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Abstract Compound crosslinked hydrolyzed polyacrylic
amide (HPAm) weak gels were synthesized by an in situ
crosslinking method using Cr(IIl) acetate and methanal as
crosslinkers. The weak gels were crosslinked by both covalent
bonds and coordination bonds. A Haake MARS III rotational
rheometer was used to measure viscosities to monitor gelation
process and evaluate the sensitive of six main factors including
polymer concentration etc. An orthogonal experiment (OA;5
(56) matrix) was conducted to help to evaluate the importance
of the factors, and determine the optimal level and combination
of factors. ESEM was employed to image the morphologies of
gels to assist to analyze crosslinking mechanism. We found
that the six factors have significant influences on gelation
properties. The importance of factors for viscosity of 40 days
followed by polymer concentration, weight ratio of polymer to
crosslinker, NaCl concentration, thiourea concentration, res-
orcin concentration and methanal concentration. The reasons
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why these factors had such effect were analyzed. On the basis
of the analysis of gelation process and ESEM morphology, we
preliminarily concluded that crosslinking mainly happened
among different polymer molecules and crosslinking by
coordination bonds prevails in early stages.
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1 Introduction

Most production is achieved by water or gas injection to sweep
reservoir and displace oil towards production wells in oil and
gas production process. However, the lower viscosity water or
gas inevitably towards the higher permeability pathways and
large quantities of crude oil remain by-passed, thus a low oil
recovery (typically only 30-40 %) is achieved, which is one of
the most pressing issues facing operators worldwide [1].
Conformance control processes, mainly including near-well-
bore water shut off on producer wells and profile modification
treatments on injector wells, have already been attempted to
solve this problem to improve oil recovery. Polymer gels are
attracting increasing interest for conformance control imple-
mented to improve petroleum production [2].

However, the performances of many current polymer gels are
sensitive to oilfield environments and interferences, especially
pH and salinity and temperature [3-5]. Gel containing HPAm
and Cr(III) acetate has been one of the most widely applied gels
because HPAm—Cr(II) acetate gel has good stability at over a
wide range of temperature and pH (from 3.3 to 12.5) [6, 7].
However, the gelation rate of the HPAm gels only crosslinked by
the simple Cr(II) in solution is too fast to control. It is necessary
to effectively delay gelation rates [8]. The introduction of acetate
complexes of Cr(IIT) makes the rate of the crosslinking reaction
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greatly reduce [6, 9—11]. The Cr(Il)/HPAm crosslinking reac-
tion displays a typical coordination chemical reactivity. A Cr(III)
based delayed-gelation technology has been developed based on
the idea that the polymer crosslinking reaction is fundamentally
a ligand-exchange process [12, 13]. And, acetate is a thermo-
dynamically weaker ligand for Cr(III) than HPAm, the gelation
time for Cr(IIl) acetate is greater than that obtained with the
aquated Cr(IIT) [2]. Tackett et al. [ 14] confirmed the existence of
the cyclic chromium trimer in chromium acetate solution. This
cyclic chromium trimer has been considered responsible for the
interaction between Cr(III) and polymer carboxylate groups [15,
16]. Therefore, in our study, Cr(Ill) acetate is chosen to be
crosslinker. And, the cyclic chromium trimer is guaranteed to be
the dominant species in Cr(II) acetate solution by using a proper
method [14].

Nevertheless, there are still some issues when these
HPAm/Cr(III) acetate polymer gels are applied for in-depth
profile control and oil displacement in low temperature and
high salinity reservoirs, such as bad long-term stability
(only crosslinked by metallic-ion) and bad salt tolerance.
These two properties are urgently needed to be addressed.

1.1 Improve long-term stability

The Cr(III)/HPAm crosslinking reaction displays a typical
coordination chemical reactivity [2]. The long-term sta-
bility of the gels crosslinked by coordination bonds is not
good compared with that of the gels crosslinked by cova-
lent bonds. To improve the stability, methanal as another
crosslinker was added into the HPAm/Cr(IIl) acetate gel
solutions to form compound crosslinked weak gels
(crosslinked by coordination bonds and covalent bonds).

1.2 Increase salt tolerance

It has been confirmed that the presence of salt can lead to the
syneresis of gels [13, 17]. The syneresis of gels will badly
shorten the validity of gels. Therefore, it is essential to improve
salt tolerance to extend the application range of HPAm/Cr(III)
acetate gel to high salinity reservoirs. In this study, amphoteric
HPAm is used for forming weak gel to ease syneresis.

