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Preparation of fibrous sodium titanate and its
adsorption property toward neutral red, methylene blue,
malachite green and crystal violet
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Fibrous sodium titanate was prepared with the reaction of Ti plates, NaOH and H»O- at 80°C for 24h. Sodium titanate was
characterized by XRD, FT-IR, SEM. Sodium titanate prepared exhibited excellent adsorption capability for neutral red (NR),
methylene blue (MB), malachite green (MG) and crystal violet (CV), and the saturated adsorption capacities were 323.42,
235.18, 261.38 and 206.92 mg/g at 25C, respectively. The pseudo-second-order kinetic model and Langmuir model could
well describe the adsorption of NR, MB, MG and CV. This work is of great significance for applications of sodium titanate
as a promising adsorbent material for dyeing water purification.
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1. Introduction

Cationic dyes are extensively used in industry,
leading to the increase of the discharge of dye to the
water [1]. The dyeing wastewater reduces the solar light
penetration and retards the photosynthetic activity of
aquatic plant [2]. In addition, the colored effluence also
triggers an increasing toxicity and carcinogenic, which
threatens the water security for human and animals [3].
This resulted in a demand to remove the dyes from
effluents. Therefore the treatment of cationic dyes raised
much attention. To date, a number of chemical, physical,
and biological methods have been developed for
removing dyes from waste water. Among them,
adsorption technique is believed to be one of the most
effective and simplest processes, and various adsorbents
have been tested to remove dyes from water [2, 4, 5]. For
example, activated carbon has been regarded as an
excellent adsorbent and used widely. However, it was
sometimes treated as one-off adsorbent due to the high
regeneration cost [6, 7]. This has led to the search for
more efficient and cheaper alternate adsorbents. In recent
year, there has been an increasing interest in the
utilization of titanate in environmental studies [8-11]. It
had been found that titanate play the roles of adsorbent
and photocatalyst simultaneously in the removal of dyes
[12, 13]. Consequently, they are considered as promising

adsorbents for dye removal. Moreover, procedures of
different ways to prepare titanate are relatively complex
or need a relatively high temperature [12-15] which
increase the cost, so an easy way to prepare the titanate is
necessary.

In this work, we successfully prepared fibrous
sodium titanate through a simple hydrothermal reaction
between Ti plate and the mixed solution of NaOH and
H,0, at just 80°C for 24h. The adsorption capabilities for
cationic dyes of sodium titanate were studied. The
adsorption kinetic and isotherm was studied. It has been
known that sodium titanate with low crystallinity was a
promising adsorbent material for dyeing water treatment.
So this work is of great significance.

2. Experimental
2.1. Materials

Cold-rolled titanium plate, 99.5% in purity, was
purchased from Baoji Fuxin Nonferrous Metal Products
Co., Ltd, China. Hydrochloric acid (37%), sodium
hydroxide (NaOH) and nitric acid (67%) were purchased
from Beijing Chemical Works. Hydrofluoric acid (40%)
was purchased from Tianjin Chemical Reagent Research
Institute. Hydrogen peroxide (30%) was obtained from
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Xilong Chemical Co., LTD (China). Methylene blue
(MB), neutral red (NR), crystal violet (CV), basic red 2
(BR2), rhodamine B (RhB) and methyl orange (MO)
were obtained from Tianjin Guangfu Fine Chemical
Research Institute (China). Malachite green (MG) was
obtained from Tianjin Bodi Chemical Co., Ltd. All
reagents were of analytical grade. The water used was
distilled.

2.2. Preparation

The sodium titanate was prepared according to the
procedures described in literature [16]. After picking and
ultrasonically cleaning in distilled water, each two pieces
of cleaned Ti plates (5cmx5cmx 0.2mm) were soaked in
a Teflon-lined stainless steel autoclave with a mixed
solution (volume ratio of NaOH solution (10mol/L) and
hydrogen peroxide (30%) was 1:1).The autoclave was
kept at 80°C with 24h and cooled to room temperature.
The remaining titanium plates were took out for reuse.
1mol/L hydrochloric acid was added gradually to adjust
the pH to 7 of the solution. Precipitates were washed for
several times and then dried by water bath at 40°C.

2.3. Characterization

XRD patterns were acquired on an X-ray diffraction
spectrometer (BRUKER axs D8 ADVANCE, Cu Ka,
2=1.54056 A). FT-IR curves were recorded on
SHIMADZU 8400s Fourier transform infrared
spectrometer. The SEM images were recorded with a
scanning electron microscopy (SEM, HITACHI-SU8000)
at room temperature. The specific surface area was
calculated from the N, adsorption isotherm using the
Brunauer—Emmett—Teller (BET) method, and the pore
size  distribution was  determined using the
Barrett—Joyner—Halenda (BJH) mathematical model. The
sample was degassed at 50°C for 12 h before test.

