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Polyacrylamide Grafted Carboxymethyl Tamarind
(CMT-g-PAM): Development and Application of a
Novel Polymeric Flocculant

Gautam Sen, Sagar Pal*

Summary: Water is scarce commodity now. Recycling of municipal wastewater,
industrial and mineral processing effluents require treatment with the inorganic or
organic flocculants. Both synthetic and natural polymers are used as flocculants.
Natural polymers are biodegradable and are effective at very large dosages but are
very shear stable. The synthetic polymers are highly effective flocculants at very small
dosages and have high tailorability, but have poor shear stability. In the authors’
laboratory, a novel polymeric flocculant has been developed by grafting polyacryl-
amide onto the backbone of carboxymethyl tamarind (CMT-g-PAM). Various grades
were developed to optimize the best flocculant. The grafted polymers were charac-
terized by various characterization techniques such as intrinsic viscosity measure-
ment, FTIR spectroscopy, “C-NMR spectroscopy, elemental analysis etc. The
flocculation studies were carried out using turbidity test as well as settling test.
The optimized CMT-g-PAM was then compared with some of the commercial
flocculants available in national and international markets in colloidal suspensions
and it has been found that our synthesized flocculant surpasses most of the
commercial flocculants in performance.
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Introduction

Fresh water is a scarce commodity now.
Recycling of domestic wastewater, indus-
trial effluents and mineral processing efflu-
ents has been accepted by the application of
synthetic flocculants for solid-liquid separa-
tion due to economic and environmental
considerations all over the world.'* When
polymers are involved in a solid-liquid
separation by an aggregation process of
colloidal particles, the process is termed as
flocculation.*! In general, the flocculation is
caused by the addition of minute quantity
of chemicals, known as ‘flocculants’. Both
inorganic and organic flocculants are used
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in various kinds of flocculation phenom-
enon.®) Among the inorganic flocculants,
the salt of multivalent metals like alumi-
nium and iron are mostly used. The organic
flocculants are essentially polymeric in
nature.

Among the polymeric flocculants, the
synthetic polymers can be tailor made by
controlling the molecular weight, molecular
weight distribution, and chemical structure
of polymers, nature and ratio of the func-
tional groups on the polymeric backbone.
Due to versatile tailorabiltiy, synthetic
polymers are very efficient flocculants.
However, they are not biodegradable and
shear resistant. Natural polymers mainly
polysaccharides, are moderately efficient
due to their low molecular weights, are shear
stable, biodegradable, cheap and easily
available from reproducible farm and forest
resources.[*®! The biodegradability of nat-
ural polymers reduces their shelf life and
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needs to suitably controlled.””! It is evident
that all polymers, be it natural or synthetic,
have one or more disadvantages.[s]

In the past, several attempts have been
made to combine the best properties of both
by grafting synthetic polymers onto the
backbone of natural polymers.[9_14] One of
the greatest advantages gained is the
consequent reduced biodegradability because
of a drastic change in the original regular
structure of the natural polymer as well as
the increased synthetic polymer content
within the product. It is also observed that
the grafting of shear degradable polymers
onto a rigid polysaccharide backbone
provides fairly shear stable systems.[ls’m]

Ceric ion has been used to initiate graft
copolymerization of many monomers on
various substrates.'’?! Grafting is gener-
ally considered to result from propagation
of radical sites generated on polymeric
substrates and therefore, minimizes the
formation of homopolymer.

Further, the acrylamide and ceric ion
concentrations are kept below 2.0 M within
the limits of Owen and Shen;ml it ensures
proper grafting and absence of homopoly-
merization.

It has been observed that by grafting
flexible polyacrylamide chains onto poly-
saccharides, itis possible todevelop efficient,
shear stable and controlled biodegradable
flocculants for the treatment of industrial
effluents and mineral processing. In these
flocculants, the flexible chains of polyacry-
lamide are grafted ontorigid polysaccharide
backbone. Hence the approachability of
polyacrylamide chains tometallicand non-
metallic contaminants increases signifi-
cantly. Thus, they are endowed with highly
efficient  attributes  (Singh’s  Easy
Approachability Model).['"7#23-2]" This
model has been proved qualitatively as well
as quantitatively.[?”!

Tamarind kernel polysaccharide (TKP)
is a naturally occurring polysaccharide.
Carboxymethyl tamarind (CMT) has
been synthesized by reacting TKP with
sodium salt of monochloroacetic acid
(SMCA) in presence of sodium hydroxide
(NaOH).*®!

