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PREPARATION OF HYDROGELS VIA CROSS-LINKING OF
POLY(ACRYLAMIDE-CO-2-ACRYLAMIDO-2-METHYL-1-PROPANE
SODIUM SULFONATE) WITH AMMONIUM PERSULFATE!

W3yueHo reneobpa3oBaHKe MOJIH-2-aKpPUIAMUI0-2-METHIIIPONIAHCYIb(OHATA HATPUSI B BOIHBIX PACTBOPAxX B IPUCYTCTBHU Iiep-
cyabdara ammonust (IICA) B kauecTBe clIMBaroIero areHra npu temmeparypax 60—80 °C. YcraHOBICHO, YTO MHHUMAJIbHAST KOHIICH-
TpaLys pacTBOpa MOJIMMEpPa, JOCTATOuHAs It GOPMHUPOBAHHUS KOHCHCTEHTHOTO Ielisi, cocTaBister okouo 1,5 mac. %. IIpu sTom rens
o6pa3yercst Tormbko mpu kKoHIeHTpanun [1ICA 0,35 % mo oTHOIIEHHIO K Macce MOINMepa i IMeeT HI3KHE BETMIMHBI BOJOTOTIOIICHUS
u renb-¢paknuii. [Tokasano, 94To TydImINMN CBOMCTBAMHU C TOUKH 3PSHUSI KOHCHCTEHIIUH, BOJONOIIOMICHNS ¥ BEJIMUHH Tellb-(DpaKnit
o01alaloT rejy, MoTydeHHbIe IPH KOHIEHTpAaIMy rnojaumepa B pactBope 2 %. IIpu 5ToM yBenndeHue KOHIEHTpalWi U MmoimMepa,
u [ICA npuBOAMT K MOJYYEHHUIO OOJiee MPOYHOro rejis. YCTaHOBJICHO, UYTO YBEIHYCHHE KOHIICHTPAIMK MOJMMEpa B pactBope ¢ 1,5
70 2 % Mo3BOJAeT CHU3UTh MUHUMaNbHYyI0 KoHIeHTparuio [ICA, Heobxoaumyto Ui Hauana reneodpasoBaHus. Bogonormomenne
THAPOTeNei, MOTydeHHBIX IPU KOHIEHTPAINHY monumepa 2 %, CHIKaeTcst ¢ yBenudeHneM konmenTpanun [1ICA, B To BpeMs Kak BeH-
YHMHBI TeNIb-()PaKIUif TPaKTHIECKH He MeHAI0TCs. [Toka3aHo, 9To MOBEIIIEHHE TeMIepaTypsl resieodpaszosannst ¢ 60 1o 70 °C nmpuBoauT
K CHIDKCHHUIO BpeMeHH Havaia gopmuposanus reis B 2,5-3,0 paza.

Knroueswie cnosa: TUAPOreib; IeJib-IPOYHOCTD; BA3KOCThL; BOAOIIOMIIOICHUE, renb-(bpaxuym.

A series of hydrogels were prepared by cross linking of poly(2-acrylamido-2-methylpropane sodium sulfonate) in aqueous
solutions in presence of ammonium persulfate (APS) as a cross linking agent at 60—80 °C. It was shown that the minimum
concentration of the polymer solution, sufficient to form a consistent gel is about 1,5 wt %. Gel in this case is formed only at APS
concentration of 0,35 % per weight of polymer and has low water absorption and gel fraction. It can be said that, gels obtained
with 2 % polymer solutions exhibit the best properties in terms of consistency, water absorption and gel fraction values. It was
determined that, the increase in polymer and APS concentrations results in a stronger gel. Furthermore, an increase in polymer
concentration of solutions from 1,5 to 2 % reduces the minimum concentration of APS needed to start gelation. The water absorption
of hydrogels, obtained with 2 % polymer solutions, is decreased with increasing the concentration of APS, whereas the gel fraction
values remain almost unchanged. It was shown that, increasing in temperature from 60 to 70 °C leads to reduction in the start time
of gelation by the factor of 2,5-3,0.

Key words: hydrogel; gel strength; viscosity; water absorption; gel fraction.

