 4 (a) Powder XRD patterns of SST_t samples hydrothermally
treated at various times, and (b) changes in the Interlayer distance of
SST_t samples depending on the synthesis time.
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spectrum of the synthesised product, SST, is more similar to TC
than rutile or anatase. The white line peaks of D, E, and F, which
are assigned to the 1s / 4p transition, agree with previous
reports of rutile and anatase.26 The typical triple pre-edge peaks
of A1, A2, A3, and B of anatase and rutile, which are shown in
Fig. 3b, are related to the 3d–4p and 4s–4p hybridised states of
the Ti atom.26,27 The peak intensities of A2 in TC and SST were
higher than that of rutile and anatase. Previous studies have
shown that the XANES spectra of the layered titanate have an A2
peak with a high intensity, which indicates the presence of the ve-
order coordination of Ti in the layered titanate structure.28 In
contrast, the Ti atoms of rutile and anatase are coordinated with
six oxygen atoms. Therefore, the Ti atoms of SST and TC are ve-
order coordinated complexes of Ti. As shown in Fig. 3c, the Ti K-
edge EXAFS spectrum of SST is more similar to TC than rutile
and anatase. The layered titanates of TC and SST were indicated by
the weak amplitude. The FT-EXAFS spectra of all titanates have
a peak at 2.4–3.2 Å�1, corresponding to the Ti–O rst coordination
(Fig. 3d). Therefore, the results of the XAFSmeasurements indicate
that the SST sample is layered sodium titanate. In addition, the
specic surface area of SST and TC obtained from the N2

adsorption–desorption isotherms (Fig. S2a†) were 158.3 and 1.688
m2 g�1, respectively. The surface area of SST is approximately 100-
fold larger than TC. This is because SST has a mat-like morpho-
logical structure, whereas TC has a large-sized rod crystal
morphological structure (Fig. 2 and S2b†). The zeta potential
against the pH value of SST is higher than that of TC in the range of
pH ¼ 4–11 (Fig. S3†).
Fig. 3 Spectra of (a and b) Ti K-edge XANES of SST, rutile, anatase, and
TC, (c) the Ti K-edge k3-weighted EXAFS and (d) Fourier transform
EXAFS of standard reagents and SST. The radial distribution functions
were not corrected for phase shift.

This journal is © The Royal Society of Chemistry 2020
Formation behaviour of the SST mat

The formation behaviour of SST via hydrothermal synthesis was
investigated by changing the reaction time. This was important
because the reaction temperature might affect the crystal phase,
morphology, and size of the nal product by changing the reaction
rate and equilibrium condition. Fig. 4a shows the XRD patterns of
the SST_t samples. All peaks on the diffractogramwere assigned to
H2Ti2O5$H2O, as observed in the X-ray diffractogram of SST. As the
heating time increased, their crystalline also increased until the
crystallinity peaked at a heating time of 12 h. The d-value of 200
(d200) of the SST_t samples decreased until 12 h (Fig. 4b). There-
fore, the crystal structure of SST was formed in at least 12 h.

In the case of SST_0, aggregates consisting of nanoparticles
were observed, as can be observed in the SEM images of the
SST_t samples (Fig. 5 and S4†). A mixture of nanoparticle and
nanobre was observed in the SST_1 sample. As the hydro-
thermal heating time increased, the number of nanoparticles
decreased, whereas that of the nanobres increased (Fig. 5). For
samples with a synthesis time above 6 h (SST_12, 24, and 48),
nanobres were only observed, as shown in Fig. S4.† From more
macroscopic SEM images, a uniquemat structure was formed aer
hydrothermal synthesis, except for the case of SST_0 (Fig. S4†).

The porous structure and specic surface area (SSA) of the
samples were determined using N2 adsorption–desorption
measurement. All samples had Type II isotherms (Fig. S5†).
Fig. 5 SEM images of (a) SST_0, (b) SST_1, (c) SST_2, and (d) SST_3
samples.

