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ABSTRACT: The graft copolymer of N-vinylformamide
with alginic acid was synthesized by free radical poly-
merization using potassium peroxymonosulphate and
thiourea as redox pair in inert atmosphere. The optimum
conditions for maximum grafting have been determined by
varying the concentrations of N-vinylformamide, potas-
sium peroxymonosulphate, thiourea, sulfuric acid, alginic
acid as well as time duration and temperature. The grafting
parameters increase up to the certain concentrations of
N-vinylformamide, potassium peroxymonosulhate, thiou-
rea, and hydrogen ion while thereafter grafting parameters
decrease. The effect of alginic acid concentration on
grafting parameters has been observed to decrease continu-

ously. It has also been found that grafting parameters
increase up to certain time and temperature, respectively,
and thereafter decrease. The swelling properties of graft co-
polymer in terms of swelling ratio and percent swelling are
investigated. Flocculation property of pure and grafted
sample for both coking and noncoking coals is also investi-
gated for the treatment of coal mine waste water. The graft
copolymer has been characterized by Fourier transform
infrared spectroscopy as well as thermogravimetic analysis.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 121: 1400-1407, 2011
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INTRODUCTION

The phenomenal growth in the field of functional
materials'? based on graft copolymers has become
increasingly important in industrial applications
over the past decades. To increase the paramount
contributions towards their improved industrial
applications, various graft cogolymers have been
synthesized in our laboratory.”* In the same way,
the present study concerned with the synthesis of a
new type of graft copolymer, has been made using
polymeric backbone of alginic acid (AOH). Alginic
acid, also called algin, or alginate, is a naturally
occurring  colloidal  hydrophilic  polysaccharide
obtained from the various species of brown seaweed
(phaeophyceae).”® Tt is a linear copolymer consisting
mainly the residue of B-1, 4-linked p-mannuronic
acid and o-1, 4-linked r-guluronic acid.””® It has a
broad range of applications in pharmaceutical,'*"
biomedical,'* and agricultural areas.'*'* 1t also plays
an important role as an adduct product'® to food
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due to its property forming highly viscous solution.
Some workers reported that Alginic acid is easily ca-
pable to form a gel, a well stable system in the pres-
ence of divalent cation as the calcium ion'®"” as well
as composite gel beads with tamarind gum.'®
Although AOH possesses good properties and vari-
ous industrial applications, it suffers from its draw-
backs, i.e., biodegradability'®* which limits its uses
considerably. Grafting of vinyl monomer, the
method, on to polymeric backbone of alginic acid
not only improves the drawbacks but also increases
its properties such as swelling and flocculation
because the additional properties of vinyl monomer
are superimposed. N-vinylformamide (NVF), a key
compound in synthesis of cationic polymers,> is
hydrophilic and low toxic in nature. It has potential
interests in a number of areas such as petroleum re-
covery from oil wells, water treatment, and effective
drag reducing agent and the major applications such
as dry and wet strength for paper making.**
Prompted by the applications of NVF and AOH,
hitherto unreported graft copolymer viz. graft copol-
ymer (alginic acid-g-N-vinylformamide) has been
prepared by using potassium peroxymonosulphate
(PMS)/thiourea (TU) redox system and some of the
properties like swelling capacity and flocculation
studies has been investigated.
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EXPERIMENTAL
Materials

NVF (Sigma-Aldrich Co. Ltd, Gillingham, Dorset, SP8
4XT, UK) was distilled under reduce pressure at
14 mmHg and 55°C and only middle fraction was
used. AOH was purchased from (Sigma-Aldrich Co.
Ltd, Gillingham, Dorset, SP8 4XT, UK). PMS (Sigma-
Aldrich Co. Ltd, Gillingham, Dorset, SP8 4XT, UK) and
TU (E. Merck, India) were used as such. For maintain-
ing hydrogen ion concentration, sulfuric acid (E.
Merck, India) is used. All the solutions were prepared
in triple distilled water. The other chemicals used were
of analytical grade and used as such without
further purification. For the flocculation, coking and
noncoking coals were received from steel plant Bokaro,
India.

