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Abstract

Hybrid ion exchangers with high ion exchange capacity (IEC), good stability, and good selectivity for heavy metals formed
through a polymer material into an inorganic ion exchanger have always attracted the attention of researchers. In this work,
a novel nanocomposite ion exchanger made of pectin and cerium (IV) silicomolybdate (CSM) was synthesized by precipita-
tion technique and used for separating heavy metals and eliminating bacterial pollutants from water systems. The structural
and morphological investigation of the synthesized pectin—cerium (IV) silicomolybdate (PCSM) was achieved by Fourier
transform infrared spectroscopy (FTIR), X-ray diffractometry (XRD), transmission electron microscopy (TEM), and scanning
electron microscopy (SEM) techniques, whereas, its chemical characterization was performed by energy-dispersive X-ray
(EDX) spectroscopy. The IEC, and chemical and thermal stability of the composite were also determined to understand the
composite material's properties. The IEC of the PCSM and CSM was 2.56 and 1.78 milli equivalents per g, respectively.
PCSM exhibited chemical stability against different chemical solutions and was thermally stable at 600 °C and retained
24.21% of its initial IEC. The distribution coefficient (K;) values of the numerous investigated metallic ions were assessed
using different solvents to determine the composite's ion exchange characteristics. The distribution study indicated that PCSM
was more selective toward Cr’* ions. In addition, it was found to be effective for the separation of Cr** ions from binary
metal ion mixtures such as Cd**—Cr**, Pb>**—Cr**, Ni**—Cr**, and Co**—Cr**. PCSM has also shown antibacterial activity
against Gram-negative bacteria Escherichia coli.
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Introduction

Due to growing industrialization and urbanization, envi-
ronmental degradation has become a real issue. Industries
and residences emit enormous amounts of organic and
inorganic contaminants into water systems. Carbon-based
pollutants such as phenolic compounds, insecticides, and
pesticides severely affect the environment [1]. In addition,
due to their potential carcinogenic effects, they deteriorate
the underground water quality and affect human health once
discharged into the environment [2]. On the other hand,
lead, cobalt, chromium, cadmium, and many more heavy
metals have significant health risks and must be purged
before being released into the water, soil, or air [3]. These
heavy metal ions are actively utilized in various industries,
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including electroplating, metallurgy, tanning, wood pres-
ervation, pulp and paper making, and paints and pigments
manufacturing which contaminate and harm biological and
ecological creatures. Therefore, metal differentiation is
essential for understanding how metal ions behave in the
environment. For example, Cr (VI) has been found to be
harmful to people even though Cr (III) is not a significant
environmental contaminant [4]. The environment's plentiful
oxygen causes Cr (III) to be oxidized into Cr (VI), which
is highly water soluble and potentially poisonous [5]. The
presence of metal ions in an environment that exceeds the
permitted limit is the source of severe health problems and
even cancer [6, 7]. Coagulation [8], photocatalysis [9], ion
exchange [10], reverse osmosis [11], adsorption [12], and
other chemical and physical procedures are employed to
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remediate water-containing metallic pollutants [13]. Because
of its broad applicability, improved selectivity, and cost-
effectiveness in wastewater treatment processes, distribution
by ion exchange materials has attracted people's curiosity for
using this strategy [14, 15].

Nature has endowed us with a wide range of inorganic
and organic ion exchange materials, each with unique char-
acteristics and selectivity. Inorganic ion exchangers provide
several advantages over organic resins, including better
chemical and thermal stability at high temperatures. Never-
theless, inorganic ion exchangers have some drawbacks too,
such as unsuitability for column operation because of their
high cost, non-granulometric nature, irreproducibility of the
results [15]. On the other hand, organic ion exchangers are
cost-effective, produce reproducible results, and can treat
of a large amount of wastewater. Therefore, composite ion
exchange materials have received much attention because
they combine the desirable features of their organic and inor-
ganic counterparts in a single material [16]. Because of their
specificity, selectiveness, and wide pertinence, composite
ion exchangers are utilized for environmental cleanup [17].