RSC Adv., 2020, 10, 41032–41040 | 41035
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From increasing in the range of P/P0 > 0.8, the number of the
macropores increased as the hydrothermal synthesis time
increased until it peaked at a hydrothermal synthesis time of 12 h.
The result agreed with the SEM observation (Fig. 5 and S4†)
because the macropore structures were made up of overlapping
nanobres, and all nanostructures changed within 12 h. The SSA
of the SST_t samples is summarised in Table S1.† The SSA
dramatically increased at the initial stage of the reaction. Aer the
heating time exceeded 2 h, the SSA remained constant regardless
of an increase in the heating time. These results indicate that the
changes in the nanostructure had a greater effect on the SSA of the
SST_t samples compared with the macropore structure.

In addition, the Ti K-edge XANES spectra were acquired to
investigate the titanium coordination state of the SST_t samples
(Fig. S6a and b†). Their pre-edge peaks indicated the presence of
ve-order coordination of Ti in the SST_t samples.28,29 The
EXAFS spectra (Fig. S6c†) and FT-EXAFS spectra (Fig. S6d†) of all
samples were similar to those of sodium titanate. The intensity
of the Ti–O rst coordination peak increased as the heating
time increased (Fig. S6d†). This is because a long-range ordered
structure was formed due to the improved crystallinity of
sodium titanate with increased heating time as indicated in the
XRD patterns (Fig. 4).

Based on the SEM observation and X-ray analysis, a sche-
matic of the formation behaviour of the SST mat is shown in
Fig. 6. Before hydrothermal synthesis, amorphous sodium
titanate nanoparticles were formed at the time when the solu-
tion was mixed (Fig. 6a). Then, non-uniform and roundish-
shaped nanocrystals were observed. This suggests that the
dissolution–precipitation reaction of the nanocrystals occurred
at the initial stage of hydrothermal treatment due to an increase
in temperature. Morphological changes to the nanober struc-
ture and layer reconstruction of the product occurred as the
heating time of the hydrothermal treatment increased. These
changes result from the exposure of the stable crystal plane,
which minimised the interfacial free energy.

Several researchers have reported the relationships between
the alkaline condition and crystal growth of the layered tita-
nates on the hydrothermal synthesis.17,30,31 Zhao et al. (2013)
Fig. 6 (a) Schematic image of the formation of sodium dititanate
nanofibre by hydrothermal synthesis, and (b) comparison of the
growth direction between the TEM image and crystal structure model.

41036 | RSC Adv., 2020, 10, 41032–41040
reported that the sodium ion (Na+) concentration and solution
pH are the important factors that determine the composition of
the titanate compounds. In addition, a high Na+ concentration
is required to maintain the layer structure.17 Hence, in this
study, a layered sodium titanate was formed at a highly alkaline
condition. In addition, the formation of the bre-, needle-, and
plate-shaped crystals of the layered sodium titanates have been
reported.17,30 Zhang et al. (2010) reported that layered sodium
titanates easily grow in the [010] direction31 because the
chemical bonding of the edge- or corner-shared TiO6 layer along
the [010] and [001] directions is stronger than the stacked layer
along the [100] direction. Therefore, due to the difference in the
stability of the crystal layer, the crystal growth rate of the [010]
direction is considered to be faster than that of the [100]
direction. The TEM image of SST is in agreement with this claim
(Fig. 6b). In addition, a unique seaweed-like mat comprising
nanobres might be formed via a freeze-drying process. This is
because nanobres are two-dimensionally aggregated when
subjected to freezing along with rotation. These structural
changes upon freezing were conrmed by preliminary exami-
nations. Although a detailed examination is necessary, it can be
inferred that this mat structure can be formed by chemical
interaction. This is because the structure cannot be formed by
micro-sized bres.
Co2+ sorption capacity of SST and TC

The Co2+ sorption test of SST was performed by batch testing
using 0.2–4.0 mM aqueous solutions of cobalt nitrate (Fig. 7).
Compared with TC, the SST sample showed a higher sorption
density of Co2+ (Fig. 7a). The sorption isotherm of Co2+ was
tted to the Langmuir model, and the results of the theoretical
analysis are shown in Table 1. The maximum sorption density
(Qmax) of SST was higher than that of TC. The sorption mech-
anism of the layered sodium titanate is known to be an ion-
exchange reaction of cations with Na+ in the interlayers.20–22

