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A B S T R A C T   

In this study, a fully coupled pore scale model was developed with the aim of exploring the effects of ionic 
strength and zeta potential on colloids transport under favourable and unfavourable conditions. The Lattice 
Boltzmann-Smoothed Profile method was used to simulate particle-particle and particle-fluid interactions 
without a need for assumptions of dilute suspension and clean bed filtration. Simulation using a wide range of 
parameters have shown creation, and breakup of agglomerates. Results are used to obtain time-averaged 
behaviour of transport properties, such as pore void fraction, conductivity, and surface coverage. We have 
found that in comparison with zeta potential, increasing ionic strength had a greater impact on particles 
behaviour. A raise in ionic strength caused a decrease in pore void fraction and its conductivity and an increase in 
aggregates connectivity.   

1. Introduction 

A fundamental understanding of colloid transport and retention is 
critical for human health and environmental issues concerning behav-
iour of microparticles, viruses and bacteria [1–3]. While several studies 
have used field and column experiments to explore the controlling 
mechanisms of colloid transport [4–7], some others have utilized 
modelling and numerical simulations to investigate particles transport 
and retention mechanisms [8–12]. Studies have shown that particle 
retention in porous media depends on the number of inter particle col-
lisions and the available fraction of surface area for attachment. While 
this fraction is larger for increasing ionic strengths (IS) of the solution, 
collector size, physical and chemical heterogeneities, it is lower for 
larger pore velocities, particle sizes, magnitude and ratio of colloid and 
collector surface potentials [9,13–15]. Physical and chemical hetero-
geneities may significantly affect colloid retention by changing the 
effective interaction energy profiles. It has been shown that the extent of 
energy barrier is decreased for larger IS values, chemical heterogeneity, 
and temperature particularly for non-smooth surfaces [7,8,16,17]. 

Transport and retention of colloids become more complex when 
agglomerates are formed. Aggregation and fragmentation change size 
and structure of aggregates as well as the concentration of colloids 
suspended within the solution phase [12,18–20]. Flow velocity, solution 

pH, IS, colloids shape and solid volume fraction are among parameters 
that can affect the size and structure of aggregates [20–24]. Larger 
volumetric fraction of colloids, and pH values close to the isoelectric 
point result in transformation of chain-like aggregates into more com-
plex and compact net-like structures [21]. 

When porous media is saturated, colloid filtration theory, CFT, is 
used to predict particle deposition [25]. This theory assumes dilute 
suspensions in which particles are so far apart that they do not interact 
with each other. The assumption of free-floating particles in a 3D pore 
space may not be valid in natural applications. CFT neglects the effect of 
secondary energy minimum, and assumes adsorption under clean bed 
filtration. Additionally, CFT considers homogeneous and large surface 
area where the deposited particles do not lower the attachment capacity. 
As a result of these assumptions, several studies have reported break-
down of this theory [26,27] and progress is being made to understand 
the influencing parameters using mechanistic exploration of particles 
transport and their adsorptive behaviour. 

Kermani et al. (2020) applied direct pore scale simulations to 
investigate the impact of hydrodynamic forces, colloid size, and pore 
structure on transport and retention of colloids [12]. They have devel-
oped coupled formulas representing fluid flow and particles motion 
using lattice Boltzmann and smoothed profile methods. In this study, we 
use the numerical method developed in Kermani et al. (2020) to 
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mechanistically explore the effects of ionic strength and zeta potential 
on transport of particles. This helps to study how changes of these pa-
rameters affect aggregation, and retention mechanisms with no need for 
simplifying assumptions like clean bed filtration or dilute suspension. 
The complete set of simulations are analysed to provide time-averaged 
values (or its corresponding dimensionless number, Pore Volume) for 
several key parameters including pore conductivity, void fraction, sur-
face coverage, and particles coordination number. The time-averaged 
graphs are used to provide dominant properties for different magni-
tudes of ionic strength and zeta potential when a stable behaviour is 
reached. These observations provide an upscaled view of colloid trans-
port which is needed to provide findings of pore scale studies to larger 
scales. In some cases, the complex interplay between transport and 
sorption processes may cause very dynamic and transient variations in 
colloid behaviour which are explained using the underlying time- 
dependent changes of the system. Time-dependent graphs help to 
reveal interactions of the incoming particles with those inside the pore 
and their contribution to development of the effects such as the shadow 
zone. The observed behaviour provide basis for more reliable pre-
dictions under realistic situations and for larger scale models which use 
effective parameters and do not consider time scales associated with 
detailed pore scale processes. 

