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a  b  s  t  r  a  c  t

Pectin  based  quaternary  amino  anion  exchanger  (Pc-QAE)  was  prepared  using  simple  crosslinking  poly-
merization  method.  This  anion  exchanger  was  characterized  by  X-ray  diffraction  (XRD),  scanning  electron
microscopy  (SEM)  and  Fourier  transform  infrared  spectroscopy  (FTIR).  Pc-QAE  was applied  for the
removal  of phosphate  anion  from  the  aqueous  solution.  The  adsorption  process  which  was  pH dependent
showed  maximum  adsorption  of  phosphate  anions  at pH 7.  Pc-QAE  showed  good  monolayer  adsorption
eywords:
ectin
xchangers
dsorption
hosphate anions
pectrophotometer

capacity  for  phosphate  anions  which  demonstrated  its  good  capability  towards  Langmuir  isotherm  model.
Moreover,  the  adsorption  was  evaluated  thermodynamically  and  the  negative  value of  Gibbs  free energy
(−1.791  KJ/mol)  revealed  the  spontaneity  of  adsorption  process.  The  value  of  �H◦ and  �S◦ were  found  to
be  15.28  and  49.48  KJ/mol,  respectively  representing  the  endothermic  nature  and  enhancement  in  degree
of  freedom  due  to the  adsorption  process.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Phosphates, which are the pertinent component of metabolism
n both plants and animals, assist in the oxidation of blood in
he body. They generally exist in three different forms such as
rthophosphate, metaphosphate and organically bound phosphate.
ll these forms have different sources of origin and different
pplications. Wastewater from laundering agents such as soaps,
etergent and shampoo contain phosphate, which is circulating as
ater pollutant. Approximately, laundry detergents contain 35% to

5% sodium triphosphate (Na5P3O10), which serves two  purposes
1–7], providing an alkaline medium (pH 9.0–10.5) for effective
leansing and to restrain calcium and magnesium ions found in
ater and prohibit them from interfering with the cleansing prac-

ice of the detergent. Also, phosphates can be found in a number

f consumer products such as evaporated milk, water softeners,
oothpastes and processed cheese, etc. They are generally non-
oxic in nature but their presence in large amounts has great

∗ Corresponding authors.
E-mail addresses: mnaushad@ksu.edu.sa (Mu. Naushad),

aurav8777@gmail.com (G. Sharma).

ttp://dx.doi.org/10.1016/j.ijbiomac.2017.07.169
141-8130/© 2017 Elsevier B.V. All rights reserved.
side effects such as eutrophication, constipation,and diarrhea, etc.
Permissible limit for phosphate discharge in India is 5 mg/L as Phos-
phorus and in U.S. it is only 0.5–1.0 mg/L [8–10]. WHO  notified that
the water containing only 5 mg/L of phosphates are usage worth.
Increase above the permissible limit deteriorates the water qual-
ity. Eutrophication is the maturing of a plant body under water
system because of the rise in nutrient level. Addition of phosphates
and nutrients to the water body by the human activities increases
their aging process. This practice has created an imbalance in their
growth and decay rate. In addition, it also leads to nasty odor and
bad flavor of the water [11–13]. Rainfall causes different amount
of phosphates to enter into the adjacent water bodies. Presence
of these phosphates in permissible limits assists the growth of
underwater plants which further helps in preserving the water
superiority. However, if surplus amount of phosphate enters the
waterway, algae and oceanic plants will grow wildly, obstruct up
the waterway and consumes up ample amounts of dissolved oxy-
gen [14–20]. Their rapid growth ultimately leads to early death and
as it decays it lessens the oxygen availability. This in turn causes the

downfall of aquatic life because of the lesser availability of dissolved
oxygen.

Different physical, chemical and biological methods have been
tested for the removal of pollutants from the waste water [21–26].

dx.doi.org/10.1016/j.ijbiomac.2017.07.169
http://www.sciencedirect.com/science/journal/01418130
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xpensive and low efficiency (10%) of physical methods makes
hem inappropriate for practical uses [27,28]. Chemical methods
re also not acceptable due to their high maintenance cost and
roduction of toxic by-products. The removal efficiency in case of
iological processes is recorded to be only 30%. Researchers have
uggested that adsorption can be an effective method in this case
ue to its inexpensive, simple and non- toxic nature [29–34].