Among various composites, fibrous ion exchangers based
on thorium (IV) and cerium (IV) have versatile character-
istics that make them very important in industrial and envi-
ronmental applications [18]. Such materials have new appli-
cations in fuel cells, ion-selective electrodes, antimicrobial
activity, ion transport, ion exchange, catalysis, etc. [19-21].
Additionally, biocomposite ion exchangers that combine
the advantages of biopolymers and inorganic materials
have drawn increased interest as adsorbents for removing
various contaminants because of their organizational and
functional abilities [22, 23]. Biopolymers like gum acacia,
chitosan, cellulose acetate, and pectin have been incorpo-
rated as organic polymer components in biocomposites ion
exchangers [24-26]. Many research studies have shown
that pectin and pectin-rich materials have a high affinity for
metallic ions, and thus act as effective biosorbents [27]. The
performance of the composite's ion exchange is enhanced
by the inclusion of various carboxyl and hydroxyl groups,
which increase the active sites on the surface of the polymer
matrix [28]. So, pectin-based composite ion exchangers have
been shown to interact efficiently with inorganic compounds
through molecular associations, and due to their fibrous
nature, abundance, and broad surface area. Some pectin-
based ion exchangers such as pectin—cerium tungstate, pec-
tin cerium iodate, and pectin zirconium silicophosphate have
shown the selectivity toward Zn**, As®*, Cu?*, and Th**,
respectively [29-31]. But, to the best of our knowledge and
as per our detailed literature survey, there is no available data
on the preparation of pectin—cerium (IV) silicomolybdate
(PCSM) composite ion exchanger that shows higher selec-
tivity for Cr’* ions and antimicrobial activities commonly
exhibited from transition metals with organic moieties [32].

So, the synthesis of hybrid materials through chemical meth-
ods signifies one of the most captivating improvements in
material chemistry [33-35].

The current study focuses on the following objectives:
preparation of cerium (IV) silicomolybdate (CSM) and
PCSM composite ion exchanger, its characterization, and
its practical use as a metal adsorbent to remove toxic met-
als from water sources, as well as its antibacterial activ-
ity against Gram-negative bacteria Escherichia coli. Such
studies of hybrid ion exchangers encourage the synthesis of
multifunctional ion exchangers and may cause a substantial
impact on underground water purification.

Experimental
Materials

For our experiments, pectin and chromium chloride (CrCls)
were purchased from Loba Chemie (Loba Chemie Pvt.
Ltd., Mumbai, India). Whereas, ammonium ceric nitrate
((NH,),Ce(NO3)¢), cadmium chloride (CdCl,), lead nitrate
(Pb(NOs),), barium nitrate (Ba(NO3),), ethylene diamine
tetra acetic acid (EDTA) potassium hydroxide (KOH),
sodium hydroxide (NaOH), sodium chloride (NaCl), hydro-
chloric acid (HCI), perchloric acid (HCIO,), sodium perchlo-
rate (NaClO,), and ammonium molybdate ((NH,),Mo,0,,)
were purchased from Fisher Scientific (Fisher Scientific
India Pvt. Ltd., Mumbai, India). Sodium silicate (Na,SiO5)
was purchased from Otto Chemie (Otto Chemie Pvt. Ltd.,
Mumbai, India) and acetic acid (CH;COOH) was pur-
chased from Merck (Merck, Darmstadt, Germany). The
nickel nitrate (Ni(NO3),), magnesium nitrate (Mg(NO3),),
zinc nitrate (Zn(NOy),), strontium nitrate (Sr(NO3),), ferric
nitrate (Fe(NO3);), calcium nitrate (Ca(NOs;);), cobalt nitrate
(Co(NO3)5), nitric acid (HNO3), and acetone (CH;COCHj;)
were obtained from Central Drug House (Central Drug
House Pvt. Ltd., New Delhi, India). Demineralized water
(DMW) was procured from the lab itself and used for dif-
ferent solution preparation.

Instrumentation

First, the magnetic stirrer (2 MLH, Remi, Maharash-
tra, India) was used to well mix the calculated amount of
chemicals. Thereafter, a digital Systronics pH meter-361
(Meter-361, Systronics, Gujrat, India) was used to measure
the solutions’ pH. To observe various functional groups in
the synthesized composite, we have used Fourier transform
infrared spectroscopy (FTIR) technique. In this technique,
the spectrum of the composite material was obtained by
FTIR spectrophotometer (Spectrum Two FTIR spectrometer,
PerkinElmer, Waltham, USA) using the KBr disc method.
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Furthermore, we used a standard optical system for the data
collection over the range of 4000 to 400 cm™". It also serves
standard configuration of atmospheric vapor compensa-
tion. The X-ray diffractometry (XRD) studies were con-
ducted by X-ray diffractometer (D8 advance, Bruker AXS
Inc., Madison, USA). The X-ray patterns of the composites
were recorded using Cu-Ka radiation with the wavelength
1.54 A (corresponding energy is 8.04 keV) in the 20 angle
range from 5° to 80°. The step size and the smoothing width
were 0.02° and 0.3°, respectively, along with the step time
of 6.00 s. Thereafter, the morphology of the composite was
examined using a scanning electron microscopy (SEM)
(JSM 6510LV, JEOL Ltd., Tokyo, Japan). The energy-dis-
persive X-ray (EDX) spectroscopy with 20 kV accelerated
voltage was performed to obtain the elemental composi-
tion of the composite with the help of the same equipment,
JEOL-JSM 6510LV scanning electron microscope (JSM
6510LV, JEOL Ltd., Tokyo, Japan). Moreover, the parti-
cle size was determined by capturing TEM images using a
transmission electron microscope (TEM2100, JEOL Ltd.,
Tokyo, Japan). After the characterization, we also exam-
ined the desired applications such as ion exchange capac-
ity (IEC) and antibacterial activity. Therefore, to determine
the ion exchange capacity of the synthesized composite,
glass columns were used. To examine the growth curve of
Escherichia coli, the absorbance was measured as a function
of incubation time through an UV-2600i spectrophotometer
(UV-2600i, Shimadzu Corporation, Kyoto, Japan).