This paper aims at present a low-temperature compound
crosslinked weak gel which gives appropriate gelation rates, gel
stability and salt-resistance at the same time. In the present case,
this study focuses on the following contents: (1) investigating
the effects of the six main factors on gel performance at 32 °C,
including polymer concentration, weight ratio of polymer to
crosslinker, aging time of Cr(IIl) acetate solutions, NaCl con-
centration, additives concentration (methanal, resorcinol and
thiourea); (2) determining the importance of all the parameters
on gelation performance by range analysis and mean value, and
giving the optimal combination of factors; (3) analyzing the
ESEM morphology of gels and crosslinking mechanisms.
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2 Experimental section
2.1 Chemicals and reagents

HPAm (M,, = 2.5 x 107, 25 % hydrolyzed, 90 % solid
content) was purchased from Beijing Hengju, China. Chro-
mic chloride hexahydrate (CrClz-6H,0, 99 %), sodium ace-
tate (NaAC, 99.0 %), methanal (HCHO, 37-40 %),
resorcinol (CgHgO», 99.5 %), thiourea (CH4N,S, 99.0 %),
sodium chloride (NaCl, 99.5 %) were purchased from Ke-
long, Chengdu, China.

2.2 Synthesis of Cr(IIl) acetate solutions

Cr(IlT) acetate solutions were prepared with chromic
chloride hexahydrate and sodium acetate at the acetate-to-
chromium ratio of 3:1 [14] and were placed in a constant
temperature water bath at 60 °C for 1 h and aged for dif-
ferent times (3 h—10 days) at room temperature.

2.3 Preparation of polymer solution

Polymer stock solutions were prepared in distilled water or
salt water with different NaCl concentration ranging from
5,000 to 100,000 mg/L. using a method described in the
literature [18]. The polymer powder was slowly and evenly
added into container containing distilled or salt water with
magnetic stirring. Stop stirring when the polymer powder
was sufficiently dissolved. The polymer stock solutions
were diluted to the required concentration.

2.4 Synthesis and evaluation of weak gel

Gels were prepared in jars 8 cm in height and 80 mL in
volume. To guarantee a uniform mixture of all elements, the
water used (distilled water or salt water), crosslinker, addi-
tives (methanal, resorcinol, thiourea) and polymer solution
were added in turn according to fixed proportion (changed
according to different evaluation index) to give 30 mL of
final gel solution. The samples were aged at 32 °C in an oven
thermostat. A Haake MARS III rotational rheometer (Ger-
many) was used to measure viscosity at the applied shear rate
of 7.34 s™! at 32 °C. Gelation rates can be observed through
the viscosity versus time curve. The time when the viscosity
of gel solutions was measured at first was recorded as zero
time in the viscosity versus time curve. ESEM (Quanta 450
FEG, FEI, USA) was used to image the morphology of gels.

2.5 Orthogonal experimental design
Orthogonal experimental design has been proved to be an

effective chemometric method for optimization [19]. In this
study, considering the validity of gels, the gels viscosity for
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Table 1 Levels and factors Level Factors
affecting the gelation
performance Polymer Weight ratio  NaCl Thiourea Methanal Resorcin
concentration  of polymer to concentration concentration concentration concentration
(mg/L) crosslinker (mg/L) (mg/L) (mg/L) (mg/L)
1 1,000 5:1 5,000 20 20 30
2 1,500 8:1 10,000 40 40 50
3 2,000 10:1 20,000 60 60 80
4 3,000 15:1 50,000 80 80 100
5 4,000 20:1 100,000 100 100 150

40 days was taken as evaluating index. Six factors affecting
gelation properties were investigated: polymer concentration
(factor A), ratio of polymer to crosslinker (factor B), salinity
(factor C), thiourea concentration (factor D), methanal
concentration (factor E), resorcin concentration (factor F).
An OAys (56) matrix, which is an orthogonal array of six
factors and five levels, was employed to assign the consid-
ered factors and levels as shown in Table 1.

