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Abstract The present work presents a nanocomposite

preformed particle gel for conformance control in mature

oilfields. This product was observed to have a better per-

formance than conventional hydrogels without nanomate-

rials. Preformed particle hydrogel was designed by the

reaction of monomer, initiator, crosslinker, additives, and

calcium montmorillonite nanomaterial, whereas conven-

tional hydrogel is designed from just monomer, initiator,

crosslinker and additives. The presence of nanomaterial in

hydrogel design affords it tremendous improvement in

nanocomposite gel properties and behavior compared to

conventional hydrogels without any nanomaterial. Addi-

tionally, swelling performance, post-degraded gel viscos-

ity, and long-term thermal resistance of nanocomposite gel

increased by several orders of magnitude compared to

hydrogels with no nanomaterial. Environmental Scanning

Electron Microscopy (ESEM) revealed the presence of a

very dense 3-D network compared to hydrogels with no

nanomaterial. On incorporation of nanomaterial, increase

in gel strength of up to 2,150 % was observed. Thus, they

are potential replacements for existing preformed particle

gels in mitigating permeability variations in mature

reservoirs.

Keywords Enhanced oil recovery � Conformance

control � Nanocomposite gels � Polymer flooding �
Permeability variations � Mature oilfields

Introduction and background

The fact that the oil and gas industry is spending a lot of

money and using every available cutting-edge technology

to find oil in very risky and unfavorable terrains such as the

deep seas and polar regions of the earth is a pointer to the

fact that primary and secondary oil production from

existing fields is reaching peak production. However, these

existing fields still contain significant and unrecoverable

quantities of hydrocarbons which cannot be recovered by

current available technologies. Rather than explore for oil

in such risky terrains, why not optimize oil production from

already existing, mature fields which have a well-known

production history and performance? Such enormous and

untapped amount of hydrocarbons in already existing,

mature, left-behind fields is the goal of Enhanced Oil

Recovery (EOR, also called tertiary production). EOR

methods are crucial to a continuous world supply of oil.

As reservoirs mature, oil production declines while water

production rises. Excess and unwanted water production

from these mature fields is one problem that has plagued the

oil industry for decades. Excess water production is a fre-

quent problem that occurs in mature reservoirs as a result of

long-term water flooding. Such excess water production

usually results in increased environmental concerns,

increased levels of corrosion and scale and ultimately leads

to early shut-in of wells that still contain significant volumes

of hydrocarbons (Liu et al. 2006; Bai et al. 2007a).

One fundamental reason for a decline in oil production

with time is the existence of fractures and permeability

variations that exist between the different layers of the

reservoir. Fractures present a water-thief zone through

which injected flood water channels through, from the

injector to the producer, thereby leaving hydrocarbons in

the low permeability (non-fractured) zones untouched. The

P. Tongwa � B. Baojun (&)

Department of Petroleum Engineering, Missouri University of

Science and Technology, 1870 Miner Circle, Rolla, MO 65409,

USA

e-mail: baib@mst.edu

123

J Petrol Explor Prod Technol (2015) 5:201–210

DOI 10.1007/s13202-014-0136-8

http://crossmark.crossref.org/dialog/?doi=10.1007/s13202-014-0136-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13202-014-0136-8&amp;domain=pdf


injected flood water follows the path of least resistance

(high permeability zones), bypassing large amount of oil in

low permeability matrix. This leads to increased, unwanted

water production and poor oil recovery. Therefore, plugging

reservoir fractures and thus correcting reservoir heteroge-

neity (that is conformance control) are key to an increased

oil production, and hence the reason for this work.

In an attempt to mitigate excess water production and

hence increase hydrocarbon production, hydrogels are

often injected near wellbore or far-wellbore to preferen-

tially seal fractures or higher permeability zones (Tongwa

et al. (2013a, 2013b); Bai et al. (1999, 2007b, 2008); Liu

et al. 1999). Hydrogels as fracture-plugging and fluid

diverting materials have been employed in conformance

control (profile modification) and in the control of excess

water production during EOR applications [Bai et al.

