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In recent years, polymer micro/nanogels which are re-crosslinked polymers with 3D networks, have attracted a
lot of interest in Enhanced Oil Recovery (EOR) field. In size of micro/nanometers, these gel particles are designed
to be conformance control agents for in-depth fluid diversion, and various experimental research have been
undertaken to investigate the possibilities of applying micro/nanogels in oilfield. However, it is still unclear that
how to utilize micro/nanogels to their full potential in oilfield because the transport mechanisms and EOR

mechanisms of micro/nanogels are not well studied currently. By reviewing experimental evaluations and cor-
responding results of micro/nanogels, including evaluation of particle physiochemical properties, transport, and
potential EOR mechanisms, the review aims to discuss the evaluation of micro/nanogel particles, transport issue
in many experimental designs and the debates of EOR mechanisms. Finally, we present the current challenges of
micro/nanogels application and recommend the future research directions based on the review.

1. Introduction

The oil development and production usually include three distinct
mechanisms: primary, secondary, and tertiary (enhanced) recovery.
Excessive water production is a severe issue in oil production processes
worldwide. It not only decreases the oil production rate, but also in-
creases load on surface facilities and causes corrosions [1]. As a result,
the cost of per barrel of oil increases a lot. It is estimated that approxi-
mately 50 billion dollars were spent to handle excessive water produc-
tion every year in the world [2,3]. Thus, solving water production
problems can bring a huge benefit to oil industry.

Conformance control usually refers the methods that can be used to
correct reservoir heterogeneity, through which reservoir sweep effi-
ciency can be improved and water production can be reduced. Polymer
gels have been mostly used for this purpose. Traditionally, in-situ
polymer gels have been widely investigated and applied to control
reservoir conformance. However, one recent interest has been focused
on the development and application of microgels and nanogels in
conformance control because investigators expected these tiny particles
can be delivered into the in-depth of a reservoir to provide fluid flow
diversion inside the reservoir rather than near wellbore [4-6]. It has
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been claimed that the micro/nanogels have the following advantages
over traditional polymer gels. First, the gel particles can be manufac-
tured by monomer/polymers and crosslinkers before the injection, and
thus the gelation quality can be well-controlled [5,7,8]. Secondly, the
particle size is controllable and can be well designed to accommodate
the permeability of a target reservoir for better injectivity [9-11].
Thirdly, micro/nanogels can be better designed to be stable at harsh
formation conditions, such as high temperature and high salinity
compared with in-situ gels [12-14]. Finally, the particles are usually
compatible with any injection water in oilfields, so they can be directly
injected reservoirs by simply mixing the particles with injection water,
and the injection facilities do not need to be reconstructed as shown in
Fig. 1 [13,15-17], which can reduce a lot of labor costs and make the
injection process very convenient.

Although micro/nanogels have drawn an increasing attention in the
EOR and many studies are conducted, there are still many arguments
about their EOR mechanisms, transport capacity, and application con-
ditions. In the paper, we first review the materials and methods to
synthesize these particles and the evaluation methods of their physico-
chemical characteristics. Then, we summarize the experimental results
regarding micro/nanogel transport and retention in porous media
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Fig. 1. Micro/nanogel injection facilities[13].

collected from literature and discuss whether these results can be used to
explain the transport ability of these particles. At last, we review their
EOR mechanisms and make recommendations about future research
prospects.

2. Synthesis of micro/nanogels

Micro/nanogels are polymer particles that have 3D network of
entangled polymer chains. These polymer chains are crosslinked by
kinds of crosslinkers, and they can be synthesized by a variety of tech-
niques. It was reported that the first microgel was the Dow Chemical
580G Lot 3584 monodisperse polystyrene, which was prepared acci-
dently by an emulsion polymerization process in a pilot plant in 1947
[18]. Preparation of gel particles uses various ways of crosslinking,
including physical cross-linking [19], chemical cross-linking [12],
polymerization grafting [20] and radiation cross-linking [21]. However,
chemical cross-linking is mostly used in EOR.

Divided by polymerization process, there are four major methods to
synthesize micro/nanogels, including inverse emulsion polymerization,
inverse suspension polymerization, dispersion polymerization and seed
swelling polymerization as shown in Table 1 [22-24].

Table 2 summarizes the monomers, crosslinkers, initiators, surfac-
tants, water phase and oil phase of the micro/nanogel synthesis.
Acrylamide/2-Acrylamido-2-methylpropane sulfonic acid, N, N’-meth-
ylene bis(acrylamide) (MBAA), Ammonium persulfate/Potassium
persulfate/2,2-Azobisisobutyronitrile, white oil, water, and Span80/
Tween60 are commonly used as monomers, crosslinkers, initiators, oil
phase, water phase and surfactants, respectively.

A variety of additives, aiming to improve thermal stability, particle
strength or decorating particles, are applied in the synthesis of micro/
nanogels, but the major monomer, crosslinker and initiators are AM,

Table 1
Summary of micro/nanogel synthesis methods.
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MBAA, and APS/KPS/AIBN, respectively, which are very commonly
applied in polymer gel systems [42].

After synthesis, the chemical structure, which determines the func-
tions and properties of micro/nanogels, are often analyzed by Fourier
Transformation Infrared Spectra (FTIR), Nuclear Magnetic Resonance
Spectroscopy (NMR), and elemental analysis. From Table 2, it is very
common that the polymer particles are synthesized by co-
polymerization. FTIR and NMR are applied to make sure that the func-
tion groups or monomers are copolymerized in the polymer chains. For
example, Li et al. synthesized microgel with monomers including acrylic
acid (AA), arylamide (AM) and sodium p-styrene sulfonate (SSS), and
the recorded FTIR spectra of monomers and microgels (named as PMs)
in Fig. 2, respectively. As shown in the Fig. 2, the peaks around 984 cm ™!
(C=C vibration), which can be seen in the first three curves, dis-
appeared in the last one, indicating that the three monomers were
polymerized [43].

Besides, NMR allows the detection of crosslinking in the microgel
particles. Balaceanu et al. evaluated crosslinking distribution and het-
erogeneity by combining Flory Theory and 'H High-Resolution Trans-
verse Relaxation NMR [44]. Liu et al. conducted 'H NMR to quantify the
crosslinking of phenolic resin between amide group and hydroxyl group
in microgel as shown in Fig. 3 [35]. The peak position of b was attributed
to —CH20H of phenolic resin, and the crosslinking reaction process was
reflected by integral area around position b.

In addition to NMR, the elemental distribution analysis can also be
used to detect some metal crosslinkers in the particles [27,31]. Wang
et al. analyzed Zr in nanogel structure by using of X-ray spectroscopy,
which is shown in Fig. 4.

3. Evaluation of Micro/nanogel particles

In this section, we review the evaluation methods of micro/nanogel
particles, including morphology, size distribution and swelling capacity,
mechanical properties, stability of dispersion and thermal stability.
These are basic physicochemical features of micro/nanogels determined
by their chemical structures. An accurate evaluation of these properties
is essential for the application of micro/nanogels.

3.1. Morphology

The morphology is one of the most common properties for particles.
Usually, the morphology observation can obtain the shape, agglomera-
tion, initial particle size and structure of the particles. In general,
optimal microscope and electron microscope are two main instruments
to get the morphology of particles. Due to the diffraction limit, optimal
microscope is usually used for microgels which range from 1 to 100 pm
[13,16,26,31]. Initial particle size can be calculated by this method for
dry particle powder (Fig. 5), and the swelling process is recorded also.
Sometimes, fluorescents and dyes, such as methylene blue, are used to
color the particles for better observation because swollen particles are
close to transparent [45-47]. After obtaining the image, it is possible to
use software like Image J to analyze the size distribution and calculate