2. Methodology 

To simulate the particulate flow, a coupled, two-dimensional 
smoothed profile-lattice Boltzmann method is selected that can effi-
ciently handle particle-fluid interactions [28,29]. The Smoothed profile 
method (SPM) is used to simulate particle dispersions and the two-way 
hydrodynamic interactions [30]. 

Simulations are performed in two steps. First, a steady state flow is 
simulated such that the desired average pore velocity, U, is obtained 
based on the applied boundary conditions. Second, the particle injection 
starts. During this step, fluid velocity field, u(x, t), is dynamically 
recalculated at each time step using the coupled formulation with SPM. 

We have considered the following assumptions in our simulations:  

• Particles and pore surfaces are physically homogeneous, i.e. there is 
no roughness on the surfaces. 

• Particles and pore surfaces are chemically homogeneous and uni-
formly charged.  

• Particle-pore surface interactions are calculated using sphere-plate 
equations.  

• Molecular diffusion impacts transport of particles with sizes smaller 
than 1 μm [25,39]. Therefore, the effect of molecular diffusion is 
neglected in this study which considers particle sizes of 3, 5 and 10 
μm. 

We should mention that physical, chemical, and charge homogeneity 
of the pore surfaces are the initial conditions. However, these conditions 
change during the simulations due to particles retention and their 
accumulation on the surface. 

3. Mathematical modelling 

3.1. Lattice Boltzmann method 

The discretized form of Boltzmann equation with single relaxation 
time, an external force term, F, and BGK (Bhatnagar-Gross-Krook) 
collision operator is shown in Eq. (1) [31–33]. 

fα(x+ eα∆t, t+∆t) − fα(x, t) = −
1
τ
[
fα(x, t) − f eq

α (x, t)
]
− 3ωαρeα.

F
c2 (1)  
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α = ρωα

[

1+ 3
eα.u
c2 +

9
2
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3
2

u.u
c2

]

(2)  

where x, t, and c are lattice position, time, and speed, respectively. f is 
the distribution function, which describes the behaviour and motion of 
fluid particles in space. Distribution functions can relax toward their 
equilibrium values, feq, and can be transported along predefined di-
rections, α. 

ωα =

⎧
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are the weight coefficients and discrete velocity vectors in α directions in 
the D2Q9 lattice structure used in this study. 

Macroscopic quantities can be calculated in terms of distribution 
functions as: 

ρ(x, t) =
∑8

α=0
fα(x, t) (3)  

ρ(x, t)u(x, t) =
∑8

α=0
eαfα(x, t) (4)  

p(x, t) = (ρ(x, t) )/3 (5)  

3.2. Smoothed profile method 

SPM represents each particle by a smooth profile, φP, which equals 
unity in the particle domain, zero in the fluid domain, and changes 
smoothly between one and zero in the fluid-solid interfacial region, ξ 
[28,30]. Eq. (6) shows the profile for round shape particles used in this 
study. 

φP(xt) = s(RP − |x − RP(t) | )

RP − |x − RP(t) | = LP
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(6)  

where RP, and RP are the radius, and the position vector of each particle, 
respectively. Eqs. (7) and (8) show the total profile function, φ(x, t), and 
the particle velocity field, uP(x, t), obtained from rigid motions of all NP 
particles at time t and position x. 

φ(x, t) =
∑NP

P=1
φP(x, t) (7)  

φ(x, t)uP(x, t) =
∑NP

P=1
φP(x, t)

[
UCp (t) +ωP ×{x − RP(t) }

]
(8)  

fH = − φ(x, t)fP(x, t) = − φ(x, t)(uP(x, t) − u(x, t) ) (9)  

where UCp and ωP are translational and angular velocities of particles, 
respectively. To ensure no-slip boundary condition, SPM updates the 
velocity of each virtual fluid node covered by solid particles by 
considering a body force, fH.where u(x, t) is the fluid velocity field, and 
− φ(x, t)fP(x, t) represents the fluid-solid interaction force acting on vir-
tual fluid nodes inside the particles. The integrated hydrodynamic force, 
FP

H, and torque, TP
H, on each individual particle can be obtained using 

Eqs. (10) and (11). 

FH
P =

∫

∀p

ρφ(x, t)
(
u(x, t) − up(x, t)

)
d∀p (10)  

TH
P =

∫

∀p

(x − RP)× ρφ(x, t)
(
u(x, t) − up(x, t)

)
d∀p (11) 
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3.3. Coupling SPM with LBM 

Luo suggested that in LBM the external force term, F, can be intro-
duced into the collision term as − 3ωαρeα.