In recent years acrylamide homopolymers and copolymers are widely used in various industries: water
treatment, paper processing, extraction and processing of minerals, medicine, agriculture, construction and
oil industry [1]. In the oil industry, these polymers are used in particular to reduce excessive water production
in oil wells. Non hydrolyzed and partially hydrolyzed polyacrylamides (HPAM), with varying degrees
of hydrolysis and molecular weights are being used for this purpose. Anionic acrylamide copolymers such as
poly(acrylamide-co-sodium acrylate), poly(acrylamide-co-2-acrylamido-2-methyl-1-propanesulfonic acid),
and poly(acrylamide-co-2-acrylamido-2-methylpropane sodium sulfonate) (PAMPS) have considerable
importance in enhanced oil recovery (EOR)/improved oil recovery (IOR) [2]. Among these copolymers,
PAMPS is of more special interest because of its strongly ionizable sulfonate groups and completely

! Crarbst l'Iy6J'II/IKy€TCH B aBTOpCKOﬁ peaaKkuuun.
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dissociation in the whole pH range. These polymers are injected together with a cross-linker, mainly Cr**
or AI** containing compounds to the target zones of reservoirs. After allowing sufficient time, the injected
cross-linkable solution, referred to as gelant, is converted into a cross-linked network (gel), which behaves
as a flow diverting or blocking agent [3]. It is proved that complex formation between chromium(III) cation
and carboxylate groups is a driving force of this interaction. Depending on the reagents ratio, the complex
contains two or three carboxylate groups. The amide units are not involved in any specific reaction with
the cation [4]. Although in contrast to formerly used chromium(VI) cross-linking systems, chromium(III)
ones are not toxic, environmental considerations and limitations related to water pollution caused by heavy
metals have increased the tendency to use other types of cross-linkers like double bond-containing ones,
specially N, N'-methylenebisacrylamide. A chemical-bonded hydrogel has permanent properties due to
the covalent nature of the cross-link entity [5]. Ammonium persulfate (APS) and potassium persulfate (KPS)
are water soluble thermal initiators which are used frequently in both solution and inverse-suspension
polymerization processes of hydrogels synthesis [3]. Preparation of cross-linked poly(vinylpyrrolidone)/
poly(vinyl alcohol) hydrogels in aqueous solution at 80 °C in presence of KPS as cross-linker has
been reported [6]. Thermal aging behavior of HPAM polymers in presence of KPS as residual initiator
of polymerization has been studied and reported the increase of molecular weight at 60—80 °C, based on
capillary viscometric data [7]. But they did not suggest any explicit reason for this increasing. PAMPS has
higher thermal stability and salt resistance than HPAM. In addition, it is used in EOR/IOR applications up
to 120 °C [3]. Thermal aging of a medium molecular weight PAMPS over short-time periods at moderate
temperatures and low concentrations of KPS has been reported to decrease the intrinsic viscosity [8].
Application of persulfates as cross-linking agent for HPAM and PAMPS has not been investigated yet. But
it seems possible to cross-link this type of polymers with high concentrations of persulfate (as cross-linker)
and obtain hydrogels which can satisfy the EOR/IOR requirements in the medium-temperature oil reservoirs.

The aim of current work is to prepare hydrogels based on PAMPS, using APS as a free radical cross-linking
agent, at 60—80 °C. An alphabetical coding method is applied to determine the strength of gels and kinetics
of gel formation, using bottle test and viscometric data. Gel fraction (8) and equilibrium water absorption (A4)
are measured using gravimetric method. FTIR spectroscopy is applied to characterize chemical structure
of obtained networks. Mechanism of gel formation will be discussed based on experimental results, evidences
and comparison with other works.

Materials and methods

Materials. PAMPS with an average molecular weight of 8 million, sulfonation degree of 25 % and water
content of less than 10 wt %, was provided by SNF Co (France) under the trade name of AN125 in powder
form. This polymer is the one which used in [3] and [8]. APS was the product of Applichem (P. A. grade) and
used in solid form (after recrystallization). Distilled water was used as solvent to prepare gelant solutions.

