CHAPTER TV
RESULTS and DISCUSSION

4.1 The Optimum Concentration of the Monomer Solution

The result of the f water absorbency test of the
copolymer beads synthesized by in épsion polymerization with
various concentratiV omer Solubions was in Table 4.1.
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The synthesized copolymers of Am and KA are soluble in water
on account. of the hydrophilic pendants (amide and carboxylate groups)
in t.heir structure, except that the molar ratio of Am:KA at 71:29 :
produced the water insoluble beads with high-water absorbency values
of 347 times its dry weight. It is speculated that gel formation in
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the absence of crosslinking monomer is probably due to the following

side reactions:

a. the occurrence of imidization that usually takes place in

concentrated solutions (27) and at

the polymerization of acrylamide
high temperature(12,27). '
copolymer is shown belows .

~(CH,-CH) - (CH,~CH) =

I I f
CONH,, OOV -

NH eq.6

from the polymer backbone * - 3 ) .oiéal combinations (28). In

acid salt is

crosslinking proceﬁ

Wlmerlzatlﬁ au mnﬂﬁ ﬂ djw m%"“‘" during the
W'lﬁifliﬂllliﬂ A9083 ﬂﬂed e

HWAP, indicates that one of the side reactions should be crosslinking

iﬁﬁagent (29).

of the copolymer with an appropriate crosslink dénsity. The structure
of the copolymer should consist of more acrylate units than the
acrylamide units owing to the higher hydrophilicity of the carboxylate
group, and the reactivity ratio of KA is higher than that of Am. The
copolymerization reactivity ratios of KA and Am are’ 1.35 and 0.78,
respectively(30).
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4.2 The Optimum Polymerization Temperature

The water absorbency of the copolymer beads synthesized at
71:29 molar ratio of Am:KA with 1.4 g/1 (NH )_S.0 at wvarious

4 2 2 8

polymerization temperatures between 40-60 C was shown in Table 4.2.

Effect
on the

>h blue%emperatur-e
"7-- n _ S etic Beads
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Polymerization [emparap

ser Absorbency

€5 0 / g dry polymer)

At low t ratures (40 and 45 C), tl‘m synthetic copolymers

are water soluble; butsat higher ﬁratures the polymerization

provided cro lu@ %Mm tg(:r“] ﬁbency values of 66

and 347 g/g a%l 50 and 60 °C, rgspectlvely The re s support that

-] B ﬁg%’ie’%%&le@l'ﬂgﬂe e

products !

4.3 The Optimum Concentration of the Initiator

The results of inverse suspension copolymerization of Am:KA
synthesized with various concentrations of (NH )_S. O were shown in

a’ 2278
Table 4.3 and Figure 4.1.
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TABLE 4.3
Effect of the Initiator Concentration
on the Water Absorbency of Synthetic Beads

C(NH,)_S.0_]

4 22 8

Water Absorbency

(g/1) gHO/ g dry polymer)

0.8 43
1.0 31
14 347
1.6 124
2.0 53
The values in the paren 543 E AN iator concentrations in

mol/dm° unit.

-~

Ter—_—

The opt.1 ,-;-‘-‘ .4 g/1 to give the

copolymer which hasﬂhe highest water a ofber@.

o

YA Wﬂ‘ﬁ‘ﬁﬂﬁeﬁ Wil o

with 71:29 molar ratio of Am:KA and at 60 C with 1.4 g/1 (NH,) _S,0, at

22 8
various concentrations of N,N "_MBA was shown in Table 4.4 and Figure

4.2. £53
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FIGURE 4.1 Effect of the initiator concentration on
the water absorbency of syhthet.ic beads
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TABLE 4.4
Effect of the Crosslinking Agent Concentration
on the Water Absorbency of Synthetic Beads

[N,N'—MBAJ Water Absorbency
(mole%) A% (g H,0 / g dry polymer)
e 347
0.00 ‘ — 38
0.01 : ‘3 " : 25
o.o0 4 A4 =3 '\ 45
0.040 ACRANNAN 1o
0.050 Wite YY) a7
The copolymer th N ‘_MBA gave the best product
at 0.40 mole% 3 o ter absorh ,,.u-‘ ‘f 122 g/g, but the
extent of water “absorpbion ‘.,.; of the best water-