Preparation of cerium (IV) silicomolybdate (CSM)

The CSM was synthesized by constantly agitating an aque-
ous Na,SiO; solution and boiling (NH,),MoO,. By adding
0.1 M HNOs; into the solution, the pH was adjusted in the
range of 0—1. Thereafter, (NH,),Ce(NO;) was added to this
mixture. Then the mixture was kept under constant stirring
for 3 h. The digestion of the compound was performed for
24-25 h at room temperature. The liquid was decanted, and
the precipitate was washed with DMW and dried in a labo-
ratory oven at 60+ 2 °C. The compound was converted to
H* form by soaking in one molar HNO, for a day with peri-
odic shaking and repeatedly changing the supernatant with
new acid. Finally, the solution filtration was done, and the
precipitate was washed repeatedly with DMW to remove
excess acid [36].

Preparation of the pectin-cerium (IV)
silicomolybdate (PCSM) composite ion exchanger

Pectin gel was obtained by dissolving various quantities of
pectin powder in DMW. Furthermore, PCSM was prepared
by mixing pectin gels with CSM. The mixture was main-
tained at 55 °C for 3 h on a magnetic stirrer. The resulting
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light-yellow color precipitate was left at room temperature
for 24 h until being digested. The gel was filtered after the
supernatant was decanted. The surplus acid was washed
away with DMW and processed at 55 °C in an air oven.
The product was processed with 1.0 M HNO; for 24 h with
periodic stirring and the replacement of the supernatant lig-
uid with new acid to convert the dried product to the H*
form. After many washes using DMW, the surplus acid was
removed and the product was left to dry at 60 °C in an oven
[36].

lon exchange capacity (IEC)

Basically, ion exchange is a process in which the ions pre-
sent in any aqueous solution are removed/replaced by the
other ions attached to the exchanger. To measure the ability
of the exchanger in exchanging the desired ion, we com-
monly examine the IEC of composite toward the specific
metal ion in a particular solution. In our experiments, the
column method was adopted to study the IEC of the material
by placing 1.0 g of H type exchanger in a 1.0 cm diameter
glass column. NaCl solution was used to extract the hydro-
gen ions. The collected effluent was then titrated with 0.1 M
solution of NaOH. As per Eq. (1), the IEC (in meq/g) was
calculated as [37]:

ay
IEC = —,
” )

[Pl

Here “a” represents the molarity (mol/L) of the alkali,
“v” represents the volume (mL) of the alkali applied in the

titration, and “w” represents the exchanger's weight (g).

Impact of eluent concentration and the behavior
of elution on IEC

The effectiveness of the column and the optimal eluent
concentration required to remove H* ions from PCSM was
found by passing 250 mL of NaCl (having different concen-
trations) with a flow rate of 1.0 mL/min through a column
containing 1.0 g of PCSM. The collected effluents were sub-
jected to a 0.1 M NaOH solution for titration. Now, as per
the observation of IEC for different concentrations of NaCl,
1.0 M concentration of NaCl was found to be suitable for
studying elution behavior. Therefore, 1.0 M NaCl was used
to elute the H* ions from the PCSM completely. The effluent
was collected in segments of 10 mL at a set flow rate and
to calculate the H* ions that were eluted out of the column,
effluents were titrated against a solution of 0.1 M NaOH.

Thermal studies

As it is well known, polluted wastewater from industries is
hot. So, hybrid ion exchangers should be thermally stable
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for utilizing them in the purification of polluted wastewa-
ter treatment. Hence, we studied the effect of various tem-
peratures on the IEC of synthesized PCSM composite. The
influence of heat on the IEC of PCSM was investigated by
placing 1.0 g of the composite in H* form in the muffle
furnace at a temperature ranging from 100 to 600 °C for
1 h. Then after the cooling PCSM, the IEC of the samples
was calculated by the column method as discussed in the
“ion exchange capacity” section [38].

