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Abstract In this paper, a novel material for Co(II)

adsorption, titanate sodium nanotubes (Na2Ti2O5-NTs)

were synthesized and characterized, and then they were

used to remove Co(II) from aqueous solution and compared

with titanic acid nanotubes (H2Ti2O5-NTs) and potassium

hexatitanate whiskers (K2Ti6O13). The results showed that

the adsorption of Co(II) on the materials was dependent on

pH values and was a spontaneous, endothermic process.

Specifically, Na2Ti2O5-NTs exhibited much more efficient

ability to adsorb Co(II) from aqueous solution, with the

maximum adsorption capacity of 85.25 mg/g. Furthermore,

Na2Ti2O5-NTs could selectively adsorb Co(II) from aque-

ous solution containing coexisting ions (Na?, K?, Mg2?,

and Ca2?). The results suggested that Na2Ti2O5-NTs were

potential effective adsorbents for removal of Co(II) or

cobalt-60 from wastewater.

Keywords Titanate sodium nanotubes � Synthesis �
Co(II) � Adsorption

1 Introduction

Due to its moderate half-life (T1/2 = 5.27 year) and high

emission energy (1.33 and 1.17 MeV c-rays), cobalt-60

(60Co) is widely used in industry, agriculture, scientific

research, and medical application [1], etc. Unfortunately, a

large amount of radioactive 60Co wastewater will inevi-

tably be generated during the process of 60Co manufacture

and application. The existence of 60Co wastewater will be

harmful for human health and living environment due to

the intense radiation of 60Co even at low concentrations.

Hence, it is necessary to employ efficient methods to

remove 60Co from wastewater.

As it is well known, there are many approaches for the

removal of cobalt from aqueous solution, including

extraction, precipitation, ion-exchange method, and liquid

membrane enrichment [2–5]. Among all of these methods,

inorganic ion-exchange method has attracted more atten-

tion over the last decade because of the merits of inorganic

adsorbent, such as good mechanical properties, pronounced

resistance to radiation, high selectivity, and excellent

adsorption capacity. In recent years, different inorganic

adsorbents have been developed for the removal of cobalt

from aqueous solution, such as natural and modified clays

[6, 7], carbon materials [8], metal oxides [9], titanate

materials [10], and other specific materials [11, 12]. Tita-

nium-containing material, a kind of available inorganic

material, was also used in cobalt wastewater treatment due

to its satisfactory sorption properties. For instance, Kim

et al. [13] pointed the adsorption of Co(II) onto the Fe–Ti–

O material with the adsorption capacity of 22.4 mg/g. Xu

et al. [14] investigated the adsorption behavior of Co(II) on

potassium hexatitanate whiskers (K2Ti6O13) and showed

the potential ability for Co(II) adsorption on such material.
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In recent years, titanate nanotubes (TNTs), synthesized

by hydrothermally treating commercial TiO2, have attrac-

ted increasing attentions in the environmental remediation

field due to the unique adsorption properties [15–17].

Meanwhile, the adsorption behavior of TNTs to various

environmental contaminants including organic dyes [18],

heavy metal ions [19, 20], and radionuclides [21] have

been widely investigated. For example, the TNTs had also

been applied to remove Pb(II) [22], Cd(II) [23], and Th(IV)

[24] from wastewater with the adsorption capacities of

299.5, 65.97 and 232.6 mg/g, respectively. All of these

investigations have indicated that TNTs are promising

adsorbents for the application in the environmental con-

taminants removal from wastewater.

Generally, the specific surface area, pore volume, and

ion-exchange capacity of TNTs are related to their prepa-

ration method and final component. Recently, the titanate

sodium nanotubes (Na2Ti2O5-NTs) were obtained on a

titanium plate after being treated in NaOH aqueous solu-

tion [25–27]. The titanium metal acts as a template for the

organization as well as a titanium source. And the prepared

Na2Ti2O5-NTs had been demonstrated to have more uni-

form one-dimensional nanostructures and a much smoother

surface than those synthesized from initial titanium dioxide

powder in alkaline solution [16]. However, such Na2Ti2O5-

NTs were usually more desirable for applications involving

catalysis, filtration, sensing, and photovoltaic cells because

of its excellent cation exchangeability [28]. There were

scarcely reports focusing on employing this Na2Ti2O5-NTs

to remove Co(II) from aqueous solution.

