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Abstract Carboxymethyl cellulose Sn(IV) phosphate

composite nano-rod like cation exchanger with diameter in

the range of 20–40 nm, length in the range of 100–150 lm

and particle size in the range of 21–38 nm have been

successfully prepared by surfactant assisted sol–gel

method. Scanning electron microscopy, transmission elec-

tron microscopy, X-ray powder diffraction, fourier trans-

form infra red spectroscopy and thermogravimetric

analysis-differential thermal analysis studies were carried

out to study the structure and morphology of this composite

nano-rod like cation exchanger. Freundlich adsorption

isotherm is well fitted for the adsorption of pyridine on the

surface of this composite nano-rod like cation exchanger.

The thermodynamic parameters such as Freundlich con-

stant, thermodynamic equilibrium constant (K0), standard

free energy changes (DG0), standard enthalpy changes

(DH0) and standard entropy changes (DS0) have been

evaluated. These parameters indicated that the adsorption

of pyridine on the surface of composite nano-rod like

cation exchanger was feasible, spontaneous and exothermic

in nature which suggests for the potential application of

pyridine removal from water.
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Introduction

Pyridine and its derivatives are being used as the most

important intermediates in manufacturing of dyes, vita-

mins, pharmaceuticals, herbicides and insecticides as well

as solvents for adhesives, varnishes and dye stuffs [1].

Consequently, pyridine and its derivatives are entering

directly as industrial residue or indirectly as breakdown

products of herbicides and insecticides into the environ-

ment. These are considered to be very toxic water pollu-

tants even in very low concentration to aquatic life and

human beings [2, 3]. Use of drinking water containing

pyridine is causing persistent diseases like headache, nau-

sea, giddiness, drowsiness, insomnia, increased heart rate,

rapid breathing and liver damage in humans [4]. With the

increasing concern of environment quality, rapid and effi-

cient removal of pyridine and its derivatives from waste-

water has drawn significant concern. Various methods such

as biodegradation, photo-degradation, catalytic oxidation,

liquid membrane separation and adsorption have been

developed to remove pyridine from wastewater [5–7].

Among these methods, adsorption is one of the most

attractive, cost effective, simple and widely used tech-

niques for the treatment of wastewater. The adsorption

process is primarily focused on the use of activated carbon

as adsorbent, due to large surface area and predominant

proportion of mesopores [8]. Nowadays, composite mate-

rials specially, nanomaterials are considered as alternatives

to activated carbon for efficient removal of specific

organics from contaminated wastewater, due to their large

surface area and mechanical strength [9–17]. The adsorp-

tion properties of nanomaterials depend upon the particle

size and surface morphology of composite. Controlling

anisotropic behaviour of composite materials at the nano-

scopic level is one of the most challenging issues for the
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material scientists. In this study, composite nano-rod like

cation exchanger having particle size in the range of

21–38 nm was prepared by sol–gel method. The composite

nano-rod like cation exchanger was used as adsorbent to

remove pyridine from wastewater and pyridine adsorption

isotherm was studied.

Experimental

Reagents and chemicals

The main reagents viz stannic chloride, SnCl4�5H2O (95%),

carboxymethyl cellulose sodium salt, tri-sodium ortho-

phosphate dodecahydrate, Na3PO4�12H2O (98%) and N-

Cetyl-N,N,N-trimethyl ammonium bromide, C19H42BrN

(CTAB) (99%) used for the synthesis of the composite nano-

rod like material were obtained from Central Drug House

(CDH) Pvt. Ltd., India. Pyridine, C5H5N (99%) was obtained

from E. Merck, India. The other reagents and chemicals used

were of analytical reagent grade and used as received.

Instruments/apparatus used

A scanning electron microscope (SEM) (Leo 435 VP,

Australia) and a transmission electron microscope (TEM)

were used to examine the surface morphology and the

particle size of the composite nano-rod like material.

