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Historical Perspective 
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A B S T R A C T   

Multiphase displacement in porous media can be adjusted by micro/nanoparticle suspensions, which is wide
spread in many scientific and industrial contexts. Direct visualization of suspension flow dynamics and corre
sponding multiphase patterns is crucial to understanding displacement mechanisms and eventually optimizing 
these processes in geological, biological, chemical, and other engineering systems. However, suspension flow 
inside the opaque realistic porous media makes direct observation challenging. The advances in microfluidic 
experiments have provided us with alternative methods to observe suspension influence on the interface and 
multiphase flow behaviors at high temporal and spatial resolutions. Macroscale processes are controlled by 
microscale interfacial behaviors, which are affected by multiple physical factors, such as particle adsorption, 
capillarity, and hydrodynamics. These properties exerted on the suspension flow in porous media may lead to 
interesting interfacial phenomena and new displacement consequences. As an underpinning science, under
standing and controlling the suspension transport process from interface to flow patterns in porous media is 
critical for a lower operating cost to improve resource production while reducing harmful emissions and other 
environmental impacts. This review summarizes the basic properties of different micro/nanoparticle suspensions 
and the state-of-the-art microfluidic techniques for displacement research activities in porous media. Various 
suspension transport behaviors and displacement mechanisms explored by microfluidic experiments are 
comprehensively reviewed. This review is expected to boost both experimental and theoretical understanding of 
suspension transport and interfacial interaction processes in porous media. It also brings forward the challenges 
and opportunities for future research in controlling complex fluid flow in porous media for diverse applications.   

1. Introduction 

Multiphase displacement by micro/nanoparticle suspensions in 
porous media is ubiquitous in natural processes and engineering sys
tems. Examples include but are not limited to remediation of contami
nated soil and groundwater [1], geological CO2 sequestration in deep 
saline aquifers or depleted oil and gas fields [2], tertiary oil recovery [3], 
water retention in dry soil in agriculture [4], microfluidic logic control 
[5], ink spreading on paper [6], and drug delivery in vascular networks 
[7]. In these systems, suspensions can dramatically alter the interface 
and multiphase flow behaviors with consequences for navigating a 
complex porous structure. As one of the most prominent applications, 
they are frequently harnessed to enhance displacement performance in 
geological systems. For instance, in soil remediation and enhanced oil 

recovery, the nonaqueous liquid contaminants or oil trapped under
ground can be remobilized by injecting the suspension to overcome the 
in situ capillary forces and moderate the system flow heterogeneity 
[8,9]. 

Suspensions generally refer to the overall mixture in which one 
dispersed substance consists of microscopically insoluble particles sus
pended throughout another continuous substance [10,11]. In this re
view, to unify these particle suspension effects, micro/nanoparticle 
suspension is defined as the dispersed particles with approximately 
several nanometers to millimeters in diameter suspended in the liquid. 
In addition to continuous fluid displacement, such as low salinity water 
[12], surfactant [13], and polymer solutions [14], suspension 
displacement is emerging as an attractive approach to control multi
phase displacement with several advantages. For example, suspensions 
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can yield good injectivity and increased displacement efficiency in low 
permeability porous media; endure extreme circumstances with higher 
or lower temperature, salinity, and pH; give rise to new interfacial 
phenomena and flow behaviors that can be combined with other tech
niques such as foam or emulsion injection. Therefore, understanding and 
controlling the suspension transport process to affect the macroscopic 
multiphase flow consequences is of key practical and economic 
importance. 

Compared with macroscopic transport measurements in the opaque 
porous media, the advanced microfluidic experiments have become 
convenient methods for observing suspension flow dynamics and their 
influence on multiphase flow patterns [15,16]. Microfluidic chips, also 
known as micromodels, refer to transparent devices with characteristic 
length scales less than a millimeter for observing, handling, and 
manipulating fluid flow [17]. It contains several advantages, such as 
direct visualization, high-precision manipulating fluids, repeatable 
porous structure, low analysis time, and low cost [15,18]. However, 
limited by the materials produced for the microfluidic chip, in many 
cases, its solid surface properties are still difficult to realize the com
plex characteristics of natural porous media, and its statistical surface 
characteristics can only be displayed uniformly, such as uniform 
wettability alteration. In this review, we will only focus on the pore- 
scale research related to microfluidic experiments. Although pore- 
scale numerical simulations sometimes contain the above advantages 
with the development of high-performance computing, the reliability of 
the numerical results often needs to be verified by pore-scale experi
ments [19]. 

As a result of the characteristic length of the microfluidic system in 
the micrometer or nanometer scale, which is consistent with the length 
scale of the porous structure and particles in suspensions, interfacial 
phenomena governing microscopic flow physics plays a dominant role in 
the displacement. However, a wide gap exists from interfacial phe
nomena to macroscopic flow patterns and engineering application 
consequences. This gap is undoubtedly a complex matter influenced by 
many factors, such as the complex physicochemical properties of micro/ 
nanoparticles and corresponding suspensions, the visualization and 
quantification of multiphase flow and suspended particles simulta
neously at different scales, and underlying multi-physical phenomena of 
coupled suspensions with the multiphase flow. 

Many suspensions have succeeded in engineering applications but 
sometimes also encountered various failures. The discrepancy mainly 
exists that micro/nanoparticles have been found to enhance the 
displacement in porous media [20,21], while other studies report the 
opposite, claiming that micro/nanoparticles will harm the flow channel 
and suppress the further displacement performance [22,23]. Therefore, 
more fundamental understandings were required to elucidate how the 
physicochemical properties of suspensions influence interfacial 
behavior and how these microscopic physics determine multiphase flow 
patterns and eventually achieve the best displacement. 

In this review, we describe the current state-of-the-art microfluidic 
techniques to shed light on this puzzle from interface to multiphase flow 
patterns in porous media. First, we summarize the fundamentals of 
suspensions, such as preparation and fabrication, physicochemical 
property, and interfacial property. Second, developments of micro
fluidics, typical microfluidic materials and fabrications, and different 
microfluidic structure designs from purified pore structures to complex 
reservoir-on-a-chip are summarized. Then, the progress of microfluidic 
research about the effect of suspension on multiphase flow consequences 
in porous media was critically reviewed. Finally, we highlight new op
portunities for microfluidics to explore multiphase displacement 
mechanisms enhanced by micro/nanoparticle suspensions in porous 
media, with consequences for soil or groundwater remediation, 
enhanced oil recovery, geological carbon sequestration, and other 
emerging applications. 

2. Fundamentals of suspensions 

Deformable and rigid particles in suspensions have been synthesized 
from several millimeters to nanometers for effective displacement per
formance in porous media. Among these dispersed systems, deformable 
micro/nanoparticle and rigid nanoparticle suspension have been 
developed as attractive agents in multiphase displacement, as shown in 
Fig. 1. They either have ultra-small particle sizes that can penetrate tiny 
pores and sub-pore scale areas where conventional fluids are difficult to 
reach; or are deformable and degradable to be injected into porous 
media without harming flow channels permanently. These suspensions 
contain remarkable properties, such as easy preparation, good control
lability, environmental friendliness, and adaptation to complex envi
ronments [24–26]. For instance, the silica particles are similar or the 
same as the material in the reservoirs, and the microgel particles can be 
degraded in the formation due to high temperature or long-term 
flooding, which is easier to handle and has little impact on the 
environment. 

Fig. 1A–C presents three typical deformable micro/nanoparticles: 
preformed particle gel (PPG) at the millimeter scale, microgel particle at 
the micron scale, and nano-hydrogel at the nanometer scale. Deformable 
particles are a chemically crosslinked network of polymer chains 
swollen in a solvent. The size of deformable particles can be comparable 
to the pore size of the porous medium (order-of-magnitude range ≈ 10- 

1~102 μm). Some studies also synthesized nano-hydrogel particles for 
improving displacement performance in the ultra-low permeability 
porous media [27,28]. The particle plugging, particle-concentration- 
manipulated rheology, and adhesion effect will influence the multi
phase flow behaviors. Fig. 1D–F presents three typical rigid nano
particles: zero-dimensional silica nanoparticles, one-dimensional carbon 
nanotube, and two-dimensional graphene oxide. Different morphology 
and materials will present different thermodynamic properties and in
fluence the interfacial phenomena. For example, graphene or graphene 
oxide nanoplatelets contain extensive surface area per mass and unique 
properties, including very high electrical and thermal conductivities and 
good mechanical properties [29]. Rigid nanoparticles are much smaller 
than the pore size, and they are defined as characteristic particle sizes 
ranging from 1 to 100 nm [30]. Their excellent capacity with the 
spreading, adhesion, and self-assembly properties may enhance the 
interfacial phenomena, which affect the multiphase flow patterns and 
final displacement consequences. 

Besides, natural geological particles such as clays and other fine 
materials sometimes can be equally impactful to multiphase flow in 
porous media as the above artificial particulate systems [31]. Clay or 
fines migration may damage formation, potentially, decreases in porous 
media permeability significantly and, hence, the displacement efficiency 
of defending phase from reservoirs [32]. However, it can be combined 
with low salinity brine injection, which may overcome this harmful 
behavior and promote defending phase flow. Meanwhile, spontaneous 
Pickering emulsification by clay in clay-rich formation will promote 
flow diversion in preferential flow paths [33,34]. Pore plugging particles 
or emulsions in water-filled pores obstructed preferential flow paths and 
diverted injection fluid to unswept regions thereby increasing 
displacement efficiency [35]. 

In this section, we will introduce the synthesis and preparation of 
these artificial particle suspension systems, then microscopic particle 
kinetics of these suspensions are summarized and classified as particle 
aggregation and dispersion kinetics, particle adsorption kinetics, parti
cle ordering kinetics in the thin film, and particle deformation and 
transport kinetics. Finally, macroscopic suspension properties, such as 
interfacial tension, wettability, rheology, and elastic modulus and 
strength, are concluded. These microscopic particle kinetics and 
macroscopic suspension properties, alone or in combination, can affect 
subsequent multiphase flow patterns. For example, particle diffusion can 
be combined with fluid rheology to describe the concentration- 
manipulated rheology controlling multiphase flow patterns [36], and 
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particle instability in the suspension may induce unique multiple par
ticles plugging and squeezing through porous media, which affects the 
preferential flow pathway during multiphase displacement [37]. 

2.1. Synthesis and preparation 

2.1.1. Deformable particle suspension 
The inverse suspension polymerization methods [28,36,39,40] were 

widely used to make micron- or nanoscale deformable particles. The 
main idea of this synthesis method was to use the oleic phase as the 
continuous phase and disperse the monomer aqueous solution into 
several reactive microdomains stabilized using surfactants to prepare 
deformable particles. The stock deformable particle suspension was 
commonly synthesized by the following materials: acrylamide, water- 
soluble monomer, dispersion stabilizer (surfactant), oleic solvents, and 
aqueous phase. Then deformable particle suspensions used in applica
tions were prepared by diluting the stock deformable particle suspension 
with an aqueous phase to achieve the desired injection concentration. 

The mechanical shearing or grinding method [41–43] is one of the 
earliest methods for deformable particles, which was commonly pre
pared from bulk gel. First, the bulk gel was formed by making the 
aqueous solution containing acrylamide, crosslinker, initiator, and other 
additives. Then the bulk gel was sheared or cut into small particles or 
pieces. Sometimes, these two steps can be combined by applying the 
shear rate during the crosslinking process in a Couette geometry or a 
well-defined porous media by injecting at a constant flow rate [41]. 
Finally, deformable particle suspension can be achieved by dispersing 
these particles into the aqueous liquid. 

2.1.2. Rigid nanoparticle suspension 
Three typical materials: silica, metal oxide, and carbon, are used to 

synthesize the rigid nanoparticles. Silica nanoparticles are cost less and 
environmentally friendly than other materials. Silica sols and fumed 
silica are the primary materials to fabricate nanoparticle suspension for 
multiphase displacement. Silica sols are usually prepared in sodium 
silicate solutions by ion exchange [44], which can maintain stability 
under very high particle concentrations. Particles are formed from the 

silica nuclei, and the corresponding particle size depends on polymeri
zation conditions, which vary from less than 5 nm to about 100 nm. 
Fumed silica is synthesized by the pyrolysis method, in which silicon 
tetrachloride reacts with oxygen in a flame under high temperature, and 
the silica particles gradually grow in size [45]. The final state of fumed 
silica is usually branched agglomerates of the primary particles with an 
average size larger than 150 nm [46]. 

Metal oxide nanoparticles, such as aluminum oxide (Al2O3), iron 
oxide (Fe2O3), nickel oxide (NiO2), and zirconium oxide (ZrO2), can be 
synthesized using many different methods [47]. Solution-based 
methods, such as sonochemical, solvothermal, sol-gel, and micro
emulsion, are popularly accepted in fabrications. The other is vapor- 
phase methods such as laser ablation, combustion, and template/ 
surface-mediated synthesis. These methods in different fabrication 
conditions can determine the shape and size distribution of these 
nanoparticles. Thus, it is possible for a specific design for interfacial and 
flow properties. 

Carbon materials such as graphene, carbon nanotube, and fullerene 
have attracted more attention due to their excellent interfacial proper
ties [48]. The main techniques for synthesizing carbon-based nano
particles are chemical vapor deposition (CVD) and arc discharge. 
Surface functionalization is usually involved in increasing their hydro
philicity by adding functional groups such as carboxyl and hydroxyl 
groups due to the hydrophobicity of these materials. Graphene oxide 
(GO), which is the product of the chemical exfoliation of graphite using 
the modified Hummer’s method [49], are the most widely used carbon 
materials due to its natural amphiphilicity [50]. 