Considering the large specific surface area and good

cation-exchange capability belonging to this kind of Na2-
Ti2O5-NTs, we speculated that the Na2Ti2O5-NTs might be

used as a novel adsorption material for the removal of

Co(II) from aqueous solution. Therefore, in our present

work, the Na2Ti2O5-NTs were prepared, characterized, and

then used to remove Co(II), which was compared with

titanic acid nanotubes (H2Ti2O5-NTs) and K2Ti6O13. Based

on this study, we try to find a particular and more efficient

sorbent to separate or enrich Co(II), especially trace 60Co

from wastewater.

2 Materials and methods

2.1 Chemical reagents and instruments

Chemicals of analytical grade purity, including ethanol,

acetone, K2CO3, NaOH, and HCl, were purchased from

Chengdu Kelong Chemical Reagent Co., Ltd. (China).

Metatitanic acid (H2TiO3) was provided by Wuxi Titanium

Dioxide Co., Ltd. (China). Titanium foil (99.8 %) was

obtained from Shenzhen Metal Materials Co., Ltd. (China).

CoCl2�6H2O was offered by Chengdu Chemical Reagent

Co., Ltd. (China). All metal nitrates were purchased from

Chengdu Kelong Chemical Reagent Co., Ltd. (China).

XRDpattern of the productswas conducted by aDX-2700

X-ray diffractometer (China). The morphology of the

materials was analyzed by SEM (S-4800, Hitachi, Japan).

The TEM image was obtained using a Tecnai G2F20 (FEI,

USA). The specific surface area was determined by instru-

ment (QUADRASORBSI). The potentiometric titration was

performed using a G20 Compact Titrator (Mettler Toledo,

Switzerland).

2.2 Preparation of Na2Ti2O5-NTs

Na2Ti2O5-NTs were synthesized via a hydrothermal

process. In brief, titanium foil (99.8 % pure,

25 9 20 9 2 mm) was first immersed in 20 mL of 10 mol/

L NaOH aqueous solution in a Teflon-lined stainless steel

autoclave. After 24 h of reaction at 150 �C, the Ti foil was
dipped in 2 mol/L NaOH solution at 85 �C for 1 h. Then it

was immersed in distilled water at 85 �C for 30 min.

Finally the titanium piece with thin film was alternately

washed by deionized water until neutral. Then the Na2-
Ti2O5-NTs were dried in an oven at 80 �C for 6 h.

For a better evaluation of its adsorption ability toward

Co(II), the sorption properties of two other typical titanate

materials for cobalt removal reported in previous work

[14, 29] were also investigated in this study. Thus,

H2Ti2O5-NTs and K2Ti6O13 were prepared using the

method described by S. Thennarasu et al. [15] and Liu et al.

[30], respectively.

2.3 Batch sorption experiments

In this work, Co(II) adsorption on the Na2Ti2O5-NTs,

H2Ti2O5-NTs, and K2Ti6O13 materials were investigated as

functions of pH, contact time, initial concentration, tem-

perature, and coexisting cations. For each experiment,

10 mg of adsorbent was added into a conical flask con-

taining 50 mL Co(II) solution with designed concentration.

The pH of the solution was adjusted by 0.1 mol/L HCl and

NaOH solution. The supernatant of the solution was sep-

arated by membrane filters of 0.45 lm. The concentration

of Co(II) in supernatant was determined by UV–Vis

spectrophotometer (Shimadzu, UV2450) at k = 487 nm

using Nitroso-R salt method [31]. When studying the

selective sorption of Co(II) on Na2Ti2O5-NTs, H2Ti2O5-

NTs, and K2Ti6O13, the concentrations of Co(II) and other

metal ions in supernatants were determined by inductively

coupled plasma atomic emission spectroscopy (ICP-AES).

The adsorption capacity, qe (mg/g), and distribution coef-

ficient, Kd (mL/g), are calculated by the following Eqs. (1)

and (2).
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qe ¼
ðC0 � CeÞV

m
; ð1Þ

Kd ¼
ðC0 � CeÞ � V

Ce � m
; ð2Þ

where C0 (mg/L) and Ce (mg/L) are the initial concentra-

tion and equilibrium concentration of metal ion, respec-

tively, V (L) is the volume of the solution, and m (g) is the

quality of the sorbent.