An X-ray diffractometer (Phillips, Holland) model PW

1148/89 with Cu Ka radiations) was used to characterize

the nature of composite nano-rod like material. A water

bath incubator shaker (Narang Scientific Works Pvt. Ltd.,

India) having temperature variations of ±2 �C was used for

all equilibrium studies. A digital pH meter (Elico LI-10,

India) was used to adjust the pH of the solutions. A mag-

netic stirrer (Macro Scientific Works, India) was used for

the mixing during the preparation of the composite nano-

rod like material.

Fourier transform infra red (FTIR) spectroscopic spectra

in the range 450–4500 cm-1 was recorded on FTIR spec-

trophotometer (Perkin Elmer spectrum-BX, USA). Ther-

mogravimetric analyser (Perkin Elmer TGA) system of

type TGA-7 was used to carry out thermogravimetric (TG)

analysis of composite material in the temperature range

from 60 to 870 �C at heating rate of 20 �C min-1.

Experimental studies

Preparation of carboxymethyl cellulose Sn(IV) phosphate

composite nano-rod like cation exchange material

In a typical preparation of composite nano-rod like cation

exchanger, first of all Sn(IV) phosphate was prepared by

mixing 0.1 M stannic chloride solutions prepared in 4 M

HCl with aqueous solution of 0.1 M tri-sodium ortho-

phosphate in different mixing volume ratios at room tem-

perature (25 ± 2 �C). White precipitates of inorganic

cation exchanger Sn(IV) phosphate were obtained, when

pH of the solution was adjusted to 1 by adding aqueous

ammonia/hydrochloric acid with constant stirring.

Further, 5 mL of CTAB was added in each precipitate of

Sn(IV) phosphate. The precipitates of Sn(IV) phosphate so

obtained were stirred for 10 min. Finally, 2 g of carboxy-

methyl cellulose sodium salt dissolved in 45 mL of demi-

neralised water (DMW) was added in each precipitates of

Sn(IV) phosphate. The resultant carboxymethyl cellulose

Sn(IV) phosphate gels were stirred for 2 h using magnetic

stirrer and kept for 24 h at room temperature (25 ± 2 �C)

for digestion. At the final stage, the composite nano-rod

like cation exchanger gels were filtered off by suction;

washed with DMW to remove excess acid. The washed

gels were dried over P4O10 at 40 �C in an oven. The dried

product was washed again with acetone to remove oligo-

mers present in the material, and dried at 40 �C in an oven.

The composite nano-rod like cation exchanger carries fixed

phosphate ionic groups which are converted into H?/

counter ion form by treating with 1 M HNO3 for 24 h with

occasional shaking and intermittently replacing the super-

natant liquid with fresh acid 2–3 times. The excess acid

was removed after several washings with DMW and finally

dried at 50 �C. The composite nano-rod like cation

exchanger was cracked and the particle size of approxi-

mately 125 lm was obtained by sieving and stored in

desiccator. The ion exchange capacity was determined by

standard column process. For this purpose, 1 g of the dry

cation exchanger samples in the H?-forms were taken into

different glass columns having an internal diameter (i.d.)

*1 cm and fitted with glass wool support at the bottom.

The bed length was approximately 1.5 cm long. 1 M

NaNO3 as eluent was used to elute the H? ions completely

from the cation exchange columns, maintaining a very slow

flow rate (*0.5 mL min-1). The effluents were titrated

against a standard 0.1 M NaOH solution for the total ions

liberated in the solutions using phenolphthalein indicator

and the ion exchange capacities in meq dry g-1 are

determined. The conditions of the preparation, the ion

exchange capacity and the physical appearances of the

organic, inorganic and composite cation exchangers are

given in Table 1.

Adsorption equilibrium and thermodynamics study

Batch technique was selected to study the equilibrium and

thermodynamics for the adsorption of pyridine onto the

surface of carboxymethyl cellulose Sn(IV) phosphate

composite nano-rod like cation exchange material (S-5).
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Stock solution of pyridine was prepared by dissolving

0.1 N of pyridine in distilled water. The solution was fur-

ther diluted to get desired concentration. A 0.5 g of car-

boxymethyl cellulose Sn(IV) phosphate composite nano-

rod like cation exchanger were added in various stoppered

conical flasks, each containing 20 mL of pyridine solutions

of different concentrations ranging from 2.5 9 10-3 to

15 9 10-3 N at three different desired temperatures viz 35,

50 and 65 �C. The equilibrium time was measured at dif-

ferent contact duration ranged between 2 and 24 h and a

fixed temperature 25 �C. It was observed that the equilib-

rium was achieved after 6 h of agitation as shown in Fig. 1.

