e-Polymers, 2019; 19: 594-606

DE GRUYTER

Research Article

Jingyuan Ma, Peizhi Yu, Boru Xia and Yuxiu An*

Open Access

Effect of salt and temperature on molecular
aggregation behavior of acrylamide polymer

https://doi.org/10.1515/epoly-2019-0063
Received June 05, 2019; accepted August 29, 2019.

Abstract: Three kinds of acrylamide copolymers were syn-
thesized in this paper, acrylamide (AM) homopolymer,
acrylamide/acrylic acid (AA) copolymer and acrylamide/
2-acrylamide-2-methylpropanesulfonic acid (AMPS) copo-
lymer by free radical polymerization. The aggregation
behaviours of these polymers in salts water solution were
studied. The molecular chains of homopolymer were
stretched in salt water solutions, since it did not undergo
hydrolysis and there were no charges in the backbone and
side chains. Therefore, the conformation of homopolymer
was hard to be attacked by salt ions. However, the copoly-
mers synthesized from these monomers had large number
of anionic groups. These anions were easily attracted by
cations from salt solutions forming ionic bonds, which
led to changes in molecular conformation. The viscosity
of copolymer decreased since the molecular chains were
crimped. The viscosity of copolymer decreased distinctly
according to the temperature of different salt solutions,
as temperature had great impact on the viscosity of copo-
lymer. The interaction mechanism of polymers exhibited
great difference in salts solutions, comparing to tem-
perature. High temperature reduced the entanglement
between molecular chains, whereas salt ions neutralized
the negative charges on the molecular chains causing
curling of molecular chains.
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1 Introduction

Homopolymer and copolymers of acrylamide, considered
as “industry auxiliaries”, are applied in many fields, such
as medicine (1,2), materials science (3-5) and engineering,
petroleum engineering (6-9). Oil industry is one of the
largest consumption areas of acrylamide polymers.
Acrylamide polymers have consistently been applied in
oil fields as chemical agents. For example, acrylamide
polymers are used in drilling fluids as filtrate reducer
(10,11), eco-friendly flocculants (12,13), thickening agent
(14-16), and so on. With the increase in consumption and
the exhaustion of conventional resources of energy, the
exploration and exploitation of reservoirs with complex
conditions such as high temperature, high salinity and
high pressure have also increased greatly. The application
of common acrylamide polymers was limited by changes
in polymer properties under complex conditions, due
to which temperature and salt-resistant acrylamide
polymers have attracted wide attention. For example,
gellant based on 2-acrylamido-2-methylpropanesulfonic
acid, acrylamide and acrylic acid terpolymer can be
used in high temperature and high pressure wells after
crosslinked with zirconium (17). However, studies have
shown that zirconium inhibited the growth of green
algae, and the alkaline environment was more likely to
promote the toxic effects of zirconium (18). Micro-sized
polyacrylamide elastomeric microspheres was used
to improve flooding efficiency in formation at 90°C in
high salinity of 20,000 mg/L and a broad pH range of
4,0-10.3 (19). Polyacrylamide/clay nanocomposite (PANC)
was synthesized and used as a drilling fluid additive in
inhibitive water-based drilling fluid system (6). However,
it was not suitable for temperatures above 120°C.
Salami et al. studied the action mechanism of humic
acid-sodium  grafted  2-acrylamido-2-methylpropane
sulfonate-co-N, N-dimethyl acrylamide-co-acrylicacid as a
high temperature fluid loss additive. This multicomponent
copolymer can resist the temperature to 150°C (20). The
study, however, did not discuss the salt resistance of
the polymer. The temperature and salinity resistance
of the copolymer, cross-linked poly acrylamide-acrylic
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acid-2-acrylamide-2-methylpropanesulfonic acid nano-
spheres, were superior to those of cross-linked
polyacrylamide nano-spheres and cross-linked poly
acrylamide-acrylic acid nano-spheres (21). This study
showed that the molecular structure of the polymer had
a significant effect on its temperature and salt resistance.
Numerous studies have shown that applications of
acrylamide polymer at high temperature or in salty
environment were improved greatly. For example,
Rakshith et al. used cetyltrimethylammonium bromide
(CTAB) grafted polyacrylamide (PAM) gel, for controlling
fluid loss, as it remained stable at 160°C (22). However, still
no environmentally friendly ways for use of acrylamide
polymer at high temperature and salt conditions have
been reported. The main reason is that the effects of
temperature and salt on molecular aggregation behaviour
are still unclear. With increase in drilling depth and the
complexity of stratum, the requirement of acrylamide
polymer with high temperature resistance and salt
resistance becomes more distinct. Therefore, itisnecessary
to study the aggregation behaviors of acrylamide polymers
at high temperature and high salt conditions.