(1999, 2007a, b, 2008); Zhang and Bai 2011; Vossoughi

(2000); Wang et al. (2001, 2003)]. Mechanistically,

hydrogel is injected to seal high permeability and fracture

zones, such that when injected fluids are injected, they will

be forced or redirected to the low permeability, unswept

oil-rich zones, sweeping out oil from them, leading to

additional oil production. This, in summary, is the goal of

any gel treatment work. This process is called profile

modification or permeability modification. As the term

implies, the process seeks to even out or correct the sharp

difference in permeabilities that exist in the different for-

mation layers, creating a homogeneous reservoir.

Over the years, different types of gel treatments have

been utilized in an attempt to solve conformance control

problems. Initially, industry started using in situ gels in

which gelling solution is injected into reservoir and

crosslinking of gelling solution to form 3-D bulk gel occurs

downhole. This technology was quickly dropped due to its

inherent disadvantages such as selective injectivity, possi-

ble damage to low permeability zones, dispersion and

dilution of gelant, syneresis, dehydration, and inadequate

control of gelation time (Seright 1990; Young et al. 1988;

Asghari 1999; Bryant et al. 1996; Willhite et al. 1986).

In an attempt to overcome the various limitations of

in situ gel technology, industry experts and researchers

developed a novel technology to address conformance

control problems called preformed gel technology. Pre-

formed gels are three-dimensional, hydrophilic crosslinked

polymers which, in contact with water, swell but do not

dissolve as a result of a chemical or physical crosslinking

and often than not will undergo a volume phase change

when surrounding conditions such as temperature, salinity

or pH change (Wen-Fu and Sung-Chuan 2006; Kytai and

Jennifer 2002). The novelty and main difference between

this technology and in situ gel technology is that with

preformed gel, gel formation takes place at the surface well

ahead before injection, whereas with in situ gelation,

crosslinking and gel formation occur downhole in the

reservoir (Bai et al. 2013; Frampton et al. 2004). This

technology was revolutionary in that it addressed some of

the problems posed by in situ gelation such as dilution and

dispersion of gelant, chromatographic separation of gelant

solution, dehydration, syneresis, and most importantly

damage of low permeability zones.

However, despite the tremendous advantages of pre-

formed gels over in situ gels, preformed gels have not as yet

provided an all-encompassing solution to the problem of

conformance control and reservoir heterogeneity. Some of

the limitations of preformed gels include: (a) Mechanical:

inadequate strength and toughness, (b) thermal: inadequate

thermal resistance to withstand very extreme reservoir con-

ditions, shorter degradation time, (c) swelling: inadequate

swelling ability, (d) elasticity: inadequate gel elasticity.

Thus, there is a present need to provide a technology that

surpasses the performance of current preformed gel tech-

nology. The current work is an extension of existing pre-

formed gel technology by the incorporation of nanomaterials

in gel design for improved mobility control (Fig. 1).

Conventional preformed gel synthesis involves a multi-

component reaction that incorporates monomer, initiator,

and crosslinker. However, our nanocomposite preformed

particle gel (nanocomposite PPG) synthesis involves a

multi-component reaction that incorporates monomer, ini-

tiator, crosslinker, and nanomaterial (Fig. 2).

Materials and methods

Materials

Monomer used in this study, acrylamide, AM (98.5 %),

was purchased by Alfa Aesar company (Ward Hill, MA) as

a white granular solid and is completely water soluble. It

was used as received. Crosslinker used is Polyethylene

glycol diacrylate (PEG-200) purchased from Sigma

Aldrich company. Nanoclay used in this study, calcium

montmorillonite was received with courtesy from Southern

Clay Products (SCP) Inc. Potassium persulfate (K2S2O8,

KPS) as redox initiator was employed to polymerize the

monomer solutions of acrylamide and was purchased from

Sigma Aldrich Company. Sodium Chloride, NaCl (99.8 %)

Fig. 1 Progress in gel development for conformance control

202 J Petrol Explor Prod Technol (2015) 5:201–210

123



was purchased from Fisher Scientific Inc. and used as

received. Distilled water was used for the synthesis while

1 % brine solution and formation water were used for

swelling experiments.