Therefore, the mixtures were shaken for 6 h, each to attain

equilibrium. The composite nano-rod like cation exchange

material was filtered off and the supernatant liquid for the

residual concentration of pyridine was analysed titrimetri-

cally [18]. Initial concentrations of pyridine prior to com-

posite nano-rod like cation exchanger mixing were also

analysed similarly.

Results and discussion

Various samples of carboxymethyl cellulose Sn(IV) phos-

phate composite nano-rod like cation exchanger were

successfully prepared via surfactant assisted sol–gel

method. In a typical sol–gel process, CTAB was mixed

with white inorganic precipitate of Sn(IV) phosphate fol-

lowed by the addition of carboxymethyl cellulose at room

temperature. The condition of preparation and ion

exchange capacity is given in Table 1. The ion exchange

capacity of composite nano-rod like cation exchanger was

found to be higher (2.13 meq dry g-1) as compared to the

ion exchange capacity of inorganic ion exchanger Sn(IV)

phosphate (1.2 meq dry g-1). The observed increase in

exchange capacity is considered due to the binding of

organic polymer with inorganic moiety. The attractive

feature of this cation exchanger is the creation of organic–

inorganic composite nano-rod like morphology during

binding of organic polymer with inorganic precipitates

which enhances the ion exchange capacity and contributes

towards the better adsorption of pyridine chosen in this

study.

Surface morphology and particle size of composite

carboxymethyl cellulose Sn(IV) phosphate powder (S-5),

observed from scanning electron microscopy and trans-

mission electron microscopy are represented in Figs. 2 and

3, respectively.

Figure 2 a and b shows SEM images at low and high

magnifications of carboxymethyl cellulose Sn(IV) phos-

phate (S-5). It is clear from the SEM images that the pre-

pared composite consists of nano-rod like morphology with

a diameter in the range of 20–40 nm and length in the

range of 100–150 lm. It can also be seen from TEM

images of composite in Fig. 3 that as-prepared composite

consist of low scale nano-particles of size in the range of

21–38 nm.

The X-ray powder diffraction pattern of composite

nano-rod like cation exchanger (S-5) is represented in

Table 1 Conditions for the preparation of carboxymethyl cellulose Sn(IV) phosphate composite nano-rod like cation exchanger

Samples Mixing volume ratio (V/V) Carboxymethyl cellulose

sodium salt added/g

Colour of beads

obtained after drying

Na? ion exchange

capacity/meq dry g-1

0.1 M SnCl4�5H2O

in 4 M HCl

0.1 M Na3PO4�12H2O pH

1 1 0.5 1 2 White 1.09

2 1 1 1 2 White 1.69

3 1 1.5 1 2 White 1.91

4 1 2 1 – White 1.20

5 1 2 1 2 White 2.13

6 1 3 1 2 White 1.95

7 1 4 1 2 White 2.01
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Fig. 1 A plot of time versus the ratio between the pyridine

concentration at a given moment (Ct) and initial pyridine concentra-

tion (Ci) for the determination of infinite time of exchange
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Fig. 4, which showed very small peaks of 2h values. The

analysis of these small signal peaks supports its semi-

crystalline nature. In addition, the wide peaks indicate the

average crystalline size of the composite nano-rod like

cation exchanger [19].

Fourier transform infra red spectrum of as prepared

carboxymethyl cellulose Sn(IV) phosphate composite

nano-rod like cation exchanger (S-5) is shown in Fig. 5. It

is evident from FTIR spectrum that composite nano-rod

like cation exchanger shows the characteristic absorption

peaks attributed to the presence of organic polymers car-

boxymethyl cellulose, external water molecule and metal

oxygen bonds of Sn(IV) phosphate.