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Graft copolymers based on polysacchar-
ides and polyacrylamides have been synthe-
sized in recent years. However, no attempt
have been made to synthesize polyacryla-
mide grafted CMT and to test their
efficacies as flocculants. The present paper
outlines the detailed synthesis of polyacry-
lamide grafted CMT, their optimization,
thorough characterization by using various
materials characterization techniques and
their application as novel polymeric floc-
culants.

Experimental Part

Materials

Materials for Synthesis

Tamarind kernel polysaccharide was a gift
sample from Hindustan Gum & Chemicals
Ltd., Bhiwani, Haryana, India. Acrylamide
was procured from E. Merck, Germany.
Ceric ammonium nitrate was purchased
from Loba Chemie, Mumbai, India. Acet-
one and hydroquinone were supplied by S.
D. Fine Chemicals, Mumbai, India. All the
chemicals were used as received without
further purification.

Materials for Flocculation

Kaolin was purchased from Jyoti Chemi-
cals, Mumbai, India. The suspension zeta
potential of the kaolin is — 4.35.

Flocculants

Two commercial flocculants namely
Magnafloc LT 27 (anionic in nature) and
Rishfloc 440 HV (anionic in nature) were
used for comparison.

Synthesis
CMT has been synthesized by using TKP
and sodium salt of monochloroacetic acid
(SMCA) in presence of NaOH as depicted
in Scheme 1.1
Grafting reaction was carried out
by ceric ion induced redox initiation
method.'’?! The details of the synthesis
and the reaction conditions are as follows:
1g of CMT was dissolved in 250 ml of
distilled water with constant stirring and
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Scheme 1.
Synthesis of CMT from TKP.

bubbling of a slow stream of nitrogen for
about 15 minutes. Desired quantity of
acrylamide was dissolved in 100 ml of
distilled water and mixed with the CMT
solution. Then oxygen free nitrogen was
purged through the solution mixture for 35
minutes. At this stage, 25 ml of ceric
ammonium nitrate (CAN) solution was
added and accordingly nitrogen gas purging
was continued for another 10 minutes. The
reaction was continued for 24 hrs, after
which it was terminated by adding satu-
rated solution of hydroquinone. At the end
of the reaction, the polymer was precipi-
tated by adding excess of acetone. It was the
dried in a vacuum oven. Subsequently it
was pulverized and sieved. The reaction
temperature was maintained at 28 +1°C.
The synthesis parameters are summarized
in Table 1.

Purification of the Graft Copolymer by Solvent
Extraction Method

The extraction of occluded PAM was
carried out by solvent extraction using a
mixture of formamide and acetic acid (1:1
by volume) *°). The detailed procedure has

Characterization

Intrinsic Viscosity Measurement

Viscosity measurements of the polymer
solutions were carried out with an Ubbe-
lodhe viscometer (CS/S: 0.003899) at 25 °C.
The viscosities were measured in dilute
aqueous solutions. The pH of the aqueous
solution was neutral. The time of flow for
solutions was measured at four different
concentrations. From the time of flow of
polymer solutions (t) and that of the solvent
(to, for distilled water), relative viscosity
(nre1 =t/to) Was obtained. Specific viscosity
was calculated from the relation
Nsp=Mrei—1. Then, the reduced viscosity
(nsp/C), and the inherent viscosity (In 7/
C) were calculated, where C is the polymer
concentration in g/dL. The intrinsic viscos-
ity was obtained from the point of inter-
section after extrapolation of two plots ],
i.e. nsp/C versus C and In 7,¢)/C versus C, to
zero concentration (as shown in Figure 1).

Elemental Analysis
The elemental analysis was undertaken with
an FElemental Analyzer (Make - M/s

been depicted in Scheme 2. Elementar, Germany; Model - Vario
Table 1.
Synthetic details of CMT-g-PAM.
Polymer Amount Amount Amount Temp. % Intrinsic

of CMT (g) of AM (g) of CAN (g) (°c) Grafting® viscosity (dL/g)
CMT-g-PAM 1 1 10 0.01 40 19 3.61
CMT-g-PAM 2 1 10 0.02 40 40 5.6
CMT-g-PAM 3 1 10 0.05 40 25 4.02
CMT-g-PAM 4 1 15 0.02 40 50 7-4
CMT-g-PAM 5 1 20 0.02 40 43 6.2
CMT - - - - - 2.06

: __ Amount of graft copolymer—Amount of Polysaccharide

a)% of graftmg - . Amountyof Polysaccharide ! X 100

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Polysaccharide + Acrylamide

l Catalyst
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+
Polyacrylamide
+
Unreacted Acrylamide
lWashed with Acetone
lSulutiun l Precipitation
Graft copolymer
+
Polyacrylamide
Extracted with
1:1 formamide
+ acetic acid
(by volume)
Polyacrylamide Graft copolymer
(Solution) (Residue)
Scheme 2.