F
c2 shown in Eq. (1) [32]. In 

SPM, particles rigidity is imposed to each fluid node covered by solid 
particles using a smooth body force, fH, calculated in Eq. (9). To consider 
the mutual effects of particles and flow streamlines, fH replaces the 
external force vector F in each time step. 

3.4. DLVO interactions 

Particle-particle as well as particle-surface interaction energies are 
calculated using DLVO (Derjaguin-Landau-Verwey-Overbeek) theory 
which considers the combined effect of van der Waals and electrostatic 
double layer interactions [34–36]. Using DLVO theory, under attractive 
double layer interactions (favourable conditions), there is no energy 
barrier to act against deposition of particles at the primary energy 
minimum (PEM). However, under repulsive double layer interactions 
(unfavourable conditions), irreversibility of deposition at the surface 
PEM depends on height of the energy barrier as well as depth of the 
secondary energy minimum (SEM). As the energy difference between 
the barrier and the secondary minimum increases, fewer particles will 
have sufficient kinetic energy to pass the barrier and deposit at the PEM 
[37]. As shown in Supplementary information Fig. S1, the energy barrier 
increases in height with decreasing IS, increasing zeta potential, and 
particle size. Alternatively, the SEM depth increases with increasing IS, 
and particle size, but decreasing zeta potential. 

In the present simulations, all particles are similarly charged and 
aggregation condition is unfavourable. Particles make agglomerates 
through SEM interactions (these particles are indicated by orange colour 
in the figures of this study). Retention at the pore surface can be 
favourable and within the PEM for oppositely-charged particles and 
pore surfaces (indicated by white colour particles), or can be unfav-
ourable within the SEM region for similarly-charged particles and pore 
surfaces (shown by red colour particles in different figures). DLVO en-
ergy plots in this study show considerable repulsive forces at close dis-
tances between particles and pore surfaces under unfavourable 
conditions which make deposition in PEM unlikely. 

3.5. Particles transport equations and selected parameters 

To simulate particles transport, different terms including hydrody-

namic (FH), gravitational 
(

FG
P = ρPVPg

(

1 −
ρ
ρP

)

), particle-surface DLVO 

(FP− S
DLVO) and particle-particle DLVO (FP− P

DLVO forces are considered 
[24,34–36,38]. 
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All forces and torques (Tp) exerted on each particle are integrated 
using Eqs. (14) and (15) (i.e., equations of motion) to calculate each 
particle’s translational and angular velocities (UCp, ωp). The new posi-
tion (RP) is calculated using Eq. (16). 

MP
dUCP

dt
= FH

P +FG
P +FDLVO

P− P +FDLVO
P− S (14)  

IP.ω̇P = TP (15)  

dRP

dt
= UCP (16) 

In the above equations, κ = (2 × 103NAe2IS/ε0εrKBT)1/2 [m] is the 
reciprocal Debye length of a monovalent electrolyte, and MP [Kg], IP 
[Kg.m2], VP [m3], Dij [m], and h [m] are mass, moment of inertia, 
volume, centre to centre distance, and surface separation distance of 
particles, respectively. The values of other parameters which remain 
constant during each simulation are given in Table 1. 

To improve our understanding of how coupled effects of particles 
size, solution IS, particles and pore surface zeta potential, and average 
flow velocity can affect particles transport and retention mechanisms, 
three different values for each parameter are selected which are pro-
vided in Table 1. Parameter combinations resulted in a total of 162 
different simulations representing both favourable and unfavourable 
conditions. 

3.6. Rolling of colloids on the pore surface 

Under unfavourable deposition conditions, when a particle reaches 
surface secondary minimum distance, a contact radius, Ix = (FrRP/4K)1/ 

3, is considered on the particle where Fr is sum of the resisting forces, and 
K = 4.014 × 109 Nm− 2 is the composite Young’s modulus [14]. The 
comparison between applied hydrodynamic and resisting torques, 
calculated around each contact edge of the particle, determines whether 
the deposited particle can roll over the surface or remain immobile. 

4. Geometry and boundary conditions 

A 200 μm × 50 μm constricted pore shape with a 20 μm wide throat 
size is simulated using a 400 × 100 LBM rectangular grid. As boundary 
conditions, a no slip boundary is applied at the top and bottom sinu-
soidal surfaces of the pore using a curve boundary bounce back scheme 
[40]. Since a curved line does not fit into the lattice nodes, we have used 
this boundary condition which is based on both bounce back and spatial 
interpolation of the boundary position. The inlet parabolic velocity 
profile and the outlet pressure boundary are implemented using Zou and 
He method [41]. These conditions are chosen to obtain a desired steady- 
state average flow velocities, U, across the pore. When the flow reaches 
the steady state, particles enter the pore one by one and at random 
heights with constant rates. Injection rates are set so that the surface 
area of the entering particles with different sizes are equal per pore 
volume, PV, of solution injection. For example, when the bulk velocity is 
10 m/d, these rates are equal to 100, 36, and 9 particles per second for 3, 
5, and 10 μm particles, respectively. 