Acrylamide polymers have a chain-tangled
three-dimensional network structure, which can
be easily modified by pH, ions, temperature and
the other external factors (23,24). The viscosity and
the stability of acrylamide polymers is influenced
by both physical (25) and chemical factors (26),
such as storage time, mechanical stress and photo/
sonic radiation, pH, surfactants, metals, salts ion,
temperature, concentration of acrylamide, etc.
Sensitivity to temperature and salt was particularly
high under many performance-influencing conditions
of acrylamide polymers. Hence, the applications of
acrylamide polymers at high temperature and under
high salt concentrations were limited. The gelling time
increased with the increase in concentration of salt
in the polymer solution (27). The viscosity however
decreased with the increase in salt concentration
(28-32) and temperature (33-35). Recent studies have
mainly focused on the changes of viscosity and gelling
time of acrylamide polymer at high salinity conditions
or at high temperature. However, they did not provide
any details on the molecular behaviour of the effect of
temperature and salts on acrylamide polymer.

The main aim of this paper was to explore the effects
of salt and temperature on the aggregation behaviour
of acrylamide polymer. The interaction mechanism of
temperature and salts with acrylamide polymer were
studied. Apparent viscosity measurement, viscosity
average molecular weight determination and Fourier
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transform infrared spectroscopy were used to analyze the
change of molecular chain under the action of salts at
room and high temperature.

2 Experimental

2.1 Materials

Acrylamide (AM, 99%), acrylic acid (AA, 98%) and
2-acrylamide-2-methylpropanesulfonic acid (AMPS, 98%)
were commercial products obtained from Xilong Chemical
Company. Sodium chloride (NaCl, AR), potassium chloride
(KCl, AR), calcium chloride (CaCl,, AR), sodium hydroxide
(NaOH, AR), potassium peroxydisulphate (K,S,0,, AR), etc.
were purchased from Beijing Chemical Reagent Company.
All the reagents were used directly without purification.

2.2 Methods
2.2.1 Synthesized of the acrylamide homopolymer

The acrylamide homopolymer (polymer 1) was
synthesized by free radical polymerization in aqueous
medium. Deionized water (1000 mL) was taken in a flask
and then AM (80 g) was added under vigorous stirring.
The temperature was raised to 60°C and the reaction
was continued at 60°C for 30 min under nitrogen. Then
the initiator K.S,0, (600 mg) was added to the solution
gradually and reacted for 3 h (The set-up for polymerization
process is shown in Figure 1). The product was allowed to
cool to room temperature. The product was then slowly
poured into acetone, and the precipitated polymer was

Figure 1: Picture of the polymerization process.
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isolated and dried at 60°C for 24 h. The homopolymer was
dissolved in deionized water, precipitated in acetone and
dried again. Dried product was grinded into powder.

2.2.2 Synthesized of the acrylamide copolymer

The AM/AA (polymer 2) and AM/AMPS (polymer 3)
copolymers were also synthesized by free radical
polymerization in aqueous media. AM (30 g) and AA
(10 g) were mixed together in 500 mL deionized water. In
a separate flask, AM (56 g) and AMPS (64 g) were mixed
in 800 mL of deionized water. To each solution was added
sodium hydroxide solution and stirred to adjust the pH to
7-8. The temperature was raised to 60°C and maintained at
60°C for 30 min under nitrogen. Thereafter, the initiator,
K,S,0, (600 mg), was added to each solution and reacted
for 3 h. The products were cooled at room temperature,
respectively. Then the products were slowly poured into
acetone, and the precipitated polymers were isolated
and dried at 60°C for 24 h. The polymeric products were
dissolved in distilled water, precipitated in acetone and
dried again. Dried products were grinded into powder. A
portion of AM/AMPS copolymer was hydrolysed by sodium
hydroxide to obtain 25% hydrolysed product (polymer 4).
The properties of the solution obtained were evaluated.
The further treatment was carried out for IR-FT test.