Chemical stability

The chemical stability of PCSM in various chemical solu-
tions such as mineral acids (HCl, HNO;), alkalis (KOH,
NaOH), and solvents (like acetone and acetic acid) was
investigated through the chemical dissolution process.
In this procedure, 0.5 g of PCSM was equilibrated with
50.0 mL of several chemical solutions for 24 h at room
temperature. Then the excess acid, base, and other solu-
tions were removed by washing and filtering. The remain-
ing PCSM was washed with DMW and then dried to
60 °C. The chemical stability of PCSM was examined
through the change of its color and weight. Eventually,
the column method (or batch method) was used to calcu-
late the IEC again.

Distribution studies

Distribution studies were performed to gauge the relative
selectivity of the PCSM ion exchanger toward specific
ions in particular solvents. Herein, the ion exchanger is
considered to be highly selective for an ion in a particular
solvent if the values of the distribution coefficient (K)
are relatively larger for it. The batch approach was used
to conduct distribution tests for several metal ions. In this
technique, 0.4 g of PCSM exchanger in the form of H*
ions were added into 40 mL of different metallic solu-
tions. Thereafter, to achieve the equilibrium, the mixtures
were kept for 6 h at room temperature (~25 + 2 °C) under
continuous shaking. After achieving the equilibrium, con-
centrations of these metal ion solutions were analyzed by
titrating them with EDTA. The volumetric determination
was performed by taking the metal ion's initial and final
concentrations after equilibrium. The values of distribu-
tion K; were computed using Eq. (2) [39]:

_I-F_V

K .
d F 2w )

The starting volume of the EDTA titrant is “I” (mL), the
final volume is “F”’ (mL), the volume of the metal ions in mL
is “V”, and the weight of the exchanger is “W” (g).

Binary separation

On the PCSM ion exchanger, binary separation of various
metal ions was performed using the column method [40]. In
this procedure, a glass column (with an internal diameter of
1.0 cm) with a glass wool support at the bottom was packed
with 1 g of PCSM in the H* form. Subsequently, the column
was washed once or twice with DMW. Then the mixture of
various metal ions (5 mL of 0.01 M metal ion solution) that
is to be separated was loaded by passing it (flow rate 1.0 mL/
min) through the column. This mixture was passed through the
column at least four or five times for the complete adsorption
of metal ions by PCSM. Now considering the K, values of
various metal ions present in different solvents on the PCSM
column, different eluents were used to elute the metal ions
adsorbed on the exchanger. Any metal ion having low K in a
particular solvent elute first as they are weakly held in PCSM
composite while metal ion having high K, in some solvent
elute second as they are strongly held in PCSM composite in
comparison to former. Each 10 mL portion of the effluent was
collected at a flow rate of 5—6 drops/min. Finally, the titrimet-
ric method was used to quantify the metal ions in effluent using
a0.01 M disodium salt of EDTA.

Antibacterial activity

For a long time, microbial infections caused by several bac-
teria have been a foremost challenge in front of medical as
well as sanitation industries [41]. In this study, the antibac-
terial activity of PCSM composite was examined against
the bacteria Escherichia coli. For this purpose, the optical
density technique was used to determine the antibacterial
activity of the PCSM composite. First, Escherichia coli
was aerobically grown in NB (nutrient broth) at 37 °C for
24.0 h. Thereafter, 13% of NB was autoclaved after being
prepared in DMW. The bacterial culture was introduced to
100 mL DMW in the three individual flasks. Then 50.0 and
100.0 pg/mL of PCSM were added to the bacterial culture
in two separate flasks, while the third one remained without
an ion exchanger. The bacterial culture without the treatment
of PCSM was considered as a negative control. The flasks
were placed in an incubator shaker at 37 + 1 °C. To monitor
the bacterial concentration, 3 mL of suspension was taken
from every flask to assess the optical density at 600 nm.
The growth curve was plotted by taking optical density at
1 h intervals [30].

Results and discussion
The optimum ratio of the distinct reagents composing the

CSM has to be determined. Consequently, various compo-
sitions of ammonium ceric nitrate, ammonium molybdate,
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and sodium silicate were tested to estimate the suitable CSM
composition that yields the highest CSM's IEC (Table 1).
CSM-3 exhibited the highest IEC (1.78 meq/g) among the
prepared CSM compounds (Table 1), it was, thus, chosen to

Table 1 Composition and some properties of the prepared CSM and
PCSM ion exchanger composites

S.no. Samples Mixing volume ratio  Color Nat IEC
A B C D (meq/g)
1 CSM-1 1 1 1 - Yellow 1.23
2 CSM-2 1 1 2 - Yellow 1.14
3 CSM-3 1 2 1 - Yellow 1.78
4 CSM4 2 1 1 - Faded yellow 0.99
5 PCSM-1 1 2 1 Faded yellow 1.98
6 PCSM-2 1 2 1 2 Faded yellow 2.56
7 PCSM-3 1 2 1 3 Faded yellow 2.02