2.3.1 Effect of pH

To investigate the effect of pH on Co(II) sorption on

three titanium-containing materials, the pH of the solution

was adjusted by 0.1 mol/L HCl and NaOH solution in the

range of pH 2 * 8. The initial concentration of Co(II) was

10 mg/L and the contact time was 24 h.

2.3.2 Effect of contact time and sorption kinetics

To investigate the effect of contact time and adsorption

kinetics during the sorption process, experiments were

performed with a different contact time ranging from

10 min to as long as 24 h, when an equilibrium was surely

attained. The pH of the solution was 7 and the initial Co(II)

concentration was 10 mg/L.

2.3.3 Effect of initial Co(II) concentration and adsorption

isotherm

To investigate the effect of initial Co(II) concentration

and adsorption isotherm, the batch experiments were per-

formed in a wide range of initial Co(II) concentration from

10 mg/L to as large as 105 mg/L. The pH of the solution

was 7, and the contact time was 24 h.

2.3.4 Effect of temperature and thermodynamic

parameters

To investigate the effect of temperature, the experiments

were conducted at 5, 15, 25, 35, and 45 �C, at the contact

time of 24 h, and the pH of the solution was 7 and initial

Co(II) concentration was 10 mg/L.

2.3.5 Effect of coexisting cations

Generally, the removal of Co(II) from wastewater may

be influenced due to the presence of other metals ions. To

investigate the effect of coexisting ions on Co(II) adsorp-

tion onto Na2Ti2O5-NTs, H2Ti2O5-NTs, and K2Ti6O13, we

choose Na?, K?, Mg2?, and Ca2? as competitive ions. The

pH of the solution was 7 and all initial concentration of

metal ions were 10 mg/L.

Throughout all the batch experiments, the phase ratio

was 10 mg of adsorbents to 50 mL of solution, and the

samples were shaken at a frequency of 150 r/min.

3 Results and discussion

3.1 Characterization of prepared materials

In our work, we used XRD, SEM, TEM, and BET as

well as potentiometric titration methods to analyze the

phase (crystal) composition, surface morphology, specific

surface area, and zero point of charge of Na2Ti2O5-NTs,

H2Ti2O5-NTs, and K2Ti6O13 materials. The results were

shown as following.

3.1.1 XRD

The XRD patterns of Na2Ti2O5-NTs, H2Ti2O5-NTs, and

K2Ti6O13 are shown in Fig. 1. XRD patterns of Na2Ti2O5-

NTs (a) presented remarkable diffraction peaks at

2h = 10.2�, 24.3�, 28.6�, and 48.1�, which were all of the

main characteristic peaks of sodium titanate (Na2Ti2O5�H2O,

JCPDSNO.57-0123), as suggested by some authors [32, 33].

As shown in (b) and (c), the samples mainly consisted

of titanic acid (H2Ti2O5�H2O, JCPDS NO.47-0124) and

potassium hexatitanate whiskers (K2Ti6O13, JCPDS

NO.74-2075), respectively. For (a) and (b), the peaks at 28.6�
and 25.4� correspond to the (600) and (310) crystal plane of
Na2Ti2O5-NTs and H2Ti2O5-NTs, respectively.

3.1.2 SEM and TEM

The SEM and TEM images of the prepared materials are

shown in Fig. 2. The SEM image of Na2Ti2O5-NTs (Fig. 2a)

indicated that the material had a well dispersed smooth

Fig. 1 XRD pattern of titanium-containing materials
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surface form and more uniform size than H2Ti2O5-NTs and

K2Ti6O13 (Fig. 2b, c). Figure 2d, e shows the TEM images

of the Na2Ti2O5-NTs and H2Ti2O5-NTs, respectively. They

revealed that large quantity of hollow nanotubes with an

outer diameter of approximately 10 nm were obtained.

3.1.3 BET

Previous work indicated that the specific surface area

and pore inside of the material were important impact

factors on adsorption capacity [34]. In this work, the

specific surface area and pore size distribution of Na2Ti2-
O5-NTs, H2Ti2O5-NTs, and K2Ti6O13 were determined by

the BET and BJH methods. The results are presented in

Table 1. It could be seen that all of the titanium-containing

materials had a mesoporous pore radius. Particularly, the

Na2Ti2O5-NTs had an obviously smaller pore radius and a

larger specific surface area.

3.1.4 Potentiometric titration

Potentiometric titration could be employed to determine

the nature of the surface charge and to calculate the density

of surface sites of the materials [35]. Hence, it was an

available method to determine the surface properties of the

as-prepared Na2Ti2O5-NTs, H2Ti2O5-NTs, and K2Ti6O13.