Pectin is a naturally occurring polysaccharide present in the
lant’s cell walls. It functions as an intracellular and intercel-

ular cementing material. Its biodegradable and high gelling &
tabilizing nature make it a prominent material for use in many
pplications [31,35,36]. It has the ability of binding to a number of
rganic/inorganic substances with the molecular interactions.

Herein, we reported novel pectin based quaternary amino anion
xchanger (Pc-QAE) for the remediation of phosphate anions from
he synthetically prepared wastewater. Prepared anion exchanger
as characterized by SEM, FTIR and XRD. The removal of phosphate

on was investigated using different adsorption isotherms such as
angmuir, Freundlich and Temkin. In addition, kinetic studies have
lso been carried out using pseudo first order and pseudo second
rder kinetics.

. Materials and methods

.1. Chemical and apparatus

Pectin (CDH), epichlorohydrin (CDH), N,N-Dimethyl formamide
LobaChemie), pyridine (CDH), triethyl amine (LobaChemie),
otassium dihydrogen orthophosphate (qualigens), ammonium
olybdate (Loba Chemie), sodium sulphide (CDH) and sulphuric

cid (CDH). All chemicals used were of analytical grade. Electronic
alance (Kerro BLC 3002), oven (NSW India), Fourier transform

nfrared (FTIR) spectrophotometer (Nicolet 5700 FTIR spectropho-
ometer), X-Ray Diffractrometer (Philips 1830 diffractometer),
V–visible spectrometer (INCO instrument and chemical private

imited), scanning electron microscopy (JSM 6100), centrifuge
achine (instruments, chemical private limited) were used.

.2. Preparation of pectin based quaternary amino anion
xchanger (Pc-QAE)

The anion exchanger was synthesized by adding 20 mL
pichlorohydrin and 25 mL  of N,N-dimethyl formamide into 6 g of
ectin in a 250 mL  round bottom flask. The mixture was  heated at
5 ◦C with constant stirring for 1 h on magnetic stirrer. Batch vol-
mes (20 mL)  of catalyst i.e. pyridine was added to this mixture
nd solution was again heated for 1 h at 85 ◦C. This was followed
y the addition of 25 mL  of 99% triethyl amine for grafting reaction.
his mixture was heated and stirred at 85 ◦C for 3 h. The obtained
roduct was washed with excess of water to remove the unreacted
hemicals, dried at 60 ◦C and was sieved.

.3. Characterization

FTIR is a way out solution for the determination of various bonds
nd atoms present in organic or inorganic samples. Infrared spec-
rum of a molecule is produced only when the natural frequency
f vibration of atoms matches the frequency of incident radiations
37,38]. After absorbing the correct wavelength of radiation, the

olecule starts vibrating and gives a characteristic peak. The spec-
ra produce a unique molecular fingerprint that can be used to

can samples. Band position in infrared may  be expressed conve-
iently by wave number �. Band intensities are expressed either as
ransmittance (T) or absorbance (A) [39–42]. FTIR spectroscopy was
ccomplished in the range of 400–4000 cm−1. The attained data and
logical Macromolecules 106 (2018) 1–10

plots were used to find the molecular structural symmetry, purity
and nature of chemical bond present in synthesized material.

X-Ray diffraction is an analytical technique used primarily for
the phase identification and quantitative analysis of various crys-
talline forms of molecules. This technique is based on the principal
of constructive interference. The X-rays gets easily diffracted from
materials which, are crystalline and have repeating or regular
atomic structures. When X-rays interact with crystalline substance
or phase, a diffraction pattern is obtained. The powder diffraction
method is thus appropriate for the identification and characteriza-
tion of poly-crystalline phases [43]. The easy accessibility of X-ray
diffraction (XRD) makes it a useful technique not only for the phase
identification, but also for the identification of lattice structure and
for the modeling of basic unit.

The d spacing between diffraction planes is calculated using
Bragg’s diffraction

n� = 2dsin � (1)

where, � = wavelength of X-ray, d = inter planar spacing,
� = diffraction angle and n = 0, 1, 2, 3, etc.