Maximum deviation in IEC of all CSM and PCSM composites is
+2%

A=0.1 M (NH,),Ce(NO5)4
B=0.1 M (NH,){Mo,0,,.4H,0
C=0.1 M Na,Si0;.9H,0

D =Pectin gel in DMW

Inorganic ion exchanger (CSM) + Organic moiety (Pectin)

\ [
L S P ,—{ °.
CSM N\ /| /\ \ VAN
I N N Aon ) XN Aom P,

synthesize the PCSM inorganic—organic hybrid ion exchange
of different compositions by mixing distinct quantities of
pectin and CSM-3. It can also be observed from Table 1 that
the mixing of pectin into CSM results in an improved IEC.
This may be explained on the basis of higher active sites
available on the surface area of the composite. The main
reason for this observation can be rooted in the binding of
organic polymer (pectin) with the inorganic moiety (CSM)
that not only provide the mechanical strength and active sites
for combining the replaceable H* ions but also prevent drib-
bling of composite from columns [40]. Figure 1 shows the
schematic illustration of the proposed chemical reaction, and
hence the formation of PCSM. Apart from it, further addi-
tion of pectin beyond a specific concentration may cause a
decrement in IEC due to the accumulation of active sites
served by higher concentrations of pectin. Here in our case,
according to the composite IEC analysis given in Table 1,
PCSM-2 has a higher IEC (2.56 meq/g) compared to the
other combinations and is better than its inorganic analog
as well, calculated under similar conditions. Therefore, the
sample having this combination (PCSM-2) was chosen for
further investigations.

We have also determined the thermal stability of
PCSM by examining changes of its IEC and color as a

Wesssp Hybrid ion exchanger (PCSM) + Water

o
A /\?" r
{ Jm L
| A | M ‘ [ /
(& CSM csM sM
Wl oow \\ | W\
coo COO o
\ H A
/< / /ﬁ;"% /<‘;i //
H ] H o H coo H
[ / Lo/ ‘ A | /
| ; csM cs\M s\ csM i nH.O
W | H/ \ M/I 7\ I

Fig. 1 Proposed chemical reaction between CSM and pectin for PCSM composite synthesis
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function of temperature during a drying process (Table 2).
It is observed that as the temperature increases, the IEC
decreases due to the organic counterpart's deterioration
and the nanocomposite ion exchanger's physical denatura-
tion [24, 34]. By heating up to 600 °C, it is found that the
PCSM had average thermal stability as the IEC is now
around 24.21% (0.62 meq/g as shown in Table 2) of the
initial value (2.56 meq/g given in Table 1).

In the same scenario, eluent concentration-dependent
studies were also performed to analyze the suitable con-
centration of eluent for completely eluting the H* ions
from the PCSM ion exchanger columns. So, in this experi-
ment, we used various concentrations of NaCl against the
m mole of H ions from PCSM. It can be clearly depicted
from Fig. 2a that 1 M NaCl is sufficient to completely elute
the H* ions from the PCSM exchanger column. Further-
more, Fig. 2b shows the maximum volume of NaCl that
is required to completely release H* ions is 120 mL. This
much volume (=120 mL) of NaCl is indicating the PCSM
composite's good performance for complete elution of H*

in comparison to many existing pectin-based ion exchang-
ers [26, 31].

It can be clearly observed from Table 3 that the weight
of the exchanger is reduced while color may or may not be
changed after chemical treatment for 24 h. This table also
enlightens that the chemical stability of PCSM is reduced in
alkaline solutions as the weight of the exchanger and IEC is
reduced. The possible reason behind weaker stability in such
strong bases can be the moderated hydrolysis of exchangers
at higher pH [24]. Furthermore, the PCSM ion exchanger
was found chemically stable in HC1 and HNO; mineral acids
at 0.1, 1.0, and 5.0 M concentrations, and also in CH;COOH
and CH,COCH; solvents at 1.0 M concentration.