There are two important parameters in range analysis
[20]: Kji and R;. Kj; is defined as the sum of the evaluation
indexes of all levels (i, i = 1, 2, 3, 4, 5) in each factor (j,
i=A,B, C,D,E, F) and k;; (mean value of Kj) is used to
determine the optimal level and the optimal combination of
factors. The optimal level for each factor could be obtained
when k;; is the nearest to expected value. R; is defined as the
range between the maximum and minimum value of kj; and
is used for evaluating the importance of the factors, i.e. a
larger R; means a greater importance of the factor. In our
OA,s (5°) matrix, take factor B as a calculation example to
obtain the kg; and Ry:

Kgi= Vi+ Ve+ Vii+ Vig+ Vo
Kgo= Vo+ Vi+ Vip+ Vig 4+ Vo

Kgs = Vi+ Vg+ Vi3+ Vig+ Vos;
Kps = V4s+ Vo+ Viu+ Vig+ Vo

Kps = Vs+ Vio+ Vis+ Voo + Vps;
kg; = Kgi/5;ksi2 = Kga/5;kss = Kpg3/5;
kps = Kgs/5;kps = Kgs/5;

Rj = max(kg;) — max(kg;)

+mP—CO,”

—

Cr (acez‘ate)3 ——Cr(acetate) pa—

3-m

+acetate

Cr(P-CO0,) (acetate)

crosslink complex

where Kg; is the K value of the i level of the factor of B; and V;
(i = from 1 to 25) is the value of the result of the trail No. 1.
when viscosity for40 daysisasevaluating index. The other K;
and R values of the factors can be calculated by the same steps.

3 Results and discussion
3.1 Effect of polymer concentration

The polymer concentration is critical for gels properties.
Previous studies on the effect of polymer concentration more
focused on changing polymer concentration and keeping a
constant crosslinker concentration [5, 21]. However, in our
single-factor experiments, a constant weight ratio of polymer
to crosslinker was kept at 8:1 to more accurately obtain the
influence of polymer concentration. Figure 1 shows the effect
of polymer concentration on gelation rates. The results indi-
cated that the gelation rates significantly increased with
increasing polymer concentration when polymer concentra-
tion was over 1,500 mg/L, while HPAm of 1,000 mg/L failed
to gel for about 40 h, which demonstrates this gel system
needs a minimum polymer concentration that is called critical
overlap concentration (COC). The COC value is between
1,000 and 1,500 mg/L for HPAm. The weak gels were formed
over a broad range of polymer concentrations above COC. The
effect of polymer concentration may be explained through the
chemistry of polymer crosslinking reaction that is funda-
mentally a ligand-exchange process [12]. This chemistry is
written in the following equation:

3-m

(m=20r3)
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Fig. 1 Effect of polymer concentration on gelation rates. Experiment
conditions: polymer (HPAm) concentration range was from 1,000 to
4,000 mg/L, polymer/crosslinker weight ratio 8:1, Cr(IlI) acetate
solutions (acetate-to-chromium molar ratio of 3:1) first aged for 1 h at
60 °C, then aged for 3 days at room temperature, NaCl concentration
10,000 mg/L, no additives (methanal, resorcinol and thiourea),
T=32°C

The chemistry of polymer crosslinking reaction was pro-
posed based on the ligand-exchange process as Cr(III) acetate
complex is dominated in Cr(II) acetate solutions. Cr(ace-
tate); indicates Cr(acetate); complex, P-CO,™ indicates
polymer-bound carboxylate group. The concentration of
P-CO, ™ increases with increasing polymer concentration.
Thus, the increased P-CO, ™ promotes the reaction to generate
the crosslink complex, which further quickens overall reac-
tion rates. However, the increasing velocity of reaction rates
decreases when the polymer concentration increases to a
certain value (about 3,500 mg/L). It can be reasonably pre-
sumed that the overall reaction will finally reach the equi-
librium. Furthermore, the effect of polymer concentration
also can be explained from the perspective of crosslink point.
There are strong attractive forces between polymer macro-
molecules. As the polymer concentration increases, the
molecules per unit volume increases and the distance apart of
the molecules becomes smaller, which strengthens intermo-
lecular attractive forces, and then, the collision probabilities
increase during the heat motion of polymer molecules.
Thereby, the intertwisting of different molecules, which gives
rise to a network structure, is strengthened. Consequently, the
effective crosslink points increase, which promotes cross-
linking reactions. The concept of increasing crosslink points
is consistent with the idea that we explained the effect of
polymer concentration through the proposed chemistry.