Procedure for graft copolymerization

All the reactions were carried out in nitrogen atmos-
phere. For each experiment, alginic acid solution has
been prepared by adding weighed amount of alginic
acid into the reactor containing triple distilled water.
The calculated amount of NVF (8 x 102 to 24 x 1072)
mol dm 3, PMS (2 x 10 % to 18 x 107°) mol dm 3, TU
(1.2 x 102 to 4.4 x 10~%) mol dm >, and sulfuric acid
(2 x 107° to 6 x 10~%) mol dm 2 solutions have been
added to the reactor at constant temperature (range
from 30 to 50°C) and a slow stream of purified nitro-
gen gas is passed. After 30 min, a known amount of
deoxygenated PMS (2 x 10 ° to 18 x 10"°) mol dm
solution is added to initiate the reaction, and allowed
to continue for 2 h. After desired time period, the
reaction was stopped by letting air into the reactor.
The grafted sample has been precipitated by pouring
reaction mixture into water/methanol mixture (ratio
1:5). The grafted sample has been separated by filtra-
tion and then dried and weighed.

Separation of homopolymer

Poly(N-vinylformamide) is remained in the filtrate.
To the filtrate a pinch of hydroquinone is added and
then it is concentrated by distillation under reduced
pressure. This concentrated solution is poured into
the pure methanol to find out the precipitate
of poly(N-vinylformamide). The poly(N-vinylforma-
mide) is separated, dried, and weighed.

Estimation of grafting parameters

The graft copolymer has been characterized by
following grafting parameters®>":

. e Grafted polymer
Grafting ratio (%G) = Weight o fpsul}olstrate x 100

Synthetic polymer "

Add on (%A) = Graft copolymer

100

Conversion (%C) = I\/II)(Z)Ill}:rrril; féﬁ:;;j 3> 100

_ Polymer in graft

= 1
Polymer formed <100

Grafting efficiency (%E)
Homopolymer = 100 — % Grafting efficiency

Method of characterization of Alginic acid/alginic
acid-g-N-vinylformamide

IR spectroscopy

The IR spectra of AOH and grafted samples have been
recorded with JASCO FT/IR-5300 model in the range
500 to 4000 cm ™ to provide the proof of the grafting.

Thermogravimetric analysis

The thermograms have been recorded on NETZSCH -
STA 409C/CD thermal analyzer at from 0 to
1400°C temperature range and with a heating rate of
15°C/min in nitrogen atmosphere.

Study of properties
Swelling

The swelling capacity of different samples of graft
copolymer has been investigated. The samples of
graft copolymer have been synthesized at different
concentrations NVF (8 x 1072 to 24 x 102) mol
dm™>. The preweighed sample (0.02 g of each) was
immersed in 20 mL of triple-distilled water and kept
undisturbed for 10 h at room temperature until equi-
librium swelling was reached. The surface water on
swollen sample was then removed by pressing it
between twofolds of filter paper and weighed. The
percent swelling (Ps) and swelling ratio (Sr) have
been calculated by using following expressions.’***

Swelling ratio (Sr)
~ Weight of swollen sample — weight of dry sample
N weight of dry sample

Percent swelling (PS) = Swelling ratio (Sr) x 100

Flocculation

In 1.0 L beaker, 200 cc of 1% wt coal suspension was
taken. The beaker was placed on flocculator dipping
the stirrer blade in the suspension. Under a low
stirring condition, required quantity of polymer
solution was added to beaker to make predeter-
mined dose with respect of suspension volume.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Scheme of formation of graft copolymer.