Synthesis methods Nucleation mechanisms

Average size range/pm

Comments

Inverse emulsion Monomers diffuse into micelles, and micelles grow

0.06-1

High polymerization rate and high polymerization degree. High

polymerization to be particles Relatively wide size surfactants amount, low solid contents.
distribution
Inverse suspension Monomer droplets transfer into particles 0.1-5000 Simple, cheap and most preferred techniques. Particle size is less
polymerization Wide size distribution controllable.
Dispersion polymerization Nucleation occurs when polymer chains aggregate ~ 0.1-15 The reaction is easy to carry out. The requirements for reaction
after reaching certain length. Monodispersed. medium are very high.
Inverse microemulsion 1) nucleation 0.01-0.1 The reaction rate is stable. And the structure of particles is uniform

polymerization in the microemulsion droplets; 2) homogeneous

nucleation in the continuous phase

Narrow distribution

and stable. High surfactant levels are needed.
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Table 2
Summary of micro/nanogel synthesis chemicals.
Researcher Monomer Crosslinker Initiator Water phase Oil phase Surfactant
Geng et al. [25] AETAC MBAA APS Water Decane Span80 and Tween60
AM
AMPS
Wang et al.[26] AM MBAA KPS Water White oil Span80
AMPS
NVP
Liu et al.[27] AM MBAA KPS Water N/A PDAC
AMPS
DAC
Yang et al.[28] AM MBAA APS Water N/A Span80 and Tween60
AA
AMPS
Mustafa et al.[29] AMPS MBAA KPS Water Decane Span80 and Tween60
He et al.[10] Styrene MBAA APS Water N/A AES
AM
He et al.[30] AM DVB AIBN Water Acetonitrile OP-10
Wang et al.[31] AM MBAA and Zirconium acetate K2S,05-KHSO3 Water White oil Span80 and Tween60
AMPS
NVP
Wang et al.[32] AM MBAA (NH4)2S205-NaHSO3 Water White oil Span-80 and TX-10
Yang et al.[33] AMPS MBAA and PEG APS Water Aviation kerosene Span80 and Tween60
AM
Jia et al.[9] AM MBAA and PEG AIBN Water Aviation kerosene Span80 and Tween60
AMPS
Zhang et al.[34] AM MBAA AIBN Water DMF N/A
4-VBC
Liu et al.[35] AM Phenolic resin AIBN Water N/A N/A
AA-Na
DOPA
Zhu et al.[36] AM MBAA N/A N/A N/A N/A
AMPS
PEI
Yu et al.[37] AM MBAA KPS and Sodium bisulfite Water White oil Span80 and Tween60
AA-Na
AMPS
DADMAC
AA-Na
TBS
Gu et al.[38] AM MBAA KPS Water White oil Span80
BA
Zhang et al.[39] AM and AMPS MBAA (NH4)2S205-NaHSO3 Water White oil Span80
Span65
Tween60
Tween80
Liang et al.[14] «-Starch MBAA KPS Water N/A N/A
AM
Du et al.[40] FRGO MBAA AIBN Water White oil Span80 and oleic acid
AM
AMPS
Tang et al.[41] Sio2 MBAA and PEG APS Water Aviation kerosene Span60
AM
AA
SSS
SBMA

AA: Acrylic acid

AA-Na: Sodium Acrylate

AETAC: Acryloyloxyethyltrimethyl ammonium chloride
AES: Sodium alcohol ether sulphate

AIBN: 2,2-Azobisisobutyronitrile

AM: Acrylamide

AMPS: 2-Acrylamido-2-methylpropane sulfonic acid
APS: Ammonium persulfate

BA: Butyl Acrylate

DAC: Acryloyloxyethyl trimethyl ammonium chloride
DOPA: N-(3,4-dihydroxyphenethyl)- acrylamide
DADMAC: Dimethyl diallyl ammonium chloride

DMF: Dimethylformamide

DVB: Divinylbenzene

FRGO: Vinyl functionalized graphene oxide

KPS: Potassium persulfate

MBAA: N,N’-methylene bis(acrylamide)

NVP: N-Vinyl-2-pyrrolidone

OP-10: Octylphenol polyoxyethylene (10) ether

PEIL Polyethylenimine

PDAC: Polyacryloyloxyethyl trimethyl ammonium chloride
PEG: Polyethylene glycol

SBMA: [2-(methacryloyloxy) ethyl] dimethyl-(3-sulfopropyl) ammonium hydroxide
SSS: 4-Styrensulfonic acid sodium salt

TBS: 4-tert-butyl styrene

4-VBC: 4-vinylbenzyl chloride

the average diameter of the particles [48].

Compared with optimal microscope, electron microscope has been
used to measure micro/nanogels in smaller size because it has a better
resolution and magnification (Fig. 6). Emitting a beam of electron on the
surface of samples, conventional SEM needs the samples to be dry and

under vacuum, while the Environmental SEM allows the analysis of
samples containing water, and thus the particles could be observed
during the swelling process. Besides, Transmission Electron Microscope
(TEM) has been used to observe nanogel particles with more details. The
electron beam can transmit the samples and reveal some inner structures
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Fig. 3. 'H NMR spectrum of phenolic resin [35].

of particle, such as core-shell structure. Although TEM has a better
resolution than SEM and is suitable for nanogels, TEM also has higher
requirements for the sample preparation. In addition, Atomic Force
Microscopy (AFM) is another type of microscope, which can measure
2-3 nm in the air [50]. AFM measures the forces between the probe and
the sample, and it can be used to show real 3D pictures of the surface and
reveal the internal structures of particles. One of the advantages of AFM
is that it does not need any special treatments, like metal coating, which
enables researchers to image nonconducting surfaces. Another

Fuel 324 (2022) 124664

.
Fig. 4. High-resolution TEM images of D nanospheres particle, corresponding

element maps showing the distribution of C (purple), N (green), O (blue), S
(yellow), and Zr (red) [31].

100 nm C

Fig. 5. Macroscopic morphology of polymer microgel dry powder [49].

advantage is that AFM does not require high vacuum environment.
However, its scanning image size is limited (a maximum height about
10-20 um and scanning area of about 150 x 150 um), and scanning
speed is slower than SEM [51].

3.2. Size distribution and swelling capacity

The particle size and size distribution are the essential parameters for
the micro/nanogels. As mentioned above, initial particle size can be
obtained by SEM or optimal microscope. Obtaining size distribution
needs computer software, such as Image J [53,54]. But it is more often to
measure average size and size distribution by Dynamic Light Scattering
(DLS) method. DLS is also called Photon Correlation Spectroscopy,
which measures Brownian motion and relates this to the size of particles.
Basically, when light hits the particles, it scatters in all directions
(Rayleigh scattering), and the scattering intensity fluctuates due to the
Brownian motion. The method needs to specify the viscosity of disper-
sion and the reflex index of particle and solution. In general, DLS method
tests particles swelling at different time, different temperature and
different salinity. Then the average diameter can be obtained, and the
swelling capacity can be calculated. In general, there are three equations
to calculate swelling ratio:
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Fig. 6. (a)Methylene blue dyed microgel in optimal microscope [46]; (b)SEM photo of microgel [26]; (c)TEM photo of nanogel [52]; (d)AFM photo of microgel [35].

Dt

R = (—
S, (do

)3

where SR is the swelling ratio, dpis the initial average particles size of the
particles, Dtis the average particle size of the particles at swelling time t
[26]. This is the calculation of the volume change. While the swelling

ratio can also be calculated by:

D, — Dy
SR="r""0
D,

whereSRis the swelling ratio, Dyis the mean particle size before the
swelling, D;is the mean particles size after swelling [55]. This is the

Table 3

Summary of micro/nanogel swelling capacity.
Researchers Particles Initial diameter/pm Swelling ratio Swelling time/d Salinity/(mg/L) Temp./°C
Lietal.[57] Poly(AM-AMPS)/Si02 0.05 3.42-4.12 2 0-150000 20-80
Jin et al.[59] Graphene oxide-grafted microgel 1.98 6-9 15 0-16000 60
Liu et al.[35] Poly(AM-AANa-DOPA) 3.5 5.14 15 14,610 80
Sun[60] Polymer microgel 7.12 3-7.5 10 0-5000 25-65
Jia et al.[9] Poly(AM-AMPS) 10.41 7.58 15 30000-100000 65
Zhang et al.[52] Core-shell nanogel 0.25 6 30 37,505 50
Puetal.[61] Poly(AM-AMPS) 9.996 1.8-6.5 7 25,000 25-104
Wang et al.[46] Microgel 3.51 4.85 5 9500 25
Tang et al.[41] Polymer coated nano-SiOy 13.6-24.6 1.71-3.62 15 0-30000 20-110
Jia et al.[62] Polymer microgel 0.784 3.57 15 40,000 70
Hua et al.[63] Poly(AM-AA) 0.2 3-6 5 0 82
Liu et al.[27] Polymer coated SiO» 1.056 2-8 15 0-15000 25-100
Yao et al.[13] Poly(AM-APS) 12.05 1.6-2.2 10 5000 25-90
Yu et al.[37] Polymer microgel 0.05-0.09 5.5-10.8 2-14 180,000 20
Du et al.[64] Poly(AM-AMPS) 7.58 1.4-4.3 15 5000-20506 25-90
Liu et al.[65] Core-shell microgel 3.3 4.06 8 2893.7 N/A
Zhao et al.[66] Polymer nanogel 0.165 & 0.884 4.56-6.91 13 0 25
Wang et al.[26] Poly(AM-APS-NVP) 4.1-5.58 1.42-13.85 2 0 30
Chen et al.[45] Poly(AM-AA-AMPS) 3.1-9.8 2.68-4.34 5 0 N/A
Zhang et al[67] Fluorescent Polyacrylamide 0.25-0.3 6-12 7 N/A 25-75
Geng et al[25] Poly(AM) 0.059-0.088 2.3-3.73 1 10,000 60

Poly(AMPS)
Poly(AETAG)

He et al[10] Poly(Styrene-AM) 0.097-0.251 1.25-1.54 0.25 0 60
Li et al[43] Poly(AM-AA-SSS) 2.2-5.8 6.65-7.59 10 4012.7 45
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calculation of the diameter change. Also, the swelling ratio can be
calculated by:
n;, —mgy

SR =
my

whereSRis the swelling ratio, m;is the wet weight of the swollen parti-
cles, is the dry weight of the particles [56]. This is the calculation based
on mass change.