2.2.3 Fluid preparation

Each polymer sample was added to deionized water to
make a 1 wt% polymer solution by stirring. It was then
divided into 4 portions, to one of which, nothing was
added. To the remaining three portions, were added
different amounts of NaCl, KCl, CaCl, separately. The
percentages of salts added in this paper were based on the
volume of solution.

2.2.4 Rheological property tests

The viscosity of acrylamide polymer was determined with
using a MOD.ZNN-Dé6-type six-speed rotational viscometer
(Qingdao Haitongda equipment Limited, China). The
liquid was poured into the sample cup up to the marked
line and the readings were recorded from 600 rpm to
3 rpm. The rheological parameters, such as the apparent
viscosity (AV) which characterized the total viscosity of the
drilling fluid as it flows, the plastic viscosity (PV) which
characterized the degree of difficulty that destroy the
colloidal system after the mud is still, and yield point (YP)
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of the polymers were determined through measurements
of the viscosities at two rotation rate of 600 rpm and
300 rpm at room temperature. Above rheological
parameters were calculated from the value of @ 600
(reading of viscosity at 600 rpm) and @ 300 (reading of
viscosity at 300 rpm) by following formulae (Eq. 1-3):

Apparent viscosity (AV) = 0.5 x @600 (mPa-s) 6))]
Plastic viscosity (PV) = @600 — @300 (mPa-s) )
Yield point (YP) = 0.5 x (2 x @300 - @600) (Pa) (3)

In this paper, changes of polymer properties were
mainly characterized by measuring the changes in
apparent viscosity of polymer solution. Aging experiments
of polymer fluids were carried out in a GW300-type
frequency conversion rolling oven (Qingdao Tongchun
Machinery Plant, China) through hot rolling at appointed
temperature (80°C). The polymer fluids were placed in
the digestion tank and were then taken to roller oven. The
rolling time was fixed at 16 h. Fluid property tests were
performed before and after the thermal aging experiments.

2.2.5 Testing of viscosity average molecular weight

Test for viscosity average molecular weight were conducted
according to the “National Standard of the People’s
Republic of China” GB 17514-2008 (36). NaNO, solution
(85 g/L) was prepared after filtration through an acid filter
funnel. Thesodium nitrate solution was transferred into the
Ubbelohde viscometer having inner diameter of 0.55 mm.
It was placed in a constant temperature water bath at 30°C
and the upper liquid storage ball was submerged in the
water. Then the liquid was sucked to the position of the
upper liquid storage ball, the liquid was then released,
and finally the time (t0) required to pass through the
viscometer between the upper- and lower-marks lines was
recorded. A colloidal sample containing 0.03 g of solid
polymer was dissolved in a little sodium nitrate solution,
diluted with a sodium nitrate solution in a 100 mL
in a volumetric flask and shaken to homogenous. The
polymer solution was added to the Ubbelohde viscometer
and the same procedure as that of sodium nitrate solution
was followed to obtain value of t.. The viscosity average
molecular weight of the polymer was calculated according
to Eq. 4 and 5 (36):

t
1
2|11 —(lntl/to)

b

n]= (4)
0.03
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[n] = KM* 5)

where: [n] (dL/g) - the intrinsic viscosity, ¢, (s) - the time
when the test solution flowed through the upper and lower
marking lines of the viscometer, t, (s) - the time when the
sodium nitrate solution flowed through the upper and
lower marking lines of the viscometer, M — the viscosity
average molecular weight, K and a — the empirical
constant related to degree of hydrolysis. When the degree
of hydrolysis was 25%, the value of K was 3.20x10*, and
the value of a was 0.707.