In the spectrum of composite material, the broad

absorption peak at 3411 cm-1 corresponds to the stretching

vibrations of hydroxyl (–OH) groups [20]. Basically, the –

OH groups represent the presence of absorbed water and

secondary alcohols groups. The broadness of the peaks

may be assigned due to the presence of intermolecular and

intra-molecular hydrogen bonds [21]. The sharp absorption

band around 1633 cm-1 confirms the presence of –COO

groups. The band around 1403 cm-1 is assigned to –CH2

scissoring, while the band around 1057 cm-1 is ascribed

due to the presence of CHO–CH2 stretching [20] as well as

ionic phosphate groups [22]. An assembly of two sharp

peaks in the region of 619–533 cm-1 may be due to the

presence of metal oxygen bond [23].

From the TG curve of this composite cation exchanger

shown in Fig. 6, it is observed that the loss of mass (about

8%) up to 138.3 �C may be due to the removal of external

water molecule present at the surface of the material [24,

p. 315]. A slow mass loss of (*7%) is observed in between

138.3 and 255.6 �C may be due to the removal of inter-

stitial water molecules removed by condensation of –OH

groups together with external water molecules from the

materials. A mass loss of (*9.02%) is observed in between

255.6 and 357.4 �C may be due to the condensation of

phosphate to pyrophosphate groups [24, p. 330]. Further,

mass loss of (*5.6%) between 357.4 and 620 �C may be

due to complete decomposition of organic part of the

composite material. From 620 �C onwards, a smooth hor-

izontal section represents the complex formation of oxide

Fig. 2 SEM images at low

(a) and high (b) magnifications

of the carboxymethyl cellulose

Sn(IV) phosphate composite

nano-rod like cation exchanger

Fig. 3 TEM image of the carboxymethyl cellulose Sn(IV) phosphate

composite nano-rod like cation exchanger
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Fig. 4 Powder X-ray diffraction pattern of carboxymethyl cellulose

Sn(IV) phosphate composite nano-rod like cation exchanger
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from the material. The total mass loss of (*30.01%) is

comparatively lower than other composite materials of this

class, which indicates towards the better thermal stability

of this composite cation exchanger. The structural trans-

formations observed by TG analysis have also been sup-

ported by differential thermal analysis (DTA). The DTA

curve showed two exothermic peaks with maxima at 138

and 357 �C that confirm the structural transformations in

the composite nano-rod like cation exchanger.

Freundlich adsorption isotherm for the adsorption of

aqueous pyridine on the solid surface of carboxymethyl

cellulose Sn(IV) phosphate composite nano-rod like cation

exchanger at three different temperatures viz 35, 50 and

65 �C was used to understand the mechanism of adsorption

of pyridine and quantifying the distribution of pyridine in

aqueous phase and the solid cation exchanger phase at

equilibrium during the adsorption process. The adsorption

isotherms are shown in Fig. 7. All isotherms follow ade-

quately Freundlich adsorption behaviour and can be rep-

resented by the equation:

x=m ¼ KC1=n ð1Þ

where x/m is the surface concentration of pyridine in mil-

limoles per gram of the cation exchanger represented as Cs,

C is the equilibrium concentration of pyridine

(m mol mL-1) represented as Ce. According to this equa-

tion, plots of log Cs versus log Ce are straight lines at all

three temperatures seen in Fig. 7 and K and 1/n are the
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Fig. 5 FTIR spectrum of

carboxymethyl cellulose Sn(IV)

phosphate composite nano-rod

like cation exchanger
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Fig. 6 TG–DTA analysis of
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constants determined from the intercepts and slopes of the

starting lines, respectively, fitted to the points by the least

squares method. The values obtained are listed in Table 2.

The values of 1/n are lying between 0 and 1 confirm the

favourable conditions for the adsorption of pyridine [25]. It

was observed that the values of K are decreasing with

increasing temperature suggesting the exothermic process of

pyridine adsorption [26]. The values of K and 1/n are the

measure of pyridine adsorption capacity and adsorption

intensity, respectively. The applicability of Freundlich

adsorption isotherm for the adsorption of pyridine on the

solid surface of composite nano-rod like cation exchanger is

confirmed by the higher value of regression coefficient, R.