2.2. Microscopic particle kinetics 

2.2.1. Particle aggregation and dispersion kinetics 

2.2.1.1. Pure particle suspension. The aggregation and dispersion ki
netics of pure particle suspension depends on the effective form of the 
system interaction energy, that is, the sum of free energy W as a function 
of the separation distance h of the particles W(h) = WVDW(h) + WEDL(h) 

Fig. 1. The morphology of (A–C) deformable micro/nanoparticle suspension and (D–E) rigid nanoparticle suspension. (A1) Performed particle gel (PPG) suspension 
and (A2) PPG particle structure. Fig. A2 is from Li et al. [38]. (B1) Microgel particle suspension and (B2) microgel particle structure. (C1) Nano-hydrogel suspension 
and (C2) Nano-hydrogel structure. Fig. C2 is from Li et al. [28]. (D1) Silica nanoparticle suspension and silica nanoparticle structure. (E1) Carbon nanotube sus
pension and (E2) carbon nanotube structure. (F1) Graphene oxide suspension and (F2) graphene oxide structure. 
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+ Ws(h) [51]. Interparticle behavior results from intermolecular and 
surface forces, e.g., van der Waals (VDW) force, the repulsive electro
static double layer (EDL), and structural force [52]. Interparticle forces 
present in suspension were estimated using the extended Deryagin- 
Landau-Verway-Overbeek (DLVO) theory. The balance of these forces 
determines particle aggregation or dispersion state. 

The van der Waals force PVDW = − ∂WVDW/∂h dominates when the 
particle distance h is small. The van der Waals interaction usually 
originates from the dipole-dipole, dipole-induced-dipole, and dispersion 
forces, WVDW = − A/(12πh2), where A is the Hamaker constant of 

Materials 1 and 2 separated by Material 3 [53–55]. A = Av=0 + Av>0 =
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kB is the Boltzmann constant, T is the Kelvin temperature,εi is the zero- 
frequency dielectric constant of phase i, hP is Planck constant, ve is the 
electronic absorption or ionization frequency and ni is the refractive 
index. The first term Av=0 is a zero-frequency term resulting from the 
dipole-dipole and dipole-induced-dipole forces of polar molecules, while 
the second term Av>0 is a high-frequency term resulting from the 
dispersion forces. For a pure component, the zero-frequency term is 
usually much smaller than the high-frequency term. However, for the 
multi-component system described here, the zero-frequency term will 
become important and the relative magnitude should be carefully 
evaluated to determine whether any term could be ignored. Another 
important factor for surface interaction in a liquid medium is the 
distance-dependence of the van der Waals energy, which is known as the 
retardation effect due to the limited speed of transmission of electro
magnetic waves. It is only the dispersion energy that suffers retardation 
while the zero-frequency orientation and induction energies remain 
nonretarded at all separations. However, the zero-frequency contribu
tion, which is essentially an electrostatic interaction, will suffer 
screening effects in electrolyte solution with an exponentially decay 
term [10]. 

The surface geometry can highly impact the expression for the van 
der Waals interaction [56]. The general equation for non-retarded van 
der Waals interaction between identical particles is WVDW(h) = −

A/6
[

2r2

(4r+h)h +
2r2

(2r+h)2 + ln
(
(4r+h)h
(2r+h)2

) ]
, which is valid at all separations [57]. 

The Derjaguin approximation [58] is commonly used which gives 
WVDW(h) = − A/(6rh) for identical particles, where r is the particle 
radius and h is the film thickness. However, the premise of the Derjaguin 
approximation is that the distance between particles is much smaller 
than the particle size, thereby reducing spherical surfaces to infinitesi
mally parallel rings each of which can be considered as a flat plate. 
Therefore, for nanoparticles, the Derjaguin approximation becomes very 
inaccurate since particle size is comparable to particle distance. Surface 
element integration (SEI) is another newly developed approximation for 
curved or rough surfaces, which overcomes some drawbacks of the 
Derjaguin approximation [59–62]. 

The charged surface attracts counter-ions and repels co-ions, which 
leads to a totally different ion distribution near the interface. The elec
trical potential distribution in the diffuse layer is governed by the 
Poisson− Boltzmann equation (PBE). For two charged surfaces, the 
electrical potential distribution in 1D can be analytically solved under 
the Debye-Huckel approximation for a 1:1 electrolyte. The Debye- 
Huckel approximation approximates the exponential term with a line
arized one, which is only valid when ∣zieϕ

kBT∣ < 1, or for systems having low 
surface charges with potentials approximately less than 25 mV at 25 ◦C, 
where zi is the number of charges carried by the ion, ϕ is the electrical 
potential and e is the elementary charge. 

Based on the electrical potential distribution, the EDL interaction 
energy can be derived by three methods. The surface charging method 
and the electrolyte discharging method apply assumed reversible pro
cesses to calculate the free energy, while the pressure integrating 
method uses thermodynamic relations to analyze the pressure between 

charged surfaces. An important influencing parameter determining the 
expression for EDL interaction is the boundary condition, which in
cludes the CP-CP, CC-CC and CR boundaries. The constant potential (CP) 
and the constant charge (CC) boundary conditions are most widely used 
to simplify the problem. For a 1:1 electrolyte with Debye-Hucker 
approximation, the Hogg-Healy-Fuerstenau (HHF) equation (Mutual 
Coagulation of Colloidal Dispersions, Hogg, 1965) for the EDL interaction 

energy, WEDL(h) =
εεwk[2ζ1ζ2 − (ζ2

1+ζ2
2)e(− kh) ]

2 sinh(kh) , can be derived by applying the 
CP-CP boundary, where ζ1 and ζ2 are the ζ-potential of surface 1 and 
surface 2, respectively. k− 1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(εε0KBT)/(2NAe2I)

√
is the Debye length, 

wherein I = 0.5 
∑

zi
2ρi is the ionic strength, ρi is the ion concentration 

(mol/kg). When the two EDLs are weakly overlapped, linear super

position approximation (LSA) gives WEDL(h) = 64kBTn∞tanh2
(

eζ
4kBT

)
exp 

( − κh)/κ for a 1:1 electrolyte also under the CP-CP boundary, where n∞ 

is the number density of ions in the bulk solution. The LSA solution can 
be used for conditions with higher zeta potentials, but invalid when the 
EDLs are strongly overlapped. Moreover, it can only work for identical 
or similar surfaces. It should be noted that simplified boundary condi
tions may lead to great errors for thin films. When the sum of the net 
surface charges is not zero, the CC-CC boundary would lead to infinite 
zeta potentials, and may produce unphysical EDL repulsion between 
oppositely charged interfaces. Similarly, when the zeta potentials of the 
two surfaces are not equal, the CP-CP boundary would lead to infinite 
surface charge densities, and may produce unphysical EDL attraction 
between identically charged interfaces. In practice, if the zeta potentials 
of the surfaces differ very little, a safe approach is to take the mean of the 
two, ζ = (ζ1 + ζ2)/2, and substitute them into the HFF equation [63]. In 
realistic conditions, the interface charging quantities of the two surfaces 
would interact with each other, which is called charge regulation (CR). 
The CR boundary solves the potentials and the charge densities using 
four equations based on electrostatic equilibrium conditions and 
charging models of the two surfaces. This boundary condition is more 
physically realistic and safer to use, but complex to solve [63]. 

Similarly with the van der Waals interaction, for identical spherical 
colloidal particles, the EDL interaction when applying Derjaguin approx

imation becomes WEDL(h) = πεεwr
(
ζ2

1 + ζ2
2
)
[

2ζ1ζ2

(ζ2
1+ζ2

2)
ln
(

1+exp(− κh)
1− exp(− κh)

)
+ ln 

(1 − exp( − κh) )
]

under constant potential condition [54,64]. For ζ1= ζ2 

= ζ, it becomes WEDL(h) = 2πεεwrζ2 ln (1 + exp (− κh)). It should be noted 
that the above expression is only valid when the double layer thickness is 
much smaller than the particle size (at least kr >5) and the zeta potential is 
small (Debye-Huckel approximation). LSA is also commonly used to derive 

the expression for spherical interactions, which gives WEDL(h) =

64πεε0
( kBT

e
)2 r2

h+2rtanh2
(

eζ
4kBT

)
exp( − κh) [65], valid for small zeta potential 

and all kr provided that kh is large enough. Linear superposition approx
imation is more commonly used to derive the expression for spherical in
teractions, which gives WEDL(h) = 4πεε0

r2

h+2rζ
2exp( − κh). For thin double 

layers, we haveWEDL(h) = 32πεε0rtanh2( 1
4 ζ

)
exp( − κh) [65]. A more 

detailed comparison of the Derjaguin approximation, linear superposition 
approximation and surface element integration can be found in the work 
by Bhattacharjee et al. [66]. 

The general trend of DLVO interactions in the nanoparticle suspen
sion are shown in Fig. 2A. The DLVO theory is classic and very useful for 
describing the stability of commonly encountered suspension systems, 
but for special conditions, the applicability needs to be carefully eval
uated. For instance, when particle concentration is too high, pair-pair 
interaction may be invalid for describing the multi-body interactions. 
The non-uniform distribution of particles and solvents due to flow in 
porous media and also the polydispersity means the identical values for 
particle size, Debye length or zeta potential may not be suitable. 

The structural force is a general term for relatively short-range in
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teractions that cannot be described by the DLVO theory when the dis
tance is extremely small [67]. It is often called the solvation force when 
the medium is a solvent and the hydration force if the solvent is water. 
The microscopic interpretation of the structural force is basically the 
polar interactions including the effects of hydrogen bonding and specific 
ion-water interactions, which can be designated as Lewis acid-base or 
electron-acceptor/electron-donor interactions [68,69]. The structural 
energy is usually calculated from the following expression WS(h) =

hsAse−
h
hs , where hs and As can be obtained empirically [36]. In fact, the 

theory of surface tension components has demonstrated the additivity of 
the Lifshitz-van der Waals and the polar surface tension components and 
the non-additivity of electron-acceptor/electron-donor components. The 
modified Young-Good-Girifalco-Fowkes equation [70,71] gives (1 + cos 

θ)σTOT
L = 2

[(
σLW

S σLW
L

)1
2 +

(
σ+

S σ−
L
)1

2 +
(
σ−

S σ+
L
)1

2
]
, where the subscripts S 

and L stand for solid and liquid, the superscript LW stands for Lifshitz- 
van der Waals interfacial tension, + and – stand for electron-acceptor 
and electron-donor respectively. The relation between contact angles 
and the unknown controlling parameters of polar liquid can be deter
mined by means of contact angle measurements with three different 
liquids. 

When rigid nanoparticles are dispersed in the aqueous fluid, elec
trostatic stabilization is the fundamental approach to increasing EDL 
force to overcome particle aggregation due to VDW force. The ionic 
strength of the suspensions determines the Debye length, which repre
sents the radial size of the diffuse layer at the particle surface. Low ionic 
strength contributes to a large ion cloud extending far from the particle 
surface, repelling particle-particle aggregation. However, high ionic 
strength (e.g., high salinity water) compresses the EDL length, destabi
lizing nanoparticle suspensions [72]. Another critical factor is the zeta 
potential, which is affected by ion concentration and pH, as shown in 
Fig. 2B. Basically, the larger the net zeta potential, the more stable the 
suspension [73]. As salt concentration increases, the Debye length will 
decrease due to compression of the double layer. The Huckel limit and 
the Smoluchowski limit corresponds to kr ≪ 1 for smaller particles at 
low salt concentrations and kr ≫ 1 for larger particles at high salt con
centrations, respectively. When applying electrophoresis to measure the 
zeta potential, the double layer thickness will highly impact the force 
balance and the motion of the particles, and the expressions for zeta 
potential will be quite different under different limits. For example, the 
silica-NaCl aqueous fluid interface is more negatively charged for higher 
pH and lower concentration, stabilizing silica nanoparticle suspensions 
[63,72–74]. It is worthy to note that the silanol group may become 
positively charged by accepting protons under very acidic solutions 
(pH<3), and the silica significantly dissolves into silicate ions HSiO3

- in 
basic solution (pH>9) [73]. 

The extended DLVO force plays an important role not only in the 

stability of suspensions but also in the adsorption of particles on solid 
walls and the formation, evolution, and flow of microscopic fluid films, 
such as capillary condensation on nano rough surfaces, electroosmotic 
flow in nanochannels, etc. All these effects may affect the multiphase 
displacement consequences, which will be introduced and discussed in 
Section 2.2.2. 

In addition to the extended DLVO forces, macromolecules (such as 
polymer) particles or adsorption of nonionic macromolecules onto the 
surface of particles can lead to the steric force [75]. The steric force 
contains the long-range osmotic pressure and the relatively short-range 
elastic recoil force [51]. At small separations, the elastic compression of 
anchored chains dominates the attractive van der Waals force and the 
total interaction potential actually exhibits no minimum at contact, 
which is different from pure colloidal interactions. The colloidal sus
pension is thermodynamically stable if the layer is thick enough and the 
polymeric chains do not desorb. Instability occurs at a separation com
parable to the layer thickness due to the polymer-polymer interactions 
or particle-particle attractions acting across thin layers. The theoretical 
model for interaction potential between spheres with polymer layers has 
been well-established and a well-defined critical flocculation point ex
ists and varies under different conditions [54]. Steric force is commonly 
encountered in suspension with polymer particles [76]. The magnitude 
of the steric force depends on the grafting density of macromolecules on 
the particle surface and their interaction with the fluid. By comparing 
microgel particles with different contents of crosslinker, it has been 
demonstrated that increasing the degree of crosslinking increases the 
aggregation of particles [77]. It has also been shown that the combined 
electro-steric repulsion using charged macromolecules can decrease 
suspension aggregation [78]. Besides, non-adsorbing polymers, as an 
important additive in multiphase displacement process, have also been 
combined with particle suspensions. When non-adsorbing polymers 
exists freely in the bulk solution, the depletion force between relatively 
large particles will arise and influence colloidal stability. The depletion 
force is an attractive force arises between colloidal particles in a dilute 
solution of depletants [79]. The non-adsorbing polymers, as the deple
tants, are preferentially excluded from the vicinity of the particles since 
the total entropy of the system will increase accordingly. The depletion 
force can lead to the flocculation of the colloids, which should be 
carefully evaluated when non-adsorbing polymers exist in particle sus
pensions [80]. 