2.3 Structure characterization

2.3.1 Fourier transformed infrared spectroscopy (FT-IR)
measurements

FT-IR spectral of the polymers was recorded by Spectrum
One spectrometer. 2 mg samples and 200 mg KBr were
fully mixed. The mixture was put into the mold and kept
in 20 MPa pressure by hydraulic press.

2.3.2 Differential scanning calorimeter (DSC)

DSC curves of the three acrylamide polymers were obtained
using a synchronous thermal analyser (STA449F3,
Germany). The temperature was raised at a rate of 5°C per
minute under a nitrogen atmosphere.

2.3.3 Transmission electron microscopy (TEM)

Samples were examined using a F20 transmission electron
microscope (JEOL, Japan). A polymer (0.01 wt%) solution
with or without salts was prepared by dispersing in water
ultrasonically at room temperature for 20 min. One drop of
the polymer solution was placed on a carbon membrane.
The carbon membrane was dried in infrared light for
20 min before TEM examination.

3 Results and discussion

3.1 Characterization of acrylamide polymers

Figure 2a shows the infrared spectrum of the three
acrylamide polymers. The peak at 3438 cm?! was due to
amino group (-NH)), whereas the peak for methylene
group (-CH,) appeared at 2952 cm™. The peak at 1672 cm
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was characteristic for carbonyl (C=0) group. There was
no characteristic peak of C=C on the infrared curve of the
polyacrylamide homopolymer (polymer 1), indicating that
the polyacrylamide homopolymer has been successfully
synthesised. In addition to the peaks for acrylamide groups
in the spectrum of polymer 1, the spectra of polymer 2 and
polymer 3 showed some characteristic peaks. In polymer 2,
the stretching absorption peak for C-O stretching of
carboxylic acid (-COOH) appeared at 1307 cm®. The
overlap of C=0 and —OH in carboxylic acid with carbonyl
and amino groups in amide enhanced the strength of
the peak. The spectrum of polymer 3 showed a peak at
1036-1180 cm?, attributed to the stretching vibration of
sulfonate (-SO,). The appearance of carboxylic acid group
and sulfonic acid group indicated the successful synthesis
of acrylamide copolymers. Figure 2b showed the DSC
curves of three acrylamide polymers. Initial degradation
at about 100°C corresponded to water loss in the samples.
Thereafter, the DSC curve of polymer 1 exhibited intense
exothermic peaks in the range of 150°C to 225°C with
maximum at 220°C. The peak for polymer 2 appeared
a little later, whereas polymer 3 showed no exothermic
peaks. The result suggested that the heat resistance of
polymer 3 was higher than that of the other two polymers.

3.2 Effect of salts on molecular structure of
acrylamide polymer

The viscosity of polyacrylamide polymer was mainly
dependent on its molecular weight, molecular structure,
molecular conformation and molecular aggregate.
Changes in molecular structure and molecular weight
were due to either breaking or combination of molecular
chains through covalent bond. Obviously, the addition
of salts only led to changes in molecular aggregation
and molecular conformation through ionic bonds and
hydrogen bonds. The changes in apparent viscosity of
polyacrylamide homopolymer after the addition of three
kinds of salt ions can been seen in Figure 3. The apparent
viscosity of polyacrylamide homopolymer increased
initially and then declined slightly on addition of NaCl.
It reached its minimum value when 10 wt% NaCl was
added. With further addition of NaCl, the apparent
viscosity increased gradually. On addition of KCl, the
apparent viscosity was stable. It was evident that the
apparent viscosity declined slightly on addition of 1 wt%
KCl. Thereafter, the curve was almost stable. The changes
in apparent viscosity of polyacrylamide homopolymer in
CaCl, solution were similar to the changes observed in
case of NaCl and KCl solutions. The apparent viscosity of
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Figure 3: Changes in apparent viscosities of polyacrylamide homopolymer with varying salt concentration: (a) NaCl, (b) KCl, (c) CaCl,.