The following Table 3 lists swelling capacity of some micro/nano-
gels, and it shows that swelling ratio (diameter ratio) is between 1.2 and
13.8. Furthermore, since the specific surface area of the smaller particle
is bigger than that of the larger particle, the smaller particle has a shorter
swelling time. The swelling of polymer particles is significantly influ-
enced by salinity and temperature, with high salinity and low temper-
ature contributing to a low swelling ratio and swelling rate [41,57-59].

4. Swelling ratio of the table is defined as swollen diameter
divided by initial diameter.

4.1. Mechanical properties of particles

Gel particles have crosslinked 3D network structures exhibiting
deformation capacity. The deformation is very important to understand
the transport mechanism in porous media. Basically, particle mechani-
cal properties include elasticity and strength. Atomic Force Microscopy
method, nano/micromanipulation method and bulk gel method have
been used to evaluate the mechanical properties [35,56,68].

AFM experiments can provide an elastic modulus for a single parti-
cle. The principle of the experiment is physically indenting a particle
with AFM probes, and the force is processed by the probe as shown in the
Fig. 7. Using appropriate model, the method calculates the elastic
modulus of the particle. Lei et al. used this method to calculate the
elastic modulus of a microgel [56]. The slope method of Hertz model
was selected for the calculation, since they believed that the contact
between probe and particle was a solid-to-solid contact of elastic and
isotropic materials, and the contact region was negligible compared
with their bodies. However, sharp AFM can be challenging due to the
tip-sample adhesion effects and the results are sensitive to imaging pa-
rameters. In addition, AFM is constrained to small deformation analysis
due to lack of theoretical understanding of large deformation [69].
Therefore, there is still debate of application of Hertz model to microgel.
What’s more, the probe could penetrate porous crosslinked polymer
rather than indenting and deforming, which needs to be identified by
hysteresis in indentation curve and retract force curve [68]. Although
sphere probe in AFM can have less damages on particles, the contact
point of sphere probe is hard to be determined with sphere probe. In
addition, it is reported that the elastic modulus could depend on the
ratio of sphere probe diameter to particle diameter, which is called size
effects [69]. Thus, using sphere probe is not a perfect solution for
damage problem.

AFM probe

DMP \

Silicon substra

Fig. 7. A schematic diagram of the experimental setup [56].
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Nano/micromanipulation method can also obtain elastic modulus,
and it is able to apply higher loads and larger deformation than AFM.
The principle of this new technique is to compress single particles be-
tween two flat surfaces comprising a glass slide as shown in Fig. 8 [70].
Particle deformation process is recorded by a sensitive force transducer
and electron microscopes. Compared with AFM which usually has a
flexible cantilever with a sharp tip, micro/nanomanipulation method is
less likely to damage on the particle, and it is easier to apply a me-
chanical load on particles. However, the method still needs Hertz theory
to explain its data, which is debatable to describe large deformation of
particles. Yan et al. found that Hertz model could only explain the
deformation up to 30 % using micromanipulation method [71].

Bulk gel method is a way to measure the storage modulus(G’) and
loss modulus(G™) of single particle indirectly (Fig. 9). Usually, bulk gel is
synthesized using the same chemical components with particles, and the
mechanical properties can be measured very easily. Yang tested the
storage modulus and creep behavior of microspheres based on bulk gel,
and he also studied the effects of crosslinker concentration, initiator
concentration and monomer concentration [28]. Gu measured the me-
chanical strength of microsphere by bulk gel in texture analyzer [38]. In
the experiments, stress-stain cures were produced to evaluate particle
gel strength. Overall, AFM method and micro/nanomanipulation
methods provides elastic modulus, but they require a lot of preparation
and expensive equipment. Bulk gel method has advantages due to its
convenience and low cost, which can give storage modulus, loss
modulus and stress-stain cures. But the method requires a homogenous
structure of bulk gels, and it is assumed that the microgel and nanogel
should exhibit the same elastic properties with bulk gels.

In addition to elasticity, microgels and nanogels should be able to
resist shear stress during the injection and transport. To evaluate the
shearing resistance, particles are dispersed into bine and the initial size
distribution and morphology photos are taken at the beginning (Fig. 10).
Then the particle dispersion will be put into high shear mixer under
different shear rates. The size distribution and morphology are evalu-
ated again after shearing. Another way is to inject dispersion into cores
with high flow rates. Next, the particle size distribution and morphology
are examined to compare with initial status [38]. Particle size remaining
degree, which is defined by the ratio of mean particle size after shearing
to the mean particle size before shearing, can be used to characterize the
remaining level of particle size and mechanical stability [41].

Glass
cantilever

Manipulator

Fig. 8. Diagram of nanomanipulation device in environmental scanning elec-
tron microscope [70].
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_-

Fig. 9. Schematic diagram of compression of bulk gel sample [38].

4.2. Stability of dispersion

In-depth fluid diversion treatment requires good stability of microgel
and nanogel dispersion. For a stable suspension, the particles should be
well-dispersed as long as possible. The stability of suspension is influ-
enced by many aspects, such as Brownian motion, Van der Waals
attractive force, zeta potential, viscosity, gravitational force, and so on
[73]1.

Zeta potential is very important to the nanogels, which represents the
surface charge and repulsion forces between particles. According to
Deryaguin-Landau-Verwey-Overbeek (DLVO) theory, nanoparticles
with charge have a layer of ions (of opposite charge) strongly bound to
their surface (Fig. 11). Nanoparticles with a zeta potential between — 10

Initial morphology
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and + 10 mV are considered approximately neutral, while nanoparticles
with zeta potential of greater than + 30 mV or less than — 30 mV are
considered strongly cationic and strongly anionic, respectively [74]. A
high absolute value of zeta potential means that the repulsion forces are
strong, and the particles have less agglomeration phenomenon. Sun
et al. suggested that agglomeration is one of the challenges for the
application of nanoparticles [75].

Sedimentation rate is one of parameters to evaluate dispersion sta-
bility. Sedimentation rate can be assessed by direct observation method
and optical analysis method that uses light scattering techniques which
can provide qualitative results [33,41]. The direct observation method is
conducted in a transparent bottle, and particles are dispersed in brine.
To have a well-dispersed suspension, the suspension is stirred and kept
for a period time at certain temperature. After that, the suspension will
be observed and compared with the initial status. Sedimentation phe-
nomenon and color differences between top and bottom layer can be
recorded to evaluate the suspension stability [77-80]. The method is
easily to be conducted, but it cannot give us a detailed data about the
stability. And uncontrolled errors are introduced when the observation
is through human eyes. Thus, light scattering techniques is applied to
study the stability, the principle of which has been mentioned in size
distribution part. The technique can be used to analyze the rate of
sedimentation or flotation phenomenon. To monitor the stability of
suspension, transmittance and backscattering of pulsed light can be
measured using stabilizer. The sedimentation and swelling of particles

After shearing for 5 min at 20000 rpm

Fig. 10. Breakdown of microgel with high shear rate [72].
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Fig. 11. Definition of zeta potential [76].
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are reflected in the variation of the transmission and backscattering light
intensity at different heights of the sample over time. Turbiscan Stability
Index (TSI), a parameter to evaluate the stability of the dispersion sys-
tem, can be generated by computer software, such as Turbisoft-Lab [41].
TSI value is defined as the following equation, and the larger the TSI
value, the less stable the dispersed system is. Yang et al. depicted the
relationship between the TSI value and the bottle test technique in a
diagram [33,57].

where TSI represents Turbiscan Stability Index, n is the scan times, x; is
the backscattering light intensity at the scanning time ofi, and xs is the
average backscattering light intensity.

4.3. Thermal stability

The thermal stability of micro/nanogels refers to how long the par-
ticle can keep its structure and strength at high temperature and salinity.
Thermal stability is usually evaluated by using bottle test and TGA test
methods. In bottle test, particles are dispersed into brine and sealed in
bottle, during which oxygen is supposed to be removed in the dispersion.
To simulate reservoir temperature, the bottles are put into ovens and
aged. At given intervals of period, dispersion in the bottles can be taken
out for viscosity and particle size measurement. The alternation of vis-
cosity and morphology can reveal the thermal stability change of par-
ticles [9,16,31,81,82].