The following is one example to illustrate the syn-

thesis process for nanocomposite gels. First, 30 g of AM

was dissolved in 100 g of distilled water in a double-

necked flat-bottomed reactor equipped with inlet and

outlet tubes for nitrogen gas. The mixture was stirred at

room temperature for 10 min. Then, 0.2 % (0.26 g) of

Calcium Montmorillonite was added to the solution and

stirred vigorously for about 24 h to ensure complete

exfoliation of clay nanomaterial. Then, 250 ppm of the

labile crosslinker PEG-200 was added to the mixture and

stirred for 10 min. The mixed solution was then purged

with nitrogen gas for 30 min before 100 ppm of KPS

initiator was added to the solution. This resulting solu-

tion was kept for 10 h at 40 �C in a water bath to ensure

complete gelation. The strong and elastic bulk gel

formed was cut into small pieces. It was then purified by

soaking in a large amount of distilled water for 3 days to

remove the unreacted monomers and additives, followed

by drying in an oven at 60 �C until the weight could not

change any more. The dried gel solids were crushed into

very small particle sizes, called preformed particle gels

(PPGs), by blending in a blender machine (Black &

Decker). PPGs with the particle size between 80 and 100

mesh (180–250 lm) were selected through the standard

testing sieves (Fisher Scientific Company) for further

characterization and evaluation. For gels with no nano-

material, the same procedure was followed except that

nanoclay was excluded.

Methods

The following properties were evaluated for the nano-

composite gels:

Swelling kinetics

The essence of swelling measurements is to ascertain the

maximum swelling capacity of gels to determine its ability

to swell and plug reservoir fractures and high permeability

matrices. A 1 % gel solution was prepared by immersing

0.25 g of the dry particle gel in 24.75 g of 1 % NaCl brine

solution and formation water, respectively. The Swelling

ratio of the gels was calculated from the following

equation:

Swelling ratio ¼ Vs=Vi

where, Vi is the volume of dry gel and,

Vs is the volume of swollen gel

Gel strength (rheology) test

The rheological properties of hydrogels were measured

using a Haake RheoScope RO1 version 3.61.0000 from

Thermo Scientific. The sensor used for all measurements

was PP20 with a gap of 2 mm. The samples were cut in

uniform dimensions with diameter of 2 cm and height of

2 mm. The measurements were set as an oscillation model

and frequency experiments were first performed in the

range of 1–15 Hz to establish the extent of the linear vis-

coelastic region. Based on the data, all subsequent oscil-

lation time-dependent experiments were performed at a

fixed frequency of 1 Hz and controlled stress (CS) of

1.0 Pa to obtain the values of elastic modulus, (G’) and

viscous modulus, (G’’) as a function of time. All runs were

repeated at least three times.

Thermostability tests

Long-term thermal stability testing were carried out in the

key apparatus shown in Fig. 3. First, 0.12 g of dry particle

gels was measured into each ampoule, and then 11.88 g of

Fig. 2 Synthesis of existing

and proposed preformed gel

technology
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brine (1.0 wt % NaCl) solution was injected into each

ampoule. Therefore, the gel concentration was set at

10,000 ppm and 12 g total for each ampoule. The

ampoules were placed one at a time into the manifold. The

valves were closed, and a vacuum pump was started. After

the ampoules had been attached to the manifold, each valve

was slowly opened one at a time to minimize any rush of

liquid or gas out of the ampoule into the manifold. The

vacuum pump continued to run at -25 psi for about half an

hour to remove the dissolved gases in the liquid sample,

including any trace of dissolved oxygen that might have

remained in the sample. Next, the ampoules were flame

sealed in place. The sealed ampoules were weighed using

an analytical balance with an accuracy of 0.0001 g, and

then placed in an oven and aged at 45, 60 and 80 �C. After
the specified aging times, one ampoule was taken out of the

oven and cooled to room temperature. This ampoule was

reweighed to confirm that none of the solution had leaked.

