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ABSTRACT: Partially hydrolyzed polyacrylamide-co-poly(n -vinyl pyrrolidone) used as
a superabsorbent was prepared from acrylamide monomers exposed to g-rays to become
polyacrylamide that was subsequently partially hydrolyzed and was then copolymer-
ized with n -vinylpyrrolidone to obtain a terpolymeric superabsorbent with a water
retention value of 1100 times its dried weight. The total dose and dose rate along with
the appropriate degree of hydrolysis were investigated for percentage conversion in
each polymerization and the extent of water absorption. q 1998 John Wiley & Sons, Inc.
J Appl Polym Sci 68: 191–203, 1998
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INTRODUCTION

Oil is an important source of energy and a raw
material in various manufacturing industries. Oil EXPERIMENTAL
recoveries from the existing oil fields usually uti-
lize superabsorbent polymers for an enhanced oil Materials
recovery (EOR) process. Partially hydrolyzed

Acrylamide (AM, Baker) and NVP (Fluka) of ARpolyacrylamide (HPAM) has long been used in
grade were stored in a refrigerator before use.EOR processes. The degree of hydrolysis affects
Methanol, commercial grade (BDH), was purifiedcertain physical properties and thermal stability,
by fractional distillation at atmospheric pressure.especially in salt solutions of high ionic strength.
Sodium hydroxide and acetone, both analyticalCopolymers of HPAM polymerized with a como-
grade (Merck), were used as received. Generalnomer of N-vinyl-2-pyrrolidone (NVP) can toler-
laboratory glassware and equipment were avail-ate the hostile environmental conditions at excep-
able for the experiment. The gamma source oftionally elevated temperatures. This article de-
Co60 (Gamma Cell 220) with 24,480 Curies wasscribes the preparation of these copolymers by g-
from Nordian International Canada.irradiation along with investigations of their

properties.

Procedure
Correspondence to: S. Kiatkamjornwong.
Contract grant sponsor: Graduate School of Chulalongkorn Polymerization of AM by g-irradiation was car-

University.
ried out according to the technique in a previous

Journal of Applied Polymer Science, Vol. 68, 191–203 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/020191-13 article,1 which also examined the effects of total
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192 KIATKAMJORNWONG AND SUWANMALA

dose and AM concentration on percent conversion. Water Absorption in Distilled, Deionized Water
Additional effects were investigated as follows:

Water absorption of the unhydrolyzed PAM, hy-
drolyzed PAM, and copolymers synthesized fromEffect of Dose Rate and Total Dose on AM
various HPAMs were determined according to thePolymerization
technique described in a previous article.2 The ef-

Various dose rates of 3.6 1 103, 5.34 1 103, and fects of oven drying and freeze drying on the ex-
11.9 1 103 Gy h01 up to the total dose of 1.4 kGy tent of water absorption were studied.
were used to irradiate 2.5M AM solutions. The
reaction products of polyacrylamide (PAM) were Effect of Saline Solution on Water Absorption
hydrolyzed by placing 5 g PAM in a 20% NaOH

NaCl and MgCl2 were used as the model salts forsolution at 707C for 4 h to obtain the properly
observing salt effects on the water absorption ofhydrolyzed PAM for the subsequent copolymer-
the modified AM–pyrrolidone copolymer. Theization with NVP. The monomer conversion and
NaCl concentrations of 1.7 1 1002M (0.1% w/v),the degree of hydrolysis were measured. Likewise,
8.56 1 1002M (0.5% w/v), 1.7 1 1001M (1.0% w/polymerizations at a fixed dose rate of 11.9 1 103

v), and 3.42 1 1001M (2.0% w/v) were used forGy h01 to give the total doses of 0.1–2.0 kGy in
the monovalent salt effect. For the MgCl2 solution,increments of 0.1 kGy were also performed.
1.05 1 1002M (0.1% w/v), 5.25 1 1001M (0.5%
w/v), 1.051 1001M (1.0% w/v), and 2.11 1001MDetermination of the Hydrolysis Degree of PAM
(2.0% w/v) were used to determine the divalent

The hydrolysis degree of PAM to HPAM, deter- salt effect on water absorption.
mined by the semimicro Kjeldahl method, gives
the nitrogen content in the polymers. The differ- Wicking Time of the Copolymer
ence in the nitrogen content before and after the