3.2 Effect of weight ratio of polymer to crosslinker

As shown in Fig. 2, weight ratio of polymer to crosslinker
has a significant effect on gelation rates. The gelation rates

@ Springer

10000

1200
1000 °
800 ° °
L]
@ 8000 | 600 o
®© 400 o o
o 200
£ o 8 & & o o
= 6000} O 5 10 1520 25 30 35 40
% .
Q
?
< 4000- °
=
c
5
o 2000 |
<
° ° ;
0 . a. 2 .2 8
0 5 10 15 20 25 30 35 40

Time (hours)

Fig. 2 Effect of weight ratio of polymer to crosslinker on gelation
rates. Experiment conditions: polymer/crosslinker weight ratio varied
from 5:1 to 20:1, Cr(III) acetate solutions (acetate-to-chromium molar
ratio of 3:1) first aged for 1 h at 60 °C, then aged for 3 days, HPAm
concentration 2,000 mg/L, NaCl concentration 10,000 mg/L, no
additives, T = 32 °C

decreased with increasing weight ratio of polymer to
crosslinker. There was even no detectable gel formed as the
weight ratio increased up to 20:1, which still can be
explained by the chemistry (presented in the Sect. 3.1). The
jonic acetate, Cr™> and Cr>-complex exist simultaneously
in chromium acetate solutions, notwithstanding Cr(ace-
tate); complex is the dominated species [14]. The active
Cr? will first complex with polymer-bound carboxylate
group. This complex reaction will promote the Cr(acetate)s
complex to release Cr'™ to complex with carboxylate
group. Finally, theoretically, all Cr™ existed in any form
will participate in the complex reaction as enough car-
boxylate groups are available in gel solutions. But the
weight ratio of 20:1 failed to gel. This implies that there is
a lowest concentration limit of total Cr™> in Cr(III) acetate
solutions to build a complex network.

3.3 Effect of the aging time of crosslinker

Crosslinkers were prepared at different conditions as fol-
lows: (1) crosslinker-1: acetate-to-chromium molar ratio of
4:1, aging 1 h at 60 °C, 3 h at room temperature; (2)
crosslinker-2, crosslinker-3 and crosslinker-4: acetate-to-
chromium molar ratio of 3:1, first all aging 1 h at 60 °C,
then aging 10, 8 days, and 3 h, respectively. As shown in
Fig. 3, the gelation rates decreased with increasing aging
time at room temperature. The effect of aging time is rel-
evant to the process of forming stable cyclic trimer in
Cr(IIT) acetate solutions. It was found that a green cyclic
chromium trimer that contains six acetates and a central
trigonal oxygen is the dominant species when acetate and
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Fig. 3 The effect of aging time of crosslinker on gelation rates.
Crosslinker-1: acetate-to-chromium molar ratio of 4:1, aging 1 h at
60 °C, 3 h at room temperature; crosslinker-2, crosslinker-3 and
crosslinker-4: acetate-to-chromium molar ratio of 3:1, first all aging
1 h at 60 °C, then aging 10 days, 8 days, and 3 h, respectively.
Experiment conditions: polymer/crosslinker weight ratio 8:1, HPAm
concentration 2,000 mg/L, NaCl concentration 10,000 mg/L, no
additives, T = 32 °C

Cr(IIT) are in solutions in molar ratio of 3:1 and subjected
to sufficient time or temperature to allow them to approach
equilibrium [14]. We can clearly see that, from Fig. 3, gel
solution with crosslinker-4 (aged for 3 h at room temper-
ature) showed a quick gelation rate, which indicates a time
of 3 h was too short to form the cyclic trimer, and most of
acetate and Cr(III) remained free. However, gelation rates
became slow when the aging time of crosslinker-2 and
crosslinker-3 was prolonged to 8 days and 10 days,
respectively. Gelation rates reduced with increasing aging
time shows that the formation of cyclic trimer is a slow
process and it requests enough time to make the cyclic
trimer to be the dominate species in solution under our
experimental conditions, which is consistent with the
results obtained by Tackett et al. [14].