Therefore, the change in the concentration of Na+ released in
the solution aer the sorption testing was also investigated
(Fig. 7b). The concentrations of the released Na+ from SST and
TC were approximately the same. As the initial concentration of
Co2+ in the test solution increased, the number of released Na+

also increased. In addition, the concentration of the Na+

released from the sorbents was higher than the concentration of
the incorporated Co2+ from the test solution.

As shown in Fig. 7c, the pH value of the test solution before
the sorption test was approximately 5.5, regardless of the Co2+

concentration. Aer the sorption test, the solution pH
increased. The nal pH values decreased as the initial concen-
tration of Co2+ in the test solution increased. The pH values of
SST and TC in the low concentration (0.2 and 0.4 mM cobalt
nitrate) test solutions aer the sorption test were 8 and 10,
respectively. This increase in pH indicates that ion-exchange
occurred between the H+ in the solution and Na+ in the SST
or TC.

The removal efficiencies of SST and TC at 0.2 and 0.4 mM
were 100% (Fig. 7d). These results mean that the number of
released Na+ was higher than that of the Co2+ incorporated into
This journal is © The Royal Society of Chemistry 2020



Fig. 7 Co2+ Sorption behaviour of SST and TC. (a) Sorption isothermof
Co2+ on sorbents, (b) released Na+ concentration, (c) pH changes of
the test solution, and (d) removal efficiency of Co2+ after sorption
testing using 0.2–4.0 mM cobalt nitrate solution.
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the sorbents. At initial concentrations of 1.0–2.0 mM cobalt
nitrate, the removal efficiency of SST was higher than that of TC.
These results indicate that SST has a greater ability of Co2+

removal than TC.
To investigate the Co2+ sorption behaviour of the sorbents,

XRD analysis, SEM observation, and elemental analysis by
energy-dispersive X-ray (EDX) analysis of the residues were also
performed. Fig. S7† shows the XRD patterns of the sorbents aer
sorption testing at 2.0 and 4.0 mM cobalt nitrate. The diffraction
peaks of SST before (Fig. 1a) and aer the sorption test (Fig. S7a†)
were identical. In the case of the TC sample, the typical TC peaks
were absent and the new peakswere identied asH2Ti3O7 (PDFno.
00-031-1329) aer the sorption test (Fig. S7b†).

From the SEM images (Fig. 8a), no precipitation was
observed on the surface of the SST samples. In addition, the
unique mat structure, which looks like a non-woven fabric,
remained aer the sorption tests (Fig. 8a). In contrast, precipitates
were observed on the TC particles, and the Co and O elemental
images clearly overlapped with the amorphous precipitate
(Fig. 8b). Ti and Na were detected in the TC particle site.

In addition, the local environments of Co in the sorbents
were investigated by EXAFS analysis. The Co K-edge EXAFS and
Table 1 Langmuir isotherm constants for Co2+ adsorption on SST and
TC

Sample Qmax (mmol g�1)
K
(L mmol�1) r2

SST 1.84 154.1 0.994a

TC 1.55 84.8 0.997

a SST was calculated excluding the data from the sorption testing with
an initial concentration of 4.0 mM cobalt nitrate.

This journal is © The Royal Society of Chemistry 2020
FT-EXAFS spectra of SST and TC aer sorption and the reference
samples are presented in Fig. 9. The Co–O peak, as seen in the
cobalt oxide reference sample, is the rst coordination shell and
is also detected in the SST and TC samples (Fig. 9b). The FT-
EXAFS spectra of SST were similar to the cobalt nitrate refer-
ence sample. However, the FT-EXAFS spectra of TC were similar
to the cobalt hydroxide reference sample. From these results,
Co2+ was incorporated into the SST interlayer by the ion-
exchange reaction, where it remained in an ionic state in the
structure. In contrast, a cobalt hydroxide precipitate covered the
TC particles aer the sorption test, which resulted in a dramatic
increase in the solution pH of the TC samples (Fig. 7c). There-
fore, in the case of TC, Co2+ was both incorporated by ion-
exchange and precipitated as cobalt hydroxide.

