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Abstract Polymer gels have been successfully applied to
control undesired water production for many years, how-
ever, due to poor long-term thermal stability and salt tol-
erance, conventional polymer gels present some limitations
for application in high temperature and high salinity res-
ervoirs. In this paper, an organic/inorganic combined gel
composed of polymer with low degree of hydrolysis,
phenol formaldehyde resin and inorganic silicate was
proposed and developed. The effects of concentration,
temperature on gelation time were studied. Long-term
thermal stability, salt tolerance and permeability reduction
ability were investigated. Results showed that based on
proper gelation time and economical cost, the formulation
of the organic/inorganic combined gel was optimized. The
gelation time decreased from 54.0 to 15.5 h with increasing
temperature from 100 to 130 °C. After aging for 60 days in
simulated formation brine with high total dissolved solids
(TDS: 20 % NaCl + 2.5 % CaCl,) at 130 °C, compared
with polymer gel, the organic/inorganic combined gel had
better long-term thermal stability and salt tolerance.
Sandpack flow experimental results showed that for the
organic/inorganic combined gel composed of 0.3 wt%
polymer, 4.0 wt% resin and 3.0 wt% inorganic silicate,
after aging for 60 days at 130 °C, the combined gel showed
approximately 85 % permeability reduction. Therefore,
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these results indicate that the combined gel studied here
can be a good candidate for controlling water production in
high temperature and high salinity reservoirs.
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Introduction

Water flooding is one of the most common methods used to
improve oil recovery. However, as more and more oilfields
become mature, the breakthrough of water along the high
permeability channels often occurs, resulting in poor sweep
efficiency and excessive water production. Excessive water
production has caused major problems due to decreased oil
production and increased costs of lifting, separating and
disposing large amounts of produced water, which has
attracted more concerns on water control technology.
Conformance control that generally refers to using chem-
ical or mechanical methods to reduce undesired water
production has been proved as an effective water control
technology, which can improve sweep efficiency and thus
result in an increase in ultimate oil recovery (Liu et al.
2010). Chemical-based conformance control has been
successfully used to improve oil recovery of mature water
flooding reservoirs. However, for high temperature and
high salinity reservoirs, not many options are available.
Polymer gels have been successfully applied to control
water production from the hydrocarbon wells (Sydansk and
Southwell 2000). However, Due to thermal hydrolysis
under high temperature, some of the amide groups
(-CONH,) on polymer backbone convert to carboxylate
groups that crosslink with divalent cations, resulting in
syneresis or precipitation of polymer gel (Kabir 2001).
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Therefore, due to poor long-term thermal stability and salt
tolerance, the conventional polymer gels present some
limitations for the application in high temperature and
salinity reservoirs. To extend the polymer gel application
scope, some thermally stable polymer gels that composed
of copolymers and organic crosslinkers have been reported
in previous literatures (Moradi-Araghi et al. 1993; Albo-
nico et al. 1995; Bryant et al. 1997; Hardy et al. 1998;
Mary et al. 1999; Moradi-Araghi 2000; Vasquez et al.
2005; Eoff et al. 2007; Banerjee et al. 2008; Al-Muntasheri
et al. 2009; Sengupta et al. 2012; Yadav and Mahto 2013).
The copolymers reported in previous literatures are
copolymer of acrylamide and 7-butylacrylate (PAtBA), and
copolymer of acrylamide and acrylamido-2-methylpropane
sulfonic acid (AMPS) and the organic crosslinkers are
phenol formaldehyde resin and polyethyleneimine (PEI).
However, we found little research focused on the gel
thermal stability and salt tolerance in the high salinity
formation brines, which are crucial to the effectiveness of
gel treatments. Sodium silicate based gel has been used to
control water production (Nasr-El-Din and Taylor 2005),
however, the main problems associated with the sodium
silicate based gel are short gelation time and low gel
strength in high temperature and high salinity reservoirs.
Moreover, the challenge for sodium silicate based gel is the
compatibility with the formation brine in the presence of
calcium ions or magnesium ions. A white precipitation of
calcium silicate or magnesium silicate forms immediately
upon mixing with the formation brine.