A funnel composed of a 100-mesh aluminumhydrolysis reaction (PAM and HPAM) was calcu-
screen was connected to a graduate burettelated as the degree of hydrolysis.
through a rubber tube. The levels of the alumi-
num screen and of the burette were adjusted toEffect of Total Dose and Dose Rate on
the same zero position. Distilled deionized waterCopolymerization of HPAM with NVP by
was filled into the burette until the water levelg-Irradiation
reached the zero level. The aluminum screen was

Five grams of HPAM mixed with 100 cm3 deion- then thoroughly wetted. Dried copolymer (0.1 g)
ized distilled water was placed in a 500 cm3 reac- was dropped onto the wet aluminum screen and
tor. The system was stirred at 400 rpm at 307C it, consequently, swelled. The time required for
for 30 min in a N2 atmosphere. Then, the system 0.1 g of the copolymer to be fully wetted was re-
was subjected to g-irradiation. The copolymeriza- garded as the wicking time, which was then re-
tions of HPAM with NVP by g-irradiation with a corded.
fixed total dose of 10 kGy at three dose rates (3.6
1 103, 5.3 1 103, and 11.9 1 103 Gy h01) were

Thermal Properties of PAM, HPAM, and HPAM–carried out. Another set of copolymerizations was
NVP at Various Degrees of Hydrolysisperformed at a fixed dose rate of 11.9 1 103 Gy

h01 to various total doses of 8, 9, 10, 11, or 12 Thermogravimetric analysis was used to study
kGy. HPAM and NVP concentration effects on the the thermal properties of the superabsorbent. The
degree of hydrolysis were performed based on the temperature range of 50–6507C under a nitrogen
previous work of Kiatkamjornwong and Suwan- atmosphere with a heating rate of 207C min01 was
mala.1 The percent conversion of the copolymer- programmed to record changes in temperature of
ization and water absorption were investigated. the PAM, HPAM, and HPAM–NVP at various de-

grees of hydrolyses.
Characterization of the Polymers

Determination of Percent Conversion RESULTS AND DISCUSSION
The polymer and copolymer were weighed. The
change in the weight of the monomer respective AM and its polymers are usually water-soluble.

Polymerization of AM carried out in a homoge-to the polymer was calculated to yield the percent
conversion. neous medium containing water can be considered
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HPAM–POLY(NVP) COPOLYMERS AS SUPERABSORBENTS 193

AM polymerization carried out at a fixed total
dose of 1.4 kGy is illustrated in Figure 2.

The total doses of 0.1 and 0.2 kGy could not
produce any PAM, that is, the doses were too low
to initiate any reaction. This behavior at low
doses, where the radicals formed were only to a
small degree involved in the formation of the poly-
mer and the growth of chains, may indicate that
the polymerization was completely inhibited by
the reaction with a possible low content of oxygen
contamination in the system, which decreased
with increased total dose. When the oxygen or
other radical scavenger was consumed, then the
polymerization could occur. The higher total doses
overcome the induction effect and promote the in-
crease in percent conversion of the monomer. This
observation is analogous to the work of many
other researchers elsewhere. The second portion
of the reaction beginning with total doses of 0.4–
1.4 kGy gave a linearly increasing rate. The high-
est conversion is obtained at the total dose of 1.4
kGy. Total doses higher than 1.4 kGy would give

Figure 1 Effect of total dose on percent conversion.
the plateau of the conversion where increases in
total dose would produce a constant conversion or
even a slight decrease in conversion. At a higherby the radiolysis of water, which produces radicals
total dose and high percent conversion, termina-interacting with the AM monomers under the fol-
tion is a diffusion-controlled reaction. The kp valuelowing reactions:
in rp [eq. (6)] becomes sufficiently affected so that
rp / [M]3/2

r[D•]1/2 begins to level off or decrease.
The decrease in rate, sometimes referred to asH2O r

g-rays
R• (1)

R• / M r RM• (2)

RM•
n / M r RM•

n/1 (3)

RM•
m / RM•

n/1 r Pm/n/1 or Pm/1 / Pn (4)

The extent of polymerization is then controlled
by the production of radicals (dose rate) from wa-
ter under the effect of total irradiation (total dose,
a combined product of dose rate and irradiation
time). The polymers obtained in each step were
characterized by FTIR to identify the existing
functional groups. The results indicate the exis-
tence of PAM, HPAM, and the random copolymers
of HPAM and NVP.3