2.4 Adsorption test

All the adsorption experiments were conducted
under stirring at room temperature (25°C) in the dark.
The general experimental process is described as follows:
0.2g of the sample was added to 200ml of dye solution
with certain initial concentration without pH adjustment.
At appropriate time intervals, the aliquots were
withdrawn from the suspension and the adsorbents were
separated from the suspension via centrifugation.
SDPTOP UV 2600PC spectrophotometer was adopted to
measure the concentration of residual dyes at the
corresponding maximum absorption (Table 1). The
concentration of  phenol was measured by
4-aminoantipyrine spectrophotometric method at 510nm
wavelength [17].

Table 1. Maximum absorption wavelengths of different

substance.

Maximum

Category  Name absorption
wavelength/nm

Neutral red (NR) 523

Malachite green (MG) 621

- Methylene blue (MB) 664

Cationic dyes Crystal violet (CV) 590

Basic red 2 (BR2) 530

Rhodamine B (RhB) 554

Anionic dyes Methyl orange (MO) 464

Organic Phenol 510

3. Results and discussion
3.1 Characterization results of sodium titanate

The sample prepared in aqueous solution containing
NaOH (10M) and H,0, (30%), at just 80°C for 24h. As
shown in Fig. 1, It can be seen that the typical
morphology of the sample was consisted of a large
number of nanowires with a diameter of 40-50nm and a
length of several hundred nanometers.
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Fig. 1. SEM images of the sample.

XRD patterns of the sample and the Ti plate after
pretreatment are shown in Fig. 2. The absence of any Ti
peaks in the sample pattern indicated a high degree of
conversion during the hydrothermal process. The XRD
pattern of sample exhibited a strong peak around 10° and
the other three weak broad peaks around 24.5°, 28.34°
and 48.3°, which are characteristic of Na,Ti;O; (JCPDS
no. 72-0148) with low crystallinity [14, 18].



Preparation of fibrous sodium titanate and its adsorption property toward neutral red, methylene blue, malachite ... 473

A

“\
\—‘_‘M‘ . sample

Intensity (a.u.)

10 20 30 40 50 60 70

20 (degree)

Fig. 2. XRD patterns of metal Ti plate and the sample.

As shown in Fig. 3, the presence of Ti-OH and
hydroxyl groups adsorbed on the surface of samples were
confirmed by the appearance of broad intense bands at
3404 cm™ and 3242 cm™ [13, 19], respectively. The
characteristic bands around 1630 cm™ and 1385 cm™
could be assigned to H-O-H binding vibration mode and
the Ti-O vibrations [13]. The peak at 900 cm™ was
resulted in the peroxo groups provided by O, absorbed
on the surface of the sample [20, 21]. The wide band at
460 cm™ in the sample spectra can be assigned to the
crystal lattice vibration of TiOg octahedra which is the
topic structure of the crystalline Na,Ti;O; [19, 22].
Combined with the result of XRD, it confirmed that the
sample was Na,TizO; (sodium titanate) with low
crystallinity and the surface of it was dominated by
negative hydroxyl groups.
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Fig. 3. FT-IR spectra of the sample and dyes adsorbed on

sample.

The N, adsorption—desorption isotherm of sodium
titanate indicated a specific surface area of 31.93m%g by
BET analysis. The corresponding BJH analysis (curve
inserted) suggested a predominant pore diameter

distribution of 14.2 nm and a total pore volume of
0.210cm®g. The BJH result indicated that the sample
belonged to mesoporous material. Pores presumably arise
from the space between the stacked filaments of
Na,Ti;0;, and this is likely to benefit the adsorption
performance [23].

3.2. Adsorption experiment

Eight different substrates including MB, MG, CV,
NR, BR2, RhB, MO and phenol were used to study the
adsorption property of sodium titanate. As can be seen
from Fig. 4, sodium titanate showed great adsorption
effect on four cationic dyes including NR, MG, MB and
CV, but had no effect on BR2, RhB, MO and phenol.
Therefore, the sample may have selective adsorption
property on some cationic dyes (NR, MG, MB and CV).
Combined with the FT-IR characterization results, as the
surface was dominated by negative hydroxyl groups [24,
25], sodium titanate presented good selective adsorption
property toward some cationic dyes but not all.
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Fig. 4. Concentration of different substances solutions
with the sample (initial concentration 200mg/L, sodium
titanate dosage 1.0g/L).