After the addition of polymer solution, the suspen-
sion was stirred at a constant speed for 15 min. The
flocs were allowed to settle down for half an hour.
Clean supernatant liquid was drawn from a depth
of 1.0 cm and its turbidity was measured using a dig-
ital nephelometer [Digital Nephelometer Model 341
(EI) supplied by ISO-Tech System, Varanasi, India] to
express the turbidity in nephelometric unit (N.T.U.).

RESULTS AND DISCUSSIONS
Determination of optimum grafting conditions

The optimum reaction conditions for affording maxi-
mum percentage of grafting as shown figure 1 have
been established in the case of grafting of NVF onto
AOH by using PMS and TU redox system in the
presence of sulfuric acid with the effect of time and
temperature.

Effect of [peroxymonosulphate]

The effect of PMS concentration on grafting para-
meters has been studied by varying the concentra-
tion of PMS from 2 x 107> to 18 x 10> mol dm>.
The results are presented in Table I. The grafting
ratio, add on and efficiency have been found to
increase on increasing the concentration of PMS from
2 x 1072 to 10 x 10 ° mol dm°. The increment in
grafting parameters is due to the progressive reduc-
tion of PMS by TU, which produces primary free
radicals i.e., R® = R;S* and SO;~.** These primary
free radicals interact with NVF and AOH molecules
to produce macro-radicals, which propagate the
growing grafted chains giving rise to the formation

Journal of Applied Polymer Science DOI 10.1002/app

of more number of active sites on polymeric back-
bone. However, beyond cited range of concentration
of PMS ie, 2 x 107° to 10 x 107° mol dm >, all
these parameters decrease which is attributed due to
premature termination of growing grafted chains.*

Effect of [thiourea]

The variation of TU concentration from 1.2 x 10~ to
4.4 x 10? mol dm reveals that of grafting ratio, add
on and efficiency increase on increasing the TU con-
centration up to 2.8 x 102 mol dm? because of avail-
ability of more primary free radicals (R* = R;S* and
S50,°7), which is formed due to reduction of PMS by
TU.* However, on further increasing the concentra-
tion of TU from 2.8 x 103 to 4.4 x 10> mol dm*3, the
decrement in grafting parameters has been found
which is probably due to premature termination of
NVF radicals which cause to give more to more homo-
polymer. The results are given in Figure 2.

TABLE I
Effect of [Peroxymonosulphate]
[PMS] x 10°

mol dm° %G %E %A %C %H
2 195.0 60.8 74.6 42.8 39.1

6 216.8 68.9 76.0 40.4 31.0

10 320.4 744 76.2 37.8 25.5

14 292.9 70.6 747 48.4 29.3

18 263.1 57.2 724 40.4 42.7

[AOH] = 1.0 g g dm %, [NVF] = 16 x 1072 mol mol
dm™3; Time = 120 min; [TU] = 2.8 x 10~ mol mol dm™3;
[H"] = 4 x 10> mol mol dm?; Temp. = 40°C.
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TABLE II
Effect of [Hydrogen Ion]
[H'] x 10°
mol dm 3 %G %E %A %C %H
2 251.7 58.6 70.8 35.7 41.3
3 278.4 67.0 722 36.4 32.9
4 320.4 74.4 76.2 37.8 25.6
5 303.1 66.5 75.1 31.4 345
6 270.6 65.7 73.0 36.2 34.3
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Figure 2 Effect of [thiourea]. [AOH] =10 g dm~3; [NVF]
=16 x 1072 mol dm~3; Time = 120 min; [PMS] = 10 x 10~°
mol dm % [H] = 4 x 10% mol dm?; Temp. = 40°C.

Effect of [alginic acid]

The effect of concentration of AOH has been observed
with an aim to study the effect of its concentration
(from 0.6 to 1.4) g dm ™ on grafting parameters. The
results are presented in Figure 3. It is obtained that
the grafting parameters decrease continuously on
increasing the concentration of AOH. This is due to
increment in viscosity of the reaction medium which
hinders the movement of free radicals.