Effects of Total Dose and Dose Rate on PAM
Polymerization

Previous results of Kiatkamjornwong and Suwan-
mala1 reporting the effect of the total dose at a
fixed dose rate of 1.19 1 104 Gy h01 to polymerize
AM to PAM are shown in Figure 1, from which the
optimum total dose of 1.4 kGy gave the highest

Figure 2 Effect of dose rate on percent conversion.percent conversion. The effect of the dose rate on
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the glass or vitrification effect, can be extremely radicals. The hydrogen and hydroxy radicals
could perform the chain-transfer reaction to re-pronounced depending on the reaction tempera-

ture.4 The glass transition temperature of a poly- duce the percent conversion, especially at the
higher total doses. The formation of the hydrogenmerization reaction mixture increases with con-

version of monomers to polymers. Polymerization and hydroxy radicals of water, caused by dissocia-
tion, electron capture, electron ejection, and exci-can stop appreciably short of complete conversion

when polymers have a glass transition tempera- tation reactions, are enhanced at higher total
doses6 due to that their relatively higher G valuesture exceeding the reaction temperature. The ba-

sic sequence of polymerization still comprises ini- (G (H•) Å 0.55, G (OH•) Å 2.8, and G (e0aq) Å 2.7).
A homografting reaction, the reaction of graftingtiation, propagation, and termination. With in-

creasing conversion, the rate of initiation could be onto its own polymer, would probably occur at
high degrees of conversion. The endlinks theorywritten as follows:
would still have the same effect for the formation
of trifunctional joining points for the process ofri Å D•(Gm (R•)[M] / Gp (R•)[P]) (5)
network forming. Under such conditions, the re-
combination of the two increasing, grafted sidewhere ri is the rate of initiation; D•, the dose-

related rate of generating radicals; Gm (R•), the chains forms the network.
Because of the limitation of the irradiator con-radical yield of the monomer; [M], the concentra-

tion of the monomer; Gp (R•), the radical-chemi- figuration, the dose rate could be easily adjusted
for further experiments, because the irradiatorcal yield of polymerization, i.e., molecules trans-

formed into polymers per 100 eV of absorbed en- came with a fixed distance between the source
and the sample site. A lead block was used toergy; and [P], the concentration of the polymer.

The equation indicates that the higher the dose reduce the intensity of the dose, which can only
give smaller dose rates: The smaller dose ratesrate, the greater the rate of initiation, and, thus,

a higher rate of conversion is possibly obtained. that we used were 5.34 1 103 and 3.6 1 103 Gy
h01. The extent of total dose absorbed by the reac-The rate of polymerization as shown in eq. (6)

depends on the square root of Gm (R•) and the tion mixture depends, to a greater extent, on the
dose rate, that is, the rate of generating radicalsdose rate, but on [M]3/2 ,5 a concentrated mono-

mer was required for the higher rate of the poly- for the polymerization controls the efficiency of
the initiating stage to give the monomer radicalsmerization (conversion):
that are subsequently propagated and finally ter-
minated to give the PAM polymer. The total doserp Å kp [Gm (R•)D•/100NA ]1/2[M]3/2/k1/2

t (6)
that the monomer can absorb would certainly ac-
count for the irradiation time needed to the de-where rp is the rate of polymerization; kp , the rate

constant of propagation; kt , the rate constant of sired dose. Generally, an increase in dose rate
enhances the formation and density of the pri-termination; and NA , Avogadro’s number. This

can be observed from the result that the higher mary events involved in the irradiation. For the
effect of the dose rate, shown in Figure 2, an in-concentrations of AM gradually increase the con-

version. From the main features of the free-radi- creasing percent conversion was found with a
higher dose rate. This implies that the yield of thecal mechanism in radiation-induced polymeriza-

tion, one generally finds the following conclusion: stable reaction products increased insignificantly,
that is, the molecular primary products are mar-The polymerization rate is proportional to the

dose rate to the power 0.5; the molecular weight ginally increased.
PAM could be very useful as a superabsorbentof the polymer is proportional to the dose rate to

the power 0.5; and the polymerization is inhibited polymer when it is properly hydrolyzed. Apart
from IR spectroscopy, 13C-NMR and elementalby typical free-radical inhibitors such as oxygen.