absorbing copolymer-sSynthesized in the absence :f crosslink. This was

ascribed to i[ or. hich inhibit the
swelling of ﬁ:ﬁ ﬁw ﬂiﬁ{ﬂgﬁﬂ agent.s have been
employed to elp improve therrate of flmid a.bsorpt.mm However, if
e (5 BETI BRI o 8 b i o
decreased. The absorbency of crosslinked polymers can be explained in
terms of swelling. Swelllng is a diffusion phenomenon driven by the
affinity of the molecules of the swelling material for the molecules
" of A the contracting fluid. A classical crosslinked network has a
swelling limit controlled by a balance between the thermodynanic
forces due to polymer-solvent interactions and the entropic force of

coiled polymer chains.
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FIGURE 4.2 Effect of the crosslinking agent concentration
' on the water absorbency of synthetic beads
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: A three-dimensional network of polymer in contact with a
solvent will strive to dissolve in the liquid. In the process the
polymer chains uncoil to more open conformations so that each chain
can maximize its contact with the solvent molecules, and thus swelling
I tgre is no crosslink, the swelling

would continue until a Z&Son is obtained. But in a
crosslinked network cha +between crosslinks become

__d

@ force develops. The

swelling will stop at an-eqw point.when the swelling force is

of the network takes place.

increasingly elongated;

The swelling ¢ -dependen on the entropy of

dilution, the heat ofJddilt ‘ - antropy of the polymer network.

For a given polymer-sg vent’ s+‘ 7 the | eq g1ilibrium swelling is a
function of the crossli £ =the, T lt.ionship involving the
equilibrium swelling ratiazé_sﬁﬁ; as the ratio of the final

swollen volume tojhe original un: n volume-of the network, was
\ i i g

derived by Flory therein 3. If the cro ‘density is: not.- too
high and the solvnﬂe
relationship was obt.ai‘ped:
L7

PPV IFEN ek o
where C = (0g5- ’pvs s a constant for a given polymer—solvent
e A S ST S T e o e
interact . or Vi mlﬂ 2 e, ’1,; E[:ﬁa sity, v_ is

the molar volume of the solvent, M_ is the average molecular weight

e aollowing approximated

per crosslink, and. M is the average weight of the analogous

uncrosslinked polymer.

In the case of a polyelectrolyte network, the swelling forces
are increased by the ionic repulsion of like charges of the polymer

chains. This further expands the network and increases the equilibrium
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swelling(31). The swelling properties of a polymer are dependent upon
the polymer character, crosslink density, and the ionic content.
Crosslink density can be determined either by mechanical means or by
equilibrium swelling measuerments which are appropriate for polymer

samples of well defined geometry and water absorbing polymers

vv)mn as small, irregular particles

synthesized by suspension pol
or beads, repectively(28).

The concentragion H ) _S A of 2:1 by weight
was used as a redo : | ‘C as the reaction
temperature in the présepcel of l\t ‘ e water absorbency of the
crosslinked  copolymepé ' B .concentrations was

tabulated in Table 4.5 and ;gﬁm.r:e?l, wthe result of Section. 4.4 by

Figure 4.3. shows thal )SS _ 'r- ers synthesized by
redox initiation w1t.J 0.02 0.050 mole% eaN,N'—MBA have about
twice water a.bsorbengy higher tha n, ;those synthesized by thermal

initatfon, hﬁugmgeijg@ﬂt faat 1iibigaton

produced a bédtter crosshnkeg copo lymer havmg the h1ghest. water

absorbe w ﬁ 'T ymi?ijom 1ET of NN—_
MBA tomil slink the copolymer herma redox 1nitiation are

0.040 mole% and 0.020 or 0.050 mole%, respectively.

The inverse suspension polymerization occurred at lower
temperature(45°C) than the polymerization with thermal initiator(80°C)
is assinged in the patent literature(32) that a combination of thermal

initiator with a reducing agent enables an efficient polymerization




53

while limiting the free monomer (acrylic acid and acrylic acid salt)
content to less than 1,000 ppm, and generally less than 500 ppm in the
completed water-absorbing polymer. However, the results show that
the extent of water absorption of the crosslinked copolymers
synthesized with redox initiator is much lower than that of the best

\\

[N,N -MBA L NE ‘ Water Absorbency
(mole% Az kiné 2H0 / g dry polymer)

0.010 : A 32 ;