A loss of about 0.001 g or more indicated possible leakage

from this ampoule. In that case, another ampoule would be

used for a post-aging measurement.

Environmental SEM evaluation

Environmental scanning electron microscopy (ESEM)

studies were employed to study the porous network struc-

ture of the gel. This gives information about pore-inter-

connectivity and swelling propensity. After the particle

gels were completely swollen in brine, ESEM was used to

examine the surface morphology of the swollen particle

gel. Swollen nano-PPG samples were mounted on metal

stubs at a low vacuum degree (4.6 Torr), and a relatively

low temperature (near 0 �C) was observed. The samples

first underwent a freeze process in the chamber of an FEI

Quanta 600 FEG extended vacuum scanning electron

microscope. To emphasize the gel microstructure, the fol-

lowing ESEM imaging protocol was followed: the tem-

perature and pressure were decreased simultaneously from

0 �C and 4.6 Torr to -5 �C and 2–3 Torr, thereby freezing

the sample; the temperature was then allowed to rise to

20 �C with a rate of 2 �C/minute at 2–3 Torr pressure to

sublimate water from the sample at a relative humidity of

12.5 %.

Fig. 3 Manifold used to seal

ampoule

Fig. 4 An obvious

improvement in hydrogel

mechanical strength is observed

between gels with

nanomaterials and those without

nanomaterials. Gel strength is

seen to increase with increasing

calcium nanomaterial

concentration
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Viscosity measurements

The viscosity of nanocomposite PPG after thermal degra-

dation was measured. After an extended time period, gel

degrades into a viscous polymer solution. This viscous

polymer solution will then move into deeper regions of the

reservoir to increase the viscosity of the flood water and

boost polymer flooding process. Thus the higher the post-

degradation gel viscosity, the better its ability to improve

polymer flooding process. The viscosity of the degraded

(a)

(b)

Fig. 5 Long-term thermal stability of Ca2? nanocomposite PPG

under anaerobic conditions and In a 1 % brine solution and

b Formation water. Ca2? nanocomposite PPG took a significantly

longer time to degrade in anaerobic environment than in aerobic

environment. This is because oxygen causes premature gel degrada-

tion. In the absence of oxygen, Ca2? nanocomposite PPG took longer

to degrade
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(a) Pure Ca2+Montmorillonite Nanomaterial

Pure Ca2+ Montmorillonite Pure Ca2+ Montmorillonite

(d) ESEM micrographs of Ca2+nanocomposite PPG swelled in 1% brine.

(c) Fine, smooth network structure of
hydrogel with no nanomaterial (Jia,
2011)

(b) Pure polyacrylamide polymer

(e) ESEM micrographs of Ca2+nanocomposite PPG swelled in distilled water.
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solution was measured using a Brookfield viscometer with

a shear rate of 0 RPM to 100 RPM using a #18 or #34

spindle. The viscosity measured at 6 RPM was recorded as

the reported value.

Results and discussion

A detailed vis-à-vis comparison of currently existing and

novel nanocomposite hydrogels reveals that the latter far

supersedes existing hydrogels in terms of product perfor-

mance and usefulness. A summary of the results obtained

for the different tests carried out are presented below.