It can been seen from Fig. 5, molecular structures of
NR, MG, MB and CV have the same characteristics: (1)
The positive charge of the dye is localized and isolated
from the main part of the dye; (2) Two methyls or
hydrogens hold small space bind to positive charge of the
dye. Two ethyls bound to positive charge of RhB
occupied a larger space than that of two methyls,
hindering the electrostatic attraction between RhB and
the sodium titanate. As the positive charge of BR2 was
surrounded by the entire molecule, it was impossible for
BR2 to be absorbed by sodium titanate through
electrostatic attraction. Sodium titanate presented good
selective adsorption property toward these cationic dyes
whose positive charger was relatively bare. In addition,
the adsorption rates on NR, MG, MB and CV were
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different (NR>MB>MG>CV). Seen by Fig. 5, as the
charge was same to each other, the smaller the size of the
molecular is, the easier the adsorption is.
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Fig. 5. Formulae of NR, MB, MG, CV, BR2, RhB, MO
and phenol.

As seen from Fig. 6, the concentration of NR (the
same to MB, MG and CV) decreased dramatically in the
first 5min. This was due to the strong electrostatic
interaction between positively charged NR (the same to
MB, MG and CV) and negatively charged sodium
titanate [26-29]. Subsequently, the concentration of NR
(the same to MB, MG and CV) slowed down with the
extension of the adsorptive time. The adsorption rate was
slower than that at the beginning stage. It could be
explained that the decreasing adsorption points and
vacant surface became more difficult to be occupied with
reaction advanced, due to the repulsion between adsorbed
NR (the same to MB, MG and CV) molecules [13]. The
result also showed that the experimental saturated
adsorption capacities for NR, MG, MB and CV were
323.42, 235.18, 261.38 and 206.92 mg/g at 25°C,
respectively.
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Fig. 6. The adsorption curves of NR, MB, MG and CV at
different initial concentration (sodium titanate dosage 1.0g/L).

In order to investigate the mechanism and

characteristics of sodium titanate adsorption in the dyes’
removal, the linear plots of pseudo-first-order and
pseudo-second-order kinetic models [30] are showed in
Fig. 7 and Fig. 8 respectively, and the adsorption kinetic
parameters related to models are figured out in Table 2. It
can be seen that the trend line of the pseudo-first-order
model deviated obviously from the experimental data,
but the trend line of the pseudo-second-order model
passed through the whole experimental data.
Correspondingly, the correlation coefficient values of
pseudo-first-order model were lower than that of
pseudo-second-order which were higher than 0.9993. The
values of Qecy estimated from pseudo-second-order
model were comparable with the experimentally
determined values of (e, Which indicated a better
applicability of pseudo-second-order model to the
adsorption of NR (the same to MB, MG and CV) in this
study. It also suggested that the rate of the adsorption
process was controlled by the chemical adsorption, which
involved valence forces through sharing or exchange of
electrons between adsorbent and adsorbate [23, 31].
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Fig. 7. Pseudo-first-order kinetic plots for NR, MB, MG
and CV.
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Fig. 8. Pseudo-second-order kinetic plots for NR, MB,
MG and CV.
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Table 2. Equations and parameters of kinetic models and kinetic parameters of dyes onto sodium titanate.