Table 1 
Constant and variable model parameters used in the simulations.  

Constant parameters Value 

Fluid density, ρ 1000 [Kg/m3] 
Particle density, ρP 1055 [Kg/m3] 
Boltzmann constant, KB 1.38 × 10− 23 [J/K] 
Electron charge, e 1.6 × 10− 19 [C] 
Vacuum permittivity, ε0 8.85 × 10− 12 [C2/Jm] 
Media dielectric constant, εr 78.54 
Hamaker constant, Ha 1.5 × 10− 21 [J] 
Ion valence, Z 1 
Avogadro’s number, NA 6.02 × 1023 

Temperature, T 298 [K] 
Variable parameters Value 
Particle radius, RP 1.5, 2.5, 5 [μm] 
Solution Ionic strength, IS 0.001, 0.05, 0.3 [M] 
Mean flow velocity, U 1, 5, 10 [m/d] 
Particles and pore surface zeta potential, ζ ±17.5, ±45.56, ±60 [mV]  
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5. Results and discussion 

5.1. Ionic strength effect 

In this section we provide a range of processes which can occur 
depending on IS of the solution. An increase in solution IS lowers the 
energy barrier and increases the SEM depth. This condition promotes 
attachment of the approaching colloids to the aggregates or to the pore 
surface, and may cause multilayer retention of particles through SEM 
interactions. The SEM interactions also provide agglomerates with 
resistance against hydrodynamic rupture which intends to fragment 
larger bodies into smaller ones [42–44]. Fig. 1a, and b show full pore 
clogging under high IS solutions of 0.3 M, and different flow velocities 
for both 3, and 5 μm particles. Under unfavourable conditions as IS 
decreases, a weaker SEM develops at larger separation distances which 
makes it possible for the hydrodynamic force to overcome the DLVO 
interactions. In this study, very low values of secondary energy mini-
mum (e.g., below 1 KT) are related to low IS solutions of 0.001 M in 
which long-term association of colloids on the solid-water-interface and 
with other colloids was not observed, and colloid attachment and ag-
gregation were rather reversible. Retention of particles in secondary 
minimum, and their detachment to the bulk flow has been often stated as 
a responsible mechanism for the observed deviation of attachment ef-
ficiency from theoretical predictions based on retention solely in the 
PEM [45–48]. 

Under low IS of 0.001 M and favourable deposition conditions, pore 
clogging is unlikely (except for large size particles of 10 μm). Scattered 
attached particles prohibit further contact of the approaching particles 
with a fraction of the surface behind them called the shadow zone [49]. 
Our simulations have shown that the extent of the shadow zone depends 
highly on IS. As shown in Fig. 1c, under low IS solutions of 0.001 M, a 
considerable space is created between attached colloids on the surface. 
The contributing mechanism for development of the shadow zone is the 
presence of weak particle-particle interactions, enabling the hydrody-
namic force to prevent retention of approaching particles to previously 
attached ones. However, under larger IS values and stronger DLVO in-
teractions, the approaching particles can rotate over the attached 

particles and deposit next to them and no shadow zone is created, as 
shown in Fig. 1d. Ko and Elimelech (2000) showed that decreasing so-
lution IS results in an increased shadow zone under a wide range of 
solution ionic strengths and flow velocities [49]. 

In this section mechanistic insights about particle-particle and 
particle-surface interactions were presented under various IS values. In 
the following sections, we will describe IS effect on particles aggrega-
tion, pore surface coverage, conductivity, and void fraction under 
favourable and unfavourable conditions, respectively. 

5.2. Effect of IS on colloid transport and change of pore properties: 
favourable conditions 

To explain the impact of IS on transport behaviour, we use Fig. 2a 
related to 5 μm particles, which presents the attachment behaviour by 
providing the applied conditions (including velocity, zeta potential, and 
IS), and the resulting behaviour (including clogging state, pore hy-
draulic conductivity, void fraction, coordination number, and pore 
surface coverage) under favourable deposition conditions. For each 
simulation, the stable values obtained after injecting several pore vol-
umes of the solution are averaged over time. 

Pore void fraction is considered as fraction of the pore space that is 
not covered by retained particles. As IS increases, single or multi-layered 
deposited particles reduce the pore space for freely moving agglomer-
ates while creation of large agglomerates decreases conductivity. As 
shown in Fig. 2a, pore void fraction and conductivity in low IS solutions 
of 0.001 M, for which particles generally transport individually or in 
small size agglomerates, reach higher stable values in comparison with 
their values in 0.05 M solutions. 