The single polymer gel or sodium silicate based gel has
some disadvantages, to improve the gel compatibility, ther-
mal stability and salt tolerance, organic/inorganic combined
gel composed of polymer, organic crosslinker and inorganic
material was proposed, which can have synergetic effect and
achieve better gel treatment efficiency. Therefore, in this
paper, an organic/inorganic combined gel composed of
polymer with low degree of hydrolysis, phenol formalde-
hyde resin and inorganic silicate was developed. The pos-
sible gelation mechanism is as follows: (1) Gelation reaction
between the amide group (-CONH,) of polymer and
hydroxymethyl (-CH,OH) group of phenol formaldehyde
resin can occur to form three-dimensional network structure.
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(2) The water-soluble inorganic silicate is converted into
silicic acid at high temperature.
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(3) The polycondensation of silicic acid occurs and
another three-dimensional network structure is formed.
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Based on the previous literatures, we found that little
research had been done on the use of organic/inorganic
combined gel to control water production in high temper-
ature and salinity reservoirs. To ensure that the combined
gel can be applied to control water production in high
temperature and salinity reservoirs, the objectives of this
work are to: (1) optimize the formulation of combined gel
based on proper gelation time and economical cost; (2)
evaluate the long-term thermal stability and salt tolerance;
(3) evaluate permeability reduction to brine as a function of
aging time, which can account for the feasible application
of water control using the combined gel in high tempera-
ture and salinity reservoirs.

Experimental studies
Materials

The polyacrylamide (PAM) used in this study was supplied
in powder form. The molecular weight and degree of
hydrolysis was 9.6 x 10° g/mol and 3.62 % respectively.
The inorganic silicate solution was a viscous fluid with an
active content of 35 wt%. Deionized water and the fresh
water were obtained in own laboratory. The simulated
formation brine contained 20 % NaCl and 2.5 % CaCl,.
The gelant solutions with various formulations were pre-
pared with fresh water containing 250 mg L™' NaCl.

Preparation of gelant solution

First, deoxygenated fresh water was used to prepare the
polymer solution. Then the predetermined amounts of resin
and silicate were added to the polymer solution. The gelant
solution was thoroughly mixed by using a magnetic stirrer.
Then the gelant solution was injected into an ampoule tube
placed inside an oven set at the desired temperature. The
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ampoule tube was periodically removed from the oven for
observation.

Gelation time and gel strength measurement

The gelation time was measured by Sydansk (1988) gel-
strength code method. Sydansk gel-strength code method is
a semi-quantitative measurement of the gelation time and
the gel strength. In this study, the gelation time is defined
as the time when the gel strength of gelant solutions
reaches grade G (Grade G: the gel is described as moder-
ately deformable nonflowing gel and flows approximately
half way down the bottle upon inversion).

Long-term thermal stability and salt tolerance

The long-term thermal stability and salt tolerance were
evaluated by measuring the degree of syneresis as a func-
tion of aging time. The experimental procedure was as
follows: (1) measure the initial mass of formed combined
gel my; (2) place the formed combined gel inside a steel
container containing simulated formation brine with high
total dissolved solids (TDS: 20 % NaCl + 2.5 % CaCl,).
The steel container was placed inside an oven at 130 °C
and the steel container was periodically removed from the
oven. Measure the mass of formed combined gel at dif-
ferent aging time my); (3) calculate the degree of syneresis
(DS) at different aging time according to the following
equation:

mo

—m
DS = 9 » 100 %. (1)
mo

Sandpack flow experiments

Sandpack flow experiments were conducted on the sand-
packs with the diameter of 2.5 cm and a length of 20 cm to
evaluate the permeability reduction of the combined gel as a
function of aging time at 130 °C. The experimental proce-
dure was as follows: (1) The sandpacks were filled with
clean quartz sands and saturated with simulated formation
brine; (2) the sandpacks were flooded with simulated for-
mation brine until the pressure drop across the sandpacks
was stable. Permeability to brine k,, was measured at a flow
rate of 1 mL min~"'. (3) Then 0.3 PV (pore volume) gelant
solution was injected into sandpacks at a flow rate of
1 mL min~". After injection, the sandpacks were shut in for
48 h to ensure that the gelant solution can form gel; (4) then
the simulated formation brine was injected into the sand-
packs to measure the permeability k,,, after the gel treat-
ment; (5) calculate the percent permeability reduction
(PPR) to evaluate the effectiveness of the gel in reducing
permeability according to the following equation:

PPR = (kyo — kw1)/kwo X 100 %. (2)

Results and discussion
Formulation of combined gel optimization

The formulation of combined gel that composed of poly-
mer, phenol formaldehyde resin, and inorganic silicate was
optimized by studying the effects of component concen-
trations on the gelation time and the gel strength. In this
study, the gel strength of the combined gel with various
formulations can mainly reach grade I (Grade I: the gel is
described as rigid gel and there is no gel-surface defor-
mation upon inversion). The appearance of the formed
combined gel is shown in Fig. 1.