Effect of [hydrogen ion]

The concentration of hydrogen ion plays an
important role during the reaction. The effect of
hydrogen ion concentration has been studied by
varying the concentration from 2.0 x 10> mol dm >
to 6.0 x 107> mol dm 2. Tt has been observed from

—+— %G ——%E —a— %A —x— %C —x— %H
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Figure 3 Effect of [alginic acid]. [PMS] = 10 x 102 mol
dm % [NVF] = 16 x 1072 mol dm 3 Time = 120 min;
[TU] = 2.8 x 10> mol dm ™% [H'] = 4 x 10~° mol dm™>;
Temp. = 40°C.

[AOH] = 1.0 g dm % [NVF] = 16 x 10> mol dm >
Time = 120 min; [TU] = 2.8 x 10~° mol dm~%; [PMS] = 10
%x 1072 mol dm~3; Temp. = 40°C.

Table II and found that grafting ratio, add on, and
efficiency increase due to protonation of TU?” which
takes place on increasing the hydrogen ion concentra-
tion up to 4.0 x 10> mol dm >, which in turn proto-
nated species reacts with PMS to give more primary
free radicals. But on further increasing the concentra-
tion of [H'] ions beyond 4.0 x 1072 mol dm 3, the
grafting parameters decrease while homopolymer
increases. It could be explained by following reasons

1. It is due to premature termination of NVF
radicals giving rise to the formation of
homopolymer.

2. On increasing the hydrogen ion concentration,
formation of H,SOs species increases due to
which concentration of HSO; decreases result-
ing in production of less free radical, thereby
decreasing the grafting parameters.

HSOS_ + I_IJr — H2505

Effect of [N-vinylformamide]

The effect of concentration of NVF on grafting
parameters has been investigated by varying the
concentration of NVF from 8.0 x 1072 to 24.0 x 102
mol dm ® and results are presented in Figure 4. It
has been observed that grafting ratio, add on, and
efficiency increase on increasing the concentration
up to 16 x 107> mol dm ° and thereafter, grafting
parameters decrease. This behavior is attributed to
the accumulation of monomer molecules at close
proximity of polymeric backbone. The monomer
molecules, which are at the immediate vicinity of
reaction sites, become acceptors of alginate macro-
radicals resulting in chain initiation and thereafter
themselves become free radical donors to the neigh-
boring molecule leading lower of termination. But
on further increasing the concentration of NVF from
16 x 1072 to 24 x 1072 mol dm~3, the results for
these grafting parameters are found to be decreased
due to the increased viscosity of the reaction mixture
which facilitates the formation of homopolymer.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Effect of [N—Vmgylformamlde] [AOH] = 10 g

dm% [PMS] = 10 x 107 mol dm 7; Time = 120 min;
[TU] = 2.8 x 102> mol dm % [H] = 4 x 10 mol dm*3,-
Temp. = 40°C.

Effect of temperature

The results, for grafting parameters at different
temperatures between 30 and 50°C, are summa-
rized in Table IIl. The grafting parameters increase
up to 40°C and thereafter decrease to some extent
with further increase in temperature. The incre-
ment in grafting parameters in beginning up to
40°C is attributed due to the increase in the
formation of active sites on account of enhanced
production of primary free radicals with increase
in temperature.

The decrement in grafting parameters could be
explained as follows:

1. It may be due to the premature termination of
growing grafted chains by excess free radicals
at higher temperature.

2. Beyond the optimum value increase in temper-
ature may lead to the decomposition of PMS in
to HSO;, HyO, O,. Since O, acts as a scavenger
for free radicals, which reacts with primary
free radicals thereby lowering the free radical
concentration.

TABLE III
Effect of Temperature

Temperature (°C) %G %E %A %C %H

30 297.0 65.2 74.8 40.0 37.7
35 303.0 69.0 75.1 39.5 30.9
40 320.4 74.4 76.2 37.8 255
45 313.0 68.0 75.7 40.5 31.9
50 243.1 58.3 70.8 38.5 41.7

[AOH] = 1.0 g dm™ % [PMS] = 10 x 10° * mol dm™;
[NVF] = 16 x 1072 mol dm™ [TU] = 2.8 x 1072 mol
dm % [H'] =4 x 107 mol dm ; Time = 120 min.