0.020 TN\ e 84
o.0pl )19
0.0 S | e 68
o.0s0,) 8 s

ANEANENINGINS

idation-reductjon reactigns produce radicals that can
e I R 1 418 Bl o ro
initiatién is that radical production occurs at reasonable rates over
a very wide range of temperatures, depending on the particular redox
system,' including initiation at moderate temperatures of 0-50°C and
even lower. - This allows a greater freedom of choice of the
polymerization temperature than is possible with the thermal homolysis
of initiation(4). The rate of polymerization in terms of the

concentration of monomers and initiators, for bimolecular termination
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FIGURE 4.3 Comparison of water absorbency of the copolymers
synthesized by thermal and redox initiating system
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is shown below:

for polymerization with thermal initiators
172
R = - kaM]{fkd[IJ/kt} : eq.a

P

for polymerization W1th redox initiators
R = - t][reductantjlzk eq.9

P

R is the polymerization

he rate constant for the
propagation step, kd initiator decomposition,

k., is the rate

% step, [M] is monomer

concentration, f he initiators, and [I3,
[oxidant], and Cr
general first-or
altered when the

formed from the iﬁi

of the initiators. The
jomer concentration is
abed by radicals directly
omer is involved in the

initiation step(28). ‘ 4

! e 11 4 I
‘ S AW - g
The per 1fate iom is known'to as 3 rong oxidizing agent

in aqueous solut. (s} :;-_- >, el with activators, has
vinyl polymerization.
Persulfate ion in ggzeous solution, when is heated alone or in the
presence of xjt o sulfate radical
ions (as shoﬂﬁﬂmm wmm:ct its subsequent
reactions(4,7,10,33):
’QW"]MT]?EU UNIINYA El

or thermal initiation

5 Lo N R A > 250, €q.10

been extensively

for redox initiation
B0 T R el > 80,7+ 80,7+ R eq.11
R is a reducing agent.
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Ito, K. and his coworkers (therein 28) studied the solution
polymerization of acrylic acid in water, at low concentration, as a
function of pH of the monomer mix(acrylic acid and sodium acrylate).
The rate of polymerization with the rate constant proportional to t.hé

square root of initiator concentration. Polymerization rate initially

a complete rate equation

fell over the pH range of 2—?‘;‘ ose slowly from pH 7 to 12, but

Absorbency of the

Copolymer
The salt e v oar ced as a result of the
osmotic pressure diffefeutial’ = j 5 t rnal solution in the gel

‘ent. ion concentration (34).
The water intake by v ic pressure until an ion
concentration equilibr e highest water-absorbing

er absorbency = 347 g/g) was

copolymer obtained in Sect;ﬁzm- 24
selected to test \t}iasa]t effeet"i' IS concentrations of KC1 and
MgCl, solutions.%# The inf es nd. upon the water
absorbency of the lymer.are summarized in le 4.6 and Figure 4.4.

A wﬂru%l)r@%gtm ‘c%:%a mm.it.y of polymer

network with ?b! variable quant.;-ty of aqueous componentu, The osmotic

oo RN AR TR PNV QB oroe or

the watér absorption and, consequently, swelling. At swelling

equilibrium, the chemical potentials of water in the polymer equals
that of water surrouding the polymer. Addition of a simple salt to
the polymer solut.ion leads to network contraction as indicated by
viscosity lowering and the decreasing of the chemical potential of the
water surrounding a polyelectrolyte polymer. Therefore, absorbént.
polyelectrolyte polymers cannot imbibe as much salt water as




pure water(31).

TABLE 4.6
Effect of Different KCl and MgCl 2 Concentrations
on Water Absorb

< ‘\HH{
o Absotbeficy(g H ,0/8 d.ry polymer)
h—— #

of the Copolymer

Concentration of

Salt Solution
% wh/v) / . in MgCl, Solution
// _ m:\\
' ) 78
0.1 ) 4B ’ 11
0.5 : A 5
1.0 4
2.0 y ke
The result ﬂhows the tendency hat. ,,j t.he water absorbency

decreases as the salt. concentratiop increases due to the ionic

strength (D) ﬂuﬂqtﬁﬂﬂﬁwﬁﬂﬂﬁumm and ionic

strength of thé!salt solutions ‘are calculat.ed in Table 4 7L

ammmmummmaﬂ
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FIGURE 4.4 Effect of different KCl and MgCl, concentrations
on water absorbency of the copolymer
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TABLE 4.7
Ion Concentration and Ionic Strength of the Salt Solution

Contration Ton Concentration Ionic*
of Salt 5 Strength
Solution in KCl(aq) g (mole-ion/dm”)
(%Wt /V) -
" MgCl_(aq)
0.1 0.0134|0, 0.0315
0.5 0.0870 ' _ 0670 0.2010
1.0 0.134010. 18104 9:1050 '} @.2100 [\ 0.1340 0.4020
fof fracdo/h AT
2.0 0.2680 0.8040

*1=1/2c¢ Z 123 where e ionic strength, the ionic.

concentration and the charge | ;‘ d i_dual ion, respectively(35).