Polyacrylamide homopolymer concentration: 1 wt%.

polyacrylamide homopolymer declined when 1 wt% CaCl,
was added. With further addition, the curve was stable. The
experimental results showed that the apparent viscosity
of polyacrylamide homopolymer changed slightly in salt
solution, indicating that the salt ions had only a slight
effect on the polyacrylamide homopolymer. There were
no anionic groups present on the molecular chain of the
polyacrylamide homopolymer, which could be combined
with the cations in salt solutions. Therefore, acrylic acid

having carboxyl groups was chosen for copolymerization
with acrylamide.

The changes in apparent viscosity of acrylamide/
acrylic acid copolymer after the addition of three kinds
of salt ions were shown in Figure 4. There were many
carboxylic acid ions present in the molecular chains of
the acrylamide/acrylic acid copolymer. From Figure 4
it was clear that the apparent viscosity of copolymer
declined sharply on the addition of salt ions. In Figure 4a,
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Figure 4: Changes in apparent viscosity of acrylamide/acrylic acid copolymer with varying salt concentrations: (a) NaCl, (b) KCl, (c) CaCl,.

Copolymer concentration: 1 wt%.

the apparent viscosity of acrylamide/acrylic acid
copolymer was obviously decreased when NaCl solution
was added. After the addition of 3 wt% NaCl solution
into copolymer solution the change of apparent viscosity
of copolymer showed a stable trend. The curves in
Figures 4b and 4c showed similar trends. On addition
of 2 wt% KCl solution, the decreasing trend of apparent
viscosity showed down and stable, whereas the decrease
in case of CaCl, addition was more rapid. The apparent
viscosity showed a stable trend on addition of 1 wt% CaCl,
solution. Acrylic acid has negatively charged carboxylic
groups. The conformation of the copolymer changed
when these anions were attracted by cations. The original
molecular chains of copolymer were stretched. However,
when carboxylic acid groups were attracted by cations,
the molecular chain crimped together since the cations
effectively shielded the electrolyte effect. This increased
the flexibility of the molecule and reduce the hydrodynamic
radius (37). So, the apparent viscosity of copolymer
reduced. Similarly, another copolymer was synthesised to
confirm this phenomenon. The acrylamide/2-acrylamide-
2-methylpropanesulfonic acid (AMPS) copolymer was
synthesized under the same conditions. Changes in
apparent viscosity of AM/AMPS copolymer after the
addition of three kinds of salt ions were shown in Figure 5.

The copolymer contained many sulfonic acid groups and
the 2-acrylamide-2-methylpropanesulfonic acid monomer
also had a long side chain. Figures 4 and 5 showed similar
changes. The apparent viscosity of copolymer declined
sharply when salt ions were added. After adding 5 wt%
NaCl solution, the apparent viscosity of copolymer
reached its lowest value. Thereafter, unlike KCl and CaCl,,
with increasing concentration of NaCl, the apparent
viscosity of the AM/AMPS copolymer increased slowly.
With continuous increase in concentration of NaCl,
excessive number of Na* was hydrated, which increased
the polarity of the polymer solution. This weakened the
hydration layer on the surface of the AM/AMPS copolymer
molecule, which caused an increase in the hydrodynamic
volume of the molecular chain and the apparent viscosity
of the AM/AMPS copolymer increased slowly. However,
the hydration of K* and Ca* ions was weaker than that
of Na‘, so the apparent viscosity did not show any
increase in Figures 4b and 5c. The value of apparent
viscosity continued to reduce slowly after adding 2 wt%
KCl solution. This trend of AM/AMPS copolymer was
similar to AM/AA copolymer. After the amount of added
CaCl, reached 1 wt%, the apparent viscosity of copolymer
showed a stable trend. These experimental results further
proved that the polymer with anions was easily attracted
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Figure 5: Changes in apparent viscosity of AM/AMPS copolymer with different salt concentrations: (a) NaCl, (b) KCl, (c) CaCl,. Copolymer

concentration: 1 wt%.

by cations. As a consequence, the negative charges on
the polymeric chain were neutralised, the electrostatic
repulsion was weakened, and then the molecular chain
was curled which finally resulted in the sharp decrease in
apparent viscosity of the copolymer.