3.4 Effect of NaCl

The salt water with different NaCl concentration varying
from 0 to 100,000 mg/L. was used to determine the effect
of NaCl concentration on gelation rates as shown in Fig. 4.
Gel solutions failed to gel or formed a low viscosity gel
with a low crosslinking degree when NaCl concentration
was lower than 5,000 mg/L. The gelation rates increased
with increasing NaCl concentration from 0 to 50,000 mg/
L. However, gelation rates with NaCl concentration of
100,000 mg/L showed a decrease trend compared with that
of NaCl concentration of 50,000 mg/L. These results are
somewhat inconsistent with the previous studies. Shriwal
et al. [3] and Broseta et al. [4] reported that gelation rates
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Fig. 4 Effect of NaCl concentration on gelation rates. Experiment
conditions: NaCl concentration varied from 0 to 100,000 mg/L, polymer/
crosslinker weight ratio 8:1, HPAm concentration 2,000 mg/L, Cr(III)
acetate solutions (acetate-to-chromium molar ratio of 3:1) first aged for
1 h at 60 °C, then aged for 3 days, no additives, T = 32 °C

decreased with increasing salinity, Albonico et al. [13] and
Romero-Zeron et al. [13, 22] demonstrated that gelation
rates were markedly shorten in salinity water, and Sydansk
[6] indicated that gelation rates increased somewhat with
salinity between 0 and 1,000 mg/L NaCl, however, were
rather independent of salinity for concentrations exceeding
1,000 mg/L. But we preferred to believe that different
NaCl concentration ranges have different effects on gela-
tion rates. According to our experiments, we considered
that salt water with a certain concentration range NaCl
concentration (0-50,000 mg/L) can increase gelation rates,
and there is a critical value for NaCl concentration, over
which the presence of salt will delay gelation. Such influ-
ence of of electrolytes (i.e., NaCl) on gelation rates can be
explained by two main effects.

3.4.1 Promoting ionization

The introduction of Na* makes weak acid (-COOH) ion-
ization balance toward to complete ionization of the strong
electrolyte (-COONa), which increases the content of
carboxylate ions (-COO7) in the polymer solution. The
increased carboxylate ions will promote crosslinking.

3.4.2 Electrostatic shielding effect

Sodium ions (Na™) screen the electrostatic (repulsive)
interactions between the negative (acrylate) charges carried
by the polymer and lead to chain shrinking (Fig. 5). When
screening effect of the electrostatic interactions is weak and
chain shrinking is not severe, repulsive interactions among
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Fig. 5 The chain shrinking phenomenon caused by electrostatic
screening of sodium ions (Na%t) to the negative (acrylate) charges
carried by the polymer
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Fig. 6 Effect of methanal concentration on gelation rates. Experi-
ment conditions: methanal concentration varied from 0 to 100 mg/L,
polymer/crosslinker weight ratio 8:1, HPAm concentration 2,000 mg/
L, Cr(IIl) acetate solutions (acetate-to-chromium molar ratio of 3:1)
first aged for 1 h at 60 °C, then aged for 3 days, NaCl concentration
10,000 mg/L, T = 32 °C

carboxylate ions still prevails. The shrinking on some level
reduces the distance of the carboxyl group of different
polymer molecule chains and higher association degree
predominates between polymer molecules. This will pro-
mote crosslinking reaction. However, when screening
effect of the electrostatic interactions is strong, molecules
chains shrinking is very severe and most of carboxyl
groups are buried inside molecules coils shrinked. Conse-
quently, crosslinking is delayed.
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Fig. 7 Effect of resorcin concentration on gelation rates. Experiment
conditions: resorcin concentration varied from 0 to 100 mg/L,
methanal concentration 50 mg/L, polymer/crosslinker weight ratio
8:1, HPAm concentration 2,000 mg/L, Cr(Ill) acetate solutions
(acetate-to-chromium molar ratio of 3:1) first aged for 1 h at 60 °C,
then aged for 3 days, NaCl concentration 10,000 mg/L, T = 32 °C
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Fig. 8 Effect of thiourea concentration on gel viscosity. Experiment
conditions: polymer/crosslinker weight ratio 8:1, HPAm concentra-
tion 2,000 mg/L, Cr(III) acetate solutions (acetate-to-chromium molar
ratio of 3:1) first aged for 1 h at 60 °C, then aged for 3 days, NaCl
concentration 10,000 mg/L, T = 32 °C

The influence of NaCl concentration on gelation rates
depends on both the two effects.