Thermogravimetric analysis (TGA) is also used for thermal stability
test. TGA can provide results of mass variations before and after being
heated to an increasing temperature [26,36,41]. The temperature
resistance from TGA is usually higher than bottle test because hydrolysis
in aqueous condition is not considered in TGA. Salunkhe et al. per-
formed TGA analysis of swollen particle gels at freeze-dried status with
different aging time, the results showed there was not obvious change of
TGA curves, which revealed no composition change during the thermal
stability test [83]. However, bottle test should be more accurate than
TGA because it includes hydrolysis of polymer.

5. Injectivity and transport

Transporting to desirable region/location is an essential requirement
for micro/nanogel field application. The transport of microgel in porous
media can be divided into six patterns, including direct pass, adsorption
and retention, deform and pass, snap-off and pass, shrink and pass, and
trap [40-44], which is controlled by the ratio of swollen particle
diameter to pore diameter, particle strength, concentration, interaction
forces and the driving force. In terms of nanogels, motion, retention and
blocking are the main transport behaviors [12,54,84], and factors that
influence the transport of nanogels are almost same with microgels [85].
The focus of the work is on particles smaller than 10 pm.

Transport of micro/nanogels can be divided into two categories:
transport in single water phase and multiple phases. Many experimental
studies have been conducted to investigate the transport of micro/
nanogels in porous media, which includes core flooding test using
sandpack and consolidate cores, filtration test and microfluidic model.
Coreflooding test is the most common experiment to study particles
transport through porous media, the experiment setup of which consists
of sandpack/coreholder, pressure detection system, accumulator, pump
and temperature controlling system. In the experiments, particles
dispersed in brine are injected into sandpack/core with single phase or
multiple phases, and the experiments can study the influence of flow
rate, particle concentration, particle size and permeability. The recorded
data include pressure at different point, effluent concentration of par-
ticles and oil production etc. Using the results generates resistance
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factor, residual resistance factor, plugging efficiency, matching factors,
adsorbed layer, retention capacity and breakthrough time.

5.1. Injectivity evaluation

Micro/nanogel dispersion can be prepared by either dry powder or
original emulsion, which should be consistent with the applications in
oilfields. After obtaining the dispersion, some researchers injected
dispersion with fully swollen particle [12,37,57,85,86], while others
injected particles without swelling [10,58,87-89], depending on the
swelling rate of the particles used in experiments. For fast-swelling rate
particles, it would be better to have swollen particles to evaluate
injectivity because these particles have swelled a lot in mixing and
wellbore before entering the reservoirs. For slow-swelling rate or
swelling delayed particles, different swelling time/ratio should be
considered to evaluate the injectivity at different stages, which is trying
to simulate particle size in different transport stages. Table 4 is an

Table 4
Experimental studies of micro/nanogel injection.
Researchers ~ Powder/ Swollen/ Multiphase/ PV Pressure
Emulsion  Initial water phase measurement
size
Zhao et al. Powder Initial Water phase  6-12.5 Single point
[49] size
Liu et al. Emulsion  Injection Water phase 5 Multipoint
[65] at initial
size,
swelling
in cores
Yuan et al. Powder Swollen Water phase 1.5 Single point
[86] size
Sun et al. Powder Initial Water phase 5 Single point
[58] size
Ding[85] Powder Swollen Multiphase 15 Single point
size
Geng et al. Powder Swollen Multiphase 1.5 Single point
[12] size
Cao et al. Emulsion  Initial Multiphase 8 Single point
[90] size
Yu et al. Powder Swollen Water phase 10 Single point
[37] size
Lietal.[57]  Powder Swollen Water phase 2 Single point
size
Shi et al. Powder Initial Multiphase 1-1.5 Single point
[88] size
Lietal.[43] Powder Initial Water phase  4-6 Single point
size
He et al. Powder Initial Water phase 1 Single point
[10] size
Nie et al. Emulsion Initial Water phase 1 Single point
[89] size
Liu et al. Powder Swollen Water phase 1.5 Single point
[27] size
Jin et al. Emulsion ~ Swollen Multiphase 2 Multipoint
[59] size
Chen et al. Powder Swollen Water phase 3.8 Multipoint
[45] size
Zhang et al.  Powder Swollen Water phase 5.8 Single point
[34] size
Zhao et al. Powder Initial Water phase  0.3-0.5  Single point
[66] size and
swollen

size

Powder/Emulsion: When the researchers dispersed micro/nanogel, the status of
particle is powder or emulsion.

Swollen/Initial size: When the researchers injected micro/nanogel, the particle
is injected after swelling or not.

Multiphase/water phase: Multiphase is existence of oil phase and water phase.
PV: Injection volume measured by the unit of pore volume.

Pressure measurement: Single point means only one pressure sensor, and pres-
sure curves reach to stable. Multipoint means more than one pressure sensor
along the model, and pressure increase at all the points.
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experimental summary of the micro/nanogel coreflooding tests,
including dispersion preparation methods, particle swelling or not,
multiphase or single water phase, injection volume and pressure
measurement.

Moreover, the existence of oil saturation should be considered in
coreflooding tests. Most of experiments are performed in single water
phase [10,37,43,49,57,58,65,86]. In the experiments of multiphase,
they are mainly conducted to show the oil recovery capacity. But we can
still focus on their injection pressure in these multiphase experiments.
Basically, micro/nanogels were injected when oil saturation was already
decreased by waterflooding, and pressure was recorded at the same time
[37,63,90]. It can be seen that the injection pressure in multiphase is
higher than the one in single phase [12,85,88] because water relative
permeability is lower in multiphase. Besides, it is observed that particle
injection pressure start to increase after waterflooding [59,62,91], and
the injection process is accompanied with decrease of oil saturation in
cores, resulting in an increase of water relative permeability. Thus, these
experiments cannot investigate an injection pressure at a constant oil/
water saturation, which makes difficult to study the effect of oil on
particle transport.

In Table 4, most of researchers used more than 1 PV to run the ex-
periments [34,43,49,65,90]. In fact, it is hard to reflect injection ability
of particles if injection volume is not more than 1PV. On one hand, the
pore space has not been filled with particle suspension entirely as shown
in the Fig. 12. On the other hand, if a core is taken from near wellbore
area, more than 1 PV of particle suspension would transport through the
pore space in the core. So, particle dispersion should be injected until the
pressure is stable to reach steady state flow condition, at which condi-
tion the injection volume is usually larger than 1PV to test injection
ability.

In terms of pressure measurement, most experiments utilized single
pressure sensor. With single pressure curve, Yao and Wu et al. divided
injection pressure curves into three types including destructive plug,
effective plug and ineffective plug [5,13]. According to their dividing
methods, destructive plug (severe surface plugging could be a better
description) has a sharply increasing injection pressure, but its post
waterflooding pressure is very low because the particles are too large to
enter the cores. For ineffective plug, both injection pressure and post
waterflooding pressure are very low because most particles flow through
the cores directly. For effective plug, there is an increasing injection
pressure and a relatively high subsequent waterflooding pressure, which
isregarded as a good matched with porous media as shown in Fig. 13. In
fact, the continually increasing pressure reflects an unstable flow status,
indicating the particle retention does not reach the maximum value and
the permeability will keep decreasing if particles are continuously
injected. Although they suggested that the red curve in Fig. 13 is
destructive plug/severe surface plugging, the maintained pressure of
subsequent waterflooding (effective plug in purple, green and blue of
Fig. 13) cannot be regarded as good transport in the cores. The reason is
that these plugging may be formed at several centimeters deep of cores,
leaving the majority of the remaining part undisturbed, which can be
seen very clearly in the experiments with multipoint pressure sensors.

For example, Yang et al. also injected microgel in a 100 cm-long
sandpack, the pressure sensor at inlet increased to 0.25 MPa at 8 PV, but
the pressure sensor C and D stayed very low at 8PV as shown in Fig. 14,
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Fig. 13. Injection pressures curves with different particle size [5].

which means the overall injection pressure was contributed by plugging
at the front of sandpack [92]. It also needs to be mentioned that the
subsequent waterflooding provided lower pressure difference along
cores and sandpacks than particle injection. Thus, if a severe plugging
occurs, it is less possible to move the all the plugged particles during the
subsequent waterflooding. Therefore, the plugging efficiency of single
pressure curve is not a good indicator to transport.

If we focus on injection pressure curve without considering plugging
efficiency, Cao et al divided injection pressure into plugging, passing
through in deformation or broken status, deep migration by the slope of
fitted pressure curves [86]. Yang et al. compared injection pressure by
different particle size, and they proposed migration, blockage and
seepage curves [92].