The Co2+ sorption test of the SST_t samples was also per-
formed. A comparison of the initial Na/Ti molar ratio and the
Co/Ti molar ratio aer the test is presented in Fig. S8.† The Co/
Ti molar ratio of the SST_t sample dramatically increased to
0.27 at a heating time of 1 h, and then the ratio decreased to
0.25 as the hydrothermal synthesis time increase to 12 h. Then,
the Co/Ti molar ratio increased up to 0.29 as the heating time
increased. This result indicates that the changes in the Co/Ti
molar ratio can be categorised into three stages due to the
difference in synthesis time. Taking the XRD results (Fig. 4) and
initial Na/Ti molar ratio (Fig. S8†) into consideration, the
observed increase in the Co/Ti molar ratio of SST_t aer 1 h of
heating time indicates the rise of the ion-exchange reaction due
to the formation of a layered structure. This is because the peak
Fig. 8 SEM images and EDX mappings of (a) SST and (b) TC sorbents
after the Co2+ sorption test at 4.0 mM cobalt nitrate.
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Fig. 9 Spectra of (a) the Co K-edge k3-weighted EXAFS, and (b) FT-
EXAFS of standard reagents and SST. The radial distribution functions
were not corrected for phase shift.
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intensity of the SST_1 sample clearly increased compared with
that of the SST_0 sample (Fig. 4a). Aer that, the interlayer
distance decreased as the heating time was increased to 12 h
(Fig. 4b), and the Co/Ti molar ratio decreased slightly. During
this time, the initial Na/Ti molar ratio increased (Fig. S8†).
Therefore, although the concentration of Na in the structure
increased, it can be seen that the incorporation of Co2+ into the
structure was slightly suppressed due to the decrease in the
distance between layers. Furthermore, it is considered that the
Co/Ti molar ratio slightly increased aer stabilising the crys-
tallinity of SST by increasing the heating time above 12 h.
Table 2 Na and Ti concentrations in SST and TC by ICP-OES analysis,
and ion-exchange capacity (IEC) calculated by Na concentration of
SST and TC

Sample Na (wt%) Ti (wt%)
IEC/2 (mmol
g�1)

SST 8.34 38.8 1.81
TC 12.9 46.3 2.81
Sorption mechanism of Co2+ on SST and TC

In this study, the Co2+ sorption behaviour of the SST mat that
was synthesised via the template-free alkaline hydrothermal
synthesis was investigated in comparison with TC. Previously,
researchers studied the sorbents for Co2+ removal, such as
sodium titanates, zeolites, hydroxyapatite, and clay minerals.4–13

In comparison with past reports, among the adsorbents
composed of inorganic materials, SST has shown a relatively
high sorption capacity for Co2+.

There are two possible reasons why the sorption capacity of
SST was higher than TC. One reason is that the SSA of SST was
higher than that of TC due to their respective crystal morphol-
ogies. Asmentioned above, the SSTmat consisted of nanobres,
which are expected to increase the number of ion-exchange sites
due to the high SSA and low crystallinity. Therefore, although
the zeta potential of SST is slightly higher than that of TC
(Fig. S3†) at the pH value of the test solution, many cations
might be incorporated in SST due to its unique nanostructure.