Particle agglomeration is analysed using coordination number which 
shows the number of connections among particles present in each 
agglomerate. Fig. 2a shows that by increasing solution IS from 0.001 M 
to 0.05 M, the average coordination number increases. The increased 
number of connections among particles shows tendency of particles to 
create rounded shape agglomerates [21]. 

Surface coverage is defined as fraction of the grain surface covered 
by deposited particles. It is increased with IS since the SEM depth and 

Fig. 1. Ionic strength effect on particles retention mechanisms. (a, b) In high IS solutions, pore clogging takes place for various particle sizes and velocities (IS = 0.3 
M, ζ = 60 mV, favourable deposition conditions). (a) dp=3 μm, (b) dp=5 μm. (c) Low IS solutions enhances development of the shadow zone behind attached 
particles (dp=5 μm, IS = 0.001 M, ζ = 17.5 mV, U = 5 m/d, favourable deposition conditions). (d) Attached particles make a compact surface layer under inter-
mediate IS solutions (dp = 5 μm, IS = 0.05 M, ζ = 60 mV, U = 5 m/d). 
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Fig. 2. The IS effects on transport properties under favourable deposition conditions. (a) Visualization of transport properties for unclogged pores with respect to IS 
under favourable deposition conditions (dp = 5 μm). Green and gray lines are related to IS values of 0.001 M and 0.05 M, respectively. The first three axes show input 
parameters including zeta potential, ionic strength, and flow velocity. Other axes show the resulting behaviour including state of clogging (zero value indicates an 
unclogged pore), void fraction, hydraulic conductivity, coordination number, and pore surface coverage. Combination of input parameters are found by following 
each line on the first three axes. To make clearer graphs, each property is normalized by its maximum attainable value. The coordination numbers are normalized by 
the value of 6 since for circular shape colloids, each particle can be surrounded by a maximum of 6 particles. (b) Change of pore conductivity, and (c) pore void 
fraction with injected pore volumes at different IS solutions. Each small plot shows the simulations with the same zeta potential, Z [mV], and flow velocity, U [m/d], 
among which the IS is different. The blue, red and yellow graphs are related to IS values of 0.3 M, 0.05 M and 0.001 M, respectively. The fluctuations marked by red 
circles on these graphs are related to remobilization and breakup of agglomerates. (d) Visualization of transport properties for clogged pores (clogging state = 1) with 
respect to IS under favourable deposition conditions (dp = 5 μm). Green and gray lines are related to IS values of 0.05 M and 0.3 M, respectively. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the tendency of particles for attachment on the surface increases 
[48,50]. Moreover, increase of solution IS creates large net-like ag-
glomerates which their outermost particles can meet the pore surface 
while moving through the pore. Subsequently, the surface coverage in-
creases. Ko and Elimelech (2000) showed that the rate of blocking and 
the maximum achievable surface coverage are determined by an inter-
play between fluid flow, particle size, and solution IS [49]. Our results 
show that both the higher tendency of particles for attachment on the 
surface, and the smaller developed shadow zones behind attached par-
ticles in high or intermediate IS solutions result in higher surface 
coverage (shown by gray lines in Fig. 2a). As previously discussed in 
Section 5.1, under an intermediate IS solution of 0.05 M, colloids tend to 
attach next to each other to form a compact surface layer resulting in 
high surface coverage values. 

Fig. 2b and c shows the transient evolution of pore void fraction and 
hydraulic conductivity over time with respect to IS. The red and yellow 
graphs of Fig. 2b show that hydraulic conductivity can approach stable 
values, except for the simulations in which the pore clogs and conduc-
tivity reaches zero. However, the properties such as pore surface 
coverage or void fraction show a decreasing trend and may not reach 
stable values (shown by the red graphs in Fig. 2c, plots (b, e, h, i)). This is 
because these properties are based on arithmetic addition or subtraction 
of each particle local contribution, whereas the least conductive 
constriction inside the pore created by large agglomerates determines 
conductivity for the whole system. The fluctuating behaviour of the 
graphs, as marked by the red circles in Fig. 2b and c, are related to 
remobilization and breakup of agglomerates which causes fluctuations 
of the flow field, pore conductivity, and void fraction. 

Fig. 2d presents the applied conditions and the attachment behaviour 
for a subset of simulations of 5 μm particles which ended up with pore 
clogging (clogging state = 1) under favourable deposition conditions. 
These include all 0.3 M solutions where creation of large agglomerates 
promotes pore clogging, as well as 0.05 M solutions under low flow 
velocity of 1 m/d where hydrodynamic forces cannot overcome SEM 
interactions among particles. 