Purification of graft copolymer.

EL III). The estimation of four elements,
which is carbon, hydrogen, nitrogen and
oxygen, was undertaken. The results have
been summarized in Table 2.

FTIR Spectroscopy

The FTIR spectrums of CMT (Figure 2a)
and CMT-g-PAM (Figure 2b) was plotted
out using FTIR spectrophotometer (Model
IR-Prestige 21, Shimadzu Corporation,
Japan).Potassium bromide (KBr) pellet
method was used for FTIR study.

Determination of Weight Average Molecular
Weight by SLS Analysis

The weight average molecular weight (M)
of CMT and various grades of CMT-g-
PAM was determined by static light
scattering (SLS) analysis using Light Scat-
tering Spectrophotometer, (Model Nano
ZS) made by Malvern Inst., UK. The results
are summarized in Table 3.

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

NMR Spectroscopy

IBC.NMR spectroscopy of carboxymethyl
tamarind (CMT) (Figure 3a), Polyacryla-
mide (PAM) (Figure 3b) and CMT-g-PAM
4 (Figure 3c) was recorded at 300 MHz with
a Bruker 300P spectrometer.

Scanning Electron Microscopy

CMT (Figure 4a), PAM (Figure 4b) and
CMT-g-PAM 4 (Figure 4c) was analyzed in
scanning electron microscopy (SEM) in
powdered form. JSM-6390LV Scanning
Electron Micrograph (Jeol, Japan) was
used for the above study.

Flocculation Characteristics
Flocculation tests of kaolin suspensions
were carried out by using turbidity test and
settling test.

A suspension of kaolin (0.25%; prepared
by mixing 1 g in 400 ml. of distilled water)
was used for flocculation study. The
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Figure 1.

Reduced and inherent viscosity versus concentration curves for the measurement of intrinsic viscosity of CMT-

g-PAM 4.

suspension was taken in a 1-L beaker and
the flocculant was added in solution form.
The following procedure was uniformly
applied to all the suspensions. Immediately
after the addition of flocculant, the suspen-
sion was stirred at a constant speed of
60rpm for 5 minutes. The flocs were then
allowed to settle down during 10 minutes.
At the end of the settling period, the
turbidity of the supernatant liquid was
measured. The dose of flocculants was
varied from 0.025 to 1 ppm, calculated with

Table 2.
Elemental analysis results.

Polymer %C %H %N %0
CMT 38.48  9.017 1176 51.327
CMT-g-PAM 1 38.07 736 11.10 43.20
CMT-g-PAM 2 37.7 7.01 12,15 43.05
CMT-g-PAM 3 36.12 7.28 12.01 43.82
CMT-g-PAM 4 36.01 6.78 13.30 43.36
CMT-g-PAM 5 36.42  6.51 13.34 43.00

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

respect to the total weight of the solution.
The results are shown in Figure 5 and 6.

Settling test employs a 100 ml. stoppered
graduated cylinder and stopwatch. The
polymer solution was added to a suspension
sample taken in the cylinder. The cylinder
was turned upside down 10 times for
thorough mixing. After that the cylinder
was set upright, and the height of interface
between water and settling solid bed is
measured over time. The results are shown
in Figure 7.

Results and Discussions

Synthesis and Intrinsic Viscosity

The details of the graft copolymerization
reaction and the percentage of grafting
calculated are given in Table 1. In the
present investigation, two series of grafted

www.ms-journal.de
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Figure 2.

(a) FTIR spectrum of CMT. (b) FTIR speclrum of CMT-g-PAM 4.

copolymers of CMT and PAM have been
synthesized by grafting polyacrylamide
onto CMT using ceric ion initiator. In
the 1°" series (1-3), the catalyst concentra-
tion was varied by keeping the concentra-
tion of CMT and AM constant. In the 2™
series (4-5), the acrylamide concentration
was varied at a fixed CMT and catalyst
concentration. The mechanism of ceric ion
initiation involves the formation of chelate
complex?”! that decomposes to generate

Table 3.
Determination of weight average molecular weight
(My,) by SLS analysis.