0.30
~— B Pressure tap D |~ O— Pressure tap C |~ A— Pressure tap B
V- Pressure tap A | %~ Injoction pressurd a®
0.25¢ Polymer ey ." *e
mictosphete, X o | ou i Kk aan
o, / o .""'-‘-."\.'-.'.'J
© 020 o fooding /
Qo
=
[ 0.15F Water flooding
5
&
© 010+
Qo
0.05+
0.00 \aRana KRR AN AR
0 2 4

Injection volume/PV

Fig. 14. Injection pressures curves with multiple pressure sensors [92].
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Fig. 12. Comparison between 0.5PV injection and 1 PV injection.
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In our perspectives, the injection pressure curve should be flat and
stable if single pressure sensor is used because it can make sure the
particles transport without plugging at the front of cores. As shown in
Fig. 15, we believe that the blue curve represents good injectivity, and
the green curve also represents transport with deformation. The fluc-
tuation of pressure curves usually means that the particle deform and
pass through pore throats [56,59,92,93]. The overall trend of red and
yellow curves is increasing, and they should not be regarded as good
injectivity in our opinions.

The other experiments are carried out with multipoint pressure
sensors [45,59,65,94]. Since increasing pressure at a certain pressure
sensor might be viewed as particle arrival, pressure curves from multi-
point pressure sensors are more convincing for injectivity. Similarly,
stable pressure curves in multipoint pressure experiments are also
preferred due to a balance between transport and retention of particles.
If the injection pressure keeps increasing, it would be harder and harder
to inject particles. For example, Li et al. built an 18 m-long model to
evaluate injection and transport of microgel. With pressure gradient of
6.14 psi/ft, the particles only transported 10 m in the model when 4-5
PV of microgel was injected [95]. It is a typical particle transport issue in
the depth of reservoirs, which is discussed in the following.

5.2. Particle transport issue

This is a very important issue that should be carefully considered in
experimental design. However, most experimental designs do not have
such a consideration, their pressure gradients in coreflooding experi-
ments are too high to represent in-depth transport condition. The pres-
sure gradients of some experiments are collected as shown in Table 5.
What’s more, Table 5 is a summary of experimental results that can be
regarded as effective transport according to the following reasons: 1)
The injection pressure is stable; 2) Or the pressure curve fluctuates up
and down over 1 PV; 3) For multipoint pressure curve, all the pressure
curves should increase during the injection. We believe the particles
really transported through porous media in these experiments. The
pressure gradient is calculated in the table by dividing the stable in-
jection pressure (psi) by the length of porous media (ft). Yao et al.
defined matching factor using average particle diameter divided by
average pore diameter [13]. Sun et al. considered the distribution of
particle size and pore size and defined matching factor at D10 D30 D70
and D90 [58]. Here we adopt Yao’s definition, and the average pore size
D can be calculated by the following equation:

Plugging

Injection
pressure

Waterflooding
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D=,/">
¢

where K and ¢ is permeability (um?) and porosity (%), respectively.
Then matching factorMcan be calculated as:

M=—

D
where d and D is mean particle diameter (pm) and average pore size
(pm) of porous media, respectively.

According to Table 5 and Fig. 16, all the pressure gradients are
higher than 1 psi/ft, and most of them are higher than 10 psi/ft. But the
pressure gradients cannot represent real transport pressure gradient in
the depth of reservoirs, due to the following reasons.

Although pressure gradient is quite high in near wellbore area, the
situation in the depth of reservoirs is different. Here is an example of
pressure gradient in a 2D radical flow pattern as shown in Fig. 17. It is
assumed that injection pressure of an injection well ranges from 5000 to
2000 psi. The boundary pressure is 1000 psi around the injection well.
The radius of injection wellbore and boundary is 0.3ft and 1000ft,
respectively. Then, we can have a pressure gradient calculation as
following:
dP_P,—P, 1

dr InZe r
Te

where % is pressure gradient, P,rand P, are injection pressure and
boundary pressure in psi, respectively, r,,r. and r are wellbore radius,
boundary radius and distance in ft, respectively. The calculation results
are shown in Fig. 17.

According to the calculation results, when the injection pressure
ranges from 2000 psi to 5000 psi, the pressure gradient is lower than 1
psi/ft at 500 ft away from wellbore, and most of pressure difference is
distributed near wellbore. Besides, there are not any parameters related
with permeability or viscosity in the calculation, which means the low-
pressure gradient exists in a variety of reservoirs. Therefore, whether
particle transport at such a low-pressure gradient is questionable
because most of the coreflooding tests were not well designed to reflect
the real pressure gradient in the in-depth of reservoirs.

Transport by deformation

Good injectivity

v

Injection volume

Fig. 15. Injection pressures curves of single pressure sensor.
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Table 5
Summary of effective transport experiments.
Researchers Flow rate/  Concentration/ Matching Pressure
(mL/min) (W.t.%) factor gradient/(psi/
ft)
Zhao et al. 0.5 0.5 0.586 5.89
[49] 0.5 0.5 0.799 12.38
0.5 0.5 1.016 27.11
0.5 0.5 1.143 80.16
0.5 0.5 1.203 123.78
0.5 0.5 1.550 337.16
0.5 0.5 1.693 531.67
0.5 0.5 1.988 890.04
Liu et al.[65] 0.9 0.3 1.252 48.63
Yuan et al. 0.5 0.1 1.013 70.73
[86] 0.5 0.1 0.853 64.84
0.5 0.1 0.746 29.47
Sun et al. 0.5 0.3 1.020 312.32
[58,60] 0.5 0.3 0.600 52.38
0.5 0.3 0.480 26.51
0.5 0.3 1.450 595.06
0.5 0.3 1.200 396.98
0.5 0.3 0.900 176.98
0.5 0.3 0.640 107.30
0.5 0.3 0.510 40.27
Ding[85] 0.5 0.1 0.048 21.34
1.25 0.1 0.043 35.36
3 0.1 0.043 91.44
0.5 0.1 0.024 30.04
0.5 0.1 0.017 10.89
0.5 0.1 0.012 2.39
Geng et al. 0.25 0.1 0.035 3.10
[12]
Cao et al.[90] 0.5 0.5 0.030 1.89
0.5 0.5 0.007 2.87
0.5 0.5 0.030 1.36
Yu et al.[37] 0.5 0.05 0.055 59.24
0.5 0.05 0.048 57.47
Li et al.[57] 0.5 2 0.090 318.29
0.5 2 0.112 583.54
Shi et al.[88] 0.5 0.1 0.345 60.96
0.5 0.1 0.411 91.44
Li et al.[43] 0.3 0.3 1.129 110.52
0.3 0.3 1.284 390.14
0.3 0.3 1.333 79.57
0.3 0.3 1.456 221.04
0.3 0.3 1.299 110.52
0.3 0.3 1.228 27.43
He et al.[10] 0.1 0.2 0.375 14.74
Nie et al.[89] 0.5 0.2 0.004 1.03
0.5 0.2 0.005 4.42
0.5 0.2 0.006 129.68
0.5 0.2 0.017 1.47
0.5 0.2 0.020 8.69
0.5 0.2 0.025 29.47
0.5 0.2 0.049 2.95
0.5 0.2 0.059 16.95
0.5 0.2 0.072 110.52
0.5 0.2 0.212 9.14
0.5 0.2 0.255 100.20
Jin et al.[59] 0.5 0.5 0.166 2.76
Chen et al. 0.2 0.1 0.380 11.79
[45]
Zhang et al. 0.34 0.15 0.124 18.79
[34] 0.34 0.15 0.398 30.28
Zhao et al. 0.3 0.3 0.095 42.00
[66] 0.3 0.3 0.455 53.05
0.3 0.3 0.622 55.26
0.3 0.3 0.492 55.26
0.3 0.3 1.417 42.00

5.3. Particle retention

While a stable injection pressure is a prerequisite for injection ability,
relatively low retention is also an important requirement during micro/
nanogel transport stage (However, retention is favorable for in-depth
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Fig. 16. Injection pressures gradient distribution.

fluid diversion purpose). Retention of particles consists of physical
plugging and adsorption (Fig. 18). Physical plugging includes mechan-
ical trapping and log-jamming [75,96]. Log-jamming is the blockage of
pores that are larger than each particle, which results from the accu-
mulation of particles at the pore throat entrance due to different trans-
port velocity between particles and fluid (Fig. 19). The main factors
governing the log-jamming effect are particle concentration, effective
hydrodynamic size, pore size distribution and flow rate [97]. Adsorption
can be divided into irreversible adsorption and reversible adsorption.
Reversible adsorption means particle can be removed in post water-
flooding, whereas irreversible adsorption is permanent.