2.2.1.2. Compound particle suspension. When the stock microgel particle 
suspension is prepared by the inverse suspension polymerization 
method and diluted in water to a specified concentration, most microgel 
particles will disperse from the droplet of the stock suspension, while 
some microgel particles may still be trapped within the oleic droplet as 
particle clusters, called microgel-in-oil. This new compound particle was 

Fig. 2. (A) The general trend of DLVO interactions in the nanoparticle suspension. (Silicon (IV) oxide in water (Alfa Aesar) was diluted with deionized (DI) water to 
4 wt% with a nominal (geometric) diameter of 20 nm and the ionic strength is about 0.03 M). (B) Theoretical predictions and experimental data for the silica surfaces 
interacting with NaCl solution, zeta potential as a function of pH for three different NaCl concentrations. The data are from Wang and Revil [73]. 
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discovered and synthesized as high-performance displacement additives 
in multiphase flow in porous media [81–83]. The formation process of 
microgel-in-oil in the suspension is illustrated in Fig. 3A. Cryo-SEM of 
the stock microgel particle suspension and the diluted microgel particle 
suspension at various magnifications are presented in Fig. 3B. The 
microgel particles are well-dispersed in the stock microgel particle 
suspension, and their particle size is relatively uniform. However, in the 
aqueous diluted microgel particle suspension, microgel-in-oil appears 
aggregated with several times a single microgel particle diameter. Under 
higher magnification, the internal structure of microgel particles can be 
observed, where a porous interconnected network of polymer chains 
forms the spherical particle (Fig. 3B). Their aggregation and dispersion 
kinetics differ from the pure particle suspension [84]. Different 
microgel-in-oil content will influence the suspension transport modes, 
affecting displacement efficiency. 

The aggregation state as microgel-in-oil or the dispersion state as 
plain microgel particles are determined by oil content and the surfactant 
[81–83]. The interactions between the particles and the fluid–fluid 
interface, interactions between particles, and the thermal energy of the 
system determine what particle state is formed [85]. Applying the 
demulsifier or ultrasound can transfer the microgel-in-oil into plain 
microgel particles [36]. Fluorescence microscope observations on the 
suspension formation process are shown in Fig. 3C. Most microgel 

particles were initially entrapped in oil droplets, then particles were 
released from the oil droplets rapidly and soon reached stability after 
200 s. Some particles were still trapped in oil droplets during the dilu
tion process. The fluorescence microscope micrographs of the microgel 
particle suspension with 1vol% particle concentration in the absence 
and presence of 2 wt% demulsifiers (Sulfobetaine 12, S12) are presented 
in Fig. 3D. It is evident that the addition of S12 makes many microgel-in- 
oil decompose into well-dispersed particles, and microgel-in-oil content 
is significantly reduced. 

2.2.2. Particle adsorption kinetics 

2.2.2.1. Adsorption at the fluid–fluid interface. The phenomenon that 
particles can reside at the fluid–fluid interface, providing them with 
resistance against interface coalescence or fusion, coarsening or Ostwald 
ripening of droplets and emulsions, which is known as Pickering stabi
lization and has been demonstrated well using different methods types 
of particles [86]. Emulsions stabilized by solid particles are known as 
Pickering emulsions, where the particles have a strong tendency to 
adsorb or assemble at liquid–liquid interfaces. In a given Pickering 
emulsion system, a decrease in the interfacial energy is related to the 
particle size, ΔE = − πR2/γow[γow − (γwp − γop)]2, where R is the solid 
particle radius, and γow, γop and γwp represent the interfacial tension of 

Fig. 3. (A) Schematic of microgel-in-oil formation by 
diluting the stock microgel particle suspension in 
water. (B) Cryo-SEM micrographs of the stock 
microgel particle suspension (up) and the diluted 
microgel particle suspension (down), showing the 
external structure (left) and local view of microgel 
particles (right), respectively. (C) The formation pro
cess of the microgel particle suspension. The stock 
microgel particle suspension in the oleic phase was 
dispersed in water, and the particles were released 
from the oil droplets within 200 s. (D) The fluores
cence micrographs of microgel particle suspensions in 
the presence or absence of microgel-in-oil can be 
controlled by the surfactant-S12. Figures are from Lei 
et al. [37].   
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oil-water, oil-particle, and water-particle respectively. Rigid particles 
absorbed in the fluid–fluid interface obey the Young-Dupre relation γow 
cos θ + γwp = γop, where θ is the contact angle between the particle 
surface and oil-water interface on the waterside, which is determined by 
γow, γop and γwp (Fig. 4A). The adhesion energy of the rigid particle is 
described as ΔE = πR2γow(1 ± cos θ)2, which equals the escape energy 
needed to remove the particle from the interface into either the water 
phase or oil phase [87]. For the contact angle < 90◦ (relatively hydro
philic), the particle is more easily removed into the water phase, and the 
reverse is valid for the contact angle > 90◦ (relatively hydrophobic). 

Deformable particles can be better emulsifiers or fluid–fluid interface 
stabilizers than hard particles because they stretch at fluid interfaces 
[88]. The deformation of a particle at a fluid–fluid interface is governed 
by the competition between bulk elasticity and interfacial tension [89]. 
Considering an extreme case of perfectly-soft particles, adsorption of 
perfectly-soft particles take a lenticular shape, given by Neumann’s 
triangle construction. This deformation can increase adsorption energies 
by magnitude relative to rigid particles, as shown in Fig. 4 A and B. The 
adsorption energies ratio of soft-particle to hard-particle ΔEsoft/ 
ΔErigiddepends on γop/γow and γwp/γow (Fig. 4C). Considering an ideal 
case about neutrally wettability particles with the same interface tension 
in oil and water (cosθ = 0, γop = γwp = γp), the adsorption energy of the 
deformable particle is ΔEsoft = πR2γow + πRur(R,π/2), where ur is the r- 
direction displacement in the spherical coordinates (r, θ, ϕ), the first 
term πR2γow is the adsorption energy of a rigid particle ΔErigid, and the 
second term πRur(R,π/2) is the energy change due to particle stretching, 
detailed calculation can refer to Style et al. [90]. The adsorption energy 

depends on RE/γp and γp/γow, where E is elastic modulus of soft particles. 
A transition from perfectly soft to rigid behavior of particles will happen 
with the increase of RE/γp and adsorption energy increases with 
decreasing γp/γow [90], as shown in Fig. 4D. 

Interfacial self-assembly of micro/nanoparticles can also occur and 
affect multiphase flow patterns during displacement processes, which is 
commonly encountered in the procedure of preparing large-scale 
nanoparticle monolayers [91,92]. The Marangoni effect is important 
to fabricate highly reproducible particle monolayers due to particles 
could be easily transferred and compressed along the fluid–fluid inter
face due to the interfacial tension gradient. 

2.2.2.2. Adsorption at the fluid–solid interface. Adsorption of micro/ 
nanoparticles onto solid surfaces can change solid surface properties to 
affect the transport behavior of suspensions and defending phase 
mobility in porous media. The particle adsorption is mainly controlled 
by the surface charge of particles and solid substrates, pH, salinity, 
temperature, and particle concentration. The coupling of physical, 
electrostatic, and hydrogen bonding adsorptions determines the final 
particle adsorption consequences [93]. Generally, electrostatic adsorp
tion domains the adsorption process when the negatively charged par
ticle meets positively charged substrates [93–95]. For example, the 
surface charge of silica or metal oxide nanoparticles are negative, which 
is easier absorbed on some calcite surface with positive charges; posi
tively charged polystyrene particles are easier absorbed on the nega
tively charged glass surface due to strong electrostatic attraction [96]. 
Repulsive particle interactions that predominate in some systems may 

Fig. 4. Schematic representation of (A) force analysis about rigid and deformable particles absorbing at the water-oil interface, and (B) the quadradic energy well for 
rigid particles at a water-oil interface. (C) The adsorption energy ratio of rigid-particle over perfectly-soft-particle. (D) The adsorption energy of soft particles is 
normalized by the adsorption energy of a rigid particle for various values γp/γow, where dashed/continuous curves correspond to Poisson ratio ν = 0.4/0.5 
respectively. Fig. 4 C and D are from Style et al. [90]. 
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lead to an unfavorable adsorption condition. Despite the negative 
charges of both silica nanoparticles and glass surfaces, adsorption may 
still be feasible [97]. 

The DLVO interaction profile shows that unfavorable adsorption can 
pertain through a fraction of particles in the secondary energy mini
mum, some particles with enough energy to overcome the energy bar
riers to reach the primary minimum, and the intrinsic charge 
heterogeneity of particles/solid surface providing some favorable site 
for attachment [93,98]. Meanwhile, salinity and pH can adjust the 
surface charge and electrostatic interaction between nanoparticles and 
solid surfaces. For example, both silica nanoparticles and glass or some 
calcite surfaces will be more negative at higher pH, the electrostatic 
repulsion between the surfaces becomes more prevalent, and adsorption 
decreases. In high salinity environments, the electrostatic repulsion 
vanishes due to compression of the electric double layer, and the pure 
attractive interaction is achieved [63,73]. Moreover, the competition 
between flow rate and adsorption force also determines the particle 
adsorption state [96,99]. For example, at high injection pressures, hy
drodynamic stresses cause particles to be continually deposited and 
distributed throughout the porous medium. By contrast, at low injection 
pressures, the relative transport behavior is suppressed, causing parti
cles to localize near the inlet of the medium [96]. 

Nanoparticles can adsorb on the rough glass surface and form many 
nanostructures, as shown in Fig. 5A. The adsorption of nanoparticles 
would induce a composite effect including surface roughness change and 

chemical property variation. The Wenzel model and the Cassie− Baxter 
model are two basic models describing the apparent contact angle 
related to surface roughness and chemical heterogeneity respectively 
[100,101]. For multiscale surfaces, the wetting states are different at 
different length scales, which means a universal description of wetting is 
needed. Sun et al. [102] has proposed a theoretical framework to 
describe the wetting state based on the concept of ‘deficit curvature’. 
The underlying origin of the classical wetting models is shown to be 
rooted within the proposed theoretical framework. Moreover, the 
adsorption-induced roughness change is quite different from directly 
roughening the surface. Therefore, the basic models cannot be quanti
tively applied to predict the wettability alteration during the adsorption 
process, while the qualitative change may be consistent. 

Comparing apparent contact angle measurement results of the 
nanoparticle suspension and the surfactant solution on different sub
strates immersed in decane with the same interfacial tension, we can 
elucidate that nanoparticles have negligible impact on wettability on 
polymethylmethacrylate (PMMA) substrate due to no particle adsorp
tion (Fig. 5B), while the contact angle changes on the glass surfaces are 
more significant, especially on the rough glass substrate. Prior to contact 
angle measurements, we cleaned the glass by acetone, absolute ethanol 
and deionized water for ten minutes sequentially, then dried and soaked 
in decane for 24 hours. The system wettability was characterized by 
placing a droplet of injection fluid onto the glass substrate submerged in 
the decane-filled reservoir. The contact angle change vs time was 
recorded until a steady-state was reached. Based on atomic force mi
croscopy (AFM), we measured the rough topography of the HF-etched 
glass chip before and after nanoparticle adsorption, as shown in 
Fig. 5C and D. After nanoparticle adsorption, the roughness factor as the 
ratio of surface area to the projected area will be changed from 1.02 to 
1.21, the roughness maximum will be changed from 8.70 to 72.50 nm, 
the roughness average will be changed from 1.15 to 5.47 nm, and the 
root mean square roughness will be change from 1.46 to 6.82 nm. This 
nanoscale roughness will influence not only the wettability alteration 
but also the sub-pore scale multiphase flow. 

Fig. 5E compares the thick hydrodynamic water film distribution on 
the smooth convex surface and the hierarchical micro/nanosurface 
under various capillary pressure, where the hierarchical micro/nano
surface is formed by adding nanoparticle adsorption roughness on the 
smooth convex structure, as shown in Fig. 5D. The finite-difference 
numerical solution of the augmented Young-Laplace equation was ob
tained with successive overrelaxation for the water film configuration. 
The DLVO interaction forces are presented in Fig. 2A. On smooth 
micrometric convex surfaces, there exists a thin film only. However, on 
the hierarchical micro/nanoscale surface, even at a high capillary 
pressure Pc=62 kPa, the connected thick hydrodynamic water film will 
form from the thin adsorption film and remain robust on the convex 
surface. This robust thick hydrodynamic film will affect the macroscopic 
multiphase flow consequences. 

2.2.3. Particle ordering kinetics in the thin film 
Thin water film widely exists in multiphase displacement processes 

in porous media, such as the film region between two squeezed oil 
droplets, the water film region adsorbed on the wall, and the confined 
three-phase contact region. When the film thickness is ultra-small, the 
augmented Young-Laplace equation [103] governs interaction with thin 
water film in the confined three-phase contact region, Pc =

2γ
R + Π(h), 

where γ is the interfacial tension, R is the curvature radius, Π is the 
disjoining pressure, and h is the film thickness. Disjoining pressure 
usually refers to the force that tends to disjoin or separate two interfaces 
[67]. For simple liquids with no particles, the disjoining pressure dom
inates when the film thickness is a few nanometers, and it can be 
calculated by the extended DLVO interactions, which have been intro
duced in Section 2.2.1. 