Samples preparation and characterization. The polymer gels were prepared according to the following
two steps: PAMPS (here after is referred to as «polymer») solutions at different concentrations were prepared
by adding distilled water to polymer powder followed by gentle stirring for 8 hours, using a (Griffin &
George Minimag stirrer SWT-180-010K (UK)). After that, they were held without stirring overnight until
a homogeneous solution was obtained. APS as cross-linker was magnet-stirred in required amounts with
polymer solutions at room temperature for 10 min to obtain gelant solutions (mixture of copolymer and cross-
linker). The obtained gelant solutions were poured into wide mouth glass bottles (70 ml). Then, the bottles were
kept in an oven at 60, 70, and 80 °C as long as it was required. The gel formation process was monitored based
on the Sydansk’s gel strength code by observing the appearance of the gel structure on the wall of the bottle
when the bottle is inverted [9]. A comprehensive series of bottle tests were conducted at mentioned temperatu-
res in order to select suitable reactants concentration for the polymer gel treatment. The final objective of these
screening tests was to determine the limit of concentration of gel components which leads to gel formation.
Based on the screening work, suitable systems were selected for extensive investigations of gel fraction and
degree of swelling.

Viscosity measurements. To represent the degradation of non gel forming samples in a quantitative
manner, some viscosity measurements were conducted using Rheotest (Germany), a coaxial viscometer with
the spindles N and S1, according to instruction manual of it. Viscosity of the prepared gelants was measured
in a shear rate domain of 10 to 1000 s'.

Equilibrium water absorption and gel fraction. After obtaining gels with strength codes higher than G, they
were vacuum dried at moderate temperature (40 °C) in order to avoid thermal decomposition, until constant
weight. Then approximately 40 mg of each hydrogel was immersed into 500 ml distilled water for 48 hours
to reach the equilibrium swelling at room temperature. Then excess liquid was filtered through acrylic/polyester
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gauze with fine mesh. Swollen gel was weighed after 15 min remaining on filter and removing the water on
the surface with tissue paper, and the water absorption (4) was calculated using equation:

A= (W -Wy) /I W,,

where W and W, are the weights of the water — swollen gel and dry absorbents, respectively. Absorption is
expressed in grams of water retained in the gel by one gram of dried gel. The tabulated results are the arithmetic
mean of 3 experiments. The precision of this method has been determined to be around 3,5 % [10]. Drained

gels were held in oven at 70 °C until constant weight (Wl ), and the gel fraction (3) was calculated using equation:
8=(w, /w,) - 100.

FTIR spectroscopy. FTIR spectra were recorded on a Bruker ALPHA spectrometer, equipped with
measuring module of diamond crystal. Samples were thin films of hydrogels, vacuum-dried at 40 °C.

Results and discussion

It is showed that AN125 in 0,2 wt % aqueous solution and KPS/polymer weight ratio of 0,04 at 60 °C
undergo thermal degradation, caused by decomposition of KPS to free radicals [8]. Results of screening tests
show that, before polymer concentration of 1,5 wt %, and up to APS/polymer weight ratio of 0,30, viscosity
decreases during thermal treatment. As it is shown in fig. 1, a, shear viscosity is decreased during thermal aging
over a wide range of shear rates (145,8—437,4 s™') in 1,5 wt % solution of AN125 containing APS/polymer
weight ratio of 0,20. As APS/polymer weight ratio is increased from 0,20 to 0,25 at polymer concentration
of 1,5 wt %, the extent of degradation is increased and consequently the shear viscosity is decreased. This
behavior is not limited to shear rate of 145,8 s and takes place over the whole range of mentioned shear rates.
The similar behavior is observed in aging of 2 wt % aqueous solution (fig. 1, b). Although the trend of chan-
ges in viscosity against shear rate and APS/polymer ratio in fig. 1, @, and fig. 1, b, is more or less similar,
the viscosity almost remains constant or slightly increases in second hour of thermal treatment in fig. 1, b.
Probably here a competition between network formation and polymer destruction takes place in which
the higher extent of network formation results in viscosity increment in second hour of thermal treatment,
and the higher extent of degradation in third hour leads to viscosity depression. Based on viscometry data and
results of bottle tests it can be concluded that the APS/polymer weight ratios, approximately 0,30 and 0,25 are
thresholds of gel formation for polymer concentration of 1,5 and 2 wt %, respectively.