A viscosity increase was observed during the analysis can be used quantitatively to measure
the degree of hydrolysis of the polymers withoutconversion with increasing absorbed energy until

gelation was attained during 50–70% conversion. the need to accurately measurement the weight
of the sample. The semimicro-Kjeldahl methodIt was shown that rpaD• 1/2 and this relation holds

even in the stage of the gel effect. The bimolecular employed is an easier technique to determine the
nitrogen content resulting from the hydrolysis.termination of macroradicals predominates. Basi-

cally, an increase in total dose enhances the for- Temperature is an important controlling factor
to drive the hydrolysis to take place. For highermation of radicals in the reaction mixture, that

is, monomers, acetone, hydrogen, and hydroxy reaction temperatures, more changes in the am-
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HPAM–POLY(NVP) COPOLYMERS AS SUPERABSORBENTS 195

ide groups on the PAM backbone to form the car-
boxylate groups of partially hydrolyzed PAM are
observed, as already shown in eq. (7). For pro-
longed heating periods, the degree of hydrolysis
of PAM increases with the reaction time. It is com-
mon that the reaction can proceed further with
prolonged time to reach the desired hydrolysis,
that is, more PAMs could be hydrolyzed to form
carboxylate groups.

A higher degree of hydrolysis could also be
achieved by increasing the concentration of so-
dium hydroxide that changed the amide groups to
become the carboxylate groups. The proper ratio
between the amide (x ) and the carboxylate (n 0 x )
groups, in eq. (7), is the key property for the su-
perabsorbent polymer, depending on the level of
water absorption required. Anionic PAM with 20–
30% ionized groups is the most common of the
high molecular weight polymers used in mining
and other industries.7 This property is governed
by several parameters, including the reaction
time and alkaline concentration. The effect of the
quantity of PAM on the degree of hydrolysis at
the specific reaction conditions of 3 h, 707C, and Figure 3 Effect of dose rate on copolymerization and
20% NaOH (w/v) is presented, which shows that water absorption of HPAM–NVP.
the PAM concentrations higher than 5 g would
not appreciably increase the degree of hydrolysis
under the present conditions1: tively. This implies that further modification of

the HPAM is essential for higher water absorp-
tion.

AM polymers are the crosslinking polymers
under irradiation. They contain a backbone of
{ (CH2{CH{R)n which has a less steric hin-
drance effect, as the side groups are quite free
to arrange themselves spatially along the chain.
When the rupture of hydrogen or a substituent
occurs in the chain by the action of radiation, the
resultant polymer radicals may react with poly-
mer radicals at adjacent sites on neighboring
chains and thus the crosslinking of the two poly-
mer chains is formed.8 In addition, an NVP mono-

©CH¤©CH©©©

C®O

NH¤

NaOH

n

n2x

D

©CH¤©CH©©©CH¤©CH©©©
 (7)

C®O

NH¤
x

C®O

O2Na1

mer has better chances to copolymerize with those
active sites. The resulting copolymer is water-in-
soluble but only swells, which is a nature of the

Copolymerization of Partially Hydrolyzed PAM crosslinking polymer.
and 1-Vinyl-2-pyrrolidone At a fixed total dose of 10 kGy, increasing the

dose rate from 3.0 1 103 to 11.9 1 103 Gy h01,Effect of Dose Rate and Total Dose on
the conversion increases from 69 to 79% and theCopolymerization Conversion and Water
water absorption increases from 890 to 950 g g.Absorption
At higher dose rates, more radicals were gener-
ated to produce polymer growing chains, Gp (R•) .Figures 3 and 4 show the results of dose rate and

total dose, respectively, on conversion and water Radical reactivity between the HPAM and the
NVP is naturally unequal, as the propagatingabsorption of the copolymer of HPAM–NVP. Wa-

ter absorption of the unhydrolyzed PAM and the HPAM chains are polymer radicals whose molec-
ular dimension is much bigger than that of NVP,hydrolyzed one were only 18 and 24 g g01, respec-

8E2B 4824/ 8E2B$$4824 01-29-98 15:27:46 polaal W: Poly Applied



196 KIATKAMJORNWONG AND SUWANMALA

Figure 4 Effect of total dose on copolymerization and water absorption of
HPAM–NVP.