The spreading coefficient S determined the water spreading behavior 

Fig. 5. (A) Nanoparticle adsorption on the rough glass substrate. (B) Com
parison of contact angle results of nanoparticle suspension - decane system and 
surfactant - decane system on the different substrates but with the same 
interfacial tension. (C) Rough structure characterization of fabrication rough
ness by HF etching on the glass substrate, and (D) Nanoparticle-adsorption 
induced roughness on the glass substrate. (E) Calculated aqueous-nonaqueous 
fluid interface on the hierarchical micro/nanostructures under different capil
lary pressures; the blue color is the hydrodynamic water film. The curvature 
radius of the convex surface is about 100 nm, which is much larger than the 
nano roughness. 
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which can be calculated by the Frumkin-Derjaguin equation, S = Π(he) 
he +

∫
he

∞Π(h)dh = σ(cosθe − 1), where θe is the equilibrium contact 
angle, he is the equilibrium water film at the plain region. The sponta
neous film spreading (S > 0) of simple liquids only occurs under ultra- 
wetting state. Based on the Frumkin-Derjaguin equation, the equilib
rium contact angle should be zero for spreading. However, a “zero” 
contact angle does not exist, and spreading occurs in non-equilibrium 
conditions under realistic situations. The spontaneous spreading of the 
wetting phase is driven by the force imbalance between the solid/non- 
wetting phase interfacial tension and the summation of the solid/wet
ting phase. For nanoparticle suspensions, Wasan and Nikolov [104] 
found that nanoparticles ordered in the thin film can significantly 
enhance the film wetting and spreading behavior (Fig. 6A and B). The 
structural disjoining pressure Πstr was proposed to elucidate this unique 
phenomenon, which has been demonstrated by experimental observa
tions [104], numerical simulations [105], and theoretical derivations 
[106]. The solid-like particle ordering in the thin-film region increases 
the system's entropy compared with the greater freedom of nano
particles in the bulk region. This interesting particle ordering phenom
enon results in excess disjoining pressure to enhance the separation of 
the interfaces and the spreading of the film. It should be noted that the 
structural disjoining pressure Πstr here is induced by nanoparticles 
ordering in confined film region, which is different from the short-range 
structural force Πs introduced in Section 2.2.1. Compared with the 
traditional disjoining pressure components originates from the extended 
DLVO forces, this excess pressure a long-range force and dominates 
when the film thickness is close to the effective particle size. 

Extensive efforts have been made to understand the mechanism of 
particle ordering and structural transitions of suspensions in thin films. 
Crystallized polystyrene particles confined into a thin film layer have 
observed that there exists a series of structural transitions as the film 
thickness changes [107]. Nikolov and Wasan [108] further detected the 
structural transition of concentrated silica nanoparticle suspensions 
from periodic colloid structures to local particle networks or clusters due 
to particle binding or sticking using the reflected light interferometric 
and the transmitted multiple light scattering imaging techniques. They 

presented the phase diagram for the order/disorder structural transition 
and the film stability as a function of particle concentration, particle 
diameter, and film thickness. Moreover, simulations of hard spheres in a 
wedge-shaped cell showed a tendency for the spheres near the vertex to 
be solid-like or confined and those far from the vertex to be fluid-like or 
freely moved [105]. These layered ordering structures have been 
demonstrated by Monte Carlo simulations of hard-sphere-hard-wall and 
Leonard-Jones systems [109], which become more pronounced as the 
particle concentration increases. The structural disjoining pressure has 
been calculated according to the contact between particles and film 
surfaces, which oscillate with the film's stepwise thinning, as shown in 
Fig. 6C and D. 

The analytical solution of Πstr can be derived directly using statistical 
mechanics based on the hard-sphere model and the Ornstein-Zernike 
relation [106]. The derivation considers the disjoining pressure 
between a pair of large spherical particles with radius R immersed in a 
suspension composed of spherical particles with diameter d << 2R, 
which can also be extended to the situation with flat surfaces. The 
Percus-Yevick (PY) theory [110] is applied to obtain the relation 
between the macroparticle radial distribution function g(r,R) and the 
potential of mean force between giants w(r,R), w

kT = − g+ 1, where r is 
the distance between the large spheres. The Derjaguin approximation is 
used to establish the relationship between w(h + 2R,R) and the excess 
interaction energy per unit area W(h) = lim

R→∞
− ∂w(h+2R,R)

πR∂h , where h is the 

distance between two surfaces. By differentiation of the energy to 
film thickness, we can get the pressure exerted by the hard-sphere fluid 
film, namely the structural dis2joining pressure Πstr. In summary, the 
model related Πstr with g(r,R), and the analytical result for the Laplace 
transform of g(r,R) can be obtained and substituted. Additional 
corrections should be involved when the film thickness is less or 
equals one layer of dispersed particles leading to invalid PY 
theory. The expression of Πstr can be calculated by Πstr(h) =
{

− P,0 < h < d
Π0cos(ωH + φ2)e− κh + Π1e− δ(h− d), h ≥ d , where Π0, ω, φ2, κ are fitted 

as cubic polynomials in terms of the particle volume fraction φ, P is the 

Fig. 6. (A) Diagram of experimental set-up for parti
cle ordering in the confined three-phase region. (B) 
Particle structuring in a wedge film. Latex particles 
had a diameter 1 μm, charge 0.8 μC cm-2, and occu
pied 7 vol.%. (C) The effect of particle diameter on 
structural disjoining pressure Πstr, where the effective 
particle concentration is 45 vol%. (D) The effect of 
particle concentration on structural disjoining pres
sure Πstr, where the effective particle diameter is 20 
nm. Fig. 7A and B are from Wasan and Nikolov [104], 
and data from Fig. 7C and D are calculated based on 
the theory and method proposed by Trokhymchuk 
et al. [106].   
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bulk osmotic pressure of the rigid spherical particle suspension, and 
Π1e− δ(h− d) is a correction term for the film pressure at the separations d 
≤ h < 2d, where Π1 and δ are determined by the boundary condition of 
disjoining pressure Πstr(h) = − P + ρkTZ at film thickness h=d, where ρ 
is the particle number density, k is Boltzmann number, T is temperature, 
and Z = exp (βΔμ). βΔμ refers to the chemical potential, where β = 1/ 
kBT, and Δμ is the configurational chemical potential. P =

ρkBT 1+φ+φ2 − φ3

(1− φ)3
and βΔμ = φ 8− 9φ+3φ2

(1− φ)3 can be derived from the Carnahan- 

Starling equation, which is an approximate but quite good equation of 
state for the fluid phase based on the hard-sphere model [111,112]. 
Fig. 6C and D present the influence of effective particle diameter and 
particle concentration on the disjoining pressure curve by varying the 
film thickness, respectively. Smaller effective particle diameter and 
higher particle concentration contribute to greater disjoining pressure 
amplitude. 

2.2.4. Particle deformation and transport kinetics 
A promising approach for improving displacement efficiency relies 

on the injection of deformable particles into a porous subsurface reser
voir [24]. As the deformable particles squeeze through the pore space, 
they deform, eventually clogging higher permeability regions and 
diverting flow to harder-to-access pores. This particle deformation and 
transport kinetics is affected by particle deformability, particle size and 
pore size ratio, and flow conditions, such as injection flow rate, and 
point-to-point or piston-type injection methods. In addition, multiple 
particles may present different behavior compared with isolated parti
cles. For example, multiple particles can unexpectedly squeeze through 
large-aspect ratio constrictions, which arise from pairwise flow- 
mediated interactions between the particles due to locally increased 
hydrodynamic stresses. When one particle is plugged into a pore 
constriction, the local flow pressure will increase around this particle 
and enable the subsequent smaller particles to squeeze past. This 
cooperative mechanism of multiple particles in porous media causes the 
particles to self-sort based on particle size in the pore space [113]. These 
processes by which deformable particles squeeze through pore 

constrictions, or instead get stuck, critically impact subsequent transport 
through the entire medium. 

2.3. Macroscopic suspension properties 

2.3.1. Interfacial tension 
The fluid–fluid adsorption kinetic determines the interfacial tension 

between the suspension fluid and another fluid. By monitoring the 
decrease in interfacial tension upon particle binding, the adsorption 
energy of microparticles and nanoparticles at the water-oil interface can 
be experimentally measured [114,115]. Cryo-SEM has clearly shown 
that suspended particles can adsorb and densely pack at the oil-water 
interface [116], as shown in Fig. 7A. 

The adsorption kinetics of deformable particles at the fluid–fluid 
interface can also be evaluated by the dynamic evolution of oil-water 
interfacial tensions under different conditions, affected by particle 
concentration (Fig. 7B), temperature (Fig. 7C), and particle deform
ability (Fig. 7D) [117]. When spontaneous adsorption of particles to the 
oil-water interface, the interfacial tension will decrease with time 
increasing. Higher particle concentration, higher temperature, and 
lower stiffness of particles can promote particle adsorption and stabilize 
the oi-water interface by reducing the interfacial tension. 

The effect of rigid nanoparticle suspension on reducing the interfa
cial tension by adsorption at the liquid–liquid interface has been widely 
reported [114,118]. It always presents a similar effect to weak surfac
tants [119,120]. For example, A 4 wt% silica nanoparticle suspension 
with a nominal diameter of 20 nm can decrease the interfacial tension of 
the water-decane system from 48.5 to 44.3 mN/m, while only 0.02 wt% 
Sulfobetaine 12 surfactant or 0.01 wt% Sodium dodecane sulfonate 
aqueous solution can achieve a similar effect of interfacial tension 
reduction from 48.5 to 43.1 mN/m. This interfacial reduction ability can 
be enhanced when the nonaqueous phase contains active substances 
such as the complex properties of crude oil. The silica nanoparticle has 
the more obvious ability to decrease the interfacial tension in the brine- 
crude oil system from 19.2 to 9.6 mN/m at a concentration of 0.01 wt%, 
and the interfacial tension is sensitive to nanoparticle concentration 

Fig. 7. The relationship between interfacial tension 
and adsorption kinetics of microgel particles at the 
fluid–fluid interface. (A) Cryo-SEM image of the 
heptane-water interface covered by (a and b) 2.5 mol 
% BA crosslinked microgel particles and (c) 5 mol% 
BA crosslinked microgel particle, the particle struc
ture and arrangement at the interface can be illus
trated by (d), where BA is N,N’-Methylenebis 
(acrylamide), Fig. 7A is from Destribats et al. [116]. 
(B) Microgel concentration dependence of interfacial 
tension at the heptane-water interface and 298K, in 
which the used particles are 3.2% BA PNIPAM 
microgels. (C) The effect of temperature on interfacial 
tension at the heptane-water interface, in which the 
used 3.2%BA PNIPAM microgel concentration is fixed 
at 5×10-3 g mL-1. (D) The effect of stiffness on inter
facial tension at the heptane-water interface, in which 
poly(styrene-co-NIPAM) particles with different sty
rene to NIPAM ratios to adjust particle deformability, 
S/N1 can be regarded as a particle with a soft shell, 
resembling soft microgels, while S/N8 should be 
regarded as a rigid particle with a very thin layer of 
dangling PNIPAM chains at the surface. Fig. 7B, C, 
and D are from Li et al. [117].   
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[121]. 

2.3.2. Wettability 
Particle adsorption on the fluid–fluid and fluid–solid interface de

termines the system's wettability. The wettability alteration effect of 
suspensions can be affected by particle size, cosurfactants, pH value, and 
ion strength [29,63,122]. The wettability alteration process by nano
particle suspension is time-dependent that may take days to finish due to 
the dynamic particle-solid adsorption processes [95,123]. Common 
wettability alteration explanations are that particle adsorption on the 

solid surface alters the surface morphology or suspension contentment 
impacts the extended DLVO force at the three-phase contact area 
[124–126]. After adsorption, the classical theories of the Wenzel model 
or Cassie model are widely accepted to explain the wettability alteration 
mechanism [127]. The Wenzel model presents that nanoparticle 
adsorption will increase the roughness factor, the ratio of actual surface 
area to the geometric surface area, to decrease the aqueous fluid contact 
angle [128]. The Cassie model presents that nanoparticle adsorption- 
induced rough structure will contain retained water in the valley of 
the rough structure, which will increase the nonaqueous fluid contact 

Fig. 8. The typical rheology curve of suspensions and concentration-manipulated rheology of microgel particle suspension. (A) Schematic illustration of three stages 
in the rheological curvature. (B) The surface fitting of the relation between viscosity, shear rate, and particle concentration. (C) Viscosity curves of different microgel 
particle concentrations in the oil phase (decane). (D) Viscosity curves of different microgel particle concentrations in the aqueous phase. (E) Sphere stacking schemes 
with different maximum occupied volume solid fractions. (F) Relative viscosity as a function of reduced volume fraction. The line graphs correspond to models 
presented by Einstein, Batchelor, Krieger and Dougherty, and Eilers in the text, with ϕm = 0.65 and [μ] = 2.5. The symbol data are from Chang and Powell [143]. The 
data in Fig. 8C and D are from Lei et al. [36] and Fig. 8F is from Stickel and Powell [147]. 
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angle [100]. Some multiscale rough-patterned surfaces formed by 
nanoparticle adsorption were also investigated, and the wetting regime 
on the solid surface can be determined by combining the Wenzel and 
Cassie− Baxter models [101,129]. The nanoparticle effects on wetta
bility alteration can also be evaluated and analyzed through surface 
forces and DLVO theory. The fraction of silica nanoparticles covered 
sites will change the combination of hydrophobic and hydrophilic areas, 
significantly influencing the structural disjoining pressure or electroki
netic properties and determining the final contact angle data 
[125,126,130]. 