Veb1 and Veb2 (mL), which were obtained from the linear

regression analysis of the Gran plot’s terminals, could be

considered as the zero point and the end point of the

titration, observed in Fig. 3a. The surface site density of the

as-prepared materials is calculated by Eq. (3),

Hs ¼
Veb2 � Veb1ð ÞCb

ms �Ms

; ð3Þ

where Hs (mmol/g) represents the density of the surface

site, Cb (mg/L) represents the concentration of NaOH, ms

(g) represents the mass of the material, and Ms represents

the molar mass of the material. The Hs values of Na2Ti2O5-

NTs, H2Ti2O5-NTs, and K2Ti6O13 were found to be 0.912,

0.203, and 0.109 mmol/g, respectively, suggesting that the

surface of the Na2Ti2O5-NTs had more activity sites than

the other two materials.

The term TOTH (mol/L) referred to the concentration of

protons consumed during the titration process, of which the

value is calculated by Eq. (4),

TOTH ¼ � Vb � Veb1ð ÞCb

V0 þ Vb

; ð4Þ

where V0 (mL) denotes the initial solution volume and Vb

(mL) corresponds to the volume of NaOH added at dif-

ferent titration points. The values of TOTH as a function of

pH are presented in Fig. 3b. The pHzpc (zero point of

charge) was measured to be 3.65, 5.41 and 6.97 for Na2-
Ti2O5-NTs, H2Ti2O5-NTs, and K2Ti6O13, respectively. The

Fig. 2 SEM images of

Na2Ti2O5-NTs (a), H2Ti2O5-

NTs (b), and K2Ti6O13 (c),
TEM images of Na2Ti2O5-NTs

(d) and H2Ti2O5-NTs (e)

Table 1 Specific surface area and pore size distribution of titanium-

containing materials

Surface area (m2/g) Average pore radius (nm)

Na2Ti2O5-NTs 232.1 3.017

H2Ti2O5-NTs 191.1 3.107

K2Ti6O13 9.035 6.492
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values indicated that the surface of Na2Ti2O5-NTs was

likely neutral or positively charged at pH\3.65 and neg-

atively charged at pH[3.65.

3.2 Sorption of Co(II) on titanium-containing

materials

3.2.1 Effect of pH

For the sorption of Co(II), the pH value of the solution

was one of the most crucial parameters because it could

affect the surface charge as well as the speciation of Co(II)

in aqueous solution [36].

Before the experiment, the species distribution of

0.17 9 10-3 mol/L of cobalt was simulated by MEDUSA

(Make Equilibrium Diagrams Using Sophisticated Algo-

rithms) [9]. As shown in Fig. 4, Co2? was the main species

when the solution pH value was lower than 8, but when the

solution pH value was in the range of 8 * 9, the cobalt

was presented in the forms of Co2?, Co(OH)?, or

Co(OH)2. Furthermore, the cobalt thoroughly converted to

Co(OH)2 precipitate when the solution pH value was

higher than 9.

Based on the front simulation, the adsorption behavior

influenced by pH was investigated in the range of pH

2 * 8. The results shown in Fig. 5 exhibited that the

adsorption capacity of the Na2Ti2O5-NTs and H2Ti2O5-

NTs showed an increase trend with the increase in the

solution pH value, while there was little change on Co(II)

adsorption on K2Ti6O13.

Meanwhile, the variation of pH values caused the surface

charge of the materials changes, which could affect the

electrostatic adsorption of metal ions from aqueous solution.

The surface negative charge of the materials increased with

the pH value rising when pH[pHzpc. Hence, the Na2Ti2O5-

Fig. 3 Potentiometric titration plots of titanium-containing materials a Gran function b TOTH

Fig. 4 Diagram of the Co2? species distribution in aqueous solution

as a function of pH

Fig. 5 Effect of pH on Co(II) sorption on titanium-containing

materials

Efficient removal of Co(II) from aqueous solution by titanate sodium nanotubes Page 5 of 10 143

123



NTs tended to adsorb more Co(II) compared with the other

two materials when the solution pH[4, as the pHzpc of the

Na2Ti2O5-NTs (3.65) was the lowest.