3.5 Effect of additives

This section mainly presents the effect of the three addi-
tives, methanal, resorcin and thiourea to gelation rate and
gel strength. Methanal was used as an organic crosslinker.
Resorcin was added to assist to adjust the gelation rates.
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Table 2 Results of orthogonal experimental as viscosity for 40 days is evaluating index

No. Factors

Index (V;) viscostiy
for 40 days (mPa s)

Polymer Weight ratio of NaCl Thiourea Methanal Resorcin

concentration polymer to concentration  concentration concentration concentration

(mg/L) crosslinker (mg/L) (mg/L) (mg/L) (mg/L)
1 1 (1,000) 1(5:1) 1 (5,000) 1 (20) 1 (20) 1 (30) 144
2 1 2 (8:1) 2 (10,000) 2 (40) 2 (40) 2 (50) 14.4
3 1 3 (10:1) 3 (20,000) 3 (60) 3 (60) 3 (80) 14.4
4 1 4 (15:1) 4 (50,000) 4 (80) 4 (80) 4 (100) 144
5 1 5(20:1) 5 (100,000) 5 (100) 5 (100) 5 (150) 3,199
6 2 (1,500) 1 2 3 4 5 8,200
7 2 2 3 4 5 1 5,300
8 2 3 4 5 1 2 14,300
9 2 4 5 1 2 3 14.4
10 2 5 1 2 3 4 72.1
11 3(2,000) 1 3 5 2 4 87,200
12 3 2 4 1 3 5 85,700
13 3 3 5 2 4 1 36,900
14 3 4 1 3 5 2 288.2
15 3 5 2 4 1 3 72.1
16 4 (2,500) 1 4 2 5 3 98,200
17 4 2 5 3 1 4 28,300
18 4 3 1 4 2 5 27,500
19 4 4 2 5 3 1 14,000
20 4 5 3 1 4 3 11,200
21 5 (3,000) 1 5 4 3 2 12,400
22 5 2 1 5 4 3 72,900
23 5 3 2 1 5 4 36,000
24 5 4 3 2 1 5 19,000
25 5 5 4 3 2 1 16,600
K;; 651.32 41,202.88 20,154.94 26,585.76 12,337.3 14,562.88
Ky 55773 38,442.88 11,657.3 30,837.3 26,265.76 6,750.65
Kj3  42,032.06 22,942.88 24,542.88 10,680.52 22,4373 30,400.15
Kjs 35,840 6,663.4 42,962.88 9,057.3 25,842.88 30,317.3
Kjs 31,380 6,228.64 16,162.68 38,319.8 28,597.44 28,719.8
R, 41,380.74 34,974.24 31,305.58 29,262.5 16,260.14 23,649.5

]

The kj; and R; for every factors at different levels calculated according to the method mentioned

Figures 6 and 7 show the effect of methanal and resorcin
on gelation rates, respectively. We can see that, from
Fig. 6, methanal partly increased gelation rates and gel
viscosities after about 100 h. This is because a covalent
cross-linking reaction occurred between methanal and
acylamino in HPAm molecule chains. As shown in Fig. 7,
resorcin had little influence on gelation rates before 100 h
and gel viscosities. However, resorcin clearly decreased
galtion rates and delayed gelation times when resorcin
concentration is higher than 50 mg/L, which can be
explained by the reaction between methanal and resorcin.

The 1,3-hydroxyl groups on the benzene ring make the
2,4,6-carbon atom very active and easily react with meth-
anal to generate hydroxymethylated resorcinol. The reac-
tion, to some extent, delays the covalent cross-linking
reaction occurred between methanal and acylamino and
prolongs gelation times. Thiourea was used to reduce
oxygen-induced decomposition of the HPAm. The effect of
thiourea on gel viscosities is as shown in Fig. 8. In the
beginning, the viscosity for 30 days (represent gel stability
in some degree) gradually increased with increasing thio-
urea concentration. Then, the increasing extent reduced,

@ Springer



188

J Sol-Gel Sci Technol (2015) 73:181-191

Range analysis,viscosity for 40 days
45000
41380.74
40000

34974.24

31305.58
29262.5
23649.5
16260.14 I

aG\o‘ ¢

35000
30000 |
25000

X 20000 |
15000 |-
10000 |-

5000 -

0
s ©
¢oS° a°‘° a°\° ao"o €20

Fig. 9 Range values of different factors as viscosity for 40 days is
evaluating index

and the viscosity began to decrease when thiourea con-
centration reached upto a certain value. It implied that there
is a preferred concentration value existed between 60 and
100 mg/L.