a monomer. Active sites at the HPAM backbone the desirable degree points to the heterotactic na-
ture of the polymers studied, another indicationwere initiated by g-rays and were sites onto

which the NVP radicals could diffuse and collide of the random copolymerization.9 The amount of
conversion of the monomer varied from 37 to 79%,to form random copolymers. The reactivity of a

monomer toward a polymer radical depends depending on the dose. The highest conversion
occurred at the total irradiation dose of 10 kGy;most importantly on the polymer radicals and

the incoming monomer. The gel effect due to the beyond that, the conversion decreased, which
might be a chain-scission effect of the polymer.presence of HPAM in the bulk system further

decreases the mobility of the HPAM molecules, Total doses lower than that also gave lower con-
versions and much lower values of water absorp-resulting in a decrease in reactivity of the

HPAM and an increase in reactivity of the NVP. tion. The radical yields from the radiolysis of the
HPAM (G value) must be as much as possible inThen, copolymerization of HPAM–NVP can oc-

cur with more NVP units added to the polymer excess of that of the monomer (NVP). It seems
that this condition is fulfilled. The higher irradia-chain.

The effects of the total dose and dose rate on tion dose gave a large amount of radiolysis prod-
ucts (in the absence of oxygen): H• with a G (H•)conversion and water absorption in distilled de-

ionized water are shown in Figures 2 and 3. It of 0.55, OH• having a G(OH•) of 2.8, and G(e0aq)
of 2.7 at pH 4–7 that could initiate homopolymer-must be mentioned that the uncrosslinked PAM

and its hydrolyzed polymer can normally dissolve ization rather than random copolymerization.10

The H• and OH• are the species frequently chain-in cold water while the copolymer of HPAM and
NVP cannot dissolve in water. This finding may transferred to growing chains, which, consequently,

terminate the copolymerization reaction. There-indicate the existence of certain crosslinking sites
on the polymer backbones due to radiation-in- fore, at higher doses, a greater amount of poly(1-

vinyl-2-pyrrolidone) (PVP) is possibly formed atduced crosslinking. The present copolymerization
can be thus be regarded as a random copolymer- the expense of the copolymerization. At the lower

doses, few radicals were generated that could onlyization as the HPAM is a high molecular weight
polymer that is randomly copolymerized by the 1- produce a small number of PVP growing chains

to be copolymerized with the active sites of thevinyl-2-pyrrolidone. The lack of crystallinity to
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5 and 6. For 5 g of HPAM copolymerizing with
0.47, 0.94, 1.41, and 1.88M of NVP, the NVP con-
centration shows a stronger affect on water ab-
sorption especially at the NVP concentration of
0.94M. It is anticipated that the lower concentra-
tion of NVP could not produce a stronger gel
(crosslinking caused by an autoacceleration reac-
tion) while the concentrations higher than 1.41M
produce a rigid chain that would not facilitate a
higher amount of water absorption. One can see
that the NVP limit was found at 1.41M. The NVP
can limit the level of PAM hydrolysis when used
under severe conditions, such as high tempera-
ture and high ionic strength of a salt solution.

Effect of Degree of Hydrolysis and the Type of
Drying Method on Water Absorption Behavior of
the Copolymers: Dependence of the Extent of
Water Absorption on the Degree of Hydrolysis

Since both HPAM and the copolymer of HPAM–
NVP are water-absorbing polymers, it is very im-
portant to determine the extent of water absorp-
tion as a function of the degree of hydrolysis ofFigure 5 Effect of concentration of HPAM with NVP

on water absorption. the final products. The water absorption of the
HPAM (about 24 g g01) is independent of the de-
gree of hydrolysis and not so much higher than

HPAM because they are not sufficiently activated. that of its precursor, the unhydrolyzed form (18
The effect of the concentration of HPAM on ran- g g01) . Therefore, HPAM is not really a useful
dom copolymerization is shown in Figure 5. water-absorbing polymer for the present pur-

Effect of Concentration of HPAM and NVP for
Copolymerization on Water Absorption

The concentrations of HPAM and NVP play an
important role in copolymerization. Figures 5 and
6 show the effect of each reactant’s concentration
on water absorption. Since HPAM is insoluble due
to crosslinking, we cannot state its concentration
in molarity. One can see that HPAMs (20, 15, 10
g) copolymerizing with a constant weight of NVP
give a relatively constant value of water absorp-
tion. The amount of HPAM influences the copoly-
merization in that a content higher than 5 g would
not affect the extent of random copolymerization
or the extent of water absorption.