Physical plugging is the main retention mechanism of particles
which are close to or larger than pore throat. Many researchers, such as
Yao et al. [93], Hua et al. [98] and Li et al. [99], have investigated it
using transparent microfluidic models and microgel which can be
observed easily by microscope. They classified the plugging into elastic
plugging, bridge plugging and complete plugging, depending on particle
size and elasticity [17,45,95,100]. Membrane filtration test is a simple
method to evaluate plugging of particle suspension. The test can tell if
the particle can block the membrane by the relationship between the
filtration volume and the filtration time of suspension. The equilibrium
filtration rate is an essential parameter to indicate the transport
behavior during steady state [47]. Hua et al. conducted SEM and
filtration tests to observe the plugging, and they suggested one third of
pore size is an important parameter for plugging, which was also pro-
posed in other microgel research [45,63,95,101]. However, traditional
SEM need a dry sample, the original particle size had already shrunk
before observation. The combination of E-SEM and filtration test could
be better to observe the plugging with its original status.

In general, plugging efficiency and residual resistance factor are
mainly influenced by particle size, injection rate, particle concentration
and particle elasticity etc. in coreflooding test. Small size leads to less
plugging and lower residual resistance factor [86,88,102]. However, it
also causes surface plugging and results in low plugging efficiency if the
particle is too large and it cannot enter the porous media [13]. High
plugging efficiency can be achieved by low injection rate and high
concentration [66,85,103]. In terms of elasticity, the situation is more
complex. When the ratio of particle size to pore size is controlled, par-
ticles with high elasticity are more difficult to deform and transport. This
phenomenon has been observed in many experiments, including nano-
gel, microgel and PPG [49,104-106]. Also, some numerical simulation
studies show the similar results [56,107]. However, particle to pore size
ratio is a more dominant parameter. When particle size is much smaller
than pore size, elasticity is not that important [101]. When particle size
is close to pore size, higher elasticity leads to higher injection pressure
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and higher plugging efficiency [49].

Adsorption is a property of nanoparticles, and various types of
nanoparticles show different adsorption properties [108]. McDowell-
Boyer et al. proposed three kinds of filtration mechanisms of solid par-
ticles during transport in porous media: surface filtration, straining and
physicochemical filtration [109]. Particle transport is determined by
physicochemical filtration, which is the interactions between neigh-
boring nanoparticles and between particles and porous medium surfaces
[110]. Theoretically, polymeric nanogels should share some of these
transport mechanisms, even though most nanogels published in oil
recovery-related literatures have diameters of a few hundred nanome-
ters, because they are all colloids and follow DLVO theory. However, the
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research of nanogel transport and adsorption in dynamic condition is
bare. Only Geng et al. suggested a similar adsorption kinetics in inter-
facial tension reduction explanation [12]. But their adsorption kinetics
is based on static adsorption. Overall, the transport process of nanogels
could have two stages as shown in Fig. 20. The first is diffusion-
controlled process in diffusion boundary layer. Diffusion boundary
layer is defined as the near surface region in which colloid transport is
dominated by diffusion. Second, colloid transport is controlled by
advection of fluid beyond the diffusion boundary layer [111].

In retention experiments, sandpack is used to measure the retention
amount in porous media, including three types of methods. The first one
is utilizing mobility reduction and layer thickness by which the amount
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of retention is calculated. For example, Chauveteau et al. investigated
microgel propagation by multipoint pressure sensor on sandpack. The
adsorbed layer thickness and adsorption distribution in each section of
model were calculated by permeability reduction [81,82,112,113]. But
the permeability reduction cannot distinguish the difference between
mechanical trapping and adsorption. To observe the particle in porous
media, some studies provided SEM photos for core cuttings in microscale
[95,102]. However, the particles were already dried during the SEM
preparation process, which cannot reflect the original status of particle
distribution. The second method is using a specially designed sandpack
model. In addition to multipoint pressure sensor on sandpack, this kind
of sandpack can be divided into several parts and the component of each
part can be analyzed using UV Visible Spectroscopy test. Thus, the
concentration in different part of sandpack is measured, and transport of
particle can be confirmed [114]. Although sandpack can show the
concentration distribution of particles, the interference resulting from
sand produces some errors in UV test. The third method, which is also
the most common one, is analyzing concentration history of effluents by
UV or Total Organic Analyzer (TOC) as shown in Fig. 21. In the exper-
iment, NaCl or KClI solution is usually injected as a tracer which can be
compared with particle suspension. The amount of adsorbed particle is
calculated using cumulative mass balance. Yao et al. performed such
experiments for microgel, and the retention results show that only 10 %
of the injected particles were recovered in the effluent [100]. Zhang
et al. and Yu applied the method for silica nanoparticles, and the results
show that 80 %-90 % of nanoparticle can transport through their model
[115,116]. The main difference could be due to the ratio of particle size
to pore size and surface charge. Cao et al conducted retention tests by
different particle size in carbonate, he found small particle may has high
retention because of aggregation [90]. In terms of polymeric nanogels,
Lenchenkov used TOC to measure polymer nanogel effluent concentra-
tion, and he found the producing concentration is only 10 % of injected
concentration after 2 PV injection [117]. Geng et al. investigated surface
charge effect on adsorption and adsorption kinetics, and he suggested
positive nanogel had the higher adsorption in sandstone [12]. Currently,
most of researchers only focus on transport in single water phase.

Here is summary for coreflooding experiments aiming to evaluate
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Fig. 21. An example of effluent history.
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injectivity and transport. Pressure curves are indicators to show whether
particle can be injected, and stable and flat pressure curves are
preferred. However, this is only one prerequisite for transport. Retention
experiment is also needed to illustrate migration ability. A good trans-
port evaluation experiment should combine these two together.

In recent years, microfluidic model is being widely applied in oil &
gas industry. Microfluidic model can show injection pressure and
observe the transport of particle directly at the same time. Compared
with the core-flooding experiments, microfluidic has significant ad-
vantages in visualization, controllability, and repeatability. But the
disadvantages lay in the differences between real reservoir environment,
such as temperature, pressure, clay and rock surface, and micromodel
environment. Generally, micromodel can be divided into one dimension,
two dimensions and three dimensions. One dimension model is usually a
capillary tube which can be used to analyze the transport of singe par-
ticle [32,63,118]. Quantification of threshold pressure and injection
pressure can be analyzed using this kind of model [99,107]. Besides, the
model can quantitatively analyze retention patterns and flow resistance
variation caused by different patterns [93]. Basically, one-dimension
models are applied for injection pressure and elasticity investigation
in single phase transport. Currently, most micromodels are two-
dimension micromodels with random porous structures in only two-
dimensional fluid channels. Bai et al. investigated the transport pat-
terns and threshold pressure gradient using etched glass model [119].
The corresponding relationship of matching factors and passing through
patterns in different storage modulus was established by Yang [92]. Pu
et al. found that particle could re-migrate in the high permeability area
and displace residual oil due to elastic deformation [61]. Cao et al.
studied the effect of micromodel wettability for particle injection [87].
Chen at al simulated the deformation of microgel under compression
with the data obtained from two-dimension models [120]. Compared
with one dimension model, two dimensions model can explore multi-
phase effect, wettability effect and oil displacement capacity, not only
injection pressure and elasticity. But the fabrication of two dimensions
models is more complex and time consuming. Three dimensions
micromodels are usually built by sintering silicate glass beads in a
capillary tube to mimic the real connected porous media [121]. Yao
et al. built a transparent sandpack micromodel that was used to observe
the microscopic flow and displacement mechanisms [17]. Zhang et al.
directly visualized the different size of microgel flow in three-
dimensional micromodel [52]. Zhang et al. visualized the flow of
nanogel in a transparent three-dimensional micromodel, and they
discuss the emulsification ability of nanogel [67]. Microgels are easily
observed in three-dimensional micromodel, but it is still difficult to
observe nanogels in these experiments due to the small size.

6. EOR mechanisms

Microgel and nanogels are regarded as promising EOR agents and
have been used in many oilfields, especially in China [4,62,66,103].
These polymeric particles have a controllable and smaller size compared
with traditional preformed particle gel (PPG), and they can be designed
to have good thermal stability. Although both microgel and nanogel
pilot tests have shown water management and improved oil recovery
[4,122,123], the EOR mechanisms of microgels and nanogels may be
distinct.

Microgels:

It is widely reported that well-designed microgels can enter and plug
the high permeable zone of reservoirs [7,11,62]. The main conformance
control mechanism is to reduce the permeability of swept high perme-
able zones/areas, and unswept low permeable zones/areas should not be
invaded and damaged. Some microgels with triggers can keep a rela-
tively small size during injection and transport stages. When the sur-
rounding environment changes, such as salinity, pH value, and
temperature, repulsions among polymer chains in gel particles increase
and particles can swell much larger than initial status [7,124,125]. Pu
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et al. [61] and Chauveteau et al. [81] believe the microgel can reduce
the permeability of water, and achieve disproportionate permeability
reduction (DPR). Besides, studies have shown that microgel is able to
block pores and then redistribute fluid flow on a microscopic level
[8,27,120]. Splido et al. suggested microgel can improve microscopic
sweep efficiency by redistribution of flow at microscopic level [125]. Pu
et al. measured relative permeability and they found the decreased re-
sidual oil saturation after microgel injection [61]. Some researchers
combined NMR with coreflooding tests to demonstrate sweep efficiency
improvement at pore scale by the alteration of oil saturation during the
flooding [126-128].