Improvement in mechanical performance

of nanocomposite hydrogel compared to hydrogel

with no nanomaterial

The rheology behavior of Ca2? Nanocomposite PPGs and

PPGs with no nanomaterial was studied. The variation in

elastic modulus (G’) with time for Ca2? Nanocomposite

PPG with 0.2, 0.6, and 3 % calcium nanomaterial is pre-

sented in Fig. 4 and is compared against hydrogel with no

nanomaterial. It is observed from Fig. 4 that the elastic

modulus significantly increases with increasing nanoma-

terial concentration. The elastic modulus of hydrogel with

no nanomaterial is at the lowest value of 800 Pa, while

hydrogel with 3 % calcium nanomaterial has an elastic

modulus of about 18,000 Pa. Clearly, an increase in gel

strength is observed as nanomaterial is introduced.

Improvement in thermal resistance compared

to hydrogel with no nanomaterial

Figures 5 presents long-term testing in anaerobic condi-

tions using both 1 % brine and formation water. The reason

for testing gel degradation under anaerobic conditions was

to simulate reservoir environment where oxygen amounts

are minimal. Oxidation in presence of oxygen causes gel to

degrade much faster. Therefore, it was necessary to remove

every trace of oxygen to avoid premature gel breakdown.

Once injected downhole into fractures or high perme-

ability streaks, the long-term thermal resiliency of hydro-

gels to continuously seal fractures under adverse reservoir

conditions is important. Without long-term endurance, gels

rapidly degrade, leading to a re-opening of an already

sealed fracture, thus re-creating a water-thief channel.

Therefore, ensuring hydrogels can adequately seal fractures

over a prolonged period of time is paramount. Figure 5

presents long-term thermal stability testing of hydrogels in

both 1 % brine and formation water. As is clearly seen

from Fig. 5, hydrogels with no nanomaterial rapidly

degraded within days whereas for hydrogels with nano-

material, degradation occurred over a year in some cases

and in others hydrogels have not degraded yet. Addition-

ally, we observed that an increase in nanomaterial con-

centration led to an increase in long-term thermal

resistance of hydrogels. This is as expected because

increasing nanomaterial concentration leads to an increased

participation of nanomaterial in the gelation process,

affording a stronger gel. Such dramatic improvement in

long-term thermal stability of nanocomposite hydrogels is

one key reason why we believe they are potentially valu-

able in conformance control applications.

Evaluation of Ca2? nanocomposite PPG microstructure

and morphology, before and after degradation

Environmental scanning electron microscopy imaging

of Ca2? nanocomposite PPG before its degradation

A detailed microscopic study of Ca2? Nanocomposite PPG

was done using an environmental scanning electron

microscope (ESEM), and was compared against hydrogels

with no nanomaterial. Studying the network structure of

hydrogel is important because it gives us information about

pore-interconnectivity. This information is useful in

understanding the mechanisms of gel swelling behavior,

gel strength after it swells, and perhaps even its thermal

resistance ability.

Figure 6a presents an ESEM micrograph of pure

Calcium Montmorillonite nanomaterial. Figure 6b pre-

sents an ESEM micrograph of pure polyacrylamide

(PAM) polymer. Figure 6c presents a micrograph of

hydrogel with no nanomaterial. The micrographs of Ca2?

Nanocomposite PPG swelled in 1 % Brine is presented

in Fig. 6d. A very conspicuous porous network structure

is seen. Figure 6e presents the ESEM micrographs of

Ca2? nanocomposite PPG swelled in distilled water. In

distilled water, the conspicuous porous network structure

diminishes.

Contrasting the hydrogel with no nanomaterial versus

the hydrogel with nanomaterial, (that is Figs. 6c versus

Figs. 6d –e), we observe that although a porous intercon-

nected network structure is seen in both nanocomposite and

non-nanocomposite hydrogels, in Ca2? Nanocomposite

PPG, however (Figs. 6d, e), the network structure is more

Fig. 6 Before-degradation environmental scanning electron micros-

copy (ESEM) Micrographs of: a Pure calcium montmorillonite

nanomaterial. b Pure polyacrylamide (PAM) polymer. c Hydrogel

with no nanomaterial. A fine, smooth network structure is observed.

d Ca2? nanocomposite PPG swelled in 1 % brine as the solvent. A

very conspicuous porous network structure is seen. e Ca2? nanocom-

posite PPG swelled in distilled water. In distilled water, the

conspicuous porous network structure diminishes. We do not fully

understand the reason for this occurrence

b
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conspicuous, thicker, denser, and corrugated whereas in

hydrogels with no nanomaterial the network structure is

finer, less dense, and smooth. Obviously, we say that the

presence of Calcium Montmorillonite nanomaterial in

nanocomposite hydrogel affords this difference.