3.6 Range analysis

According to the OA,s (5°) matrix, twenty-five experiments
were conducted. The results of the viscosities for 40 days as
evaluating index are shown in Table 2. We can observe, from
Table 2, that the viscosities for 40 days varied from 14.4 to
98,200 mPa s. The kj; and R; for every factors at different
levels were calculated according to the method as mentioned
in Sect. 2.5. As the viscosity for 40 days is the evaluating
index, the higher viscosity value is preferred considering
field application requirements where a high viscosity means a
good stability and validity when the gel solutions are injected
into reservoirs for 40 days. Therefore, the optimal level and
the optimal combination of factors (A3;B;C4DsEsF3) can be
determined base on the highest mean value of viscosity for
40 days for each level in Table 2 as follows: polymer con-
centration is 2,000 mg/L (42,032.06), weight ratio of poly-
mer to crosslinker is 5:1 (41,202.88), salinity is 50,000 mg/L
(42,962.88), thiourea concentration is 100 mg/L (38,319.80),
methanal concentration is 100 mg/L (28,597.44), resorcin
concentration is 80 mg/L (30,400.15). The sub-optimal
combination is A4B,C3D,E,F,, as polymer concentration is
2,500 mg/L (35,840.00), weight ratio of polymer to cross-
linker is 8:1 (38,442.88), salinity is 20,000 mg/L
(24,542.88), thiourea concentration is 40 mg/L (30,837.30),
methanal concentration is 40 mg/L (26,265.76), resorcin
concentration is 100 mg/L (30,317.30). The R; indicates the
factors® significance. A larger R; means the factor has a
bigger impact on evaluating index. The R; for each factor is
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depicted in Fig. 9. The factor’s level of significance followed
by: polymer concentration, weight ratio of polymer to
crosslinker, salinity, thiourea concentration, resorcin con-
centration and methanal concentration.

3.7 ESEM morphology and crosslinking mechanism
analysis

Panels (a) and (b) in Fig. 10 show the ESEM morphologies
images of HPAm prepared in salt water. Panels (c), (d) and
Panels (e), (f) in Fig. 10 show the ESEM morphologies
images of gels crosslinked with only Cr(acetate); complex
and Cr(acetate); complex + methanal + resorcinol,
respectively. On the basis of the morphologies images of
gels, one can see that crosslinking reaction mainly happened
among different polymer molecules. This indirectly dem-
onstrates that the HPAm molecules chains can well stretched
in salt water with a NaCl concentration of 10,000 mg/L.
However, the morphologies of gels [panels (e) and (f)] in
which methanal and resorcin existed has a higher degree of
tacticity than that of gels [panels (c) and (d)]. We found that,
in evaluating process, these well-aligned structure gels
exhibited a better stability and well less prone to syneresis
compared with those gels without methanal and resorcin. We
supposed that the improved stability can be partly attributed
to covalent bonds generated in crosslinking complex. There
are two reactions in the process of crosslinking reaction in gel
solutions containing HPAm, synthesized Cr(Ill) acetate,
methanal and resorcin. On the one hand, Cr(Ill) acetate
bonded chemically with carboxylate functional groups of
HPAm by coordination bonds. On the other hand, methanal
or hydroxymethylated resorcinol (formed through reaction
between methanal and resorcin) bonded chemically with
amides groups of HPAm by covalent bonds. But, only the
former reaction occurred in gel solutions without methanal
and resorcin. When evaluating the effect of methanal and
resorcin, we learned that both methanal and resorcin had little
influence on gelation process before 100 h. Therefore, we
assumed that Cr(II) acetate complexed with carboxylate
functional groups dominated in the early stages, then, the two
crosslinking reaction simultaneously dominated. The cova-
lent crosslinking produces elastomeric properties with
potentially high strengths, which make gels have a stronger
ability to resist external forces. The improved viscoelasticity
and stability of gels will provide a better effect for profile
control in field application. The crosslinking happens by
forming both covalent and coordination bonds that link one
polymer chain to another when gel solutions are injected into
reservoirs. As a result, the bigger molecular aggregate is
formed. The polymers lose some of their ability to move
freely as individual polymer chains and the whole fluid turns
into gels by linking the chains together. When gel solutions
are displaced by subsequent fluid, they will flow and migrate
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Fig. 10 a, b are the ESEM morphologies images of HPAm salt-
resistant comb-shape polymer prepared in salt water with a NaCl
concentration of 10,000 mg/L. ¢, d are the ESEM morphologies
images of HPAm/synthesized Cr(IlI) acetate gel prepared under the
condition: salt water with a NaCl concentration of 10,000 mg/L,
HPAm concentration 2,000 mg/L, weight ratio of polymer to