Journal of Applied Polymer Science DOI 10.1002/app
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Effect of time

To investigate the effect of time on graft copoly-
merization, the reaction has been carried out by
varying the duration of reaction from 60 to 180 min.
The results are given in Figure 5. It has been found
that grafting ratio; add, on and efficiency increase
from 60 to 120 min and thereafter, these parameters
decrease. This is attributed to the propagation of
grafting chains which takes place due to availability
of more active species, which accounts for higher
grafting. On further increasing the time interval
beyond 120 min, all the active sites get exhausted as
the mutual annihilation of growing grafted chains
occurs, so that grafting parameters decrease.

Evidence of grafting

Infra-red spectrum of AOH showed strong peaks at
34523 cm™ ' due to —OH stretching vibrations.*
On comparing the IR spectra of AOH and alginic
acid-g-N-vinylformamide (presented graph in
Figure 6), graft copolymer (alginic acid-g-N-vinylfor-
mamide) showed variations in intensity of —OH
stretching and shifting of the peak appeared due to
—OH stretching from 34523 cm ™' to 3431.9 cm ™'
indicating the participation of hydroxyl groups in
chemical reaction. In addition to this, the grafting of
NVF is further confirmed by characteristic absorp-
tion band at 3675.6 cm 1 due to appearance —NH
stretching vibration (Amide II) which results from
the interaction between —NH bending vibration and
—CN stretching vibration respectively. A band at
11151 cm™' is due —CN stretching vibration of
secondary amide present in pendant chain of
poly(N-vinylformamide). The appearance of addi-
tional new bands due the pendant chain of poly(N-
vinylformamide) attached in graft copolymer and
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Figure 6 IR spectrum of alginic acid (A) and alginic acid-
N-vinylformamide (Ay).

also the disappearance of OH bending vibration
appeared at 669.0 cm ' in AOH showed that grafting
have been taken place on —OH of AOH backbone.

Thermogravimetric analysis

Thermogravimetric results are obtained from Figure 7
presented for TGA/DTG curves. The polymer
decomposition temperature has been found at
200.0°C. The rate of weight loss increases with
increase in temperature from 200.0°C to 250.0°C and
thereafter decreases and attains a maximum value at
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Figure 7 Thermogravimetric trace of alginic acid (A) and
alginic acid-N-vinylformamide (Ay).

TABLE IV
Swelling Capacity of Alginic Acid-g-N-vinylformamide
Sample [NVE]x10?
code mol dm~ %G Ps S,
Ani 8 287.0 210 2.1
Ao 12 307.3 300 3.0
Ans 16 320.4 400 4.0
A 20 279.7 280 2.8
Ans 24 257.1 180 1.8

[AOH] = 1.0 g dm % [PMS] = 10 x 10> mol dm?,
[TU]= 2.8 x 10~ mol dm~%; [NVF] = 16 x 1072 mol dm™~5;
[H'] =4 x 10 mol dm; Time = 120 min; Temp. = 40°C.