2.3.3. Rheology 
Deformable particle suspension commonly presents a non- 

Newtonian behavior, which typically goes through three stages in the 
rheological curvature [131,132], as shown in Fig. 8A. Deformable par
ticle suspension maintains a constant viscosity at ultra-low shear rates 
due to repulsive interparticle electrostatic or Brownian forces [133]. 
With the shear rate increase, the apparent viscosity of deformable par
ticle suspension decreases, classified as shear-thinning properties [134]. 
The deformable particles move closer to shear orientation layers by the 
increased hydrodynamic force. However, when the shear rate exceeds a 
critical value, deformable particle suspension presents shear-thickening 
properties; the apparent viscosity will increase due to the formation of 
particle clusters limiting the shear flow [135,136]. During injecting 
process relevant to the geological system, the shear rate typically ranges 
from ≈10-3 to 103 s-1 [137]. Therefore suspensions in these conditions 
usually present shear-thinning properties. The non-Newtonian charac
teristics of microgel particle suspensions are controlled by the shear 

rate ε̇ and concentration c, viscosity η follows the fitting relationship η =
(

100.11c2+0.62c− 2.56
)

ε̇− 0.786 [36]. Decreasing the shear rate or increasing 

the particle concentration will increase the apparent viscosity (Fig. 8B). 
The microgel particle suspension presents the dual characteristics of 
colloids and polymers with concentration-dependent non-Newtonian 
characteristics. Well-dispersed microgel particles in stock microgel 
particle suspension always present Newtonian fluid due to good dis
persibility and locked polymer chains inside the particles (Fig. 8C). In 
contrast, microgel particle suspension in aqueous circumvention pre
sented the shear-shinning features as a power-law fluid at a shear rate 
range of 10-2 to 10 s-1 due to the hydrophilic polymer chains on the 
surface of the particles and the networked structure (Fig. 8D). 

Unlike deformable polymer particles with porous structures and 
polymer chains on the surface, the rheological properties of rigid par
ticles only originate from particle-fluid and particle-to-particle in
teractions. At low particle concentrations, a flow field around a single 
sphere can be assumed to describe the increased viscosity, and an 
increased resulting viscosity is calculated from the viscosity of the sol
vent and the volume fraction of the dispersed hard spheres，μeff = μ0(1 
+ 2.5ϕ), where μ0 is the viscosity of the liquid phase, and ϕ is the solid 
fraction in the suspension [138]. The formula was modified and adapted 
for monodisperse suspensions for maximum solid fractions of 0.15 to 0.2 
by Batchelor [133] for Brownian suspensions in any flow, μeff = μ0(1 +
2.5ϕ + 6.2ϕ2). One empirical Eilers equation [139] that can overcome 
the high particle concentration limits was written as μeff = μ0(1 + 1/2 
[μ]ϕ/(1 − ϕ/ϕm))2. The rheology of rigid nanoparticle suspension is 
strongly dependent on the solid fraction that effective viscosity increases 
with the particle volume fraction ϕ, where ϕm is the maximum solid 
fraction in the suspension when the suspension can flow, [μ] is the 
intrinsic viscosity as a measure for the particle shape, [μ] = 2.5 for 
spheres. Suspensions with an even higher solid fraction can also be 
described with the model of Krieger and Dougherty [140], μeff = μ0(1 −
ϕ/ϕm)− [μ]ϕm. Assuming spherical particles, the theoretical ϕm can be 0.52 
to 0.74, depending on the sphere stacking scheme that simple cubic 
ϕm=0.52, body-centered cubic ϕm=0.68, hexagonal close-packed and 
face-centered cubic ϕm=0.74, as shown in Fig. 8E. It is also well- 

established that for random close packing of spheres the value ϕm is 
about 0.64 [141].These theoretical analyses of the viscosity versus 
concentration presented above have been overlaid on experimental data 
in Fig. 8F. 

Smaller particles result in a higher viscosity for a given shear rate and 
solid fraction. The broader the particle size distribution, the larger the 
positive effect on the packing density. Polydisperse suspensions usually 
have a higher maximum packing density ϕm as the space can be filled 
more efficiently compared to monodisperse suspensions. The poly
disperse mixture will reach a viscosity minimum when comparing the 
viscosity of two monodisperse and a polydisperse particle size distri
bution [142,143]. 

At low particle concentrations (<5 wt.%), the suspension exhibits a 
Newtonian behavior, and particles do not significantly impact the 
aqueous viscosity [144]. However, when nanoparticles were used as 
foam or emulsion stabilizing agents, some displacement experiments in 
porous media have shown that these combined nanoparticles systems 
can substantially lead to higher flow resistance for flow profile control 
by increasing the apparent viscosity of the displacing phase [145] or 
nanoparticle-induced fluid–fluid surface hardening [146]. 

2.3.4. Elastic modulus and strength 
The elastic modulus or strength of deformable particles can be 

evaluated from macroscopic suspension to single microscopic particles. 
From the suspension view, the strength of suspensions can be charac
terized by the storage modulus via the rheometer. The storage modulus 
of suspensions was the ability to store elastic energy that could be 
recovered eventually. Their values commonly range from 0.1 to 1000 
Pa, depending on the material, particle concentration, and particle size 
[38,40,131,148]. From the particle material view, the elastic modulus 
and strength of bulk material can be measured directly to represent the 
values of deformable particles via the uniaxial compressor. The 
compressive stress–strain curves of different bulk materials of deform
able particles show that the compressive strength generally ranges from 
0.05 to 10 MPa, and the elastic modulus ranges from 0.1 to 20 MPa 
[28,149]. From the single-particle view, the elastic modulus of sub- 
millimeter deformable particles can use regular force-indentation mea
surements performed by parallel plates in a rheometer. The power-law 
of particle elastic modulus and particle radius has been obtained [4]. 
Considering the particle size effect (for micro or nanoparticles), Lei et al. 
[150] first measured the in situ microscopic elastic modulus of microgel 
particles in suspension using an Atomic Force Microscope (AFM) to 
conduct the nanoindentation experiments. They claimed that the in situ 
elastic moduli of microgel particles with micron diameter in the sus
pension is about 3.22 MPa, which keeps a relatively larger value. 
Compared with deformable particles, the elastic modulus of the rigid 
nanoparticle is order-of-magnitude larger, such as 50–100 GPa for silica- 
based nanoparticles and 1–50 GPa for polymer-based rigid nanoparticles 
[151]. 

3. Microfluidic chips: Fabrication and design 

Microfluidics provides the ability to design pore space geometries 
with different length scales, which can offer an unprecedented visuali
zation resolution in porous media ranging from the interface phenomena 
at the pore scale to flow patterns at the macroscopic scale [152,153]. 
Because flow phenomena reside in micro- or nano-structures, micro
fluidic chips containing flow geometries that match real-world porous 
media are also called micromodels [15]. Interestingly, micromodel as a 
microfluidic approach predates the concept of microfluidics, which has 
been widely used in petroleum engineering, soil/groundwater remedi
ation, and geological carbon dioxide sequestration. In this review, the 
microfluidic chip and the micromodel have the same meaning and no 
difference in the concept. 

Compared with the multiphase flow in open systems or macro-scale 
geometries, multiphase flow in porous media is usually characterized by 
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a relatively low flow rate (up ≈ 10− 2~102 μm/s) at a low Reynolds 
number [17] (Re ≡

ρupd
η ≈ 10− 11 ∼ 10− 3), and capillarity dominated at a 

small capillary number [154] (Ca ≡
ηuD

γ ≈ 10− 10 ∼ 10− 3), where ρ is the 
fluid density, up is the characteristic flow velocity at the pore scale, d is 
the characteristic pore size (d ≈ 10− 1~102 μm), γ is the displacing fluid 
viscosity, uD is the Darcy flow velocity of displacing fluid. Reynolds 
number Re describes the relative importance of inertial stress to viscous 
stress, and the interpretation of capillary number Ca is the ratio of pore- 
scale viscous stress to capillary pressure. 

During the last 70 years, microfluidics has gradually developed as a 
valuable window into the inaccessible and opaque process of complex 
fluid flow in porous media. Chatenever and Calhoun [155] manufac
tured one of the earliest micromodels by filling the monolayer glass 
beads to investigate pore-scale flow mechanisms of the brine displacing 
crude oil process. Mattax and Kyte [156] first used the term micromodel 
to describe etched glass-based capillary network models when they 
observed the waterflooding process under strongly and weakly water- 
wet conditions. Since then, microfluidics or micromodels have long 
been applied to study fluid flow in porous media. The selected milestone 
of micromodel developments is shown in Table 1. Signs of progress have 
been made in fabrication technology, materials, surface properties, 
geometrical design, etc. 

3.1. Materials and fabrication 

The optically accessible porous structure is the basic requirement to 
visualize the multiphase displacement. The alternative material options 
for microfluidic chips include glass, silicon, and polymer materials such 
as polydimethylsiloxane (PDMS) and polymethyl methacrylate (PMMA). 
Nearly all these materials need to go through at least three steps [177]: 
1) transferring the designed pattern on the photoresist-covered substrate 
by photolithography; 2) shaping the geometrical patterns on the target 
material, such as dry or wet etching for glass and silicon, replica molding 
for PDMS, and laser engraving for PMMA; 3) sealing the micromodel 
against a slide with inlet and outlet ports. 

Glass and silicon are the two most common inorganic materials that 
have been widely used to fabricate microfluidic chips. Since silicon is 
opaque, the silicon wafer with structure patterns is usually bonded with 
a glass plate to be observed under a microscope. The wettability of glass 
or silicon can be easily modified by methods like thermal oxidation 
[178], salinization reaction [123], and surface coating [32]. There are 
different kinds of glass or silicon materials, which can also supply many 
different wettability options; for example, the glass plate of Schott BF33 
is more hydrophilic than Schott B270. As for polymer-based micro
models, PDMS and PMMA are the two most extensively used polymer 
materials, and they are relatively cheaper and easier to fabricate 
microfluidic devices. Notably, at the molecular level, PDMS is a porous 
matrix of Si-O backbones covered with alkyl groups, which allows the 
good permeability of PDMS to oxygen and carbon dioxide. It makes it 
well suited for cell-culture-involved applications, but also leads to some 
major problems in certain gas-related displacement. Many nonpolar 
solvents, such as hydrocarbons, dichloromethane, and toluene, cannot 
be applied in PDMS microfluidic chips because PDMS swells by 
adsorbing these solvents. Irreversible decay of the chemical, mechani
cal, and thermal properties of PDMS also limits their applications in 
complex circumventions. The chemical resistance and mechanical 
stiffness of PMMA are more substantial than PDMS but still weaker than 
glass. The geometrical resolution of the PMMA-based micromodel is 
relatively lower than other methods. Silica surfaces are usually high 
charge density, hydrophilic, with extensively studied properties and 
surface chemistry, while polymer surfaces typically show lower surface 
charge density and hydrophobicity, and their surface charge often 
comes from unknown sources or is affected by fabrication techniques 
[179,180]. 

To mimic the chemical and physical properties of natural porous 

Table 1 
Developments of micromodel.  

Year Materials Model and method Description Ref. 

1952 Glass bead The monolayer glass 
bead packing model 

One of the pioneering 
micromodels 

[155] 

1961 Glass 
Etched micromodel 
with the capillary 

network model 

The early etched 
micromodel and the 

term micromodel 
proposed for the first 

time 

[156] 

1968 Glass 
A photosensitive 

protective layer on 
the glass 

Photolithography 
was introduced to 

replace the 
traditional paraffin 
coating technology 

[157] 

1979 Silicon Wet etching in silicon 
wafer 

One of the early 
silicon-based 
micromodels 

[158] 

1983 
Polyacetal 

resin 

Polyacetal resin 
micromodel with 
regular network 

Pore-scale 
mechanisms for 

displacement and 
imbibition in the pore 

network model 

[159] 

1986 Glass 

Etching both sides of 
micromodel to 

achieve different 
pore depths 

The cover plate was 
also etched to achieve 

deep pores and 
shallow throats 

[160] 

1988 Polyacetal 
resin 

Polyacetal resin 
micromodel with 

random pore width in 
network 

A phase diagram 
about viscous 

fingering, capillary 
fingering, and stable 

displacement 

[161] 

1995 Quartz sand 

Sand packing model 
observed by 

photoluminescent 
volumetric imaging 

Photoluminescent 
volumetric imaging 

to visualize 3D 
porous media 

[162] 

1996 Glass 

Micromodel with 
hand-drawing 
fracture-matrix 

pattern 

The early 
investigation of 

single-phase flow in 
fractured porous 

media 

[163] 

2006 Silicon 

Micromodel with the 
fracture-matrix 

pattern from a rock 
thin section 

The early 
investigation of two- 

phase flow in 
fractured porous 

media 

[164] 

2011 Silicon 

Reservoir-on-a-chip 
fabricated based on 
the pore network 

features of a realistic 
rock 

Reservoir-on-a-chip 
was pioneering 
proposed and 

designed 

[165] 

2011 Silicon 
Dual-permeability 

silicon-based 
micromodel 

Dual-permeability 
model for the 

displacement of 
liquid CO2 

[166] 

2012 PDMS 
Dual-permeability 

PDMS-based 
micromodel 

Dual-permeability 
model for the 

displacement of foam 
[167] 

2012 Glass 
Deep reactive ion 

etched (DRIE) glass 
micromodel 

A dry etching 
technique was used 

on a glass 
micromodel for a 
large aspect ratio 

[168] 

2013 Glass bead 

Glass beads filled 
capillaries and 

observed by confocal 
microscopy 

Confocal microscopy 
to directly visualize 

the fluid flow in a 3D 
micromodel 

[169] 

2014 Calcite crystal 

A real-rock 
micromodel through 

etching on calcite 
crystal 

A calcite crystal was 
etched to maintain 

the original substrate 
chemistry 

[170] 

2016 
Photocurable 

polymer 
(NOA81) 

Micromodels with a 
wide contact angle 

(7◦~150◦) 

The systematic study 
of the wettability 

effect on the 
displacement pattern 

[171] 

2017 Glass 
Glass micromodels 
modified by in situ 

CaCO3-coated 
micromodels could [172] 

(continued on next page) 
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media, geomaterial microfluidic chips have also developed and received 
attention recently. The original surface chemistry largely affects the 
particle and fluid behaviors in the applications [181]. Direct etching 
pore structures on the natural crystal is beneficial for observing the 
preferential dissolution process induced by flow field and crystallo
graphic orientation [170]. More surface structure information can also 
be reflected to consider their effect on displacement. For example, joint- 
fracture microfluidic channels designed on natural coal samples 

demonstrate that fracture roughness in these systems led to higher 
pressure differences than traditional PDMS chips [182]. To consider 3D 
geometrical features, randomly packing particles between transparent 
parallel plates as one of the earliest micromodels [183–185] or advanced 
3D printed models [186–188] also occupies an important position in 
studying displacement mechanisms. Based on the advanced imaging and 
reconstruction methods, such as confocal microscope imaging 
[184,185], X-ray computed tomography [189,190], and photo
luminescent volumetric imaging [162], it can be extended to three di
mensions to realize the truly 3D geometrical features of the natural 
porous media. However, the above methods are inevitably limited by the 
structural accuracy, the structural repeatability, the selection of multi
phase fluids, and the synchronous imaging of the full flow field during 
the displacement process. 