In general, the surface of the titanate nanotubes was rich

in hydroxyl groups [24, 37]. Hence, the interaction of the

Co(II) and the hydroxyl surface groups on the Na2Ti2O5-

NTs and H2Ti2O5-NTs might be described by a surface

ion-exchange mechanism of Co(II) with H? on the material

surface [38]. It is represented by the following Eq. (5),

S� OHþ xCo2þ , S� O� Coð2x�1Þþ þ Hþ ð5Þ

where S represent the Na2Ti2O5-NTs and H2Ti2O5-NTs

materials. From this equation, we could see that a competi-

tion may exist between H? and Co(II) for occupancy of the

binding sites at low pH conditions. As the pH increased, the

degree of materials protonation would be reduced, and the

Co(II) adsorption would increase, correspondingly.

3.2.2 Effect of contact time and sorption kinetics

The results of Co(II) adsorption on Na2Ti2O5-NTs,

H2Ti2O5-NTs, and K2Ti6O13 as a function of contact time

at room temperature are presented in Fig. 6. Specifically,

the curves showed that the amount of Co(II) sorption onto

Na2Ti2O5-NTs and H2Ti2O5-NTs increased rapidly in the

first 2 h, then the adsorption capacity increased slowly until

it basically remain unchanged, and the adsorption process

achieved a dynamic equilibrium after 12 h. Hence, in order

to ensure that every system could achieve equilibrium, 24 h

was fixed as the optimum contact time for the following

sorption experiments.

In this study, two classical models, pseudo-first-order

and pseudo-second-order models were applied to evaluate

the experimental data in order to investigate the kinetics of

the sorption process. The integrated and linearized equation

forms are given as Eqs. (6) and (7),

lnðqe � qtÞ ¼ ln qe � k1t; ð6Þ
t

qt
¼ 1

k2q2e
þ ð 1

qe
Þt; ð7Þ

where qt (mg/g) is the amount of Co(II) adsorbed per gram

of the adsorbent at any time, and k1 (min-1) and k2 [g/

(mg�min)] are the sorption rate constants of pseudo-first-

order and pseudo-second-order sorption, respectively.

The relevant kinetics parameters are shown in Table 2.

The conformity between the experimental data and each

predicted model was expressed by the correlation coefficient

(R2). A higher value of correlation coefficient indicated that

the pseudo-second-order model could well describe the

adsorption process. The pseudo-second-order equation

model assumed that the rate-limiting step is a chemical

adsorption that involves exchanging electrons between the

adsorbent and adsorbate [39, 40]. Therefore, the fitted results

implied that the behavior of Co(II) adsorption on Na2Ti2O5-

NTs was controlled by a chemical process. At the same

time, the process of Co(II) adsorption on H2Ti2O5-NTs and

K2Ti6O13 also occurred though a chemical process.

3.2.3 Effect of initial Co(II) concentration and adsorption

isotherm

The adsorption capacity of Co(II) on the adsorbents as a

function of different initial cobalt concentrations are shown

in Fig. 7. It could be found that the sorption amounts of

Co(II) on these materials all increased with the increasing of

initial concentration of Co(II). Under the present experi-

mental conditions, the maximum sorption capacity of Co(II)

was up to 78.9 mg/g on Na2Ti2O5-NTs, 36.7 mg/g on

H2Ti2O5-NTs, and 7.23 mg/g on K2Ti6O13. The result

indicated that Na2Ti2O5-NTs had the highest adsorption

capacity out of the other two adsorbents. This phenomena

might be consistent with the larger surface area would result

in higher sorption ability toward ions.

In the meanwhile, compared with the other more inor-

ganic materials listed in Table 3, the as-prepared Na2Ti2-
O5-NTs showed higher sorption capacity for Co(II).

In our work, the Langmuir and Freundlich isotherm

adsorption models, two of the most commonly used mod-

els, were also employed to describe the sorption behaviors.

The Langmuir isotherm model assumed that the sorption

occurs on homogeneous surface by monolayer sorption

[50]. The Langmuir adsorption isotherm model is repre-

sented as Eq. (8),

Ce

qe
¼ 1

KLqmax

þ Ce

qmax

; ð8Þ

where qmax (mg/g) is the maximum amount of adsorption

Co(II) per unit mass of adsorbent, and KL (L/mg) is theFig. 6 Effect of contact time on Co(II) sorption by titanium-

containing materials
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Langmuir affinity constant that represents the affinity

between the adsorbent and the adsorbate.With regard to the

Freundlich isotherm, the linear equation is expressed by

Eq. (9),

ln qe ¼ lnKF þ
1

n
lnCe; ð9Þ

where KF [(mg/g)�(L/mg)1/n] is the constant related to the

adsorption capacity of the adsorbent, 1/n is the constant

related to the adsorption intensity of the adsorbent. The

Freundlich isotherms were applicable to adsorption on

heterogeneous solid surfaces.