in porous media in the form of the micellaes with the biggest
aggregating intensity, rather than migrate as single small
polymer molecular that move forward along mainstream line
like a ‘shuttle’. There must be stretching, creeping and
recovery effect due to shear flow when these flexible

crosslinker 8:1, thiourea concentration 50 mg/L, T = 32 °C. e, f are
ESEM morphologies images of HPAm/synthesized Cr(II) acetate gel
prepared under the condition: salt water with a NaCl concentration of
10,000 mg/L, HPAm concentration 2,000 mg/L, weight ratio of
polymer to crosslinker 8:1, thiourea concentration 50 mg/L, methanal
concentration 50 mg/L, resorcin concentration 50 mg/L, T = 32 °C

micellaes through pore medium, which will exhibit a higher
viscoelastic effect compared with the gels formed only by
coordination bonds [panels (c) and (d)].

Obviously, the addition of methanal and resorcin has
already made the mechanical and chemical properties of the
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polymer gels typically change compared with that of those
gels without methanal and resorcin. However, for the pres-
ent study, we have difficulty in determining why the mor-
phologies of gels were changed significantly with adding of
methanal and resorcin. The kinetics and mechanism of the
two crosslinking reactions in gel solutions containing
HPAm, synthesized Cr(IIl) acetate, methanal and resorcin
still need to be further investigated by combining other
means, such as, H NMR, UV spectrophotometry [23].

4 Conclusion

A novel HPAm—Cr(IIl) acetate-methanal weak gel was
synthesized at low temperature for in-depth profile control
and oil displacement. The combination of chelating
crosslinker (Cr(III) acetate) and covalent crosslinker gives
an appropriate gelation time and gel strength, which solves
the problem of crosslinking by only covalent bonds giving
a too low gelation rate at low temperature and improves the
stability of gels compared with gels only crosslinked by
coordination bonds.

Both single-factor experiments and orthogonal experi-
ments demonstrated that these parameters evaluated have a
significant influence on gel properties. The factors’ level of
significance followed by: polymer concentration, weight
ratio of polymer to crosslinker, NaCl concentration, thiourea
concentration, resorcin concentration and methanal con-
centration. The gel system suited to a low-temperature
(32 °C) reservoir was determined based on single-factor and
orthogonal experiments as follows: HPAm concentration is
2,000-3,000 mg/L, weight ratio of polymer to crosslinker is
8:1-10:1, aging time of crosslinker >10 days, thiourea
concentration is 60—100 mg/L, methanal concentration is
20-60 mg/L, resorcin concentration is 80—100 mg/L. These
variables may be manipulated to achieve economic and gel
performances optimality. The gel system can be adjusted
according to the salinity of reservoirs. Gelaiton rates and gel
strength can be controlled mainly by changing HPAm con-
centration and weight ratio of polymer to crosslinker.
Gelation rates in later stage reaction can be fine-tuned by
adjusting resorcin concentration.

According to the results obtained, we preliminarily
confirmed that weak gels were crosslinked by two reac-
tions: (1) Cr(Ill) acetate acetates bonded chemically with
carboxylate functional groups of HPAm by coordination
bonds; (2) methanal or hydroxymethylated resorcinol
bonded chemically with amides groups of HPAm by
covalent bonds. Cr(IIl) acetate complexed with carboxylate
functional groups predominated in the early stages, then,
the two crosslinking reaction were simultaneously occur-
red. The introduction of covalent bonds improves the sta-
bility of gels and makes a longer validity. The addition of
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methanal and resorcin makes the morphologies of gels
been changed significantly and a well-aligned structure was
obtained, which changes the chemical properties of the
polymer gels. Furthermore, morphologies images of gels
shows crosslinking reaction mainly happened among dif-
ferent polymer molecules. This weak gel can partly extend
the application range of polymer weak gel to those reser-
voirs that have a lower temperature and higher salinity,
which has a significant meaning to enhanced oil recovery
for long time water/gas flooding reservoirs.
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