Now to examine various structural and morphological
parameters, we have opted for several characterization tech-
niques. First, various functional groups were detected by
observing the FTIR spectra of both CSM and PCSM ion
exchangers [42]. Figure 3 shows the FTIR spectra of CSM
and PCSM ion exchangers. In the FTIR spectrum of CSM
(Fig. 2a), the broadband at 3400.90 cm™' with a strong peak

Table 2 Temperature effects
on color and IEC of PCSM ion
exchanger

ITon exchanger Temperature of  Nat IEC Variation in color % Reten-

drying (°C) (meq/g) tion of
IEC

Pectin—cerium (IV) silicomolybdate 100 2.05 Faded yellow 80.08
200 1.97 Blackish gray 76.96
300 1.68 Dark gray 65.63
400 1.41 Dark gray 55.08
500 0.96 Dark brown 37.50
600 0.62 Dark brown 24.21

Maximum deviation in % retention of IEC at all temperatures is +2%

mmoles of H* released/g of exchanger

02 04 06 08 1.0
Concenration of NaCl (mol/L)

12 14 16 18 20

mmoles of H* released/g of exchanger

20 40 60 80
Volume of effluent (mL)

100 120 140 160 180

Fig. 2 a Effect of eluent concentration on PCSM's IEC and b elution behavior of PCSM ion exchanger
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Table 3 Chemical stability of PCSM against different chemicals: effects on PCSM's weight and IEC

Solvents Wt. before treat- Wt. after treatment  Change in color after treatment IEC (meq/g) % Reten-
ment (mg) (mg) tion of
IEC
0.1 M HNO, 500 438 No change 2.28 89.06
1.0 M HNO, 500 432 No change 2.20 85.94
5.0 M HNO, 500 441 No change 2.19 85.55
0.1 M HCI 500 412 No change 2.09 81.64
1.0 M HCI1 500 413 No change 2.10 82.03
5.0 M HCL 500 409 No change 2.11 82.42
0.1 M NaOH 500 343 Faded yellow to beige 1.69 66.01
1.0 M NaOH 500 201 Faded yellow to white 1.04 40.62
0.1 M KOH 500 272 Faded yellow to beige 1.38 53.90
1.0 M KOH 500 199 Faded yellow to white 1.03 40.23
1.0 M CH;COCH; 500 412 No change 2.09 81.64
1.0 MCH;COOH 500 436 No change 222 86.71

Maximum deviation in % retention of IEC for all solvents is +2%

at 1622.64 cm™! is due to the existence of —OH bending and
stretching modes. Silicate ions are responsible for the peak
at 1084.31 cm™! [43]. A peak at 961.68 cm™ is clearly indi-
cating the presence of molybdate [17]. The absorption band
in the 567.05 cm™! area may be caused by Ce-O stretching
[30]. CSM contains structural hydroxyl protons, as seen by
the strong 1400.45 cm™' band ascribed to the presence of
Si—OH [36].

The FTIR spectrum of PCSM shows a peak at
599.15cm™! assigned to oxides, and metal hydroxide bands
(Fig. 3b) were detected. The C-O stretch of pectin in the
PCSM is detected at 1019.74 cm™! [30] and pectin’s C=0

804 (a)
70-

60+

M /
1622.64

1400.45

50+

40

Transmittance (%)

N

3400.90

20+ 567.05"

—1r ' 1 1 1 1 1 1 T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavelength (cm™)

double bonds are seen at 1103.22 cm™" [36]. The band
at 1734.52 cm™! is allocated to the presence of the C=0
stretching band of the pectin’s ester group [29]. Moreover,
the peak at around 3370.87 cm™! is more or less the same as
detected for CSM at 3400 cm™'. These above results prove
the mixing of CSM with pectin without alteration of CSM
structure. The presence of pectin peaks and little shift in the
peaks of metal oxides and hydroxides in Fig. 3 attest to the
formation of PCSM.

The XRD is one of the nondestructive experimental tech-
niques used to characterize the crystalline structure, molecu-
lar orientations, grain size, molecular surface, and phase of

(b)

50'_ 1019.74
45+

o 404

%

1402.64

1734.52

/

1103.22

3370.87

Transmittance (%
N N W w
.29

15]

104 599.15

—7tr 1 1 11 1 1" 1.7
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavelength (cm™)

Fig.3 FTIR spectra of: a CSM, and b of PCSM with the designation of various peaks
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materials. Henceforth, we have performed powder XRD on
PCSM to analyze its crystalline nature. It can be noticed
from Fig. 4 that the peaks observed in the PCSM XRD pat-
tern (Fig. 4b) are of low intensities compared to those of the
CSM (Fig. 4a). This outcome indicates a decrease in CSM
crystallinity when mixed with pectin to form the hybrid
PCSM ion exchanger. Indeed, the crystallinity index
(= Sumofaresundorpests 5 100 ) for CSM was 74.36%, which

Total area

was then reduced to 56.42% after adding pectin. This result
suggests that CSM and PCSM are semi-crystalline materials,
with PCSM delineating the lowest crystallinity.