Polymer Wt. Avg. Mol. Wt (Mw) (g/mole)
CMT 9.14 X 10°
CMT-g-PAM 1 25.12 X 10°
CMT-g-PAM 2 30.05 X 10°
CMT-g-PAM 3 29.8 % 10°
CMT-g-PAM 4 40.15 X 10°
CMT-g-PAM 5 37.50 X 10°

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

free radical sites on the polysaccharide
backbone. These active free radicals in
presence of acrylic monomers generate
graft copolymers. The average number of
grafting sites per backbone molecule
depend on the ratio of ceric ion concentra-
tion to CMT. A relatively low concentra-
tion of catalyst will initiate few grafting
sites, resulting in long PAM chains against
shorter PAM chains at high concentration.
This is reflected in their corresponding
viscosity values.

Intrinsic viscosity of a polymer is a
measure of its hydrodynamic volume in
solution, which in turn depends upon its
molecular weight, structure, nature of
solvent and temperature of the medium.
For two polymers of approximately similar
molecular weight, the branched polymer
will have the lower hydrodynamic volume
compared to its linear counter part and
thus have lower intrinsic viscosity value.

www.ms-journal.de
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Figure 3.

3C NMR spectroscopy of (a) CMT, (b) acrylamide and (c) CMT-g-PAM 4.

Further, in the case of branched polymers,
the longer is the branching, the higher will
be its intrinsic viscosity and vice-versa. This
has been observed in practice (Table 1).

Elemental Analysis

The results of elemental analysis of CMT
and all the grades of CMT-g-PAM are
listed in Table 2. CMT does not show any
significant presence of nitrogen. However,
the negligible amount of nitrogen may be
due to the trace quantities of unisolated
proteins in the polysaccharide. It has been
found that there is a considerable percen-
tage of nitrogen in the graft copolymers,
which can be accounted to the presence of

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

grafted PAM chains. In the series of graft
copolymers, based on CMT, the variation in
the nitrogen content, although not much, is
significant in case of CMT-g-PAM 5. The
higher percentage of nitrogen may be due
to the increased polyacrylamide (PAM)
content in the graft copolymer.

FTIR Spectra

The FTIR spectra of CMT and CMT-g-
PAM 4 are shown in Figure 2a and b
respectively. It can be seen (Figure 2a) that
a broad absorption band in CMT at
3414 cm™' is due to the stretching fre-
quency of —OH groups. The bands around
1118 cm ! and 2924 cm ! are assigned to

www.ms-journal.de
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SEM micrographs. (a) SEM micrograph of CMT; (b) SEM micrograph of PAM; (c) SEM micrograph of CMT-g-PAM 4.
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Turbidity test in 0.25 wt% kaolin suspension using CMT-g-PAM 4 and commercial flocculants.
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Settling characteristics of kaolin suspension using CMT-g-PAM 4 and commercial flocculants.
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—CO as well as —C-H stretching respec-
tively. A strong band around 1039 cm™" is
due to CH,—O-CHj stretching. Two addi-
tional peaks, one at 1660 cm ' and other at
1448 cm™', are assigned for the -COO~
groups.

In case of CMT-g-PAM 4, apart from the
above mentioned peaks, there are three
additional peaks, at 3176 cm ™' is for -NH
stretching, 1327 cm™' for —CN stretching
and 1674 cm ™! for amide carbonyl group
which clearly indicated that PAM has been
grafted onto CMT backbone.

Weight Average Molecular Weight using

SLS Analysis

The weight average molecular weight of
CMT and various grades of CMT-g-PAM
were determined from Debye Plot using
SLS analysis. The results are summarized in
Table 3. From Table 3, it is clear that the
weight average molecular weight (M,,) of
grafted polymers has increased drastically
compared to CMT, which can be explained
on the basis of the grafting of PAM onto the
backbone of base polysaccharide (i.e.
CMT). Again in case of various graft
copolymers, CMT-g-PAM 4, which is
optimized one (w.r.t. intrinsic viscosity
and flocculation study), is having highest
molecular weight, which is because of the
longer PAM branches.