about 252.8°C. The integral procedural decomposi-
tion temperature which accounts the whole shape of
the curve and it sum up all of its dips and mean-
derings in a single number by measuring the area
under the curve. Thus thermal stability of pure algi-
nate and its graft copolymers has also been deter-
mined by calculating integral procedural decompo-
sition temperature values using Doyle’s equation.”
The integral procedural decomposition temperature
is found to be 267.3°C. Thermogravimetric analysis
of alginate shows three steps degradations. First
Tmax, temperature at which maximum degradation
occurred, is 211.3°C might be due breaking of
segments of D-mannuronic acid and L-glucuronic
acid. Second and third Tp.x 807.8°C and 872.7°C,
might be due to elimination of H,O and CO, respec-
tively. The final decomposition temperature (FDT)
has been found at 900.0°C. But in case of alginic
acid-g-N-vinylformamide, the weight loss 0.5% at
about 70.0°C might be due to absorbed water. It has
been found that degradation of alginic acid-g-N-
vinylformamide starts at about 106.3°C temperature.
The polymer decomposition temperature has been
found at 113.0°C. The rates of weight loss increase
with increase in temperature from 170.0°C to
300.0°C, and thereafter decrease and attain a maxi-
mum value at about 580.0°C. The degradation of
graft copolymer has been taken place in two steps
i.e., between 200.0°C to 218.0°C and 750.0°C to
780.0°C temperature ranges. Two Th,,x, temperatures
at which maximum degradation occurs, have been
found at 207.3°C and 772.7°C, respectively. First
Tmax, at 207.3°C might due to loss of —CO group
from pendant chain attached to the polymeric back-
bone, which is also confirmed by endothermic peak
present in DTA curve of alginic acid-g-N-vinyl-
formamide at nearly 240.0. The second T« might
be due to the elimination of functional —NH2 group
from pendant chain attached to AOH backbone,
which is confirmed by endothermic peak present in
DTA curve of graft copolymer at 772.1°C. The
FDT and integral procedural decomposition tempe-
rature have been found at 1100.0°C and 327.9°C,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Effect of polymer dosage on turbidity for coking
coal (OJ) and noncoking coal (A).

respectively. The two steps degradation and high
values of FDT favor the thermal stability of graft
copolymer in comparison to the backbone.

Swelling test

As results were summarized in Table IV, a marked
increase in value of swelling parameters is observed
when graft copolymer samples, prepared at different
concentrations of NVF from 8 x 1072 to 24 x 102
mol dm 7, are exposed in water. On increasing the
concentration of NVF from 8 x 1072 to 16 x 102
mol dm > the value of grafting ratio increases,
which is due to attachment of longer pendant chains
of NVF. The long pendant chains of NVF are
responsible for maximum hydrophilic character in
graft copolymer thereby increasing the value
of swelling ratio. Beyond cited range of NVF concen-
tration, the value of grafting ratio deceases with
hydrophilic character due to shorter pendant chains
of NVF attached to the polymeric backbone of AOH.
It is also observed that the sample of all graft co-
polymer become swellable up to same time for AOH
which become soluble.

Flocculating test

Plots of supernatant turbidity versus polymer
dosage for coking and noncoking coals are given in
(Fig. 8). It has been found that grafted copolymer
(alginic acid-g-N-vinylformamide) having a comb
like structure gives better performance by showing
lower turbidity than AOH itself. This phenomenon
could be explained by considering bridging mecha-
nism.**** The flocculation mechanism can act alone
or in combination, depending on the properties of
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particles and polymer in solution. In grafted copoly-
mer, the dangling of poly(N-vinylformamide) chains
have better approachability®® to the contaminant
coal particles hence increases its flocculation capabi-
lity.** The graft copolymers become highly positively
charged species in noncoking coal suspension and
interact higher negative charge density coal particles
in a greater extent than coking.*>*® Thus, by grafting
of poly(N-vinylformamide) onto AOH, efficient flo-
cculants have been obtained and it could be used for
the treatment of coal waste water.

CONCLUSIONS

The thermal data show that the synthesized graft
copolymer is thermally more stable than pure AOH.
The synthesized graft copolymer i.e., alginic acid-g-
N-vinylformamide shows better results for swelling
and flocculating properties in comparison to AOH,
thus could be interpreted that graft copolymer
shows the enhancement in these properties. The
spectroscopic data confirm that the grafting of NVF
might have taken place at hydroxyl group, which is
also supported by a tentative mechanism suggested
for grafting. The thermal analysis data show that
graft copolymer, a hybrid material in which proper-
ties of monomer is added by grafting, could be
exploited very well industrially.
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