4 absorbency decreased
ration@ This suggests that

the equilibrium osmoti¢ pressure is reached earlier in the presence of

the divalent ﬂnus {résuleldefend higndf fonid Sthemeth of the Mg,

solution compar with that of ‘KCI solut.lon at the sam&concent.rat.lon.

In add ﬂh A cfrtj@l W’}%lm}a H by salt

formation groups on adjacent chains or chain

even more with incring o

segments of the copolymer. Consequently, the crosslink density of the

network increases (34,36,37).
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4.7 Characterization

4.7.1 Study of the Functional Groups in the Copolymer

The functional groups in the copolymer were investigated by
IR. The spectrum was shown in Figure 4.5 and interpreted in Table 4.8.

The result she at, tHe*Ik#Epectrum of the copolymer was

similar to that of tHE™KyAroiysed Dowde s

of the 01z aiiiderco-pobas: , acrylate)

Wave number

cm )

3800-3300
3200

2920, 2840 3l i

!-
1660, 1610 C—? st.ret.chlng of the -CONH,,

1560 ﬂ . Wt’ wgm ca.rboxylate ion
asymmetric

1450 nding

ﬁ&ﬂ’l i1 ey Liel:)

4.7.2 Structure of the Copolymer

The copolymer was subjected to analyse the structure by
*®c-solid State NMR as shown in Figure 4.6. The spectrum shows two
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FIGURE 4.6 IR spectrum of the poly(acrylamide-co-potassium acrylate) ;
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FIGURE .4.6 1=’C—Solid, State NMR spectrum of the copolymer
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main peaks which correspond to the signals of the carbonyl C and
aliphatic C (of the polymer backbone) at the chemical shifts 180.107
and 42.386 ppm, respectively. 1In order to obtain a high-resolution
NMR spectrum, the water-soluble copolymer obtained from Section 3.3.1
was analysed with an FT-NMR in the modes of 'H-NMR and ' C-NMR. The
*H-NMR spectrum in Figure 4.7 shows three characteristic peaks at
1.39, 1.97, and 4.68 ppm correspe
-CH, and -NH, respecti A \

to the proton signals of -CH_,

2

spectrum of the water-

shows three signals at

the C=0, -CH, and -CH

soluble copolymer
179.11, 41.24, and

2

groups, respective

To be able \ e carbonyl carbon (39)
spectrum was expanded in

The spectrum indicates

of the water-sol
the 173-185 ppm region
thét the microstru sists of polyacrylamide
(MMM) homopolymer and *cog AY), so the phase separation

should exist in the copolyier: &%#: ery common that homopolymer

formation always .aécompanies the graft copoly m;pf ation reaction.

7 X

4.7.3 St.udy oﬁm'hermal Properties of the &polymer

ﬂa%&lb’ll NERTHEY W Fosas 0 200 o

identify ¢ nd T of the copolymer. The DSC th ogram of the
oo VR AN 1 Y B
Hence, the phase separation should exist in the copolymer. The T¢1
and T . of the copolymer are 74.77°C and 127.11°C while T, and T_,
exist at 193.52 and 245.08°C, respectively.  The T_, at 193.52 C
correlates to the Tz value of poly(potassium acrylate) (194°C) in the
literature(30). But the ng of the copolymer is far lower than the
reference T‘ value of polyacrylamide (165°C) probably due to the
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interference of the coating of Span 60 on the surface of the copo lymer
beads.
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$:7.4 Surface Morphology 6f the Co
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Moreover, the copolymer beads were photographed by SEM to
observe the surface appearance. The electron micrographs of the water-
soluble and crosslinked copolymer are shown in Figures 4.11 and 4.12,
respectively. From the SEM micrographs, lumps are observed on the
water-soluble copolymer whereas the crosslinked copolymer beads are
rather round in appearance.  The cellular structure found in the




FIGURE 4.11

FIGURE 4.12
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SEM m crographféf $he water-soluble copolymer
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SEM micrograph of the crosslinked copolymer
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crosslinked copolymer as shown in Figure 4.13 is similar to that of a
polyacrylamide gel (Figure 4.14) (40). The occurrence of the cellular
structure may be due to the high molar ratio of acrylamide used in
polymerization to produce polyacrylamide networks.

AULINENINEINS
AMIAIATUAMINYAE
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FIGURE 4.13 Scannxﬂg electron macrograph showing the cellular
struéture of thp eggoljmer bead
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FIGURE 4.14 Scanning electron micrograph showing the cellular structure

of a polyacrylamide gel. (The figure is reproduced from Reference 39.)
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