Thermodynamic parameters were calculated from the

variation of the thermodynamic equilibrium constant K0 (or

sorption distribution coefficient) with the change in tem-

perature. The constant, K0 for the adsorption reaction can

be defined as follows:

K0 ¼
as

ae

¼ vs Cs

vs Ce

ð2Þ

where as is the activity of adsorbed solute, ae is the activity of

the solute in solution at equilibrium, Cs is the surface con-

centration of pyridine in m mol per gram of exchanger, Ce is

the concentration of pyridine at equilibrium (m mol mL-1),

ms is the activity coefficient of the adsorbed solute and me is

the activity coefficient of the solute in solution.

As the concentration of the solute in the solution

approaches zero, the activity coefficient approaches unity,

reducing Eq. 2 to the following form:

K0 ¼
as

ae

¼ Cs

Ce

ð3Þ

The values of sorption distribution coefficient K0 are

determined by plotting ln (Cs/Ce) versus Cs at different

temperatures (Fig. 8) and extrapolating Cs to zero [27]. The

straight line obtained is fitted to the points based on a least

squares analysis. Its intercept with the vertical axis gives

the values of K0. Standard free energy changes (DG0) for

interactions using the sorption distribution coefficient (K0)

are calculated from the relationship given below [28].

DG0 ¼ �RT ln K0 ð4Þ

where R is the universal gas constant and T is the

temperature in Kelvin. The average standard enthalpy

change (DH0) is then calculated from the well-known Van’t

Hoff equation:

ln K0ðT3Þ � ln K0ðT1Þ ¼
�DH0 ðT1 to T3Þ

R

1

T3

� 1

T1

� �

ð5Þ

where T3 and T1 are two different temperatures. Standard

entropy changes (DS0) are calculated using the equation:
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Fig. 7 Freundlich adsorption isotherms of pyridine adsorption at

temperatures 35 �C (a), 50 �C (b) and 65 �C (c) on carboxymethyl

cellulose Sn(IV) phosphate composite nano-rod like cation exchanger

Table 2 Freundlich isotherm constants K and 1/n for the adsorption

of pyridine on carboxymethyl cellulose Sn(IV) phosphate composite

nano-rod like cation exchanger

Freundlich constant Temperature/�C

35 50 65

K 0.454 0.141 0.454

1/n 0.650 0.526 0.313

R2 0.993 0.994 0.995
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DG0 ¼ DH0 � TDS0 ð6Þ
The values of Gibbs free energy, DG0 (kcal mol-1);

enthalpy, DH0 (kcal mol-1) and entropy, DS0 (kcal mol-1

deg-1) observed for the adsorption process of pyridine on

the surface of composite nano-rod like are given in

Table 3.

The negative values of Gibbs free energy, DG0 indicated

the spontaneous process of pyridine adsorption at 35, 50

and 65 �C. The negative values of standard enthalpy

change (DH0) indicated that the pyridine-exchanger inter-

action during adsorption process is favoured by heat given

off; as an exothermic reaction. Hence, the adsorption of

pyridine was favoured at lower temperature and molecules

of pyridine were orderly adsorbed on the surface of com-

posite nano-rod like cation exchanger. Since the free

energy as well as enthalpy changes are negative and

accompanied by increased (positive) entropy changes

(DS0), the reactions are spontaneous and exothermic with a

high affinity for pyridine.

Conclusions

In this study, carboxymethyl cellulose Sn(IV) phosphate

composite nano-rod like cation exchanger was prepared by

sol–gel process. The composite nano-rod like cation

exchanger was characterized to observe the structure, sur-

face morphology and particle size. The adsorption of pyr-

idine on the solid surface of composite nano-rod like cation

exchanger followed Freundlich adsorption isotherm.

Adsorption process is driven by decreasing enthalpy i.e.

liberation of heat (exothermic process) or negative (DH0)

and negative free energy change (DG0), i.e. adsorption

process is spontaneous while the increase in entropy

(positive DS0) indicated the increased disorder during the

adsorption process. This composite nano-rod like cation

exchanger may be utilized for the removal of pyridine from

aqueous solutions due to efficient adsorption process.
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