SEM was obtained at different magnifications to observe
the morphology of the prepared CSM and PCSM compos-
ites (Fig. 5) [44]. It is evident from the SEM images that the
PCSM composite has rough morphology with a well-defined
flower petal-like structure (Fig. 5¢, d). On the other hand,
CSM does not have such a structural pattern (Fig. 5a, b). The
different surface morphologies between PCSM and CSM
hint toward the binding of pectin organic biopolymer with
the inorganic ion exchanger material (CSM), and thus con-
firm the formation of the organic—inorganic PCSM hybrid
ion exchanger [17].

The EDX analysis was achieved to examine the elemen-
tal compositions of CSM and PCSM composites, and the
results are represented in the histogram of Fig. 6 [45]. The
EDX analyses were carried out with an SEM and its adjunct
EDX analyzer. Ce, Si, Mo, and O components were detected
in the EDX spectrum of CSM, indicating that the CSM ion
exchanger was synthesized without undesired chemical
impurities (Fig. 6a). Peaks corresponding to O and C of the
pectin molecular parts were detected in the EDX spectrum
of the PCSM coexisting with the peaks of the Ce, Si, Mo,
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Fig.4 X-ray diffraction patterns of: a CSM and b PCSM

and O elements confirming the production of the hybrid
composite (Fig. 6b).

PCSM particles size was analyzed with the help of TEM
images [46]. According to the TEM examination shown in
Fig. 7, PCSM composite exhibits particles with an average
size in the range 26.2-55.2 nm in at least two dimensions but
varying in the third one. On the other hand, the size of par-
ticles in the remaining one dimension may vary. Therefore,
the PCSM exchanger can also be used as a nano-structured
hybrid ion exchanger as two dimensions of the particles are
determined to be in the nano-range. This is a very important
finding from the industrial application point of view.

Withal the aforesaid characterizations, we have also
assessed the selectivity of our composite toward the spe-
cific metal ion by analyzing the distribution behavior of
the PCSM composite. So, the distribution behavior can be
analyzed by observing the ratio of metal ions’ amount in
the exchanger phase to the amount in the solution phase.
One of the prominent methods to calculate this ratio in
equilibrium conditions is the measurement of the K; value
as it gauges the affinity of the cation exchanger toward the
counter metal ions. But, the wide variation of K; depends
not only on the nature of the ion exchanger but also on vari-
ous other factors such as the type of metal ions, chemical
bonds, concentration, pH, and nature of solvents. Therefore,
we have performed the distribution studies and measured the
K4 values of 11 metal ions (Ba®*, Sr**, Ca®*, Mg?*, Pb*",
Cd**, Co?*, Ni*t, Fe**, Cr**, and Zn?*) in different solvent
systems using the batch method (as shown in Table 4) [47].
Equation (3) may schematically represent the ion exchange
reaction process between the PCSM ion exchanger and the
metal ions in contact [40].
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Fig.6 EDX of: a CSM and b PCSM
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HV=200.0kv
Direct Mag: 50000x 100 nm

Fig.7 TEM image of PCSM ion exchanger particles with an average
size of the nanoscale range in at least two dimensions

2(PCSM — H) + M** & (PCSM),M + 2H™. 3)

Table 4 shows that some solvents promote the reduction
of H" ions from PCSM and show higher sorption of metal
ions (i.e., showing high K; values), while in some solvents,
this process is weak and hence possesses low K, values. It
can also be observed from Table 4 that mixing two different
solvents results in a further decrement of K, values in com-
parison to both solvents individually. This behavior of the

ion exchanger toward the metal ions can be explained on the
basis of the higher polarity of mixed solvents in comparison
to the individual one. Moreover, this table also revealed that
the K, values for 0.1 M solvents are lower in comparison
to the 0.01 M solvents because of the significant excess of
H™ ions in 0.1 M solvents which reverted the exchange pro-
cess, and hence cause the low metal ions pickup [48]. One
more promising aspect revealed by this table is the relatively
highest K values of PCSM associated with Cr** ions in
each of the investigated solvent systems showing, thus, the
exchanger's high selectivity for Cr’* ions.

By means of different K; values of analyzed metal ions,
we have also performed the binary separation of metal ions
through the batch method. First, to select the suitable pair for
binary separation, the separation factor (&) was calculated.
It is defined as the ratio of K, values associated with two
different metal ions that are to be separated [49]. So a can
be written as:

KW \
K.(B)’ “)

where K4(A) and K4(B) are related to the ionic species A
and B that are to be separated sequentially by eluents. For
an a value higher than the unity, the selectivity for ion A is
more important than for B. In other words, the higher will
be the value of a, the more effective will be the separa-
tion of ion A over B. Based on the value of « calculated
using K, of ions in DMW and Eq. (4), we have selected four
pairs (Cd**—Cr**, Pb>*—Cr**, Ni**—Cr**, and Co**-Cr’**)
of metal ions and associated solutions for binary separations
as enlisted in Table 5. Finally, by applying selected elut-
ing agents in succession, metal ions are sequentially eluted
through the column to achieve separation. An appropriate