We also mention that when brine was used as the solvent,

the network structure is extremely conspicuous (Fig. 6d)

such that the pores are very clearly visible. However, when

distilled water was used as the solvent, the conspicuousness

of the network structure diminishes. We do not fully

understand the reason for this occurrence. An opposite

phenomenon was observed by Nelea et al. 2007. In their

work, they instead observed that the network structure was

very conspicuous when distilled water was used, and when

brine was used, the network was less visible.

Environmental scanning electron microscopy imaging

of Ca2? nanocomposite PPG after its degradation

After the Ca2? nanocomposite PPG degraded, ESEM

micrographs were again taken of the degraded sample.

Figure 7a shows the micrograph of the degraded hydrogel

with no nanomaterial. Figures 7b shows the micrographs of

a 3 % degraded Ca2? nanocomposite PPG. As is clearly

seen in both non-nanocomposite (Fig. 7a) and nanocom-

posite gel (Figs. 7b), the homogenous porous network

Degraded hydrogel without
nanomaterial

(a) Degraded hydrogel with no nanomaterial (Jia, 2011).

(b) Degraded 3% Ca2+nanocomposite PPG: tiny block-like particles are observed 

Fig. 7 After-degradation environmental scanning electron micros-

copy (ESEM) micrographs of: a A degraded hydrogel with no

nanomaterial. b A 3 % degraded Ca2? nanocomposite PPG. The

initial network structure collapses into a block-like structure in

degraded Ca2? nanocomposite PPG and into ridge-like structures in

degraded gel without nanomaterial. This signifies the degradation of

the gel material into a polymer solution. We lack sufficient

knowledge to explain this occurrence. Characterization of hydrogel

network is a complex process given its 3-Dimensional complex nature

and its frequent, dynamic changes to outside stimuli such as solvent,

temperature, salinity, pH etc
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structure that was initially observed before degradation

disappears (collapses) into block-like structures in degra-

ded Ca2? nanocomposite PPG and into ridge-like struc-

tures in degraded gel without nanomaterial. This signifies

the degradation of the gel material into a polymer solution.

Optical microscopy imaging of Ca2? nanocomposite

PPG after degradation

After the Ca2? nanocomposite PPG, we utilized an optical

microscope to help us understand the nature of the degra-

ded nanocomposite material. Figure 8 presents an optical

micrograph of a 0.2 % Ca2? Nanocomposite gel after

degradation. Gel composition is 23 % acrylamide,

100 ppm ammonium persulfate initiator and 1,500 ppm

PEG crosslinker. We observed very few and tiny particles

which were sparsely scattered across the entire sample and

had an average size of about 3 microns (Fig. 8). These

smaller particles can travel deeper into the formation to

mobilize additional oil.

Conclusion

• A nanocomposite preformed particle gel has been

synthesized using Calcium Montmorillonite as nano-

material, and evaluated for mobility control and frac-

ture-plugging applications in mature reservoirs.

• It was observed that gel strength increased with

increasing nanomaterial concentration.

• It was also observed that long-term thermal stability of

hydrogels was directly proportional to nanomaterial

concentration. The higher the nanomaterial concentra-

tion, the longer the thermal stability of the hydrogels.

• Calcium Montmorillonite nanocomposite hydrogel can

be used for conformance control applications because

they have higher strengths and long-term thermal

resistance than hydrogels without nanomaterial. Thus

they are potential future candidates to replace existing

hydrogels for conformance control applications.
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