Scanning electron microscope (SEM) is highly efficient tool
for surface analysis that uses high energy focused electron beam
that generate range of signals at the surface of solid specimens.
The signals originated from electron sample interactions, reveal
information about the sample including chemical composition,
surface morphology and crystalline structures, etc. of the sam-
ple [44–47]. This method allows sample images to be collected
in the magnification range of 10 X to 2,50,000 X. Interaction of
high energy electron beam with the sample produces secondary
electrons, backscattered (BSE) electrons, X-rays with characteristic
energies, or photons. These emitted electrons and photons helps
in analyzing the sample’s surface morphology, and chemical com-
position. The backscattered electrons (BSE) helps in determining
the composition of the sample under determination. The secondary
electrons, however, are the loosely bound outer shell electrons that
are ejected by inelastic collisions and helps in analyzing the sur-
face morphology of the sample. The photons generated during the
interaction can be used for the elemental detection [48–50].

2.4. Removal of phosphate anions from water by batch method

Adsorption of phosphate anions onto Pc-QAE was examined by
batch adsorption method. Under this method, phosphate concen-
tration of 50–250 mg/L was taken with 150 mg  of Pc-QAE in 100 mL
Erlenmeyer flasks. These flasks were sealed and agitated at 160 rpm
in an incubator shaker. The pH of the solutions was maintained by
the use of 0.1 M HCl/NaOH solution. The Erlenmeyer flasks were
withdrawn at predetermined time intervals. The phosphate anion
solutions were prepared by centrifugation operated at 3000 rpm
for 8 min. Finally, the residual phosphate anion concentration
was determined spectrophotometrically by ammonium molyb-
date colorimetric method using UV–vis spectrophotometer at an
absorbance wavelength of 715 nm.  In all the experiments, pectin
anion exchanger dosage (20–100 mg), phosphate concentration
(50–250 mg/L), pH (3–12), contact time (60–300 min) and temper-
ature (35–55 ◦C) were optimized as the experimental parameters.

For the ammonium molybdate method, 1.7081 g of ammo-
nium molybdate [(NH4)6Mo7O24·4H2O] was  dissolved in 150 mL
warm distilled water. A slightly milky solution was obtained
which was allowed to cool at room temperature. It was  followed
by the addition of 0.25 N sulphuricacid and potassium dihydro-

gen orthophosphate corresponding to 0.3 ppm were added. The
obtained solution was  mixed with 1 mL of sodium sulphide. The
solution was then kept at room temperature for 20 min. The
absorbance of solution was measured at 715 nm against water.
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Fig. 1. Reaction mechanis

. Results and discussion

The pectin anion exchanger was synthesized by crosslinking
olymerization method. Epichlorohydrin was used as a cross-

inking agent and was made to react with pectin. The reaction

etween epichlorohydrin and pectin was carried after the hydroxyl
roups in the pectin molecule got activated producing hydroxy
ectin ether. The hydroxy pectin ether was then cyclized by the
yridine catalyst existing in the alkaline condition to produce the
 the synthesis of Pc-QAE.

epoxy pectin ether that was used as an intermediate in the reac-
tion. The Pc-QAE was  obtained after the graft reaction between
epoxy pectin ether and triethylamine. N,N-DMF was used as an
organic medium which enhanced the susceptibility of the epoxide
ring. Complete reaction mechanism demonstrating the synthesis of

Pc-QAE and side reaction between hydroxy pectin ether & pyridine
has been shown in Figs. 1 and 2, respectively.
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.1. Characterization