Effect of polymer concentration

The polymer concentration is critical to the formation of
three-dimensional network structure, which can greatly
affect the gelation time. The effect of polymer concentra-
tion on gelation time was studied by preparing different
gelant solutions containing 4.0 wt% resin, 3.0 wt% inor-
ganic silicate and polymer concentrations varied from 0.1
to 0.4 wt% at 130 °C. Figure 2 shows the gelation results
of gelant solutions containing various polymer concentra-
tions. The gelation time decreased from 32.0 to 12.0 h with
increasing the polymer concentration. As the polymer
concentration increased, the cross-linking reaction chances
between the amide group (—-CONH,) and hydroxymethyl
group (-CH,OH) increased, resulting in a decrease in
gelation time. Therefore, according to proper gelation time
and economical cost, the reasonable polymer concentration
should range from 0.2 to 0.3 wt%.

Effect of resin concentration

The effect of resin concentration on gelation time was
studied by preparing different gelant solutions containing
0.3 wt% polymer, 3.0 wt% inorganic silicate and the resin
concentrations varied from 1.5 to 5.0 wt% at 130 °C.
Figure 3 shows the gelation results of gelant solutions
containing various resin concentrations. The gelation time
decreased from 30.0 to 7.0 h with increasing resin con-
centration. As the resin concentration increased, the cross-
linking reaction chances between the amide group (—
CONH;) and hydroxymethyl group (-CH,OH) increased,
resulting in a decrease in gelation time. Therefore,
according to proper gelation time and economical cost, the
reasonable resin concentration should range from 2.5 to 4.0
wt%.
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Fig. 1 The appearance of
formed combined gel
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Fig. 2 Effect of polymer concentration on gelation time (130 °C)

Effect of inorganic silicate

The inorganic silicate can improve the gelation performance
greatly by forming another three-dimensional network struc-
ture. The effect of inorganic silicate concentration on gelation
time was studied by preparing different gelant solutions
containing 0.3 wt% polymer, 4.0 wt% resin, and the inorganic
silicate concentrations varied from 1.0 to 8.0 wt% at 130 °C.
Figure 4 shows the gelation results of gelant solutions con-
taining various inorganic silicate concentrations. As the
inorganic silicate concentration increased from 1.0 to 8.0
wt%, the gelation time decreased from 19 to 4 h. As the
inorganic silicate concentration increased, the reaction rate of
inorganic silicate forming three-dimensional network struc-
ture at high temperature was accelerated, resulting in a
decrease in gelation time. Therefore, according to proper
gelation time and economical cost, the reasonable inorganic
silicate concentration should range from 3.0 to 5.0 wt%.

Effect of temperature

The gelation time is dependent on the component concen-
trations and the temperature. For the gelant solution
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Fig. 3 Effect of resin concentration on gelation time (130 °C)

containing 0.3 wt% polymer, 4.0 wt% resin and 3.0 wt%
inorganic silicate, the effect of temperature on gelation time
was studied. Figure 5 shows the gelation time of gelant
solution containing 0.3 wt% polymer, 4.0 wt% resin and 3.0
wt% inorganic silicate at various temperatures. The gelation
time decreased from 54.0 to 15.5 h with increasing tem-
perature from 100 to 130 °C. As the temperature increased,
the cross-linking reaction rate increased and resulted in a
decrease in gelation time. The gelation time was correlated
to the temperature according to the Arrhenius’ equation:

k = koe Ea/RT (3)

where k is reaction rate constant, ky is the frequency
factor, E, is the activation energy(kJ/mol), R is the gas
constant (kJ/mol K) and T is absolute temperature
(K) (Fig. 6). The Eq. (3) was modified by introducing the
gelation time (#,) instead of the reaction rate constant
k. The modified equation was as follows (Nasr-El-Din and
Taylor 2005):

ty = Me" /T (4)

where 1, is the gelation time (h), M is the time constant (h),
E, is the activation energy(kJ/mol), R is the universal gas
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Fig. 4 Effect of inorganic silicate on gelation time (130 °C)
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Fig. 5 Effect of temperature on gelation time

constant (kJ/mol K) and T is absolute temperature (K).
Then the Eq. (4) was transformed into the following
equation:

E,
In(z,) = RT +1InM. (5)

As we can see from the Eq. (5), there is a linear
relationship between the In(#;) and the inverse of the
absolute temperature(1/T). Figure 5 shows the plot of In
(ty) versus the inverse of absolute temperature. Calculated
from the slope of Fig. 5, the activation energy E, of the
gelant system was 52.8 kJ/mol. Moreover, it is worth
noting that the effect of temperature on the gelation time
can be predicted by using Eq. (4).

Long-term thermal stability and salt tolerance

The long-term thermal stability and salt tolerance are
crucial to the effectiveness of gel treatments in high
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Fig. 6 Arrhenius-type plot of gelation time and temperature

temperature and high salinity reservoirs. In this study, the
long-term thermal stability and salt tolerance were evalu-
ated by measuring the degree of syneresis as a function of
aging time. Figure 7 shows the degree of syneresis
observed in bulk gel samples as a function of aging time.
After aging for 60 days in simulated formation brine with
high total dissolved solids (TDS: 20 % NaCl + 2.5 %
CaCl,) at 130 °C, for polymer gel composed of 0.3 wt%
polymer and 4.0 wt% resin, about 92 % syneresis was
observed, while for the organic/inorganic combined gel
that composed of 0.3 wt% polymer, 4.0 wt% resin and 3.0
wt% inorganic silicate, about 40 % syneresis was observed.
The reasons for the phenomenon could be as follows
(Liang and Li 2001): Gelation reaction between the amide
group (—CONH,) of polymer and hydroxymethyl (-
CH,O0H) group of phenol formaldehyde resin could occur
to form three-dimensional network structure. Moreover, the
inorganic silicate could form another three-dimensional
network structure at high temperature. Then compared with
single polymer gel network structure, the combined net-
work structure had less free water content and high strength
structure, which can improve the gel thermal stability
properties.

Therefore, compared with polymer gel, the organic/
inorganic combined gel had better long-term thermal sta-
bility and salt tolerance.

Sandpack flow experiment

Sandpack flow experiments were conducted to evaluate
the permeability reduction of the combined gel as a
function of aging time at 130 °C. The initial permeability
and pore volume of the testing sandpack were 1.47 pum?
and 33.0 mL respectively. Figure 8§ shows the perme-
ability reduction of the combined gel as a function of
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Fig. 7 The degree of syneresis observed in bulk gel samples of
polymer gel and combined gel versus aging time
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Fig. 8 The permeability reduction of combined gel versus aging time

aging time. For the organic/inorganic combined gel
composed of 0.3 wt% polymer, 4.0 wt% resin and 3.0
wt% inorganic silicate, after aging for 60 days at 130 °C,
the combined gel showed approximately 85 % perme-
ability reduction.

Conclusions

(1) According to proper gelation time and economical cost,
the formulation of the organic/inorganic combined gel was
optimized as follows: the polymer concentration was
0.2-0.3 wt%, the phenol formaldehyde resin concentration
was 2.5-4.0 wt% and the inorganic silicate concentration
was 3.0-5.0 wt%.
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(2) The gelation time decreased from 54.0 to 15.5 h with
increasing temperature from 100 to 130 °C. After aging for
60 days in simulated formation brine with high total dis-
solved solids (TDS: 20 % NaCl + 2.5 % CaCl,) at 130 °C,
for the polymer gel composed of 0.3 wt% polymer and 4.0
wt% resin, about 92 % syneresis was observed, while for
the organic/inorganic combined gel composed of 0.3 wt%
polymer, 4.0 wt% resin and 3.0 wt% inorganic silicate,
about 40 % syneresis was observed. The results indicated
that the organic/inorganic combined gel had better long-
term thermal stability and salt tolerance.

(3) Sandpack flow experimental results showed that for
the organic/inorganic combined gel composed of 0.3 wt%
polymer, 4.0 wt% resin and 3.0 wt% inorganic silicate,
after aging for 60 days at 130 °C, the combined gel showed
approximately 85 % permeability reduction.
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