When pore clogging takes place, particles cannot reach downstream 
of the clogging location, and anticipations about decrease of void frac-
tion or increase of pore surface coverage by increasing IS may not be 
fulfilled. For example, Fig. 2d shows that in 0.3 M solutions, surface 
coverage is relatively low for clogged pores with approximately zero 
conductivity. However, large convergent values of void fraction and low 
convergent values of surface coverage admit that there are enough pore 
surface and void space available inside the pore that are inaccessible for 
particles. 

5.3. Effects of IS on colloid transport and change of pore properties: 
unfavourable conditions 

Under unfavourable conditions, particle retention can happen at 
SEM distance and particles can roll over the pore surface, remain 
immobile on it, or detach to the bulk flow. These possibilities are due to 
the weaker SEM interactions between particles and the pore surface in 
comparison with primary minimum interactions under favourable con-
ditions, and can be considered as the reason for different behaviour of 
particles under favourable and unfavourable conditions [12]. 

Fig. 3a compares simulations using 3 μm particles under 

Fig. 3. The IS effects on transport properties under unfavourable deposition conditions. (a) Visualization of transport properties for unclogged pores including 
aggregates connectivity, pore surface coverage, pore void fraction, and hydraulic conductivity with respect to IS under unfavourable deposition conditions (dp = 3 
μm). The gray, green, and blue lines are related to IS values of 0.001 M, 0.05 M, and 0.3 M, respectively. Combination of input parameters can be found by following 
each line on the first three axes. (b) Clogging and re-opening of the pore due to rolling of aggregates on the pore surface which may cause conductivity fluctuations 
(dp = 10 μm, IS = 0.05 M, ζ = 45.56 mV, U = 5 m/d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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unfavourable deposition conditions. This figure shows that low IS so-
lutions of 0.001 M result in the lowest aggregate coordination numbers 
due to development of shallow SEM zones where hydrodynamic forces 
can detach the agglomerated particles. However, the coverage related to 
0.001 M solutions in our unfavourable simulations showed a wide range 
among all observed values. These observations are due to the combined 
effects of IS and flow velocity which can affect particles retention and 
pore surface coverage. Detailed information can be found on Supple-
mentary information, Fig. S2(a). 

In Fig. 3a the highest pore void fraction and hydraulic conductivity 
are related to IS of 0.001 M due to less tendency of the particles for 
attachment on the surface or creating agglomerates. Pore conductivity is 
highly dependent on development of large size agglomerates, which are 
able to effectively reduce the pore size and to generate higher pressure 
drops across the pore. Pore conductivity and void fraction fluctuations, 
as the ones discussed under favourable conditions in Fig. 2b and c, can 
also be observed under unfavourable conditions. For example, Fig. 3b 
shows clogging of the pore by an agglomerate and its subsequent re- 
opening as the pore structure diverges due to rolling of 10 μm parti-
cles on the surface which results in conductivity fluctuations. We should 
note that fluctuations of conductivity under favourable and unfav-
ourable deposition conditions can be attributed to different mecha-
nisms. Under favourable deposition conditions, fluctuations are related 
often to remobilization or detachment of agglomerated particles from 
strongly deposited particles on the surface. Under unfavourable depo-
sition conditions, agglomerates tend to clog the pore within the 
convergent section of the pore, however, the ability of the particles to 
roll on the surface helps them pass the pore throat and move into the 
divergent section. This process causes re-opening of the pore, so con-
ductivity increases (Fig. 3b). Rolling of particles on the pore surface 
hinders strong clogging of the pore and increases pore conductivity. Few 
exceptions from this trend, e.g., simulations with high IS value of 0.3 M 
and low zeta potential of 17.5 mV, will be discussed in Section 5.5. These 
observations agree with the experimental observations of Kuznar and 
Elimelech who showed particles trapped within the secondary energy 
minimum moved downstream along the collector surface to deposit near 
the rear of spherical collectors [48]. Information on average 

coordination number of particles, surface coverage, pore hydraulic 
conductivity and void fraction against the injected pore volume is 
included in Supplementary information, Fig. S2. 

5.4. Colloid-grain surface interactions 

Fig. 4(a, b) compares particle-particle and particle-surface DLVO 
interactions. Due to the relatively flat shape of the pore structure 
compared to the curved surface of the colloids, DLVO interactions be-
tween particles are weaker than the interactions between particles and 
the surface. As an agglomerate moves through the pore, some of its 
constituting particles can enter the SEM distance of the surface. Due to 
their stronger interactions with the surface, these particles are detached 
from the aggregate to deposit on the pore surface as shown by the blue 
box in Fig. 4c. This mechanism often takes place close to the throat 
location where the pore structure diverges. 