FTIR technique was used to identify the functional groups
resent in Pc-QAE. The peaks at 1124 cm−1 and 3380 cm−1were
ssigned to the C O stretching and a mass of −OH groups. The
haracteristic peak of chloric alkyl in Pc-QAE by the intense vibra-
ion of band can be seen at 650 cm−1 [31].The intense vibration
and region at 1400–1500 cm−1 indicated that large number of
mino groups have been grafted onto the Pectin back bone [36,40].
he peak at 2974 cm−1was  associated with the special vibration
f C H aliphatic in pectin [42,51]. The peak at 1630 cm−1 showed
ree ( COO) carboxyl group of pectin. The change in intensity of
eaks can be seen in Pc-QAE as compared to spectral peaks of pectin
nd triethylamine as shown in Fig. 3(a,b,c). The X-ray diffraction
ethod has been used to determine the degree of crystallinity of

nion exchanger. The non-crystalline portion simply scatters the X-
ay beam to provide a continuous background, while the crystalline
ortion produces diffraction lines that are not continuous [33]. X-
ay diffraction pattern of Pc-QAE is shown in Fig. 4. The presence
f small intensity peaks showed semi-crystalline nature of Pc-QAE.
canning electron micrographs of Pc-QAE were studied using scan-
ing electron microscope. Fig. 5 shows the SEM images of Pc-QAE
t different magnifications which indicated the rough and irregular

ature of the synthesized Pc-QAE [52].
xy pectin ether and pyridine.

3.2. Applications of Pc-QAE for the removal of phosphate anions
from aqueous medium

Adsorption of phosphate anions have been found to depend
upon a number of factors such as effect of initial phosphate
anion concentration, temperature, pH, contact time and adsorbent
dosage. All these factors have different effect on the rate of phos-
phate anion adsorption.

The effect of initial anion concentration was  carried out at differ-
ent concentrations (50–250 mg/L) as shown in Fig. 6(a). The initial
anion concentration strongly affected the adsorption of phosphate
ions on the adsorbent. Adsorption is a mass transfer process that
can generally be defined as accumulation of material at the inter-
face between two  phases. The amount of phosphate ions adsorbed
onto Pc-QAE decreased with the increase in anion concentration
[8,53,54]. The percent adsorption decreased from 55 to 20% with
increase in phosphate anion concentration. This decrease in adsorp-
tion is ascribed to the decrease in the availability of adsorption sites
under high phosphate anion concentration.

The effect of contact time on the amount of anion adsorbed
was studied from 60 to 300 min  at optimum initial concentration
of phosphate solution. The extent of adsorption increased with
increase in contact time due to high availability of interaction

time period [45,55,56]. The adsorption efficiency attains maximum
value at 300 min. The increase in adsorption in relation to the con-
tact time is shown in Fig. 6(b).
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Fig. 3. FTIR images (a) pure p

The pH of solution was a significant factor for the adsorption of
hosphate anion by Pc-QAE. It is one of the key factors because

t controls the electrostatic interactions between adsorbent and
dsorbate. Low pH of the solution demonstrates the high concen-
ration of H+ ions which suppress the anionic nature of phosphate
ons. As a result of which the adsorption process was quite slow
57–59]. However, at pH 7, the adsorption increased due to the
resence of OH− ions which facilitated the ion exchange process,
s a result of which the adsorption process was increased. Thus, an
quilibrium point was attained at pH 7 as shown in Fig. 6(c). How-

ver, with further increase in pH level, the adsorption gradually
ecreases and remains only 60% at pH 12.
-1

(b) triethylamine (c) Pc-QAE.

The adsorption of phosphate anion was increased with the
increase in adsorbent dosage and reached a maximum value at
100 mg  of adsorbent dosage. As expected, the percentage of adsorp-
tion increased with the increase in dosage of adsorbent as shown
in Fig. 6(d). This increase in adsorption was  due to the accessibility
of large number of vacant sites.

Temperature has important and stronger influence on the
adsorption process. As the temperature increases, the rate of diffu-
sion of adsorbate across the external boundary layer and interval
pores of the adsorbent particle increases [60,61]. Generally, phys-

ical adsorption increases with fall in temperature and chemical
adsorption increases with increase in temperature up to a certain
value. In the present study, the effect of temperature on the adsorp-
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Fig. 4. XRD image of Pc-QAE.
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3.3.3. Temkin model
This model presumes that heat of adsorption decrease with the
ion was studied at 35–55 ◦C. Maximum uptake of phosphate (75%)
as reported at 55 ◦C as shown in Fig. 6(e) which also confirmed

hat adsorption of phosphate onto Pc-QAE was chemical in nature.