The water absorption of the copolymer was
found to be directly related to the percent conver-
sion. The extent of water absorption strongly de-
pends on the degree of network crosslinking and
elasticity. Such properties are governed by the
amount of NVP to be randomly copolymerized and
crosslinked between two HPAM chains. The effect
of the quantity of 1-vinyl-2-pyrrolidone on water
absorption for a total dose of 10 kGy and 11.9 Figure 6 Effect of concentration of NVP with HPAM

on water absorption.1 103 Gy h01 dose rate is also shown in Figures
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poses. Nonetheless, Khune et al.11 suggested two ate groups. Interactions between the few widely
scattered {COONa groups and the 1-vinyl-2-pyr-possible approaches for improving HPAM-type

polymers by stiffening the polymer backbones and rolidone groups will certainly be weak. PVP will
interact slightly with the amide groups, and thissubstituting alkyl groups for one or both of the

hydrogens on the amide nitrogen. Neither the AM weak interaction results in a marginal decrease
in the segmental mobility of the HPAM. As thenor the NVP homopolymer could be useful on its

own as an EOR material.12 Nonetheless, they can number of {COONa groups increases with higher
hydrolysis (the HPAM containing a low content ofbe used as flocculating agents or in other applica-

tions other than as superabsorbent polymers. Un- amide groups), interaction between the {COONa
and PVP will increase. Under these conditions, thelike HPAM and PVP, the random copolymers of

HPAM and NVP seem to be useful superabsor- number of amide groups is apparently too low for
any significant interaction with PVP and interac-bent polymers due to their high water absorption

values and high viscosity. The viscosity of the ran- tions between PVP and the {COONa groups domi-
nate. The higher the degree of hydrolysis, the largerdom copolymers measured by the same technique

as above was 2,140, 2,050, 2,042, 2,010, 2,004, the number of hydrogen bonds and, therefore, the
lower the segmental mobility of the complex.1,940, and 1,916 mPa s for the 64, 71, 72, 76, 77,

80, and 84% hydrolyzed HPAM, respectively. An
autoacceleration reaction during the course of po- Effect of Degree of Hydrolysis and Drying Methods

on Water Absorption and Wicking Timelymerization can occur, that is, the gel formation
during the reaction can be found at 50–80% con- The effects of the degree of hydrolysis, dryingversion. This effect is possibly explained by a de- method, oven drying at 657C or freeze-drying, andcrease in the termination rate constant for poly- wicking times are shown in Figures 7 and 8. Inmer accumulation. these figures, the water absorption and wickingAt low degrees of hydrolysis, the number of the times of the absorbent polymers are shown. Thecarboxyl groups is very low and randomly distrib- oven-drying method gives a product with less wa-uted13 in that any hydrogen bonds formed would ter absorption than the freeze-drying method be-not be able to sustain a stable intramolecular com- cause of the induced crosslinking reaction duringplex. At low degrees of hydrolysis, the expansion drying.14 The wicking times of the freeze-dried co-of the HPAM coils is less than at the higher de- polymers were longer. This can be attributed togrees. Therefore, it is not the dissociation of the the specific surface of the copolymer for the ab-
{COONa groups that prevents interactions with sorption, which is one of the parameters control-PVP. This could possibly suggest that there is a ling the wicking time.critical number of {COONa groups required for
complexation with PVP. The interactions between Effect of Saline Solutions on Water Absorption
{COONa groups of the HPAM and the bulky
functional groups of the PVP could cause steric Figure 9 shows the water-absorption capability of

the modified poly(acrylamide-co-pyrrolidone) inhindrance, resulting in decreased mobility of the
complex and a more rigid chain. The hydrogen the NaCl and MgCl2 solution. The water-absorp-

tion efficiency of the copolymer is very dependentbonding of PVP with the {COONa of HPAM will
be strong on account of the high electronegativity on the salt concentration and the oxidation state

of the metal ion, that is, the water absorption de-of the oxygen of PVP due to the presence of the
nitrogen atom. creases in the salt solution and it decreases much

more rapidly in the MgCl2 solution than in theSuch interactions are absent only when all the
{COONa group of the HPAM are ionized. Inter- NaCl solution. The higher the concentration of the

salt, the greater the ion concentration. Theoreti-polymer interactions between PVP and {COONa
groups, which are favored over the intrapolymer cally, the ions attached to the macromolecule net-

work in the copolymer (gel) are immobile and areinteractions between the amide and the acid
groups, are a vital contribution to high water ab- considered to be separated from the external solu-

tion by a semipermeable membrane, which con-sorption. When the degree of hydrolysis is high,
there is no such interaction between PAM and fines the immobile ions, but gives passage to wa-

ter and all simple ions. The excess concentrationPVP. A possible explanation of this phenomenon
lies in the number of the amide and carboxylate of mobile ions in the gel phase can be calculated

using Donnan’s equilibrium model. This excessgroups present on the polymers as stated. At low
degrees of hydrolysis, the number of the amide concentration is directly proportional to the os-

motic pressure differential and is assumed to begroups is much higher than that of the carboxyl-
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HPAM–POLY(NVP) COPOLYMERS AS SUPERABSORBENTS 199