3.2. Geometrical designs 

The porous structure design is the core part of the microfluidic 
experiment. Geometrical designs of varying complexity can either 
simplify unique pore structures or closely mimic the complex geometry 
of natural porous media, which depends on the corresponding research 
purposes. Fig. 9 shows several typical microfluidic geometrical patterns 
ranging from complex reservoir-on-a-chip to purified single pore. 

On the one hand, many studies have been devoted to realizing the 
similarity of some flow characteristics of microfluidic chips and real- 
world porous media. Different from the traditional geometry extracted 
from the rock slice image [191] or randomly distributed array structure 
[171], Kumar Gunda et al. [165] first transferred the statistic network 
information of natural rock to the microfluidic structure design using 
stochastic random network generators and Delaunay triangulation, and 
they proposed reservoir-on-a-chip conceptually. Later, a modified pore 
network structure was obtained based on a particle density map by 

Table 1 (continued ) 

Year Materials Model and method Description Ref. 

growing a thin layer 
of CaCO3 

nanocrystals 

mimic real carbonate 
reservoir properties 

2017 Glass 

Glass micromodels 
with varying depth 
based on one-time 

etching 

Depth variations 
were introduced 

based on the 
traditional 

fabrication method 

[173] 

2017 Silicon 
A dual-porosity and 
dual-depth silicon- 
based micromodel 

Sequential 
photolithography to 

improve the 
structural realism by 

dual-depth 

[174] 

2019 Glass 
Glass microfluidics 

with pore-scale 
surface roughness 

Glass microfluidic 
chips with 

controllable surface 
roughness 

[175] 

2020 Silicon 

Reservoir-on-a-chip 
designed based on 

statistical 
information from real 

rock 

Micromodel owns the 
most important 

statistical features of 
natural rock directly 

[176]  

Fig. 9. Various patterns of 2D porous structures 
contain different statistical features. A. pore structure 
extracted directly from the rock slice [191]; B. pore- 
network structure extracted based on the rock pore- 
network information [165]; C. porous structure re
generated based on real rock statistical information 
[176]; D. the length of the porous structure equals to 
the real rock sample [193]; E. parallel two-channel 
models with different widths [194]; F. parallel two- 
widths microchannels with several vertical con
nected channels [195]; G. parallel regular array 
structure with different permeability [166]; H. regular 
array structure with bypassed fracture channel [197]; 
I. hand-drawing fracture-matrix structure [163]; J. 
the heterogeneous porous media containing prefer
ential flow pathway and parallel matrix region [199]; 
K. square glass channel [200]; L. constriction channel 
[203]; M. single pore-throat structure [208]; N. 
straight dead-end channel [206]; O. dead-end pore 
[119]; P. non-straight dead-end channel [205].   
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superimposing CT scan images and dividing pore lines via a watershed 
algorithm [192]. To makes the designed reservoir-on-a-chip similar to 
the natural rock statistically. Lei et al. [176] regenerated similar 2D 
structures on the chip by QSGS (quartet structure generation set) to 
maintain the same pore size distribution and pore structure features of 
natural rock obtained by micro-CT scanning. Later, more structure fea
tures such as the core length [193], locally constricted 3D throat [173], 
surface roughness [175], and dual-depth of pore and throat [174] were 
also considered and imported into the reservoir-on-a-chip to enhance 
the structural realism. 

On the other hand, the dual-permeability model or pore doublets as 
the ideal model was used to purify the flow process in heterogeneous 
porous media. Chatzis and Dullien [194] conducted the pioneer dual- 
channel microfluidic experiments and claimed the two classical pore- 
scale multiphase flow modes of bypass and snap-off. The heteroge
neous microfluidic model, including the multiple parallel microchannels 
[195], the dual-permeability model with vertical posts arrangements 
[36,166,167,196], and the fracture-matrix model [163,164,197,198], 
were used to explore the preferential flow suppression effect of the 
dispersed phase, such as emulsion, foam, and suspension. Recently, the 
multiphase flow feature of flow heterogeneity was considered in the 
heterogeneous microfluidic chips, Lei et al. [199] designed a porous 
microstructure actively containing a high-permeability layer to generate 
a preferential flow pathway on the microfluidic chip. As a promising 
bottom-to-top approach, single-channel [200–202], constriction 
microchannel [146,203,204], and dead-end structures [119,205–207] 
are designed as fundamental units of porous media to explore the more 
detailed interfacial phenomena. Higher imaging resolution at the single 
pare scale enables observation of particle and multiphase transport and 
interfacial phenomena. 

4. Suspension-related displacement mechanism in porous media 

Suspension flow dynamics and corresponding multiphase response 
are fundamental to understanding and optimizing the displacement 
performance. Recovering or trapping nonaqueous fluid from porous 
media are major goals of suspension-related displacement in enhanced 
oil recovery and groundwater remediation. In these cases, characteristic 
flow velocities typically range between ≈ 0.01 and 100 μm.s-1, and the 
typical pore size range between ≈ 0.1 and 100 μm. Oil ganglia or the 
nonaqueous contaminant are trapped in the pores by capillarity or flow 
heterogeneity. The criterion to displace trapped nonaqueous fluid 
originates from the balance of suspension sweeping and carrying ability 
[199]. A more hydrophilic condition, a higher viscosity, or plugging 
induced flow resistance increasing leads to a stronger sweeping ability, 
while the carrying ability is determined by the competition between the 
viscous pressure drop |ΔPv| = η(Q/A)Lg/K and the capillary resistance 
induced by the fluid–fluid interface through the pores |ΔPc| ≈ γ/d, 
where η is the displacing fluid viscosity, Q is the flow rate, A is the cross- 
sectional area, Lg is the ganglia length, K is the permeability, γ is the 
fluid–fluid interfacial tension, and d is the characteristic pore size 
[184,185]. Therefore, the effect of suspension on the interface and flow 
behavior will decide the sweeping area in overall porous media and both 
the resistance and pressure drop values in the local area. Microfluidic 
experiments provide a straightforward way to probe the effect of sus
pension on multiphase displacement in porous media. Such platforms 
enable the systematic study of the suspension flow dynamics, the flow 
field evolution, and flow patterns. This section will summarize and 
discuss the displacement mechanism of rigid nanoparticles and 
deformable particle suspension by microfluidic experiments. 

4.1. Deformable particle suspension 

Preferential flow resulting in the non-uniform flow pattern in porous 
media is one of the most unwelcome phenomena in most displacement 
processes. Compared with continuous fluid, such as polymer solution, 

deformable particle suspension as the typical dispersed system in porous 
media can present stronger self-adaptivity to the variations of pressure 
and flow resistance, thus automatically controlling the flow behavior for 
the uniform flow pattern [176,209]. The excellent capability of 
deformable particle suspensions has been claimed and demonstrated to 
have advantages in suppressing the preferential flow through particle 
plugging and diverting effect, particle concentration-manipulated 
rheology, and particle adsorption-induced wettability alteration. 

4.1.1. Particle plugging and diverting effect 
One of the high-performance displacement mechanisms of deform

able particle suspension is ascribed to the plugging and diverting effect. 
Different microfluidic experiments, such as the narrow capillary channel 
[203,210], artificial network geometry on glass micromodel [131,211], 
and sand-packing model [212] have been designed and applied to 
evaluate the transport and retention of deformable particles in the 
porous structure. Based on these visualization results, the transport 
modes of deformable microgel particles can be classified as adsorption, 
direct pass, deform and pass, trapping, and adsorption, where trapping 
can be further divided into the single particle-plugging mode and 
multiparticle bridge-plugging mode [211,212] (Fig. 10). The transport 
and retention modes in the microchannel are mainly controlled by the 
flow rate, particle elastic modulus, and size matching ratio [203]. For 
example, small particles with a high flow rate will pass directly, while a 
low flow rate will result in particle adsorbing on the channel surface 
[96,213]. The larger elastic modulus or larger particle size may induce a 
larger friction force due to particle deformation, leading to particle 
trapping in the porous structure [214]. 

It is worth noting that nondeformable natural fine material some
times can also present diverting effects, especially combined with low- 
salinity flooding. However, these nondeformable microparticles are 
rarely selected actively as flooding agents in porous media due to 
harmful plugging in the reservoir. Even for the deformable particles, the 
reservoir damage formed by particle plugging may also not be ignored 
when particle size is relatively larger. The selection of suspension agents 
is usually dealt with as companions during displacement for the balance 
of plugging and diverting. 

During the single-particle deforming and passing process, the 
deformable particle gets trapped when the pressure difference across the 
channel is lower than the threshold value. Theoretically, the transport 
consequences are related to the elastic and shear modulus of the 
deformation particle and particle-pore size ratio [215]. Based on 
assuming the deformation of the particle as linearly elastic, this 
threshold pressure difference can be estimated by balancing the defor
mation energy with the pressure work, ΔPt ∝ E(D0/dc)4.7, where E is the 
elastic modulus of the particle, D0 is the original particle diameter, dc is 
the diameter of the channel [56] (Fig. 11A). Lei et al. [150] performed 
an Immersed Boundary-Lattice Boltzmann simulation of a deformable 
particle with different elastic modulus passing through various throat 
channels and got the similar threshold pressure difference trend ΔPt ∝ 
E1.2(D0/dc)5.2 (Fig. 11B). Both microfluidic experiments and pore-scale 
simulations have demonstrated that the critical pressure difference of 
the linearly elastic particle transporting through an ideal pore-throat 
channel can be described well by elastic modulus and particle-pore 
size ratio. The quantitative difference may originate from the elastic 
modulus characterization, the geometric confinements that microfluidic 
experiments containing uniform depth but 2D IB-LBM containing 
infinite depth, and the setting condition difference between numerical 
simulation and experiments in geometric structures, particle size, in
jection methods, etc. When the narrow throat channel is a relatively long 
and deformable particle is confined in the throat totally, the velocity of 
the particle is approximately constant with a rough balance between the 
pressure driving force and the resistance, where the friction and adhe
sion properties between the particle and channel wall should also be 
considered [214]. 

Deforming and passing a narrow channel can also occur when the 
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diameter of particles is smaller than the pore size. Several proposed 
mechanisms rely on the particle bridging effect with the formation of an 
arch structure of particles across the cross-section of the channel. The 
probability of arch structure formation increases with the flow rate, the 
particle concentration, and the ratio of the particle to the pore size 
[216]. The bridge-like structures are composed of a few particles, 
typically between 2 and 10 [217]. A bridge structure will form when 
the particle arrives simultaneously at the channel, and their number is 

larger than a critical number, nmax ∝ 3A/D0
2, where A is the area of the 

channel cross-section, the accurate critical number can be experimen
tally determined [218]. The plugging time as the time interval 
between two arches formation is predicted at a range 
([nmax/2]+1 )!

(nmaxϕ)[nmax/2]+1
AD0
2Q ≤ tplug ≤

([nmax ]+1 )!

(nmaxϕ)[nmax ]+1
AD0
2Q , where [nmax], [nmax/2] are the 

floor of nmax, nmax/2 respectively, i.e., the largest integer that is less than 
the number, Q is the flow rate through the unobstructed constriction 

Fig. 10. (A) Microscopic images of polyacrylamide microspheres transport in the microchannel, from absorption and single-particle blocking modes to multiparticle 
bridging blocking modes. The figure is from Yao et al. [203]. (B) the transport modes of irregular PPG particles through throats at the network micromodel, from 
direct passing to different blocking modes. The figure is from Bai et al. [211]. 

Fig. 11. Microgel particles are forced through a narrow microchannel in different confined states. (A) Schematics and corresponding representative optical mi
croscopy images of the microgel particle in the confined states. Fig. 11A is from Li et al. [56] (B) Simulation results of pressure difference versus particle position 
variation during the particle transport. Fig. 11B is from Lei et al. [150]. 
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[218,219]. This model is based on the assumption that the particles are 
initially uniformly distributed in the suspension, and particles arrive 
almost simultaneously at the throat of the channel. Microfluidic exper
iments have been conducted to observe these bridging processes and 
their results are in good agreement with the theoretical model [218]. 
The porous media's bridging processes are more complex due to the filter 
and shunt effect. With a microfluidic chip with a leaky channel flanked 
by the array posts, the particle blockage pattern can move at a steady 
speed, and the blockage shape can be controlled by the ratio of the 
resistance porous wall and the channel [220]. 

The importance of the size matching rule between the particles and 
pore throats in porous media for effectively blocking high-permeability 
pathways and diverting the displacing fluid into low-permeability layers 
has been figured out [24,26,221]. When suspended particles are injected 
into porous media, the size matching ratio is defined as the mean hy
draulic diameter ratio of suspended particles and pores in the porous 
media. When the single-particle transport in a single pore-throat chan
nel, it is defined as the hydraulic diameter ratio of the particle and the 
throat. Unfortunately, inconsistencies in the literature make it difficult 
to determine the optimal conditions for improved fluid displacement. 
The optimal size matching ratio varies widely in the different studies, as 
shown in Fig. 12. On the one hand, the particle size and pore size are 
usually characterized by the average particle diameter of the suspension 
and the average pore diameter of the porous medium. However, many 
microfluidic experiments have found that the transport of suspended 
particles with different sizes in the porous medium has a cooperative 
size sorting effect, resulting in different plugging extents [113]. The 
complex flow field in the porous structure also has a hydrodynamic 
filtration for continuous concentration and classification of micron 
particles [222]. Thus, different experiments may get inconsistent results 
due to various particle and flow dynamics impacting on plugging effect. 
On the other hand, the plugging effect may not be the only mechanism 
for improving displacement. Suspensions have been applied for different 
reservoir conditions ranging from ultra-high to ultra-low permeability 
layers and achieved variable success [26]. In particular, particles with a 

small matching coefficient to freely move through porous media were 
also reported to effectively reduce permeability and improve immiscible 
fluid mobilization [223,224]. For example, 3D microfluidic experiments 
using confocal microscopy demonstrated that small particles with a 
dilute (<10− 2 vol%) can increase the viscous stresses on trapped drop
lets through deposition, thus be harnessed to mobilize and remove 
trapped fluids from a porous medium up to an additional ~70% [224]. 