When particle size becomes smaller, the interfacial energy increases
a lot, and particles present a number of favorable characteristics, such as
high specific surface area and special chemical responses. Even microgel
in 1 or 2 pum, it can also adsorb at interface and form Pickering emulsion
as shown in Fig. 22 [129].

Nanogels:

Nanogels are significantly smaller and have a larger surface area than
microgels, allowing them to have features that microgels do not.
Currently, the EOR mechanisms of nanogels are not very clear
[104,130,131]. However, many studies have been conducted on the
EOR mechanisms of nanoparticles, and we will show and discuss the
potential mechanisms in the follow.

6.1. Spreading mechanism

Spreading and disjoin pressure are one of EOR mechanisms for
nanoparticles. The nanoparticles in dispersion can form a self-assembled
wedge-shaped film at the three phases contact, and this wedge film acts
to separate fluids (disjoining pressure), such as oil, water and gas, from
the solid surface [75,132-139]. This arrangement of nanoparticles and
its spreading force exert additional pressure at that interface, which is
higher than the pressure in the bulk fluid. Thus, driven by this pressure,
the nanoparticles tend to spread along the surface. Disjoining pressure of
the film can be expressed as the sum of van der Waals’ force, electro-
static force and structural force [140]. Trokhymchuk et al. gave an
analytical expression for disjoining pressure [133]:

T1(h) = Mocos(wh + ¢, )e ™ +TT;e -9 forhzd,

I(h) = —P for0 < h < d.where II(h)is disjoining pressure, d is the
diameter of particle, h is the film thickness, Pis the bulk osmotic pressure
from nanoparticles, Iy, Iy, ¢, ®, k, 5 are fitted as cubic polynomials in
terms of particle volume fraction.

This mechanism aims to explain movement of oil which is attached
on the rock surface as shown in Fig. 23, and Table 6 is a summary of
spreading studies. To our best knowledge, there is not any experimental
studies or modeling studies of spreading mechanism of polymeric
nanogel.

According to these studies, spreading is promoted by small particle
size, low polydispersity, low equilibrium contact angle, and high
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concentration [134,144]. However, the disjoining of oil drop not only
need spreading, but also disjoining pressure to remove oil drop.
Although spreading phenomenon has been directly observed, aggrega-
tion of particles, reservoir environment and dynamic condition are not
considered. What’s more, whether nanogel exhibits such a disjoining
pressure is still unknown because the swollen nanogels are usually a few
hundred nanometers, which are much larger than the traditional
nanoparticles above. Therefore, the disjoining pressure may not be very
high, and experiments and modeling are needed to estimate disjoining
pressure and film energy for nanogels.

6.2. Interfacial tension reduction and wettability alternation mechanism

Interfacial tension reduction and wettability alternation also
contribute to EOR. These two phenomena are owed to nanogel adsorp-
tion at the interface, which shows a very similar behavior with surfac-
tants. It is believed that this phenomenon occurs because the adsorption
lowers the total system energy. However, there is a long ongoing debate
on whether nanoparticles can enhance oil recovery by the reduction of
interfacial tension and wettability alternation [145]. Nanogels can
reduce interfacial tension by adsorption at the interface [85,91,146] and
forming Pickering emulsion [67]. But the reduction degree is not much
compared with surfactants. With existence of particles, interfacial ten-
sion may decrease to a few mN/m. However, the interfacial tension can

Particles

/ did not deform
at low pH

S um
—

T'hin cross section captured

by CLSM

Anisotropic flattening
was found at high pH

Fig. 22. Pickering emulsion formed by microgel with 1.7 ym [129].
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Table 6

Briefly summary of spreading phenomena.

Researchers

Nanoparticles

Size

Summary of major
findings

Disjoining
pressure

Wasan et al.
[132]

Chengara
et al.[133]

Sefiane et al.

[140]

Liu et al.
[136]

Zhang et al.
[138]

Moghaddam
et al.[139]

Sharma et al.

[141]

Kuang et al.
[142]

Zhao et al.
[143]

Kondiparty
et al.[144]

Latex particles

General
nanoparticles

Aluminum
nanoparticles

SiO2

SiO,

ZrO,, CaCO3
TiO,, SiOy
MgO, Al,O3
CeO,

SiO,

Al,05
Si0,
TiO,

Silica
nanoparticles

Silica
nanoparticles

8 nm

20 nm

40-120
nm

20-30
nm

20 nm

35-40

nm

15 nm

10-50
nm

15-30
nm

20 nm

Calculated the
pressure arising at
wedge vertex.
Demonstrate the
crystal-like ordering
of nanoparticle in
water.

Using Laplace
equation, examined
the effects of
nanoparticle size,
concentration and
polydispersity on
the displacement of
an oil-aqueous
interface.

Enhanced dynamic
wetting behavior of
nanofluids was
experimentally
evidenced.
Spreading process is
modeled by
Navier-Stokes
equations, which
considers the
structural disjoining
pressure, gravity,
and van der Waals
force.

Presents the results
of imbibition tests
using a reservoir
crude oil and a
reservoir brine
solution with a high
salinity and a
suitable nanofluid
that displaces crude
oil from Berea
sandstone
Disjoining pressure
was the responsible
mechanism for
changing dynamic
wettability and
remove oil from the
surface

Stability and
viscosity of
nanofluids, the
efficiency for EOR is
a function of
temperature.
Investigate
synergistic effects of
nanofluids on
interfacial
properties of oil/
brine/rock systems
and their role in
influencing oil
displacement from
sandstone and
carbonate rock.
Better EOR ability
than surfactants in
imbibition due to
disjoining pressure.
A nanofluid with an
effective particle
size, a low
equilibrium contact

50 KPa

More than
20 KPa

N/A

3.3 KPa

100 KPa

More than

48 KPa

N/A

N/A

N/A

8-2110
KPa
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Table 6 (continued)

Researchers Nanoparticles Size Summary of major

findings

Disjoining
pressure

angle, and a high
concentration, are
desirable for the
dynamic spreading
of a nanofluid
system.

decrease several magnitudes when surfactants are added [46]. What's
more, despite some researchers suggested capillary number increase
[147], the increase of capillary number by adding nanoparticle is not
large enough to reduce residual oil saturation [97]. The regular defini-
tion of capillary number, without considering wettability, is:

_w
70

N.

where vand pare velocity and viscosity, respectively. The viscosity
improvement by nanoparticle is not much [141,148]. If 6 decrease 90 %,
the capillary number will only increase 10 times (Fig. 24). In the Table 7,
most of the interfacial reduction even cannot decrease 90 %. Thus, the
increase of capillary number does not account for the residual oil satu-
ration reduction. There are other capillary numbers that consist of
contact angle, such asN, = —£. But the capillary number could be
infinite once contact angle is 90°. In addition, increase of capillary
number is responsible for trapped oil in a capillary tube, rather than oil
attached on the rock surface. Overall, residual oil saturation reduction is
difficult to be explained by interfacial tension reduction only.
Wettability alternation is also regarded as a EOR mechanism for
nanogels. Many studies have reported the application of nanoparticles in
EOR through wettability alteration and contact angle change is also
recorded as shown in Table 7. But studies of the polymeric nanogels are
still rare. In general, contact angle measurement, imbibition test,
permeability test and SEM are used to study wettability alternation. The
contact angle measurements are conducted using static fluids, and most
of them are performed at room temperature and atmosphere pressure
[140,143,149,150]. Also, the measurement needs a very clean and even
surface of the substrates, which is difficult to achieve. Imbibition test is
another static experiment to show wettability alternation. Compared
with brine imbibition, nanofluids have a better performance in oil re-
covery [138,139,143]. Kuang et al. characterized adsorption by Quartz
Crystal Microbalance with Dissipation (QCM-D) instrument coupled
with flow cells to monitor the real-time process [142]. In their SEM
observation, the surface of adsorption was not evenly, and a very com-
plex structure consisting of aggregations were found. In addition, rela-
tive permeability curves obtained by coreflooding tests have also shown
the wettability alternation indirectly. It was observed that, after nano-
fluids injection, the relative permeability curves of cores moved to right
[141,151], which means residual oil saturation was reduced and the
porous media became more water wet. Pu et al. investigated the effect of

0%t T

Wetting phase

Residual oil 20%

saturation Nonwetting

10% |Normal range of phase
waterflooding R
0 107 10€ 105 104 102 107

Capillary number

Fig. 24. Residual oil saturation and capillary number.
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Table 7
Briefly summary of interfacial tension and contact angle reduction.