Figure 7 Effect of degree of hydrolysis and drying method on water absorption.

directly proportional to degree of swelling, that is, Cl0 ions) in the two compartments is the Donnan
effect,15 assuming that the copolymer has theto the water absorption.15

The copolymer can be considered as a strong same behavior as that of the sodium salt of pro-
tein.electrolyte that contains the sodium salt of poly-

(acrylic acid) as polyacrylate and polycarboxa- The osmotic pressure of the system is now deter-
mined by the difference between the number of par-mide (PAM). The gel ionization has a significant

effect on the water-absorption capacity. When the ticles in the external solution and that in the inte-
rior of the gel. We assume that Na/ ions in thecopolymer is in a NaCl solution, the surface of

this material behaves as a semipermeable mem- interior of the gel have the same concentration (mol
ion L01) as that of polycarboxylate. The osmoticbrane. To maintain electrical neutrality on both

sizes of the membrane, Na/ and Cl0 ions have to pressure of the system can be described as follows:
diffuse through the membrane from the external
solution to the interior of the gel. The amounts of

P Å (2a2 / 2ab )RT / (a / 2b ) (8)Na/ and Cl0 diffusing from the external solution
to the interior of the gel is inversely proportional
to the concentration of nondiffusible ions. The un- where P is the osmotic pressure (atm); a , the

concentration of polycarboxylate and Na/ ions inequal distribution of the diffusible ions (Na/ and

Figure 8 Effect of degree of hydrolysis and wicking time on water absorption.
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Figure 9 Effect of saline solutions on water absorption: () ) NaCl and (l ) MgCl2

solutions.

the interior of the gel (mol ion L01) ; b , the concen- superabsorbent as a terpolymer for use in an envi-
ronment containing a wide variety of concen-tration of Na/ and Cl0 ions in the external solu-

tion (mol ion L01) ; R , the gas constant (8.314 trated salt solutions with high ionic strength.
JK01 mol01) ; and T , the temperature (degrees
Kelvin). The water intake by the semipermeable

Thermal Behavior of the Copolymer of HPAMmembrane reduces the osmotic pressure until
and NVPequilibrium between the ions is achieved.

According to eq. (8), when the concentration of The degree of hydrolysis (charge-to-mass ratio) is
considered to be important for several physicalthe salt solution increases, the osmotic pressure

then decreases. With more ions, there is less water properties such as adsorption, shear stability (vis-
cosity loss), and thermal stability. The work ofabsorption. A MgCl2 solution provides Mg2/ , which

is a divalent ion, so the osmotic pressure of the Moradi-Araghi and Doe16 reported that the hydro-
lysis of the amide group of HPAM would continuesystem is much lower than for a NaCl solution.

Additionally, the osmotic pressure differential be- at elevated temperatures (1217C). As a conse-
quence, the present work investigated the highertween the interior and external solutions reaches

equilibrium much faster than for NaCl solutions. degrees of hydrolysis to avoid the posthydrolysis
reaction. We are confident that the superabsor-In an oil-producing well environment, a similar

effect is expected as it contains many types of ions. bent obtained by HPAM copolymerized with NVP
should be stable at the elevated temperaturesThe use of HPAM–NVP copolymers in the well

also results in a reduction in water absorption. when they are used in the EOR process.
Stahl et al.,13 studied thoroughly and systemat-HPAM is a type of electrolyte that can interact

quite strongly with ions in a solution. Since the ically the approach to the formulation of a new
synthetic polymer for oil recovery used at highPAM chain is flexible, it can respond to the ionic

strength of the salt solution better than can temperatures and salinity (1217C) in synthetic
sea water at 33,756 ppm of the total dissolvedHPAM. Because the water absorptions of unhy-

drolyzed PAM and HPAM were 18 and 24 g g, solids. They found that PAM, a number of PAM
copolymers, and other synthetic copolymers ofrespectively, the incorporation of PVP onto the