Another reason is that the elemental analysis and the crystal
structure of SST determined by XRD conrm the presence of
a dititanate phase in SST, which has a high sorption capacity
and consists of lamellar structures.17 In contrast, the crystal
structure of TC was determined to be a trititanate phase with
a zigzag layer structure and a smaller interlayer distance than
that of sodium dititanate. Researchers have previously
proposed that the ease of ion-exchange varies with different Na
sites.32 By comparing the concentration only, the concentration
of Na (wt%) in SST is lower than that in TC (Table 2). Therefore,
41038 | RSC Adv., 2020, 10, 41032–41040
the theoretical IEC of SST and TC was calculated based on their
Na concentration to be 3.62 and 5.62 mmol g�1, respectively. In
the case of SST, IEC/2 and Qmax were equivalent (Table 1, Table
2). This result indicates that the Na+ contained in SST was
almost ion-exchanged to Co2+ in the solution. In contrast, the
Qmax of TC was half of the value of IEC/2 (Table 1, Table 2). That
is because the ion-exchange occurred between the Na+ con-
tained in TC with Co2+ and H+ in the solution. This is the reason
why the nal pH was as high as 10 at a low initial Co2+

concentration (0.2–0.4 mM). At a higher initial Co2+ concen-
tration, cobalt hydroxide was precipitated around TC due to the
local increase in pH around TC, and this inhibited the ion-
exchange reaction. Moreover, sodium trititanate (like TC) does
not easily undergo ion-exchange with Co2+. This is because the
trititanate structure has Na+ that are difficult to exchange, as
mentioned above.32 Therefore, SST had higher Co2+ sorption
capacity than TC, although SST showed only the ion-exchange
reaction. Thus, differences in the crystal structure of sodium
titanate can affect the ion-exchange behaviour with Co2+.

To enhance the ion-exchange property of the layered sodium
titanate, in addition to the impact of the crystal structure and
morphology, the Na concentration of titanate that undergoes ion-
exchange with the target cation needs to be controlled. This new
nding will contribute to the development of high-performance
titanates that are based on ion exchangers in the future.
Sorption selectivity of SST and TC

To investigate the sorption selectivity of ions on SST and TC, the
selectivity test of Co2+ was conducted in comparison with the
sorption selectivities of Ca2+, Mg2+, and Na+. The amount of
sorption of each element on SST and TC is presented in Fig. 10a.
The sorption of SST was on the order of Co2+ > Ca2+ > Mg2+,
while TC showed only Co2+ sorption. The amount of sorption of
all elements on SST is approximately 1.67 mmol g�1, which is
almost the same as the Co2+ sorption value tested at 1 mM, as
shown in Fig. 7a. Therefore, Ca2+ and Mg2+ are assumed to be
incorporated into the SST structure via ion-exchange. Fig. 10b
shows the Na concentration of the solutions before and aer the
sorption test. An increase in the Na content was observed in
both samples, which indicated that Na+ had been released from
SST and TC. On the other hand, the solution pH values of SST
and TC were 6.86 and 6.66, respectively. These pH values were
higher than the initial test solution (pH ¼ 5.35). Therefore, to
investigate the formation of the precipitates on the samples, the
SEM-EDX observation was performed aer the sorption test. As
shown in Fig. 10c and d, although there was no precipitate on
This journal is © The Royal Society of Chemistry 2020



Fig. 10 (a) Sorption density per gram (Q) of Co, Ca, and Mg on
samples, (b) Na concentration from samples, and SEM images of (c)
SST and (d) TC after the sorption test using the test solution of four-
element coexistence.
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SST, a precipitate was clearly observed on the TC surface. Based
on the XRD analysis, the identity of the precipitate was incon-
clusive (Fig. S9†). However, it was most likely identied as
cobalt hydroxide, as observed in the EDX maps, because the Co
and O images overlapped with the location of the precipitate in
the SEM image. The Ca and Mg images also overlapped with
those of Co and O. The adsorption of Ca2+ and Mg2+ might have
occurred in a small amount because the sorption of these
elements on TC was not observed via ICP-OES analysis
(Fig. 10a). Furthermore, Na was detected on TC, as observed in
the case of the Co2+ sorption test. In addition, Cl� was not
detected on either sample. That is, TC showed higher Co2+ sorp-
tion than that of SST because of the precipitation of cobalt
hydroxide on TC. This was driven by the increase in pH that
resulted from the ion-exchange of Na+ with H+. The solubility
product constants (Ksp) of Co(OH)2, Ca(OH)2, and Mg(OH)2 are 1.3
� 10�15, 5.5 � 10�6, and 1.1 � 10�11, respectively. Hence, TC
showed high selectivity of Co2+, depending on its ease of precipi-
tation as the hydroxide in comparison with Ca2+ and Mg2+.
Conclusions