Table 4 K, values of various metal ions present in different solvents on the PCSM column

Metal ions DMW 0.1 M HNO, 0.01 M HNO, 0.1M 0.01 M HCIO, 0.1 M NaClO, 0.01 M
HCIO, HCIO,+0.1 M
NaClO,
Ba** 93 21 30 55 78 69 65
Sr2* 146 19 42 26 33 63 19
Ca** 268 28 94 45 68 77 40
Mgt 316 31 44 43 56 83 33
Pb>* 988 73 261 106 1200 664 511
Cd* 516 19 87 61 411 218 205
Co** 455 64 90 12 32 56 10
Ni** 967 161 168 23 84 140 74
Fe** 980 68 240 11 536 668 303
crt 1986 189 436 851 2020 619 920
Zn>* 322 14 170 106 336 756 220

All numerical values in this table are the average of three replicate measurements
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Table 5 Separation of binary

- Binary mixtures o Amount  Amount % Recovery Eluent used Eluent volume needed
metal ions systems on PCSM loaded found for metal ion elution
column (mg) (mg) (mL)

Ccd** 385 5.62 5.10 90.82 0.1 M HNO; 40
crit 2.60 2.52 96.99 0.1 M HNO;, 50
Pb>* 2.01 10.35 8.88 85.82 0.1 M HNO;, 60
crit 2.60 2.51 93.05 0.1 M HNO;, 50
Ni2* 205 293 2.53 86.46 0.1 M HCIO, 60
crit 2.60 2.43 93.46 0.1 M HNO;, 50
Co?* 436 295 2.75 93.41 0.01 M 50
HCIO,+0.1 M
NaClO,
crit 2.60 2.55 98.23 0.1 M HNO, 50

All numerical values in this table are the average of three replicate measurements

eluent is used to elute the weakly held metal ions first, then
the stronger ones. Table 4 displays the separation eluents
employed and the order of elution. The separations are
fairly distinct, and it is observed that recovery is precise
and repeatable.

It can also be observed from Table 5 that with increas-
ing the separation factor percentage, recovery of metal
ions is also increased and vice versa. As per Table 5,
the percentage recovery of Cr’* ion ranged from 93.05
to 98.23%. To clearly perceive the behavior of eluting
solvent and the amount found after each 10 mL of sol-
vent, we have plotted the volume of 0.01 M EDTA (mL)
against the volume of effluent (mL) as shown in Fig. 8.
These figures show that the volume of 0.01 M EDTA peaks
around 20-30 mL volume of effluent and then gradually
decreased.

Apart from the metal ion removal or separation, the
synthesized PCSM composite can also be used for antibac-
terial applications such as the removal of harmful bacteria
that normally live in our bodies. One of the common exam-
ples of such bacteria is Escherichia coli which can be asso-
ciated with several medical problems like food poisoning,
diarrhea, pneumonia, or urinary tract infections. Hence,
we have studied the antibacterial properties of PCSM com-
posite against Escherichia coli microorganisms using the
optical density technique. Figure 9 displays the growth
curves of Escherichia coli without PCSM (that is desig-
nated as negative control) and with various concentrations
(50 pg/mL and 100 pg/mL) of PCSM. Herein also, ion
exchanger was found to be an effective antibacterial agent

gslppl @ Springer

at different concentration levels. The antibacterial property
is increased with the increment in the ion exchanger’s con-
centration. It can also be found from Fig. 9 that 100 pg/
mL concentration of PCSM decreases the growth rate of
bacteria after the incubation of 5 h. One of the possible
reasons for the reduction in bacterial growth can be the
induction of a relatively prolonged lag phase in the pres-
ence of PCSM composite. Hence, PCSM can be effective
in the removal of Escherichia coli from waterways.

Conclusion

In this work, a novel nanocomposite ion exchanger was
synthesized by precipitation technique using pectin and
CSM. The prepared PCSM nanocomposite was character-
ized and tested for separating heavy metals and eliminat-
ing bacterial pollutants from water systems. FTIR results
confirmed the association of pectin with CSM and the
crystallinity index measurements by XRD characteriza-
tion revealed the semi-crystalline nature of PCSM. SEM
and TEM examinations indicated that PCSM morphology
was completely different from that of CSM due to bound-
ing of pectin organic polymer to CSM and its particles
were in the nanoscale range at least in two dimensions,
respectively. As for metal separation, PCSM exhibited
high selectivity toward Cr’* ions and also antibacterial
activity against Gram-negative bacteria Escherichia coli.
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