.3. Equilibrium study

The adsorption capacity of Pc-QAE was studied using various
sotherm models such as Langmuir, Freundlich and Temkin. The
quilibrium state helps in determining that how the adsorbate is

istributed among the liquid and solid phase [62,63].

Fig. 5. SEM images of Pc-QAE at
logical Macromolecules 106 (2018) 1–10

3.3.1. Langmuir isotherm
The Langmuir equation can be expressed as:

qe = qmKLCe

1
+ KLCe (2)

where qe (mg  g−1) is the amount of phosphate anion adsorbed at
equilibrium, Ce (mg  L−1) is the concentration of phosphate in the
solution at equilibrium and qm (mg  g−1) and KL (L mg−1) denotes
the Langmuir constants related to adsorption capacity and adsorp-
tion energy, respectively [64,65]. The constants KL and qm can be
calculated from slope and intercept of linear plot of Ce/qe vs. Ce

as shown in Fig. 7 (a) and the calculated values are summarized in
Table 1. The high correlation coefficient value (0.99) of this isotherm
denoted the monolayer adsorption of phosphate anions onto Pc-
QAE.

3.3.2. Freundlich isotherm
It describes the heterogeneous adsorption which is not only lim-

ited to the monolayer capacity. The linear equation for Freundlich
isotherm is [66]:

qe = KfC
1/n
e (3)

Where Kf and n denotes the Freundlich constants related to mul-
tilayer adsorption capacity and adsorption intensity respectively.
Values of n and Kf were calculated from the slope and intercept of
plot of Log qe vs Log Ce as shown in Fig. 7(b) and the calculated
values are tabulated in Table 1. According to theory, if the value of
n is greater than 1, then it represents favourable adsorption. Lower
correlation coefficient (R2) value (0.85) showed the divergence of
this model from the experimental data.
sorbate and sorbent interactions and the sorption process was  char-

 different magnifications.
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Fig. 6. Effect of (a) concentration of phosphate ion (b) contact time (c) pH (d) sample dosage and (e) temperature.

Table 1
Isotherm parameters for the adsorption of phosphate anion onto Pc-QAE.

Langmuir constants Values Freundlich constants Values Temkin constants Values

−1 −1

a
f

q

w
e
l
a
a

b
a
s
w

Qm (mg  g ) 31.07 Kf (mg  g ) 

KL (L mg−1) 0.041 n 

R2 0.99 R2

cterized by the uniform distribution of binding The linear equation
or temkin model is given as:

e = Btln(Kt) + Btln(Ce) (4)

here Bt denotes the heat of sorption and Kt (Lmg−1) represents the
quilibrium binding constant. The temkin parameters were calcu-
ated from the plot of qe vs. lnCe as shown in Fig. 7(c) and the results
re shown in Table 1. Results demonstrated lower R2 value (0.88)
s compared to Langmuir isotherm.

Out of the three adsorption isotherms, Langmuir model provide

est correlation coefficient (0.99) which better discuss its suit-
bility for adsorption of phosphate ions onto the P-QAE. Table 2
hows the comparative studies of adsorptional ability of Pc-QAE
ith the traditionally available different adsorbents. The results
6.087 A 0.64
3.35 B (mg  g−1) 5.860
0.85 R2 0.88

showed that Pc-QAE had better adsorption capacity in comparison
to other adsorbents given in Table 2.

3.4. Adsorption kinetics

Kinetic models are of immense importance due to their abil-
ity in evaluating the time period requirement for attaining the
equilibrium point in the adsorption process. It also explores the

effectiveness of the adsorbent and the identification of the type
of mechanisms involved in an adsorption system [64–66]. Here,
pseudo first order and pseudo second order kinetics were used for
evaluating the adsorption process.
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Table 2
Comparison of adsorptional capacity of Pc-QAE with the traditionally available different adsorbents.

S.No. Adsorbent Adsorption capacity (mg/g) Reference

1. Fe(III)-loaded orange waste 13.94 [67]
2. Red mud  0.58 [68]
3. Steel slag 5.3 [69]
4. Basic oxygen furnace (BOF) slag 4.97 [70]
5. Pc-QAE 31.07 Present study
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Fig. 7. (a) Langmuir (b) Freundlich (c) Temkin models for adsorption of phosphate
ion onto Pc-QAE.
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Table 3
Plot parameters for adsorption kinetics and thermodynamics.