In this study, an SST mat composed of nanobres was
successfully synthesised by a facile template-free alkaline
hydrothermal process using titanium sulphate. The Co2+ sorp-
tion property of SST was examined using batch testing in
comparison with TC. From the X-ray analysis and SEM obser-
vations, SST was conrmed to have a layered dititanate phase,
and it was shown that the mat structure resembles a non-woven
This journal is © The Royal Society of Chemistry 2020
fabric composed of nanobres. The Co2+ sorption capacity of
SST was higher than that of TC, and the sorption isotherm was
tted with the Langmuir model. The sorption mechanism of
SST was determined to be an ion-exchange reaction with Na+. In
contrast, the TC sample showed both the ion-exchange reaction
and precipitation of cobalt hydroxide, as shown in the SEM
images and FT-EXAFS analysis, which was due to the high
concentration of Na+ in the TC sample. In the case of TC, the pH
of the solutions increased rapidly due to the ion-exchange
reaction with Na+ and H+. Based on the selectivity test, both
samples showed high Co2+ sorption in the presence of Na+, Ca2+

and Mg2+. However, in the case of SST, this was due to an ion-
exchange reaction, while for TC it was based on precipitation.
These results indicate that the control of the crystal structure
and morphology of a sorbent that undergoes ion-exchange with
target cations is an important factor in the material design to
achieve high permeability and high sorption properties.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the Foundation of Kinoshita
Memorial Enterprise, by the Japan Society for the Promotion of
Science (JSPS) under the Grants-in-Aid for Scientic Research
(S) (15H05715), and by the Dynamic Alliance for Open Innova-
tion Bridging Human, Environment and Materials in the
Network Joint Research Center for Materials and Devices
(MEXT, Japan). AFM observation and XRF analysis were per-
formed at the Comprehensive Analysis Center, ISIR, in Osaka
University, Japan. ICP-OES analysis was performed at the Center
for Scientic Instrument Renovation and Manufacturing
Support, Osaka University, Japan. The authors are grateful to Mr
S. Tamiya (Osaka Univ., Japan) for his technical support in the
ICP-OES measurements. The XAFS experiments were performed
at Kyushu University Beamline (SAGA-LS/BL06) under proposal
No. 2018IIK017 and 2018IIIK012. The authors are grateful to
Prof. T. Ishioka (Kyushu Univ., Japan) and Prof. T. Sugiyama
(Kyushu Univ., Japan) for their support in the XAFS measure-
ments. The authors are grateful to Prof. S. Seino (Osaka Univ.,
Japan) for the TEM observations.
Notes and references

1 O. M. Faroon, H. Abadin, S. Keith, M. Osier, L. L. Chappell,
G. Diamond and G. Sage, Toxicological prole for cobalt, 2004.

2 A. Ahmadpour, M. Tahmasbi, T. R. Bastami and
J. A. Besharati, Rapid removal of cobalt ion from aqueous
solutions by almond green hull, J. Hazard. Mater., 2009,
166, 925–930.

3 L. Dambies, A. Jaworska, G. Zakrzewska-Trznadel and
B. Sartowska, Comparison of acidic polymers for the
removal of cobalt from water solutions by polymer assisted
ultraltration, J. Hazard. Mater., 2010, 178, 988–993.
RSC Adv., 2020, 10, 41032–41040 | 41039



RSC Advances Paper
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nickel, cobalt and manganese from aqueous solution by
kaolinite, Water Res., 2003, 37, 948–952.

8 W. Qiu and Y. Zheng, Removal of lead, copper, nickel, cobalt,
and zinc from water by a cancrinite-type zeolite synthesized
from y ash, Chem. Eng. J. (Amsterdam, Neth.), 2009, 145,
483–488.
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