All of the parameters calculated from the linear curves

and the determination coefficient are shown in Table 4.

The experimental data showed that the Langmuir isotherm

(R2 [0.99) could describe the adsorption of Co(II) better

than Freundlich isotherm under our experimental condi-

tions for these adsorbents. The results meant that the

sorption of Co(II) on the Na2Ti2O5-NTs, H2Ti2O5-NTs,

and K2Ti6O13 were probably a monolayer process. In

addition, the maximum adsorption capacity of Co(II)

deduced from Langmuir isotherm model onto Na2Ti2O5-

NTs was up to 85.25 mg/g, while H2Ti2O5-NTs and

K2Ti6O13 were 37.52 mg/g and 11.91 mg/g, respectively.

3.2.4 Effect of temperature and thermodynamic

parameters

The effect of temperature on Co(II) sorption onto Na2-
Ti2O5-NTs, H2Ti2O5-NTs, and K2Ti6O13 are given in

Fig. 8. It could be seen that the amounts of Co(II) adsorbed

increased gradually with the rising of temperature, and

higher temperature was beneficial to the Co(II) sorption

process.

The thermodynamic parameters for Co(II) sorption on

these adsorbents could be calculated from the temperature

dependent sorption process. The change of thermodynamic

parameters is obtained using Eq. (10),

lnKd ¼
DS
R

� DH
RT

; ð10Þ

where Kd (mL/g) is the distribution coefficient, and T (K)

and R [8.314 J/(mol K)] are the absolute temperature and

the gas constant, respectively. DS [J/(mol K)] is the change

Table 2 Comparison between

adsorption parameters for the

pseudo-first- and pseudo-

second-order kinetic models of

titanium-containing materials

Sorbents Pseudo-first-order kinetics Pseudo-second-order kinetics

qe (mg/g) k1 (min-1) R2 qe (mg/g) k2 [g/(mg •min)] R2

Na2Ti2O5-NTs 46.70 2.48 9 10-3 0.883 52.91 8.40 9 10-4 0.999

H2Ti2O5-NTs 6.799 9.97 9 10-4 0.865 31.83 1.07 9 10-3 0.999

K2Ti6O13 2.064 4.12 9 10-3 0.976 2.453 1.93 9 10-3 0.990

Fig. 7 Effect of Co(II) initial concentration on its adsorption by

titanium-containing materials

Table 3 Adsorption capacity of

different inorganic materials for

Co(II)

Sorbents Adsorption Capacity (mg/g) Ref.

Na-attapulgite 8.61 [41]

ZrO-kaolinite 9.6 [42]

ZrO-montmorillonite 22.8

Bentonite/iron oxide magnetic composites 10.73 [43]

Ca-montmorillonite 22.42 [44]

Superparamagnetic iron oxide nanoadsorbents 13.2 [45]

Magnetite/graphene oxide composite 12.98 [46]

Synthetic calcium hydroxyapatite 29.32 [47]

Bi(III) modified montmorillonite 29.52 [48]

Al-pillared bentonite clay 38.61 [49]

Na2Ti2O5-NTs 85.25 This work
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of entropy, and DH (kJ/mol) is the change of enthalpy. The

change of Gibbs free energy DG (kJ/mol) values is

acquired by Eq. (11),

DG ¼ DH � TDS: ð11Þ

The values of DH and DS listed in Table 5 were derived

from the slope and intercept of the plots of ln Kd versus T
-1

(Fig. 9). The positive value of DH implied that the sorption

of Co(II) on Na2Ti2O5-NTs was an endothermic process.

The negative value of DG revealed that the sorption pro-

cess was spontaneous under all the experimental condi-

tions. Meanwhile, the result showed that the adsorption of

Co(II) onto H2Ti2O5-NTs and K2Ti6O13 was also an

endothermic and spontaneous process.