Kinetics of gel formation process in this study has been qualitatively tabulated, together with the properties
of prepared hydrogels (table 1). It is clearly observed that the onset and rate of gel formation strongly depends
on concentration of polymer solution and APS/polymer ratio. The minimum concentration of polymer
solution for consistent gel formation is 1,5 wt %. This minimum polymer concentration provides the sufficient
distance between polymer chains to initiate cross-linking reaction with APS molecules. At constant weight
percent of polymer, increasing the amount of APS decreases the time to obtain stronger gel. Also, at constant
APS/polymer ratio, higher concentration of polymer solution results in a similar effect. Results of bottle
tests and viscometry suggest that increasing the concentration of polymer solutions shifts the threshold
of gel formation to the lower APS/polymer ratios. It can be said that higher polymer concentration increases
the probability of effective collisions between polymer chains and APS. Consequently lower concentration
will be needed to start cross-linking. Results of screening tests suggest that formation of consistent gel
in our study takes place over a narrow range of AN125 and APS concentrations. At polymer concentration
of 1,5 wt % only a relatively consistent gel with low 4 and d is formed with APS/polymer weight ratio
of 0,40. Increasing the polymer concentration to 2 wt % broadens the range of APS/polymer ratio for
preparation of consistent gels with measurable 4 and d. Also it is clear that the value of A4 is decreased
with increasing the APS/polymer ratio. Increase in the value of 4 because of change in polymer con-
centration from 1,5 to 2 wt % at APS/polymer weight ratio of 0,40 is obvious. Trend of changes in values
of A versus APS concentration is in accordance with well-known patterns [10]. Similar behavior has been
reported for effect of KPS concentration on 4 in PVA/PVP based hydrogels [6]. Gel fraction is increased
because of increase in polymer concentration but is remained approximately unchanged all over the gel
formation range at polymer concentration of 2 wt %. It seems that the extent of chain destruction, which
has been studied by [7, 8], and chain cross-linking controls 4, 9, and gel strength. At polymer concentration
of 1,5 wt %, chain destruction plays dominant role and no gel is formed, except a narrow range of APS
concentration which results in a relatively weak gel. At polymer concentration of 2 wt %, role of chain
cross-linking dominates. Thus gel formation takes place over a broader range of APS concentration and
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leads to stronger gels. Increase in APS/polymer ratio increases the cross link density and consequently
reduces 4. But simultaneously increases the extent of chain destruction which first prevents ascending of 9,
keeps it constant and finally prevents consistent gel formation.
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Fig. 1. Viscosity behavior of 1,5 wt % (a) and 2 wt % (b) solutions of AN125,
containing different APS/polymer ratios, during thermal aging at 60 °C
Table 1
Effect of AN125 and APS concentrations on strength and properties of gels, prepared at 60 °C
Concentration of AN125, wt %
Aging time, & 1,5 |
APS/polymer weight ratio
0,30 0,35 0,40 0,45 | 0,30 0,35 0,40 0,45
Gel strength code
1 C C C C-D D-E E
2 D D D D E-F - - F
3 D E E D F F- - F
4 D E-F E-F D - F-G F- F
5 D F F D - F- F
6 D F F-G D G G F
7 D F G D G G-H G F
8 D-E F G D-E G H G-H F
g;ygd:gif - - 285+ 10 871 +31 708 + 24 585+ 20 -
5, % - - 25+1,2 — 483+0,5 | 45,1+1,5 | 46,6 1,9 —