4.1.2. Particle concentration manipulated rheology for self-adaptive effect 
Deformable particle suspension commonly contains polymer/colloid 

duality that the coupling of fluid non-Newtonian features and particle 
advection-diffusion properties will impact the multiphase flow pattern. 
Concentration-manipulated rheology may explain why the ultra-small 
size matching ratio still contributes to the effective displacement. The 
nonlinear dynamics of miscible flow displacements by coupling the flow 
field and advection-diffusion processes have been studied in various 
conditions, such as Newtonian or non-Newtonian fluids [232,233], ho
mogeneous or heterogeneous media [234], and concentration- 
dependent diffusion coefficients [235]. This nonlinear dynamics of 
miscible flow displacements is harmful to the realization of the uniform 
flow in the homogeneous porous media due to instability-induced 
fingering phenomena. However, during immiscible multiphase 
displacement in heterogeneous porous media, this fluid flow-particle 
diffusion coupling effect has been demonstrated to suppress preferen
tial flow effectively and eventually achieve the best displacement in 
some conditions [36]. 

At the ideal dual-permeability microfluidic experiments, different 
multiphase flow patterns displaced by suspensions with different bulk 
particle concentrations were observed, as shown in Fig. 13A. Three 
different suspension transport modes were identified: channeling mode 
at a low particle concentration, synchronous mode at an intermediate 
particle concentration, and fluctuation mode at a high particle concen
tration. At an intermediate particle concentration, the synchronous 
mode can always maintain the lowest invading phase saturation dif
ference and achieve a uniform flow (Fig. 13B). Here, deformable particle 

Fig. 12. Literature review about optimal size matching ratio. Size matching ratio<0.1, data is from Pritchett et al. [225]; Size matching ratio=0.14~0.33, data is 
from Barkman and Davidson [226], Abrams [227]; Size matching ratio=0.21~0.29, data is from Dai et al. [228]; Size matching ratio=0.33~0.5, Data is from Hua 
et al. [27]; Size matching ratio=0.5~0.8 and 1.0~1.2, data is from Chen et al. [229]; Size matching ratio=0.59~1.99, data is from Zhao and Pu [230]; Size matching 
ratio=1.0~2.4, data is from Li et al. [231]; Size matching ratio=1.35~1.55, data is from Yao et al. [39]; Size matching ratio=2.0~4.0, data is from Bai et al. [211]; 
Size matching ratio=2.5~3.5, data is from Wang et al. [210]. 
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suspension presents concentration-manipulated rheology,η =
(

100.11c2+0.62c− 2.56
)

ε̇− 0.786[36], which has been introduced in Fig. 8 and 

Section 2.3.3, the coupling effect of particle diffusion and the effect of 
non-Newtonian fluids may play a key role in controlling multiphase flow 
patterns. The porous structure, multiphase fluid properties, and injec
tion conditions in the simulations are the same as those in the corre
sponding microfluidic experiments. The injection flow rate was set as Q 
= 1 μL/min. Due to the separation and hydrodynamic filtration caused 
by particle transport in the long injection tube (observed based on 
microfluidic experiments), 0.08 PV (t = 10 s) water was injected first as 
a buffer layer, and then the injection of microgel particles was started in 
the simulation. 

The corresponding particle concentration distribution in higher and 
lower permeability layers presents the particle concentration self- 
adaptive feature, as shown in Fig. 14. The particle concentration in 
the higher permeability layer was significantly higher than that in the 
lower permeability layer. However, at a high particle concentration, the 
hysteresis of the particles will cause a drastic particle concentration 
increase [236,237]. Thus, the particle concentration and preferential 
flow frequently change between the higher and lower permeability 
layers at a high particle concentration. These transport modes were also 
demonstrated by a pore-scale numerical simulation coupled with non- 
Newtonian Navier-Stokes equations, an advection-diffusion equation, 
and the Cahn-Hilliard equation (Fig. 14D). Here, the Cahn-Hilliard 
equation is the governing equation of the phase-field method, which 
stands out in its treatment of the interface as a physically diffuse thin 
layer by spreading the interfacial force over a volume, the detailed 
calculation can be referred to Lei et al. [36]. As described in Section 
2.3.3, the in situ morphology of the deformable particles in the sus
pension is responsible for the suspension rheology, which is a prereq
uisite for self-adaptive particle concentration controlling the flow field. 
The microgel particles present the dual characteristics of colloids and 
polymers with concentration-dependent non-Newtonian characteristics 
due to the hydrophilic polymer chains on the surface of the particles and 
the networked structure, which contributes to the different transport 
modes in the dual-permeability microchips. 

For the more general case in complex porous media, reservoir-on-a- 
chip experiments also found that deformable particle suspension has a 
strong self-adaption of flow field due to the particle diffusion effect and 

suspension non-Newtonian effect. Microgel particle suspension with 
concentration-manipulated rheology presents a novel preferential flow 
suppression effect in the heterogeneous porous media even when the 
particle size is much smaller than the pore size. Compared to the 
continuous polymer solution with similar macroscopic rheology, these 
microgel particles can achieve a higher displacement efficiency by self- 
adjusting the flow resistance in the porous media [176,209]. 

4.1.3. Particle adsorption induced wettability alteration effect 
Several proposed mechanisms rely on the potential influence of 

deformable particles adsorbed on the fluid–fluid and fluid–solid inter
face. The adsorption of deformable particles could stabilize the fluid
–fluid interface because they stretch at the interface and decrease the 
interface tension [89,238]. Both water–solid and water–oil interface 
energy will decrease due to the adsorption of particles, while 
nonaqueous fluid/solid interface energy remains unchanged. Confocal 
laser scanning microscopy provides a powerful tool to observe deform
able particle distribution in the contact area of oil/water/solid systems 
and the corresponding wettability alteration [239]. The aqueous fluid 
contact angle will decrease in the microgel suspension with different 
bulk concentrations. This incremental hydrophilicity may be favorable 
for improving displacement efficiency, especially alternated from oil- 
wet to water-wet conditions. 

Two main mechanisms have been proposed to connect the deform
able particle adsorption and wettability alteration phenomena: the 
classical tangential force imbalance theory and the disjoining pressure 
imbalance [104,239]. In hydrophobic conditions, the classical tangen
tial force imbalance is the main factor responsible for the changes in 
microgel-induced wettability. The microgel particles can be adhesive to 
the hydrophobic interface and settle irreversibly after adsorption. The 
adsorbed microgel particles reduced the oil-water interfacial tension and 
caused the shrinkage of the three-phase contact line. Thus new microgel 
strips will be formed in this newly exposed contact area. The adsorbed 
microgels in this new region came from the bulk through diffusion, and 
the adjacent microgels remained in their original sites regardless of the 
newly formed microgel strips. Microgel strips result from the contact 
line retraction process. First, the retraction of the three-phase contact 
line will supply the vacancies, as shown in Fig. 15. Then the microgel 
approached the vacancy and finally settled down. The microgels could 
hardly be detached due to continuously retracting the three-phase 

Fig. 13. Microfluidic experimental results of water flooding and microgel particle suspension flooding with different particle concentrations. (A) Multiphase dis
tribution during the displacements of water and microgel particle suspension at different representative stages of 0.25 PV, 0.50 PV, 0.75 PV, and 1.00 PV, PV is the 
pore volume. (B) the variation of invading phase saturation difference. The characteristic particle sizes (D50, the particle size of the 50% cumulative probability) 
diluted in the aqueous phase were 2.13, 3.12, and 4.58 μm. The smallest pore size of the microfluidic chip was ten times larger than the particle size, where the throat 
widths are 60 and 120 μm in higher and lower permeable layers, and the depth of the microfluidic chip is 60 μm. The permeability ratio was estimated at 16:9 with 
the hydraulic radii of the pore throats. Figures are from Lei et al. [36]. 
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contact line after reaching the vacancy. In hydrophilic conditions, the 
deposited microgels can assemble into wedge-shaped films and diffuse 
further to generate structural disjoining pressure, which is one of the 
most important effects of nanoparticle suspension, and it will be intro
duced in detail in Section 4.2.3. 

4.1.4. Discussion 
The aforementioned mechanisms of deformable particle suspension 

affecting the multiphase flow pattern may significantly determine the 
multiphase displacement processes. However, the suspension state and 
application environments in natural and engineering are generally more 
complex, which challenges the validity of the above mechanisms. 

For the suspension state, the above suspensions are considered as the 
unimodal normal distribution of deformable particles in the suspension. 
However, the aggregation or dispersion state of the particles in the 
suspension also affects their transport behavior. Microgel-in-oils [37], as 
many particles trapped in oil droplets, can also play an important role in 
improving the displacement performance, especially in the heteroge
neous porous structure and after a long displacement time. Comparing 
the suspensions with different particle concentrations and microgel-in- 
oil content, microfluidic experiments on the heterogeneous reservoir- 
on-a-chip with a preferential flow pathway demonstrated that suspen
sion with moderate microgel-in-oil at intermediate particle 

concentration yielded the optimal displacement efficiency, microscopic 
observations in the preferential flow pathway region elucidate that the 
synergistic transport of microgel-in-oil and microgel particles resulting 
in local pressure fluctuations and diverting fluid from the preferential 
flow pathway to the matrix region is responsible to this high- 
performance displacement behavior, as shown in Fig. 16. 

For particle state in the suspension, some deformable particles may 
swell to several tens or hundreds of times their original particle size in 
the aqueous phase after several days or months [131,148]. The swelling 
ratio of the deformable particles is generally influenced by salinity and 
temperature. Unlike the freedom expansion in suspensions, the extent of 
deformable particle swelling in the porous structure is determined by 
the competition between the osmotic force exerted by particle swelling 
and the confining force transmitted by the surrounding porous structure 
[4]. The particle's swollen state will influence the elastic modulus of 
deformable particles, E ∝ (cpV0/V)2.9 where cp is the polymer concen
tration during the initial drop formation stage, V0 is the volume of the 
drops, and V is the volume of the particles after swelling in water [215], 
which will influence the plugging and diverting effect. Meanwhile, as for 
nanoscale deformable particles, the interfacial phenomena will be 
weakened for larger particles with a smaller surface-to-volume ratio. 

For application environments, multiple factors may be coupled and 
become more complex than the single mechanism mentioned above. For 

Fig. 14. Microgel particle concentration distribution in the dual-permeability model. (A) Microgel particle suspension flooding with bulk concentration 0.3 vol.%. 
(B) Microgel particle suspension flooding with bulk concentration 1.0 vol.%. (C) Microgel particle suspension flooding with bulk concentration 3.0 vol.%. (D) 
Experimental and simulation results of microgel particle concentration distribution at high and low permeability layers with bulk concentrations 0.3 vol.% and 1.0 
vol.%. Figures are from Lei et al. [36]. 
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example, cosurfactants are indispensable in formulating deformable 
particle suspension, significantly impacting interfacial tension, wetta
bility, and particle behaviors. The influence of cosurfactants cannot be 
ignored in many cases relevant to the mechanism of wettability alter
ation or interfacial tension reduction. Some glass-etched micromodel 
experiments [240,241] have observed the synergistic effect of particles 
and cosurfactant during the displacement in heterogeneous porous 
media that the residual oil in the high permeability channel is efficiently 
displaced owing to the interfacial tension reduction, the wettability 
alteration, and emulsification, meanwhile, the plugging of the particles 
can divert more water into the unswept low permeability zone. 

4.2. Rigid nanoparticle suspension 

Extensive industrial applications [121,195,242,243] show that it is 
still effective for enhancing displacing efficiency when the particle size 
is much smaller than the pore size, so it is necessary to consider the effect 
of nanoparticles on the multiphase flow process. The unique interfacial 
functions of nanomaterials allow nanoparticle suspension to invade 
those inaccessible nonaqueous fluid-saturated areas. These ultra-small 
nanoparticles have a very high surface-to-volume ratio, and their sur
faces can be functionalized and altered to possess additional functions to 
adapt to different engineering conditions. The displacement mechanism 
of nanoparticle suspension can mainly be concluded as wettability 
alteration, reducing interfacial tension, and enhancing disjoining 
pressure. 

4.2.1. Wettability alteration effect 
Wettability conditions are significant for better operations and de

scriptions of the immiscible multiphase displacement efficiency and 
fluid dynamics in porous media. By changing porous structure wetta
bility, the capillary force may be adjusted to improve the mobilization of 
the trapped nonaqueous phase. Applying suitable nanoparticle suspen
sion in oil-wet or neutral conditions can change wettability to water-wet 
and may substantially improve displacement efficiency [94,95,244]. 
Microfluidic experiments were performed to identify the wettability 
alteration effect on decreasing defending phase saturation or increasing 
displacement efficiency [171,199]. The transformation of liquid menisci 
in porous media, the synergistic effect of nanoparticles, and droplet/ 
bubble can improve the mobility of the oil phase, further enhancing the 
displacement efficiency [125]. The stabilization caused by the nano
particle adsorption on other compounds (e.g., the asphaltenes and fines) 
may also improve displacement efficiency [245,246]. However, some 
experiments also indicated that severe irreversible damage would be 
formed by injecting SiO2 nanoparticle suspension in crude oil-saturated 
glass microfluidic porous media due to asphaltene-nanoparticle aggre
gates [123]. 

