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Summary

The crosslinking of initially non-hydrolyzed polyacrylamide with chromium in its +3
valence state was investigated in this work. IR spectra showed that the gelation occurred
when the polyacrylamide was hydrolyzed, which implies that the gelation should take
place at elevated temperature under neutral condition. The gelation process was
monitored by means of viscosity measurement. The addition of acetic acid to the system
might lead to the delay of gelation, owing to the synergistic effect of chelating with Cr(III)
and acidity.

Introduction

The hydrogels formed from polyacrylamide and chromium are among the polymeric gels
most tommonly used in petroleum industry to modify the waterflooding efficiency(1).
Such an application involves the injection of a mixture of the polymer and chromium
aqueous solutions into the desired subterranean formations, followed by in-situ gelation.
So, much attention has been paid to the understanding and controlling of the reaction. In
the early work, chromium was introduced in the +6 valence state (K2Cr207) and was
subsequently converted to the +3 valence state by a reducing agent like thiourea. Cr(III)
might then react with the polyacrylamide to form a gel at a relatively slow reaction
rate(2,3). Because of the toxicity of the chromium in its +6 valence state, great efforts
have been devoted in recent years to the crosslinking of polyacrylamide directly with
Cr(IID)(4-7).

We have reported recently the experimental investigation on the sol/gel diagrams for
polyacrylamide/Cr(III) system(8). The results indicated that the hydrolysis of amide
groups of the non-hydrolyzed polyacrylamide plays an important role in the gelation. Here,
we present infrared spectra from which we can deduce the reaction process. By means of
viscosity measurement, we show that even for the mitially non-hydrolyzed polyacrylamide
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the crosslinking is too rapid at elevated temperature and may be delayed by the addition of
acetic acid.

Experimental

A commercial polyacrylamide (No.6 Chemical Factory at Fusun, China) was used in this
work. The product was non-hydrolyzed (degree of hydrolysis was inferior to 1%) with a
weight-average molecular weight of 3.6x106g mol-! . The stock polymer solutions were
prepared by gentle stirring by magnetic stirrer in distilled water containing 5x103g ml!
NaCl. The stock solution of Cr(IIl) with a concentration of 2x103g ml! was prepared
from CrCl;.6H,0, chemical grade.

Infrared spectra of samples were recorded with IFS-113V FT-IR spectrophotometer
(Bruker). Viscosity measurement was carried out with NDJ-1 rotational viscometer
(Shanghai Balance Instrument Factory). The shear rate was fixed at 0.2 s! and the
temperature was controlled in a water bath with a deviation of £0.5°C.

Results and discussion
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Fig.1. Infrared Spectra of Polyacrylamides
1 - non-hydrolyzed polyacrylamide
2 - polyacrylamide (70°C for 24 hours)
3 - polyacrylamide in the presence of Cr(IIl) (70°C for 24 hours)
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Fig.1 shows the infrared spectra of polyacrylamide samples in the region between 1000
and 2000 cm1. As shown in the literature(9), the peak at 1677 cm-! indicates the amide
groups, whereas the peak of v - OH in carboxyl group is located at 1610 cmr!. Sample 1
corresponds to a non-hydrolyzed polyacrylamide, which shows a small shoulder at 1610
cml. After 24 hours at 70°C, the peak at 1610 cm-! is more significant, showing the
occurrence of hydrolysis (sample 2). Furthermore, when we mix the Cr(III) with the
polyacrylamide, the peak at 1610 cm! decreases (sample 3) due to the crosslinking
reaction between v - OH in carboxyl group and Cr(IIl). Therefore, we show schematically
the gelation process as follows:

Hydrolysis Cr(IIn
+CH,CH}f ——— -E-CHz-C[H-},—‘——{-CHZ-CH-}? ——gel

CONH, CONH,  COO®

It 1s known that Cr(IIT) reacts with carboxyl groups rather than amide groups. Some
studies indicated that the crosslinking of polyacrylamide with Cr(IIT) involves not only a
carboxyl group but also a neighboring amide group(10). Anyway, the hydrolysis of
polyacrylamide is a necessary step for the gelation. As we know, the hydrolysis normally
occurs in neutral medium at temperatures superior to 60°C(11). The crosslinking reaction
between polyacrylamide and Cr(Ill) is thus expected to take place at elevated
temperatures (>60°C).
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Fig.2. Variation of Viscosity with Time for Polyacrylamide/Cr(IIl)
conc. in polymer: 5x103g mb'; conc. in Cr(ill): 5x10-3g ml-!

The gelation process is monitored by means of viscosity measurement. Typical gelation
curves of aqueous polyacrylamide solution in the presence of Cr(IIT) are shown in Fig.2. A
remarkable time dependence on the apparent viscosity 1 is observed at the temperatures
ranging from 60 to 80°C. As indicated in Fig.2, an induction period is followed by a sharp
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increase in the viscosity due to the gel formation. The induction period, which is usually
defined as gelation time tg, becomes shorter or the gelation becomes faster with increasing
temperature. For instance, tg is 36 min at 60°C, while 11 min at 80°C. From the practical
point of view, the gelation seems too fast, for a treatment requires virtually a tg ranging
from several hours to one day.

In order to delay the gelation rate, acetic acid was added to the system of
polyacrylamide/Cr(I1I). The molar ratio of acetic-acid/Cr(III) was 3:1 and the initial pH
was about 4. Fig.3 presents the gelation curves at temperatures ranging from 70 to 90°C.
The gelation is also dependent on the temperature. Tt is clearly shown that the gelation
was delayed in contrast to the system in the absence of acetic acid. The delay of gelation is
due to the metal chelate (Cr(III)-acetate). Otherwise, the gelation rate increases with
increasing pH(7). The synergistic effect of acetate groups and low pH makes the system
available at a temperature up to 90°C.
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Fig.3. Variation of Viscosity with Time for Polyacrylamide/Cr(III)
in the Presence of Acetic Acid
conc. in polymer: 5x10-3g ml-'; conc. in Cr(IIl): 5x10-5g m13

Jordan et al. developed an Arrhenius-type equation with an assumption that for a given
initial composition, the proportion of the rate-controlling species that has reacted at the
gelation point is the same at all temperatures(12). The Arrhenius-type equation is
expressed as follows:

Intz= In K + AE&/RT )
in which, K represents a constant, AEa the apparent activation energy, R the ideal gas

constant and T the absolute temperature. In Fig.4, In tg is plotted against T-1. The linear
relationship is shown for the two systems, confirming the validity of the application of the
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eq.(1). From the slope of the straight line, the values of AEa are calculated: 62.5kJ.mol"1
and 1243 kJ.mol-! for Polyacrylamide/Cr(1Il) and Polyacrylamide/Cr(III)/Acetic-acid,
respectively. The increase of the apparent activation energy with the addition of acetic
acid results from the chelate between Cr(III) and acetate, which makes a greater potential
energy barrier for the gelation between polyacrylamide and Cr(HII). It is also suggested
that the addition of acetic acid to the system is an effective way to delay the gelation.
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Fig.4. Logarithm of tg versus the Reciprocal of the Absolute Temperature
for e Polyacrylamide/Cr(IIl) and o Polyacrylamide/Cr(I1I)/Acetic-Acid
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