'3C-NMR Spectroscopy

It has been shown from Figure 3a (i.e
3BC-NMR for CMT) that CMT has five
distinct peaks in the *C-NMR spectrum.
The absorption peak at § =46 ppm was for
anomeric carbon atom and the peak at
8§ =280 ppm is for carbon atoms connected
by —~OH groups (i.e the carbon atoms in the
six membered ring except anomeric carbon
atom) and another peak at §=66 ppm
is attributed for the carbon atom
of CH,OH group as shown in Figure 3a.
Apart from the peaks present at CMT,
there is additional peaks at §=76 ppm
which is for the carbon atom of —-O-CH,- of
the inserted carboxymethyl group and

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

another peak at §=186 ppm is for the
carboxyl carbon atom of -COO Na™.

Figure 3b shows the *C-NMR spectrum
of acrylamide. Acrylamide had three major
peaks in the spectrum. The peak at § =172
ppm was for the amide carbonyl carbon.
Peaks at §=130 and §=133 ppm were
for two sp® hybridized carbon atoms
(i.e. CH,=CH-). These are shown in
Figure 3b.

The "*C-NMR spectrum of one of the
graft copolymers (CMT-g-PAM 4) is shown
in Figure 3c. The peak at § =183 ppm was
for the carboxyl carbon of -COO Na™,
which was present in CMT spectrum at
8 =186 ppm. The peak at § =175 ppm is for
the carbon atom of ~-CONH, group. The
peak at § =75 ppm is for the carbons with
the secondary hydroxyl groups and the
peak at § =45 ppm and § =33 ppm was for
the CH,—CH, groups those were formed
during the polymerization reaction.

As seen in *C NMR spectrum of the
graft copolymer and acrylamide, acryla-
mide had two peaks at § =130 and 133 ppm
for two sp® hybridized carbon atoms, which
were absent in the graft copolymer. More-
over, two additional peaks are present for
graft copolymer at §=45 ppm and
8 =33 ppm, which is for the sp> hybridized
carbon atoms (i.e. -CH,~CH,~ units in the
graft copolymer). Neither the CMT nor the
Acrylamide spectrum had this peak. So, the
absence of peak at § =130 and 133 ppm and
the presence of a peak at §=45 ppm and
§ =33 ppm is clear evidence of the grafted
polyacrylamide chains onto the backbone
of CMT.

Scanning Electron Microscopy

Figure 4a—c show the scanning electron
micrographs of CMT, PAM and CMT-g-
PAM 4. A careful examination of the
micrographs reveals that a large difference
in the morphological appearance of the
polymers. CMT has a granular structure,
which changed drastically from granular to
fibrillar structure when PAM was grafted
into CMT. This observation also supported
the grafting of acrylamide onto CMT.
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Flocculation Characteristics

The flocculation performance of CMT and
all the graft copolymers was compared in
0.25 wt% kaolin suspensions. The result is
shown in Figure 5. In this case, the turbidity
of the supernatant liquid after flocculation
was plotted against the polymer concentra-
tion. It is obvious from these results that
CMT-g-PAM 4, which is having higher
molecular weight and longer PAM
branches is a better flocculant in kaolin
suspension than that the other grafted
polymers and CMT.

An attempt has been made to compare
the flocculation characteristics of the best
performing grafted polymer (CMT-g-PAM
4) with some of the commercially avail-
able flocculants in kaolin suspensions.
From Figure 6, it can be concluded that
CMT-g-PAM 4 dominates over both the
commercial flocculants. Its performance is
better than that of other commercial
flocculants because the kaolin particles
have slightly negative charges (suspension
zeta potential = —4.2) and in this case, it
appears that the grafting along with easy
approachability of longer PAM branches of
CMT-g-PAM 4 dominates the perfor-
mance.

The settling tests were carried out in
5-wt% kaolin suspension. In this case, the
settling time was plotted against the height
of interface. Figure 7 shows the settling
characteristics in kaolin suspension for
CMT-g-PAM 4, Rish 440 HV and Mag
LT27. It is clear from Figure 7 that CMT-g-
PAM 4 is best flocculant while compared
with the commercial flocculants.

Conclusion

From the above experimental investiga-
tions, it can be concluded that a novel
polymeric flocculant has been developed by
grafting polyacrylamide onto the backbone
of carboxymethyl tamarind (CMT), which
outperforms commercial flocculants avail-
able in national and international market at
laboratory scale.
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