The commonly used method to measure the viscosity
average molecular weight is “wood viscosity method”
which uses the Ubbelohde viscometer. The principle
is based on the viscosity of polymer solution, which is
measured in terms of viscosity average molecular weight.
Therefore, the change in the molecular weight, measured
by the Wood viscosity method, can reflect the change
in viscosity. It is well known that there was no chemical
reaction between the salts and the polymer, and therefore,
the actual molecular weight of polymer did not undergo
and change. However, in Figure 6, the effect of different
concentrations of three salt solutions on the viscosity
average molecular weight of the AM/AMPS copolymer
showed that the viscosity average molecular weight of the
AM/AMPS copolymer after the addition of different salts
was somewhat reduced in all cases. The molecular weight
of AM/AMPS copolymer was about 2.036x10°. On addition
of 5 wt% NaCl, 10 wt% KCl and 2 wt% CaCl, solutions,
the molecular weights changed to 1.597x10° 1.731x10°,
and 1.434x10°, respectively. Since no chemical change

2.5

2.0 4

1.5 1

1.0 1

Molecular Weight / x108

0.5 4

0.0

polymer3+ polymer3+
5wt%NaCl 10wt%KCI

polymer3+
2wt%CaCl,

polymer3

Figure 6: Molecular weight changes of the AM/AMPS copolymer
with different concentrations of the three salt solutions. Polymer 3
was AM/AMPS copolymer.

occurred and the value of the viscosity average molecular
weight was affected by the viscosity of the copolymer, the
decreased in the viscosity average molecular weight of
the copolymer at this time could only be attributed to the
decreased in the apparent viscosity of the copolymer. This
result was fully consistent with the previous test results
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of apparent viscosity and it further demonstrated that the
salts caused a change in the conformation of the polymer
molecule.

3.3 Effect of temperature on molecular
structure of acrylamide polymer

It is well known that temperature is a major factor in
drilling operations. Three kinds of polyacrylamide
polymer were synthesized and the effect of temperature
on molecular structure of these polymers was studied.
The apparent viscosity changes of polymer were still
considered as the evaluation criterion. Figure 7 showed
the changes in apparent viscosity of polyacrylamide
homopolymer before and after rolled at 80°C with different
salt solutions. The apparent viscosity of polyacrylamide
homopolymer reduced sharply after rolling. It showed
that the molecular conformation changed significantly. At
this time, the polymer with different salt solutions showed
better temperature resistance.

To further study the effect of temperature, the
changes in apparent viscosity of AM/AA copolymer were
measured as shown in Figure 8. The apparent viscosity
of the copolymer declined sharply after rolling, which
indicated that the introduce of carboxyl groups could not
improve the temperature resistance of polymer. However,
the addition of different salt ions improved temperature
resistance clearly distinctly. This result was similar to
that of the property of polyacrylamide homopolymer.
Compared to the carboxyl group, sulfonic acid group
exhibited the better resistance to temperature.

The changes in apparent viscosity of AM/AMPS
copolymer were observed in Figure 9a. The trend of
AM/AMPS copolymer was different than those of AM/AA
copolymer and acrylamide homopolymer. The sulfonic
acid copolymer without salts had a slightly higher
apparent viscosity than the carboxyl copolymer after
aging. This result suggested that the temperature
resistance of sulfonic acid group was better than that of
carboxyl group. However, after the addition of salt ions,
the apparent viscosity of AM/AMPS copolymer declined
more than that of AM/AA copolymer. This experiment was
repeated several times and the same experimental results
were obtained.