5.5. Zeta potential effect 

Zeta potential (ζ) indicates the magnitude of surface charge of par-
ticles and mainly affects adsorption at longer time scales. Zeta potential 
effects can be explained by DLVO theory and expresses the stability of 
the system in the presence of different forces acting close to the in-
terfaces [51]. High zeta potential, either positive or negative, is gener-
ally required to ensure stability. Thus, systems with zeta potentials 
>±30 mV are generally considered stable. A major factor that affects 
zeta potential is solution pH. IS, the concentration of any additives, and 
temperature can also alter this parameter [52,53]. 

Under favourable deposition conditions, i.e., unlike-charged parti-
cles and pore surfaces, particle-surface interactions are activated at 
farther distances between charged surfaces as the magnitude of zeta 
potential increases. However, like-charged particles and pore surfaces 
make the surface deposition and colloid aggregation conditions unfav-
ourable in which weaker DLVO interactions are expected at SEM dis-
tance as zeta potential increases. Therefore, stronger attractive SEM 
interactions are expected under lower zeta potential values among like- 
charged particles, which may result in higher coordination numbers of 

Fig. 4. Colloid-grain interactions. (a, b) Comparison of particle-particle and particle-surface DLVO interaction energy profiles (dp = 5 μm, IS = 0.3 M, ζ = 45.56 mV), 
(a) Development of energy barrier near the surface, (b) Development of SEM. (c) Separation of an agglomerate member to deposit on the pore surface (dp = 5 μm, IS 
= 0.3 M, ζ = 60 mV, U = 1 m/d). 
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aggregates, and lower pore void fraction and conductivity [10]. Dunphy 
Guzman et al. showed pH and surface potential dominate interactions 
among particles, while aggregate size generally increases as surface 
potential decreases [54]. Figs. 5 (a, b) show possibility of pore clogging 
in two situations where particles’ zeta potential is decreased from 60 mV 
to 17.5 mV. Higher hydrodynamic forces are required to separate 
agglomerated particles with deep SEM interactions under lower zeta 
value of 17.5 mV, so the pore clogs (Fig. 5a). On the other hand, the 
reduced SEM depth under zeta potential value of 60 mV results in 
weaker DLVO interactions among particles, which can be overcome by 
hydrodynamic forces to prevent clogging (Fig. 5b). 

As zeta potential values selected in this study are relatively close to 
each other, especially ζ = 45.56 mV and ζ = 60 mV, the expected 
changing trends for particles coordination number and pore properties 
with respect to zeta potential are not very obvious. As an example, 
simulation outcomes are shown in Fig. 5c for 5 μm particles under 
favourable deposition conditions. It is clear that as zeta potential 
changes, pore properties do not show a definite trend as multiple pro-
cesses are involved. The same observations were also reported by other 
researchers. Lu and Gao mentioned zeta potential as one of the many 

indications affecting physical stability [52]. However, they mentioned it 
is sometimes not a directly relevant parameter for assessing stability 
when the difference of zeta potentials among various solutions is small. 
Moreover, Roland et al. did not observe any correlation between zeta 
potential (in the range of − 43.1 to − 50.2 mV) and the overall stability, 
while the most visually stable solutions in their case exhibited the lowest 
zeta potential [55]. Detailed sensitivity analysis of different parameters 
in our study showed that in the selected range of the parameters, IS 
effect dominates zeta potential effect. In the following, we discuss some 
important effects of zeta potential on particles behaviour. 

Commonly, like-charged surfaces tend to repel each other; however, 
it is the combined effect of particle size, IS, and zeta potential which 
determines the ultimate interaction energy profiles. Fig. 5 (d, e) shows 
DLVO interaction energy profiles of 3 μm particles in high IS solution of 
0.3 M. Fig. 5d shows a typical unfavourable energy profile under zeta 
potential value of 45.56 mV in which particles cannot reach primary 
minimum distance. However, under zeta potential of 17.5 mV, the 
barrier decreases to negative values, and particles can strongly attach on 
the surface (Fig. 5e). The coupled effect of high IS and low zeta potential 
values resulted in strong attachment of particles on the surface, and 