Fig. 15. The evolution of deposited microgels in the three-phase contact line region on the substrate plane at 1 h (a), 1 h 15 min (b), and 10 h (c). the deposition 
process of the microgel on the selected vacancy was captured at 0 s (d), 51 s (e), and 102 s (f) on the vertical plane of the substrate. Fig. 15 is from Gong et al. [239]. 

Fig. 16. The influence of microgel-in-oil on displacement efficiency of sus
pensions with different particle concentrations. Fig. 16 is from Lei et al. [37]. 
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4.2.2. Interfacial tension reduction effect 
Interfacial tension reduction can increase the capillary number in the 

displacement, which can improve displacement efficiency [184,247]. In 
general, the change of wettability and the decrease of interfacial tension 
coincide, jointly affecting the displacement process. Through 

microfluidic structures mimicking pore-throat geometries, the role of 
nanoparticles in the mobilization of the trapped nonaqueous droplets 
can be purified. The capillary number and pore− throat geometry are the 
two dominant parameters determining the trapped oil droplet size in the 
pore-throat channels. Nanoparticles can increase the capillary number 

Fig. 17. Bottom to top phenomena of disjoining pressure enhancement effect on displacement performance. (A) Dynamics of the three-phase contact region, a. 
photomicrograph showing the oil drop placed on a glass surface and differential interference patterns formed at the three-phase (solid–liquid–air) contact region. b–e, 
Photomicrographs taken at increasing times after adding the aqueous micellar solution: b, 30 s; c, 2 min; d, 4 min; and e, 6 min. (B) Effect of the structural disjoining 
pressure on the meniscus profile. (C) Oil blobs before and after 3 PV nanoparticle suspension flooding at Ca = 10− 7. 

W. Lei et al.                                                                                                                                                                                                                                      



Advances in Colloid and Interface Science 311 (2023) 102826

22

as the weak surfactant, and the nanoparticle concentration is positively 
related to the droplet mobilization efficiency [208]. It is worthy to note 
that the interfacial tension decreases as nanoparticle concentration in
creases and may achieve a promising displacement efficiency, but the 
higher the particle concentration, the more impairment of porosity and 
permeability in porous media [121,248]. 

4.2.3. Disjoining pressure enhancement effect 
Suspension-enhanced disjoining pressure has been reported to pro

mote nonaqueous droplet removal from the solid surface in the presence 
of a micellar solution based on microscopic experimental observation 
[249]. Two distinct contact lines were captured directly, the outer 
contact line corresponds to the macroscopic contact angle, and the inner 
contact line is related to aqueous fluid film spreading. When an air 
bubble/oil droplet is placed under the lower surface of a hydrophilic 
glass immersed in concentrated nanoparticle suspension, the bubble/ 
droplet can be detached, driven by the structural disjoining pressure 
[104] (Fig. 17A). In the wedge region between the bulk suspension 
where particles move randomly and the film region where exists no 
particles, particles tend to form the 2D colloidal crystal-like structure 
where the particle displacement due to Brownian motion is highly 
inhibited. The particle stratification and corresponding film thickness 
variation were observed, and the film structural energy isotherm was 
calculated quantitively for the film-meniscus microscopic contact angle 
measurement based on the experimental data [250]. The droplet size 
decrease will lead to an increase in film stability and film thickness. 

The static and dynamic analysis of the wetting and spreading process 
on solid surfaces has been developed to predict the droplet removal 
process via nanoparticle suspensions. In the static analysis [251,252], 
the equilibrium meniscus profiles can be calculated based on the Young- 
Laplace equation and augmented Young-Laplace equation involving 
structural disjoining pressure (Fig. 17B). As the volume concentration 
increased and particle size decreased, the wedge profile deformed 
further and became parallel to the solid surface, thus achieving 
spreading phenomena even at a nonzero contact angle. The pressure 
gradient and system parameters, such as equilibrium contact angle and 
capillary and hydrostatic pressures, will highly influence the develop
ment of the contact line. The threshold values of these parameters in 
affecting the spreading phenomena of nanoparticle suspension have 
been demonstrated based on experiments, which further validated these 
theoretical analyses [252]. Experimental observations of the dynamic 
spreading process can also be analyzed to elucidate the impact of par
ticle concentration and oil drop volume on the advancing speed of the 
inner contact line [253]. Based on the governing equation of the fluid 
dynamics in the wedge film region and the lubrication theory, the 
expression of inner contact line velocity can be obtained by fitting 
simulation results and compared with corrected experimental data 
[254,255]. 

The relationship between the microscopic wetting/spreading anal
ysis and the macroscopic applications of improving displacement effi
ciency has also been explored [256]. The underlying mechanism based 
on the structural disjoining pressure was verified by visualization of the 
crude oil displacement from the solid substrate, and displacement ex
periments showed that a polymeric nanoparticle suspension could 
realize more than 30% incremental displacement efficiency compared to 
brine based on a glass bead packed model visualized using X-ray micro- 
CT [256,257]. The additional displacement efficiency decreased as the 
capillary number increased due to insufficient time for film advancing 
through structural disjoining pressure at higher capillary numbers 
[257]. Nanoparticle suspension could significantly change the oil phase 
distribution and break the large structures into small disconnected oil 
blobs, indicating the disjoining pressure enhancement effect of suspen
sion on aqueous fluid spreading phenomena (Fig. 17C). Fractured 
porous media made by sintering glass beads around a dissolvable sub
strate was applied to investigate the performance of nanoparticle sus
pension in heterogeneous porous media [258]. These displacement 

experiments provided sufficient evidence for the film spreading driven 
by structural disjoining pressure to improve displacement efficiency. An 
additional 23.8% oil was displaced using the nanoparticle suspension 
under water-wet conditions, while only 6% improvement was achieved 
under oil-water conditions. Capillarity-driven imbibition will dominate 
the displacement of oil from the matrix region, and the low flow rate can 
ensure the nanoparticle-induced film velocity controls in the matrix 
[256–258]. 

4.2.4. Discussion 
The mechanisms mentioned above of nanoparticle suspension pave 

the way for the applications of nanoparticle suspensions in optimizing 
the displacement processes. However, the situations in natural and en
gineering applications are generally more complex, which challenges 
the validity of the above mechanisms. 

For the wettability alteration effect, understanding the optimal 
wettability condition for best displacement is the prerequisite for 
applying the wettability alteration effect of nanoparticle suspension on 
multiphase displacement performance. The wettability effects on 
multiphase displacement in porous media have been revealed in many 
studies [259–265]. A consensus seems to have been primarily reached 
that displacement efficiency is a nonmonotonic function of the wetta
bility index, i.e., a critical wetting condition could occur, yielding the 
best displacement. Therefore, using suspensions to alter the wettability 
from oil-wet or neutral conditions to weakly water-wet benefits 
displacement efficiency improvement. In contrast, changing the system 
wettability from weakly water-wet to strongly water-wet may not al
ways help achieve the best displacement. Moreover, accurate critical 
wettability conditions should be considered more under varying capil
lary numbers, surface roughness values, and viscosity mismatch levels, 
which may affect the operation or stratagem of suspension application in 
multiphase displacement [199]. 

For the interfacial tension reduction effect, the coupling effect of 
nanoparticle adsorption reducing interfacial tension and the interfacial 
tension gradient driving nanoparticle interfacial self-assembly may also 
affect multiphase flow behavior in multiphase displacement. Experi
ments observed that nanoparticles could easily be transferred from one 
interface with low interfacial tension to the other with relatively high 
interfacial tension [92]. Marangoni effect-driven transfer and 
compression of nanoparticles at new fluid–fluid interfaces may 
contribute to unique oil remobilization phenomena [91,92]. Dynamic 
nanoparticle adsorption and corresponding interfacial tension variation 
are important to the multiphase displacement consequences. 

The effectiveness of the surfactant as wettability and interfacial 
tension modifier could be improved by adding nanoparticles with lower 
concentrations, which can significantly change the wettability of the 
sandstone cores from an oil-wet to a water-wet condition [244]. The 
addition of nanoparticles can reduce the loss of surfactants by adsorp
tion onto the solid surface, which is one of the major concerns that 
reduce the efficiency of the surfactant flooding process [242,266]. The 
synergistic effects of nanoparticles and surfactants were observed and 
evaluated by microfluidic experiments. For example, increasing viscos
ity by aggregating nanoparticles through the surfactant micelles and 
decreasing the contact angle by adsorption could mobilize the 
nonaqueous phase and increase the sweeping ability [243]. Emulsions 
stabilized by nanoparticles and surfactant mixture show a denser droplet 
packing in high-permeability layers than stabilized surfactants only, 
showing a strong diversion effect in heterogeneous channels [195]. 

For the disjoining pressure enhancement effect, structural disjoining 
pressure induced by particle ordering in the confined three-phase con
tact region can highly change the wetting behavior of the aqueous phase 
and promote the film spreading and non-aqueous phase detachment 
from the solid surface. However, the applicability and limitations of the 
structural disjoining pressure theory should be carefully evaluated when 
applying it to explain displacement improvement effects. (i) The sus
pension system is assumed to be composed of a pair of symmetry 
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spherical surfaces surrounded by dispersed hard spheres, some critical 
parameters such as interfacial properties, wettability conditions, and 
physical and chemical properties of particle surfaces are ignored in the 
above derivation of structural disjoining pressure [106]. (ii) The effec
tive particle concentration and the effective particle size are two key 
parameters that involve the EDL effect on the geometric values [250]. A 
slight decrease in concentration and increase in particle size may result 
in a significant change in the magnitude of structural disjoining pres
sure, as shown in Fig. 7C. In these cases, the bulk volume fraction of 
nanoparticles usually should be larger than at least 10 vol%, which can 
maintain the premise of particle ordering in the meniscus region with a 
sufficient number of particles [108]. However, such a high particle 
concentration is almost impractical for most experimental and field 
conditions [267]. (iii) Application conditions should also be carefully 
evaluated when considering the structural disjoining pressure effect. 
Most microscopic film spreading experiments and static/dynamic anal
ysis were conducted under a super-hydrophilic condition (<5◦) with an 
ultra-low interfacial tension (<1 mN/m) [250,252–256], which is 
favorable for the contact line movement driven by structural disjoining 
pressure. However, the structural disjoining pressure effect may be 
ignorable for neutral or oil-wet conditions and high capillary pressure 
conditions. (iv) Particle polydispersity should be strictly controlled since 
polydispersity will lead to dislocations inside the ordering structure and 
decrease the film stability [108,256]. It was indicated that a 25% 
polydispersity could lead to a drastic decrease in the magnitude of the 
interaction force [268]. However, a low polydispersity is hard to achieve 
for the most commonly used nanoparticle suspensions, especially in 
harsh underground conditions. 

In addition to the displacement mechanism mentioned above, the 
nanoparticle suspension can also produce unique interface phenomena 
and enhance the displacement effect under certain circumstances. For 
example, the oil-in-water emulsion will be generated and stabilized by 
silica nanoparticles under high flow rates, which generally work with 
other interfacial phenomena, such as wettability alteration and inter
facial tension reduction, to improve displacement efficiency [269]. 
Functionalized carbon nanotubes promote the formation of water-in-oil 
emulsions and oil-in-water droplets in the porous medium [270]. The 
signature generation and growth of tiny water droplets inside the crude 
oil via negatively charged silica nanoparticle suspension were observed 
in the glass micromodel [119]. This emulsification phenomenon can 
enhance the sweeping ability to improve the displacement efficiency 
[119,269–271]. However, the extent of spontaneous emulsification is 
closely related to the oil composition and environmental conditions. 
This effect may be weak for pure model oil, such as decane. Moreover, it 
may be hard to realize emulsification due to an ultra-low injection ve
locity (Ca and Re <<1). 

5. Conclusions and outlook 

This paper provides a brief review of multiphase displacement 
mechanisms controlled by micro/nanoparticle suspension via micro
fluidic experiments, including fundamentals of suspensions, fabrication/ 
design of microfluidic chips, and displacement mechanisms of deform
able micro/nanoparticles and rigid nanoparticles. Microfluidics pro
vides a convenient platform for observing, manipulating, and 
quantifying the suspension-related displacement process in designed 
porous structures. Various microfluidic experiments have been carried 
out to consider the suspension effect on multiphase flow from interfacial 
phenomena to multiphase flow patterns. However, it is still a long way 
to better comprehend these relatively complex flows in porous media. 
The coupling of suspension transport behavior and multiphase flow in 
porous media may yield anomalous and unexpected displacement phe
nomena. The different flow conditions and particle chemistries can 
strongly influence the interactions between fluid, particles, and the 
porous medium, eventually determining the flow patterns and 
displacement efficiency. 

Although many microfluidic studies on the suspension-related 
displacement process revealed some basic multiphase displacement 
mechanisms [26,272], numerous restrictions still exist. The most critical 
issue is the parallelized visualization and analysis of particle transport or 
fluid flow dynamics in porous structures at different spatial and tem
poral scales. Advanced imaging and microchip fabrication technologies 
can intensify the authenticity of displacement performance, but it is still 
inadequate to satisfy the actual demand for many engineering purposes 
[15,273]. Moreover, the complicated properties of suspensions in the 
porous structure make multiphase flow patterns hard to predict since the 
basic particle transport behaviors and multiphase flow dynamics at the 
interface or pore-scale are unclear [154,274]. Upscaling this interfacial 
or pore-scale phenomenon to macroscopic flow patterns is essential, but 
only a few studies have been conducted to elucidate this multiscale 
phenomenon [52,275]. Therefore, future investigations, quantifica
tions, and analyses of suspension-related displacement mechanisms 
should be envisaged. A deeper fundamental understanding of 
suspension-related displacement mechanisms in porous media will pave 
the way for implementing these microfluidic experiments in real appli
cations, evaluating the displacement efficiency, and optimizing the 
displacement strategies in various areas such as geological engineering, 
biotechnology, chemistry engineering, etc. 
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