Sulfonic acid was a strong anion which interacts
strongly with cations. Such an interaction causes changes
in molecular conformation of copolymer. Studies by
Xin et al. have shown that an increase in temperature
and alkalinity could accelerate the decreasing trend of
apparent viscosity in case of hydrolyzed polyacrylamide
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(38). Alkaline conditions promoted the crosslinking
between salt and polymer (39). Hence, the AM/AMPS
copolymer was hydrolyzed at certain alkaline condition,
the more carboxyl group would be produced. Changes in
apparent viscosity of hydrolyzed AM/AMPS copolymer
with different salt ions was shown in Figure 9b. The
apparent viscosity of hydrolyzed AM/AMPS copolymer
without salts increased, indicating the interaction
between molecular chains. However, the apparent
viscosity of copolymer still declined clearly after hot
rolled at 80°C. The rate of declined before and after
hydrolysis was similar. After the addition of salt ions, the
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apparent viscosity of hydrolysed copolymer decreased
sharply further without any significant improvement. At
80°C, the entanglements between the molecular chains
of the polymer were lowered, which weakened the
intermolecular interaction force, resulting in a decrease
in the viscosity of the polymer. The results of viscosity
average molecular weight of AM/AMPS copolymer were
shown in Figure 10. The viscosity average molecular
weight of AM/AMPS copolymer with and without salt
ions decreased sharply after rolling at 80°C. It was
precisely due to the decreased chain entanglements of
polymer molecules at 80°C that the forces between the
molecular chains were lowered, so the apparent viscosity
of the polymer decreased. At the same time, the salt
ions could combine with the exposed anions such as
carboxyl acid groups and sulfonic acid groups, resulting
in curling of molecular chains and further reduction in
apparent viscosity of the polymer. Under the dual action
of temperature and salt ions, the apparent viscosity of the
polymer declined sharply.

3.4 Mechanism discussion

The sulfonic acid groups improved temperature resistance
of the polymer slightly. Hence, the AM/AMPS copolymer
was chosen to discuss the mechanism responsible for
the comprehensive properties of three kinds polymer
mentioned above. The polymer samples containing
different salts, before and after aging, were dried and
ground into powder. The eight samples were analysed by
infrared spectroscopy, and the findings are as follows.
Figure 11a showed the infrared spectra of AM/AMPS
copolymers with different salts. At room temperature, the
peak for amino (-NH,) group of the salt-free AM/AMPS
copolymer appeared at 3447 cm™. This peak was shifted

. 2 erore agec
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00 4ﬁ 4ﬂﬁ 7/

polymer3  polymer3+ polymer3+ polymer3+

Swt?%NaCl 10wt%KCl 2wt%CaCly

Figure 10: Changes in molecular weight of AM/AMPS copolymer
(polymer 3) with different salts after hot rolling at 80°C.

to 3433 cm?, 3439 cm?, 3426 cm?, in presence of NaCl, KCl
and CaCl, respectively. Comparison of changes in amino
absorption peaks showed that the position of the peak
for amino group shifted to lower wavelengths after the
addition of salts. This small change suggested of changes
occurring in the molecular conformation of the polymer
after adding salt ions. The strong interaction between
the copolymer molecules and the salt ions caused the
molecular chains to curl due to weakening of electrostatic
repulsion, resulting in a reduce of apparent viscosity.
Temperature affected the apparent viscosity of the
polymer more as mentioned above. The infrared spectra
of AM/AMPS copolymer before and after aging at 80°C
was measured and showed in Figure 11b. The absorption
peaks of amino (-NH,) vibrations changed from 3447 cm*
to 3472 cm?, whereas the absorption peaks of methylene
(-CH,-) vibrations changed from 2936 cm® to 2984 cm’?,
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Figure 11: Infrared spectra of the AM/AMPS copolymer (a) with and without salt ions; (b) before and after aging at 80°C; (c) containing

different salts after aging at 80°C.

after ageing. Comparing the changes in amino (-NH,),
methylene (-CH,-) peaks before and after aging, it was
evident that the manner in which temperature affected
was different from that of salt ions. To further explore the
mechanism, the infrared spectra of AM/AMPS copolymer
after aging at 80°C with different salt ions were recorded
and the curves were shown in Figure 10c. After aging,
the salt-free copolymer showed an absorption peak at
3472 cm? for amino (-NH,). The absorption peaks of
amino groups (-NH,) containing NaCl, KCl and CaCl, salts
appeared at 3452 cm?, 3453 cm™ and 3399 cm’!, respectively.
Compared to the amino peak before aging, the change
was more obvious when temperature was applied. The
effect of temperature on the copolymer was greater than
that of salts, due to which the peak was shifted to higher
frequency as shown in the Figure 11b, whereas in case of
salts the peak was shifter to lower frequencies as shown in
Figure 11a. However, due to the influence of temperature
and salts, the peak for amino group shifted to higher
frequency, but its offset degree was lower than that due
to temperature. Infrared spectroscopy results showed that
both temperature and salts have an effect on the molecular
conformation of the polymer, but their mechanisms were
different.