3.2.5 Effect of coexisting cations

Generally, the removal of the targeted metal ions from

wastewater may be influenced by other metals ions. To

further investigate the selective adsorption capacity of

Na2Ti2O5-NTs, H2Ti2O5-NTs, and K2Ti6O13 for Co(II),

some alkali metal and alkaline earth metal ions (Na?, K?,

Mg2? and Ca2?) were selected as competitive ions.

In the condition of pH = 7, T = 298 K,

C0[Co(II)] = 10 mg/L, and without the presence of other

metal ions, the adsorption capacities of Co(II) were

48.5 mg/g on Na2Ti2O5-NTs, 24.73 mg/g on H2Ti2O5-NTs

and 0.8 mg/g on K2Ti6O13. The adsorption capacity of all

three absorbents all decreased when the multiple cations

(the concentration of added ions: Na?, K?, Mg2?, and

Ca2? were 10 mg/L, respectively) were coexisting in

aqueous solution. This is because the adsorption sites of the

material will be occupied by Na?, K?, Mg2?, and Ca2?,

subject to certain restrictions of Co(II) adsorption, resulting

in Co(II) removal decreased. Despite this, the adsorption

capacity of Na2Ti2O5-NTs toward Co(II) was still

27.12 mg/g which was much higher than that of H2Ti2O5-

NTs and K2Ti6O13.

Table 4 Langmuir and

Freundlich isotherms constants

for Co(II) adsorption on

titanium-containing materials

Sorbents Langmuir constants Freundlich constants

KL (L/mg) qmax (mg/g) R2 1/n KF [(mg/g) (L/mg)1/n] R2

Na2Ti2O5-NTs 0.1786 85.25 0.996 1.033 35.60 0.785

H2Ti2O5-NTs 0.1061 37.52 0.991 0.2094 16.47 0.947

K2Ti6O13 0.0838 11.91 0.996 0.1594 0.0686 0.981

Fig. 8 Effect of temperature on Co(II) sorption by titanium-contain-

ing materials

Table 5 Thermodynamic

paramaters of Co(II) adsorption

on titanium-containing

materials

Sorbents DG (kJ/mol) DH (kJ/mol) DS [J/(mol K)]

298 K 308 K 318 K

Na2Ti2O5-NTs -26.43 -27.39 -28.36 2.302 96.41

H2Ti2O5-NTs -16.74 -17.35 -17.96 1.403 60.88

K2Ti6O13 -43.33 -44.97 -46.61 5.452 163.7

Fig. 9 Thermodynamic adsorption calculation
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On the other hand, the adsorption selectivity was

described in this multiple cations coexisting system. As

shown in Fig. 10, Co(II) could be absorbed more on Na2-
Ti2O5-NTs and H2Ti2O5-NTs than other cations. Under the

condition of multiple ions coexisting in the same concen-

tration, the adsorption capacity of Co(II) by Na2Ti2O5-NTs

and H2Ti2O5-NTs were 27.12 mg/g and 15.34 mg/g, and

accounted for 53.24 % and 41.18 % of their total adsorp-

tion quantity, respectively. The experimental results sug-

gested that Na2Ti2O5-NTs has a higher adsorption

selectivity for Co(II) than H2Ti2O5-NTs and K2Ti6O13

materials.

4 Conclusion

In the present study, we chose the titanium foil as a

template to synthesize Na2Ti2O5-NTs by hydrothermal

method and investigated the adsorption behavior of Co(II)

on this material. The Na2Ti2O5-NTs with uniform

microstructures and large surface area showed high sorp-

tion capacity toward cobalt. The maximum adsorption

capacity of Co(II) on Na2Ti2O5-NTs was 85.25 mg/g,

indicating that Na2Ti2O5-NTs were obviously more com-

petitive than H2Ti2O5-NTs and K2Ti6O13. Additionally, the

adsorption behavior of Co(II) on Na2Ti2O5-NTs could be

described well by pseudo-second-order kinetic model (R2

[0.99) and the Langmuir isotherm model (R2 [0.99),

indicating that the adsorption process may be a chemical

and monolayer adsorption. The adsorption of Co(II) on

Na2Ti2O5-NTs was an endothermic and spontaneous pro-

cess which becomes more favorable at higher temperature.

Meanwhile, the selectivity and capacity of the Na2Ti2O5-

NTs for Co(II) uptake were higher than H2Ti2O5-NTs and

K2Ti6O13. In summary, the results demonstrated that

Na2Ti2O5-NTs is a promising material for Co(II)/60Co

removal from aqueous solution.
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