HPAM chains assists the water absorption as poly(vinyl ether), polyvinylpyrrolidone, and poly-
(ethylene oxide) precipitated or showed seriousshown in previous sections. It is therefore essen-

tial to have this type of highly water-absorbing viscosity loss at 1217C. However, they did find
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that copolymers of 1-vinyl-2-pyrrolidone and AM PAM by about 237C, although the PVP itself has
a lower Td . Incorporation of the PVP with thedo not precipitate at this temperature. The nota-

tional primary structure of the copolymer, poly- hydrolyzed PAM increases the Td significantly by
more than 607C. According to the bond dissocia-(vinylpyrrolidone-co-acrylamide), is thus illus-

trated in eq. (9) as follows: tion energy, breaking the C{N linkage requires
about 290 kJ mole01, making it weaker than the
C{C bond (348 kJ mole01) , C{O bond (351 kJ
mole01) , and C{H bond (391 kJ mole01) . It is
possible to state that thermal degradation pro-
ceeds easier through the breaking of the C{N
bond than through the random scission of the
C{C main chain. This degradation pathway
could be justified by the release of pyrrolidone
units as the main product of the initial step of the
degradation pathway. Additionally, in the mono-
meric sequences along the polymeric backbone,
the carbonyl oxygen of the pyrrolidone side ring
is closer to the hydrogen atoms connected to the

©CH¤©CH © (9)

z

C®O

OH

y

©CH¤©CH ©©©CH¤©CH©©

N
®O

x

C®O

NH¤

b-carbons of the main chain. These facts support
a degradative mechanism18 through the releaseThe notational structure of the poly(vinylpyrroli-
of the pyrrolidone side groups as represented indone-co-acrylamide) in eq. (4) shows a random
Figure 11. It is anticipated that the copolymersdistribution of NVP and PAM along the backbone,
synthesized in this research could be used as anunless a special technique was employed to syn-
EOR absorbent. Besides a high water-absorptionthesize the polymer. It is also worth mentioning
ability (1100), the decomposition temperature isthat the degree of hydrolysis, z , is limited ac-
higher than 4407C. In oil-bearing formations, hy-cording to the above structure.12,17 Stahl12 ob-
drocarbons are trapped under pressure in theserved that NVP limited the level of AM hydroly-
pores of the rock matrix. The pressure and thesis, especially at high temperatures. They claimed
temperature of an oil reservoir depends on thethat this copolymer increases the stability in the
depth and the nature of the crude oil deposit inhigh-salinity, high-hardness, brine.
the reservoir. The pressure can vary from 1.4 1Table I gives the thermal behavior of PAM,
105 0 1.1 1 107 kg m02 , and the temperature,PVP, and 71% HPAM-co-NVP, whose decomposi-
from 25 to 1507C.19

tion temperatures are illustrated in Figure 10.
The TGA analyses show that the copolymers have
significantly higher thermal stability than that of CONCLUSION

Table I Decomposition Temperatures of PAM, Poly(1-vinyl-2-pyrrolidone-co-partially hydrolyzed
PVP, HPAMs, and HPAM–NVPs acrylamide) was synthesized by g-irradiation. Par-

tially hydrolyzed polyacrylamide (HPAM) was
Type of Polymer Decomposition first prepared by g-irradiation through control of

Temperature the total dose, dose rate, monomer concentration,
Homopolymer Copolymer (7C) and degree of sodium hydroxide hydrolysis. Im-

portant parameters of hydrolysis were varied toPAM — 424
monitor the level of water absorption. The HPAMPVP — 385
was then randomly copolymerized with 1-vinyl-2-— 63% HPAM 391
pyrrolidone by g-rays for several reaction parame-— 71% HPAM 394
ters. The resulting random copolymer could absorb— 76% HPAM 388

— 80% HPAM 388 distilled deionized water of 1100 g g01. The
— 84% HPAM 385 amounts of appropriate total doses and dose rate
— 63% HPAM-co-NVP 441 for each polymerization step were recorded and
— 71% HPAM-co-NVP 447 their effects related to the material concentrations
— 76% HPAM-co-NVP 443 were discussed.
— 80% HPAM-co-NVP 440
— 84% HPAM-co-NVP 436
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Figure 10 Thermal behavior of PAM, PVP, and 71% hydrolyzed PAM-co-PVP.
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