Pseudo first order K1 (min−1) qe (mg g−1) R2

0.00241 1.49 0.90

Pseudo second order K2 (min−1) qe (mg g−1) R2

0.00436 14.36 0.99

in the adsorbate and adsorbent molecules and also attribute to
enhancement in the degree of freedom during the adsorption of
phosphate ion from aqueous solution. The water molecules, which
.4.1. Pseudo first order kinetics
This kinetic model is based on the assumption that the adsorp-

ion rate is proportional to the no. of free sites available, occurring
xclusively onto one site per ion. It is also known as Lagergren
quation and is given as follows:

og (qe − qt) = Logqe −
(

K1
)

t (5)

2.303
Thermodynamics �G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦

−1.791 15.28 49.98

3.4.2. Pseudo second order kinetics ‘
This model is based on the theory that sorption rate is controlled

by a chemical sorption mechanism involving electron transfer
between adsorbate and adsorbent. This kinetic model is given as:

t
qt

= 1

k2q2
e

+ t
qe

(6)

Here, qt and qe (mg  g−1) are the amount of phosphate anion
adsorbed per unit weight of the Pc-QAE at time t and at equilibrium,
respectively [48]. K1 (min−1) and k2 (g mg−1 min−1) are the pseudo
first order and pseudo second order rate constants of the sorption
process and t(min) is the mixing time [49,50]. The high correlation
value (R2) of the pseudo second order kinetics as compared pseudo
first order kinetics as shown in Table 3indicated that the adsorption
of phosphate anions was chemical in nature (Fig. 8a,b).

3.5. Adsorption thermodynamics

The thermodynamics for the adsorption of phosphate onto
Pc-QAE was  evaluated from free energy change (�G◦), enthalpy
change (�H◦) and entropy change (�S◦) of sorption using the fol-
lowing equations.

lnKD = −�G◦/RT (7)

KD = Co − Ce/Ce (8)

�G◦ = −2.303RTlogKD (9)

The other thermodynamic parameters such as change in stan-
dard enthalpy (�H◦) and standard entropy (�S◦) were determined
using the following equations.

�G◦ = �H◦ − T�S◦ (10)

lnKD = �S◦/R − �H◦/RT (11)

where, R is a universal gas constant (8.314 (KJ/mol), Co and Ce are
the initial and equilibrium concentrations (mg/L). Different param-
eters determining the adsorption thermodynamics are given in
Table 3.

�S◦ and �H◦ were obtained from the slope and intercept of
the plot of lnKD vs. 1/T as shown in Fig. 8(c). The positive value of
�H◦ (15.28) showed the endothermic nature of adsorption process.
The positive value of �S◦(49.98 J/mol K) indicated that random-
ness increased at solid–liquid interface with the structural changes
were diffused or displaced by the adsorbate molecule, gained extra
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Fig. 8. (a) pseudo-first-order (b) pseudo-second–order (c) adsorption thermody-
namics of phosphate ion.
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[23] R. Saravanan, V.K. Gupta, V. Narayanan, A. Stephen, Visible light degradation
of textile effluent using novel catalyst ZnO/�-Mn2O3, J. Taiwan Inst. Chem.
Eng. 45 (2014) 1910–1917.
mount of transitional entropy and permit the randomness in the
ystem. The negative value of �G◦ satisfies the feasibility and spon-
aneity of the adsorption process.

. Conclusion

Pectin Based quaternary amino anion exchanger (Pc-QAE) was
repared using crosslinking polymerization method and its major
roperties were studied. This material was used for the remedi-
tion of phosphate ions from the wastewater. The prepared anion
xchanger was characterized by different techniques to explore the
unctional groups, bonding nature, crystal structure, size and shape.
he Adsorption of phosphate anions onto Pc-QAE followed pseudo-
econd order kinetics and the equilibrium data fitted well with
he Langmuir isotherm model indicated the monolayer adsorption.
hermodynamic results showed that phosphate anion adsorption

as endothermic and spontaneous in nature.

[
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