To investigate the changes in micro-morphologies,
TEM images of AM/AMPS copolymer on different
condition was obtained and showed in Figure 12. The
molecular chain of AM/AMPS copolymer appeared
stretched and entangled with the other molecular chains
(Figure 12a). However, after the addition of CaCl, ions, the
molecular chains crimped and were aggregated together
(Figure 12b). Then the AM/AMPS copolymer with CaCl,
ions was rolled at 80°C for 16 h. In this case, molecular
chains were not entangled with each other and the spacing
between the molecular chains was increased. Therefore,
the polymeric chains were separated from each other and
could not form the network structure, due to which their
apparent viscosity decreased. These observations further
demonstrated the above mechanism and were found to
be consistent with an earlier study (31) on the effect of
divalent ions on the structure of acrylamide polymers.

The infrared spectra and TEM images of polymer 1
and polymer 2 after adding CaCl, and aging were shown
in Figure 13. From the infrared spectra and TEM images,
it can be seen that the interaction mechanism between
polyacrylamide homopolymer and AM/AMPS copolymer
with salt ions and temperature was consistent with that
of AM/AMPS copolymer. The molecular structure of
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Figure 12: TEM images of AM/AMPS copolymer with CaCl, before and after aging at 80°C: (a) AM/AMPS copolymer, (b) AM/AMPS copolymer
with CaCl,, (c) AM/AMPS copolymer with CaCl, after aging at 80°C.
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Figure 13: Infrared spectrum and TEM images of polyacrylamide homopolymer and AM/AA copolymer. (a1) The infrared spectrum of
polyacrylamide homopolymer at different conditions; (a2) Infrared spectrum of AM/AA copolymer under different conditions; (b) TEM
images of polyacrylamide homopolymer under different conditions; (c) TEM images of AM/AA copolymer under different conditions.
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acrylamide polymers was not changed by temperature
and salt at 80°C. However, the molecular conformation
of acrylamide polymers underwent changed, owing to
changes in molecular structures, resulting in decrease in
apparent viscosity.

4 Conclusion

The effects of salts on acrylamide homopolymer and
acrylamide copolymer and the mechanism of interaction
between salts and acrylamide polymer were studied
from results of apparent viscosity, molecular weight and
infrared spectroscopy. At room temperature, the salts did
not react with the unhydrolyzed acrylamide homopolymer,
since it existed in molecular form in aqueous medium.
Hence, there was little influence of salts on the apparent
viscosity of the unhydrolyzed acrylamide homopolymer.
On the other hand, the acrylamide copolymer had less
resistance to salts due to the carboxyl group on AA and
the sulfonic acid groups on AMPS. Hence, their apparent
viscosities decreased sharply on addition of salt ions.
The ordinary acrylamide polymer had long chains whose
apparent viscosity was high, due to stretched molecular
chains and large hydrodynamic volume. However, saltions
neutralized the negative charges on the molecular chains
of the copolymer and the electrostatic repulsions of the
molecular chains itself were weakened. This resulted in
curling of the molecular chains and a decrease in viscosity
of the polymer. Temperature affected in a different
manner, which caused a decrease in the entanglement
between different molecular chains in the polymer. The
intermolecular forces were weakened so that the viscosity
of the polymer was reduced.

The effect of salts and temperature on polyacrylamide
polymer was studied in detail. Meanwhile, there still
remain some problems. How to improve the resistant-salt
and resistant temperature was not clear. On the other side,
a series of polymer need be synthesized. The next work is
in progress.
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