Note. Dash —no gel is formed.
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FTIR spectrum of a typical hydrogel sample is presented in fig. 2. These spectrum clearly mark a stretching
vibration of amide C=0 at 1650 cm™'. The shoulder of carboxylate groups in AN125 which appears
at 1600 cm™, is changed to a sharp stretching vibration in hydrogel, due to partial hydrolysis of acrylamide
groups. The vibration of methylene groups is observed at 1420 cm™'. The observed absorbance at 1045 cm™!
is characteristic of symmetric stretching of SO; groups. The characteristic absorbance of asymmetric
stretching of SO at 1175 cm ! in the spectra of AN125 is not observed in the spectra of hydrogel. Instead,
observed shoulder in the spectra of AN125 at 1100 cm™! is converted to a strong peak in hydrogel, which may
be attributed to the symmetric stretching vibrations of C — O — C bonds. The increase in the absorbance
at 1250 cm™! in hydrogel, compared with the one of AN125 spectra can be interpreted to the interaction
of stretching vibrations of CH and C—O—C bonds [11]. Formation of C—O—C bonds has been reported
already for PVA/PVP based hydrogels, cross-linked with KPS [6]. An imide structure has been proposed
to be an intermediate in the low pH hydrolysis of poly(acrylamide), yielding short blocks of carboxylic
groups distributed along the polymer chains [2]. Dominance of imide formation in acidic hydrolysis
of polyacrylamide aqueous solutions is also confirmed in [12]. In neutral and basic pH, both hydrolysis to
acrylate and imide formation do occur, but hydrolysis is favored [13]. The increase in the molecular weight
of HPAM copolymers during thermal treatment at 60—80 °C is attributed to intermolecular imidization
of polymer chains [7]. It is showed that the formation of a broad peak between 1640—1750 cm™' suggests
imide formation [14]. Absence of a broad peak in this region confirms the absence of intramolecular or
intermolecular imidization and dominance of hydrolysis and free radical cross-linking via APS decomposition,
formation and combination of macroradicals.
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Fig. 2. IR spectra of hydrogel, based on 2 wt % solution of AN125 and APS/polymer
weight ratio of 0,40, cross-linked at 60 °C (a) and spectra of AN125 (b)
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Effect of temperature on kinetic of gel formation is presented in table 2. It is obvious that increase in aging
temperature from 60 to 70 °C reduces the conversion time of gelant solutions to consistent gel in 2,5-3,0 times.
However increase in aging temperature from 70 to 80 °C increases the extent of polymer degradation and no
consistent gel is formed at 80 °C. A gel, prepared at 60 °C based on the 2 wt % polymer solution and cross-
linker/polymer weight ratio of 1/3 may be considered as optimum gel in terms of gel strength, water absorption
and gel fraction.

Table 2

Effect of temperature and concentration of cross-linker
on conversion time of 2 wt % AN125 solution to consistent gel

APS/polymer Consistent gel Consistent gel Consistent gel
weight ratio formation time at 60 °C, A formation time at 70 °C, A formation time at 80 °C, A
0,30 8 3 -
0,35 7 2,5 -
0,40 6 2 _

Note. Dash —no gel is formed.

APS can be used as a cross-linker for preparing hydrogels based on aqueous solutions of medium
molecular weight PAMPS copolymers at moderate temperatures. Onset of gel formation, consistency
of obtained gels, time to obtain the stronger gel, water absorption and gel fraction depend on polymer
concentration, amount of cross-linker, and temperature. Gel formation proceeds via competition between
free radical cross-linking and free radical polymer degradation. The extent of chain destruction and chain
cross-linking determines water absorbency, gel fraction, and strength of prepared hydrogels. In order
to optimize the stability and swelling properties of these hydrogels for using in EOR/IOR applications,
further studying the effects of pH, temperature, and concentration of different ions can be the next steps
of present study.
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Mexpoao I'azunerycad — actiupanT Kadenpbl BRICOKOMOJCKYISPHBIX COCANHEHNH XuMHudIeckoro dakynsrera bI'Y. Hayunslit pyko-
Boxutens — E. B. ['puniok.

Eeszenuit Banepveeuu I'puniok — KaHIUIAT XUMIYECKHAX HAyK, JOLCHT KaeIphl paAnanioHHOW XUMUN U XUMHKO-(hapMarieBTH-
YECKUX TEXHOJIOTMi Xxummuieckoro dakynsrera BI'Y.

Enena Koncmanmunoena @omuna — crapmivii HayuHsli coTpyHuK yupexaenus bI'Y «HayuHno-uccnenoBareibckuii HHCTUTYT
(H3UKO-XMMHYECKUX TIPOOIEM.

Jleonuo Iemposuu Kpyns — NOKTOp XUMHYECKHX HayK, podeccop, 3aBeyronuii kKapeapoil BRICOKOMOJICKYIISPHBIX COCIMHEHHUN
XuMH4eckoro gakynsrera BI'Y.
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