Kinetic model Pseudo-first-order kinetic model Pseudo-second-order kinetic model
Equation In (e - g9 = Ing - kyt t/g; = (1/q) t+ 1/(qe°k,)
: , ge : the amounts of dyes adsorbed (mg/g) at time t and at equilibrium, respectively;
Capacity term kq: the first-order equilibrium rate constant (min™);
k,: the second-order equilibrium rate constant (g/ (mg-min)).
e,ex s k /(m
Parameters ?mg7g) Oe,cal (mg/g) kl (mm 1) Rl2 e, cal (mg/g) Zn(]gm()) g R22
50 49.36 4.54 0.0337 0.78629 49.43 0.000270 0.99999
Concentrat 100 98.40 5.92 0.0520 0.68576 98.52 0.000058 1.00000
ion of NR 200 196.46 29.84 0.0496 0.80449 198.02 0.000008 0.99994
(mg/L) 300 281.02 135.22 0.0467 0.70762 284.09 0.000003 0.99996
400 323.42 87.91 0.0268 0.85990 328.95 0.000002 0.99991
50 49.01 2.63 0.0468 0.65786 49.07 0.000429 1.00000
Concentrat 100 97.98 41.84 0.0718 0.79887 98.72 0.000027 0.99997
ion of MB 200 193.93 109.00 0.0375 0.95780 202.84 0.000005 0.99975
(mg/L) 300 222.26 452,51 0.0655 0.62166 235.85 0.000003 0.99974
400 235.18 145.73 0.0274 0.96353 249.38 0.000003 0.99949
50 49.65 14.03 0.0401 0.86848 50.05 0.000151 0.99995
Concentrat 100 98.39 48.70 0.0481 0.84329 99.60 0.000026 0.99996
ion of MG 200 188.22 101.18 0.0302 0.91430 194.55 0.000006 0.99933
(mg/L) 300 249.78 246.87 0.0459 0.63684 254.45 0.000003 0.99973
400 261.38 75.89 0.0207 0.76942 263.85 0.000003 0.99950
50 49.22 17.01 0.0335 0.86471 50.18 0.000140 0.99980
Concentrat 100 97.97 20.89 0.0103 0.56623 102.46 0.000031 0.99979
ion of CV 200 156.76 431.49 0.0641 0.70554 163.93 0.000006 0.99979
(mg/L) 300 188.11 101.94 0.0233 0.94854 196.85 0.000006 0.99979
400 206.92 111.75 0.0232 0.94903 215.98 0.000005 0.99978
Table 3. Isotherms coefficients according to Freundlich
and Langmuir.
Freundlich Langmuir
Elements ™" G =k C.” 0= s Ce (A4 C)
ke (mg/g) n R*  Omx(Mg/g) Amg/L R’
NR 323.42 0.4415 6.17x10° 0.80721 337.84 3.5000 0.99960
MB 235.18 0.3469 7.53x10°  0.66665 238.10 3.1548 0.99931
MG 261.38 0.2977 4.94x107  0.92990 266.67 3.0880 0.99942
cv 206.92 0.2504 7.45x10® 0.89134 208.77 6.6263 0.99259

The adsorption process was further studied by two
classical isotherm models, Langmuir and Freundlich [32],
as shown in Fig. 9. Their corresponding equations and
parameters for adsorption of dyes onto the sample are
listed in Table 3. It can be seen that the Langmuir model
is quite suitable to the adsorption, and the correlation
coefficients are higher than 0.99. In addition, the Qpax Of
NR, MB, MG and CV calculated through the Langmuir
model were 337.84, 238.10, 266.67 and 208.77, this in
accord with the gn. come from the experiment.
Combined with the FT-IR characterization results, after
the absorption of NR, MB, MG and CV, the band at

3242cm™ of the sample almost disappeared, which means
that the mount of hydroxyl groups decreased and even
disappeared. This further confirmed that the sodium
titanate prepared presented good selective adsorption
property toward NR, MB, MG and CV through the
strong electrostatic interaction, and the adsorption was
single layer adsorption according to the Langmuir model.
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Fig. 9. Langmuir and Freundlich sorption isotherms of
NR, MB, MG and CV on sodium titanate.

3.3 Reaction and absorption mechanism

The generation and absorption mechanism of sodium
titanate was proposed. In alkaline solution, dissociation
of H,O, formed the OOH™ ion in Equation (1). It reacted
with Ti to form a metastable and highly soluble peroxide
complex (TiO, (OH) ., “™ [20]. Then reaction (3) took
place immediately to generate HTiO3 in the case of
excess OOH™ ions. The Na,TisO; generated [16] at last
with hydroxyl groups on the surface of it. Thus the
Na,TizO; was negative, so it could absorb the cationic
dyes such as NR*, MB*, MG" and CV".

H202 — OOH  + H+ (l)
Ti + OOH™ + (n-1) OH™ — TiO, (OH) np *" + H,0 +2¢”

(n<6) (2)
TiO, (OH) ,» *" + (n-3) OOH™ — HTiO;3 + (n-3) H,0 +
(n-3) O, ©))
3 HTiO; + 2Na * — Na,Ti;0; (OH") + H,0 (4)
Na,TisO; (OH") + C* — Na,Ti;O; (OH)C (5)

C" represents cationic dyes such as NR*, MB*, MG*
and CV".

4. Conclusion

Fibrous sodium titianate with low crystallinity was
prepared with the reaction of Ti plates, NaOH and H,0,
at 80°C with 24h. As the surface was dominated by
hydroxyl groups, it exhibited excellent adsorption
capability for some cationic dyes whose positive charger
is relatively bare such as NR, MB, MG and CV through
electrostatic interaction and the adsorption capacities
were 323.42, 235.18, 261.38 and 206.92 mg/g at 25°C,
respectively. It was found that the pseudo-second-order
kinetic model can well describe the adsorption kinetic of
NR, MB, MG and CV. The adsorption was single layer
adsorption according to the Langmuir model. Results of
this work are of great significance for environmental
applications of sodium titanate with low crystallinity as a
promising adsorbent material used for dyeing water
purification.
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