Fuel 324 (2022) 124664

Researchers Nanoparticles Size/nm Phase Interfacial reduction Contact angle alternation
(degree)
Khellil Sefiane[140] Aluminum nanoparticles 40-120 Air/water/ 22 to 21mN/m 64° to 62°
Silicon substrates
Hendraningrat, Luky[149] SiOy 21-40 Crude oil /brine/silicon substrates 19.2 to 7.9mN/m 54° to 22°
Hua Zhang[138] SiO, 20 Decane/brine/ sandstone 16 to 1.4mN/m 74° to 1.2°
Nazari Moghaddam[139] CaCOs3 35-40 Decane/brine/ N/A 158° to 120°
carbonate
Wendi Kuang[142] Al,O3 10-50 Decane/brine/ sandstone 53 to 47mN/m N/A
SiO,
TiOy
Mingwei Zhao[143] Silica nanoparticles 15-30 Crude oil/ brine/glass N/A 135° to 45°
Rezaei Amin [150] SiO, 18-38 Crude oil/ brine/rock 36.9 to 8.3mN/m 115° to 100°
B. Moradi[152] SiO, 11-14 Crude oil/ water/carbonate 13.6 to 10.7mN/m 122° to 16°
Jiaming Geng[12,146] Nanogel 100-400 Decane/brine/ sandstone 26 to 4mN/m 23.6° to 15.5°

microgel concentration on the curves, and they suggested high con-
centration resulted in lower residual oil saturation and the curves moved
to right more [61].

6.3. Sweep efficiency improvement mechanism

Nanogels can increase oil recovery by improving sweep efficiency,
which shows a similar mechanism with microgels. When nanofluids flow
through porous medium, log-jamming, mechanical entrapment and
adsorption will result in plugging of the pores, then improved the sweep
efficiency [137,149,153]. Compared with the first two mechanisms,
sweep efficiency improvement could be the most important EOR
mechanism because the size of nanogel is larger than conventional
nanoparticles (silica). Table 8 is a summary of resistance factors and
residual resistance factors of nanogels from Table 5 (effective transport).
Although many researches, including coreflooding tests and micromodel
experiments, have shown the plugging efficiency and enhanced oil re-
covery [137,148,154,155], the particles may be too small to improve
sweep efficiency [97]. It can be seen that some of the residual resistance

Table 8
Summary of resistance factors and residual resistance factors.
Researchers Particle Permeability/ Resistance Residual
size/nm mD factor resistance
factor
Ding[85] 175 123 7.25 4.6
125 4.9 2.5
114 3.5 2.35
114 2.85 2.4
137 3 2.2
Yu et al.[37] 555 500 6.7 16.5
482 500 7.2 21.7
Li et al.[57] 192 28 2.69 2.31
266 34 5 3.85
Lietal.[43] 455 22.9 8.8 8.9
17.2 25.5 26.4
255 85.7 20.2 20.7
70.5 54.8 57.4
17 151.6 54.1 57.9
177.5 15.7 16.2
Nie et al. 47 1387 1.74 42.67
[89] 47 769 2.7 63.03
47 354 2.99 66.52
209 1387 3.05 67.17
209 769 4.51 77.63
209 354 5.53 81.91
611 1387 6.26 84.01
611 769 10.12 90.12
611 354 16.42 93.91
Liuetal.[27] 600 13.71 4.8 16.32
Almohsin 158 143 10.5-12 10.5-12.5
[104] 265 8-11.5 6.5-11.5
285 6.8-11.2 5.5-10.5

factors in Table 8 are not very high, which means these nanogels hardly
improve sweep efficiency. It seems contradictory to have a good trans-
port (small size) in injection and good retention (large size) in desirable
location/region at same time, but it is also the key for application of
micro/nanogels. A small size in transport and a large size in plugging or
re-crosslinking are the ideal condition for EOR as we mentioned in the
end of transport issue. This could be an advantage of polymeric nano-
gels, since conventional nanoparticles, such as SiO3, do not have a
swelling capacity. But how to control the swelling is another important
issue. Zheng et al. synthesized swelling-delayed nanogel, and it took 30
days to fully swell [52]. Liu et al. proposed a re-crosslinking microgel
which can form weak bulk gel [35].

Other mechanisms, such as viscosity enhancement of injection fluid,
are mentioned in some publications [75,156]. But these mechanisms are
not widely reported, and the viscosity enhancement is limited [148].

In summary, nanogels do have IFT reduction and wettability alter-
nation ability according to the studies. However, since nanogel size is
larger than normal nanoparticles, it is still unclear that how much these
two mechanisms contribute to oil recovery (Fig. 25). With well-designed
size, both microgels and nanogels could provide sweep efficiency
improvement.

7. Current challenges and future research directions

Based on the review above, the experimental studies of micro/
nanogels have been conducted by many researchers. But it is very clear
that there are many key issues to be solved for a better application in
oilfields.

1) It is difficult to directly measure particle mechanical strength. The
bulk gel method and shearing method can only reflect particle me-
chanical strength indirectly. AFM method and micro/nano-
manipulation method are limited by debatable theoretical models to
explain the data. Besides, the selection of probe type of AFM is also
questionable.
Injectivity evaluation is not well-designed in many coreflooding
tests. Most of reported research results do not have a stable injection
pressure in their experiments. Besides, these coreflooding tests were
not well-designed to reflect the real pressure gradients in the in-
depth of reservoirs.
Particle retention of nanogels lacks investigation. Polymeric nano-
gels should share some of adsorption mechanism of common nano-
particles, but the nanogels used in oilfields have larger diameters
than conventional nanoparticles. Although there are many theories
and experiments regarding to nanoparticles, there is no quantitative
evaluation about nanogel transport and adsorption in dynamic
conditions.
4) The mechanisms of nanogel EOR are unclear. No experimental
studies or modeling studies of polymeric nanogels have been

2

—

3

—
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Fig. 25. Summary of nanogel EOR mechanisms.

reported regarding to whether spreading mechanism could be one
major mechanism. Besides, interfacial tension reduction and capil-
lary number increase caused by nanogels are limited and are not
convincible to explain residual oil saturation reduction. The residual
resistance factors for nanogels are usually too low to improve sweep
efficiency.

It is important to have a nanogel that have a good transport ability
(small size) during its movement to the in-depth and good retention
(large size) after being placed. However, no such good robust
nanogels are available at current market. Swelling delayed particles
usually can control particle size but they become weak in strength
after further swelling.

5

(5

Based on the review, we recommend the following research di-
rections that should be addressed to make the micro/nanogel technol-
ogies feasible for enhanced oil projects.

1) Methods to characterize micro-/nano-gel should be improved. Cur-
rent methods to evaluate particle size and strength are not very
reliable.

Novel micro/nanogels should be developed. re-crosslinkable micro/
nanogels could have great potential to be applied but require them to
have controllable re-crosslinking time and to be re-crosslinked at low
concentrations. In addition, high temperature high salinity resistant
micro/nanogels should be developed for harsh reservoir conditions.
Micro/nanogel injectivity, transport and plugging performance
should be characterized to understand where microgels/nanogels
can be best applied. Injection pressure or injection rate should be
designed to reflect the practical pressure gradients available in
reservoir during particle transport into the in-depth. Resistant factor,
retention and plugging efficiency should be quantified considering
multiple influencing factors such as particle size, concentration,
strength, velocity, rock permeability, fluid saturation and so on.
EOR mechanisms should be further evaluated. Lab experiments need
be better designed to investigate how the nanogel can improve oil
recovery and whether the mechanisms can provide a key role in field
applications. Numerical simulation method should be developed.
After obtaining quantitively evaluation results of particle transport
and plugging, it is necessary to develop mathematical models and
numerical simulation method that can be used for optimizing micro/
nanogel conformance control treatments.

2

~

3

—~

4

—

Summary

This study reviewed the experimental evaluation methods and cor-
responding results of polymer micro/nanogels for EOR and reduced
water production. From synthesis of micro/nanogels to evaluation of
particles, we reviewed the experiments regarding to compositions,
morphology, size determination, mechanical properties, stability of
dispersion and thermal stability of micro/nanogels. When it comes to
injectivity and transport, we suggested how to conduct micro/nanogel
coreflooding test properly and found that injectivity evaluations were
not well-designed in many coreflooding tests. In terms of EOR mecha-
nisms, we critically discussed the spreading mechanism, interfacial
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tension reduction and wettability alternation, and sweep efficiency
improvement mechanisms and concluded the EOR mechanisms of
nanogel were unclear. Finally, we proposed the current challenges and
future research directions based on the review.
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