Fig. 5. Zeta potential effects on particles behaviour. (a) Possibility of pore clogging under low zeta potential values when considerable SEM interactions and low 
hydrodynamic forces are created (dp = 3 μm, IS = 0.05 M, U = 1 m/d, ζ = 17.5 mV). (b) Hydrodynamic forces prevented clogging as they overcame weak SEM 
interactions among particles due to large zeta potential values (dp = 3 μm, IS = 0.05 M, U = 1 m/d, ζ = 60 mV). (c) Sensitivity analysis showing change of aggregates 
connectivity, pore surface coverage, pore void fraction, and hydraulic conductivity for unclogged pores with respect to zeta potential under favourable deposition 
conditions (dp = 5 μm). The gray, green, and blue lines are related to zeta potential values of 17.5, 45.56, and 60 mV, respectively. Combination of input parameters 
can be found by following each line on the first three axes. (d, e) Particle-surface DLVO interaction energy profiles under different zeta potential values (dp = 3 μm, 
IS = 0.3 M), (d) ζ = 45.56 mV, (e) ζ = 17.5 mV. (f) Low zeta potential in combination with high IS solution resulted in strong attachment of particles on the like- 
charged pore surface (dp = 10 μm, IS = 0.3 M, U = 10 m/d, ζ = 17.5 mV). (g) Increase of zeta potential from 17.5 mV to 45.56 mV resulted in deposition of particles 
in the secondary minimum distance of the surface (dp = 10 μm, IS = 0.3 M, U = 10 m/d, ζ = 45.56 mV, unfavourable deposition conditions). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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subsequent pore clogging was observed for all particle sizes and flow 
velocities in our simulations although particles and the pore surface 
were similarly charged. Fig. 5f shows this condition for 10 μm particles 
where attached particles in primary distance of the surface have clogged 
the pore after injecting 1.3 PV solution. The same particles are shown in 
Fig. 5g under the same solution IS, but increased zeta potential of 45.56 
mV. This increase of zeta value resulted in unfavourable deposition 
condition where particles are trapped at SEM distance and they can roll 
over the surface toward the outlet. The graphs showing how transport 
properties change against injected PV with respect to zeta potential 
under both favourable and unfavourable conditions, and detailed 
explanation about its effect on surface coverage are provided in Sup-
plementary information, Figs. S3 and S4. 

6. Summary and conclusions 

A coupled numerical scheme using Lattice Boltzmann and Smoothed 
Profile methods was developed to simulate transport of colloids and 
aggregates in a single constricted pore. This method enabled a detail 
description of hydrodynamic, particle-surface and particle-particle in-
teractions, their effects on transport of bulk and deposited particles, 
altering flow field and the pore shape. Formation, restructuring, and 
breakup of agglomerates, together with their effects on transport and 
retention processes were explored. The results provided valuable in-
formation on the underlying mechanisms of colloid transport and 
retention in porous media, and thus to ascertain mechanisms responsible 
for the observed behaviour at larger, macroscopic, scale and column 
experiments. In this study we found that: 

• In comparison with zeta potential, IS had greater impacts on deter-
mining particles behaviour.  

• The increase of IS resulted in greater interactions among particles, 
creation of larger agglomerates, decrease of pore void fraction and 
hydraulic conductivity, and a higher probability of pore clogging 
which agree with DLVO theory. However, there may be deviations 
from these trends that are explained by the complex interactions 
among charged surfaces and the combined effects of other parame-
ters such as spatial-dependent hydrodynamic forces.  

• Strong attachment of particles on the grain surface under favourable 
deposition conditions resulted in decrease of permeability toward 
complete pore clogging. However, under unfavourable deposition 
conditions rolling of particles on the grain surface prevented 
clogging.  

• Pore clogging and the subsequent re-opening of the pore caused 
fluctuations in conductivity and void fraction. Under favourable 
deposition conditions, pore re-opening was often attributed to 
detachment of agglomerated particles from each other. However, 
under unfavourable conditions, it was attributed to rolling of the 
particles on the surface toward the divergent section of the pore even 
if the agglomerated particles were not detached from each other.  

• Low zeta potential in combination with high IS solution resulted in 
attachment of particles on like-charged pore surfaces.  

• The results obtained from a large number of simulations can help to 
understand the links between different transport and retention 
mechanisms needed to make reliable predictions in real situations. 
Furthermore, the results can be used to derive correlations for pa-
rameters such as retention/release rate coefficients in porous media. 
Such information provides underlying pore-scale evidences to 
explain observations made at larger scales such as column experi-
ments where often pore-scale information is challenging to be ob-
tained to support the interpretation of colloid breakthrough curves. 
While we used a simple constricted pore geometry due to the 
required computational time needed for all simulations, particularly 
in the presence of many particles inside the pore, future studies using 
more complex pore shapes and several interconnected pores can 
provide accurate sample-specific behaviours. 
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