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A B S T R A C T   

The deposition and consequent release of colloids pose a significant challenge to the environment, groundwater 
quality and human health. Subsurface soil contains numerous types of colloids that exhibit a diverse range of 
interaction favorability with the soil grains and their impact on release behavior remains unclear. The objective 
of this study was to investigate, at the pore-scale, the impact of colloid interaction favorability on colloid 
deposition and subsequent release in response to perturbations of flow rate and solution chemistry in saturated 
porous media. Pore-scale experiments were conducted using a micromodel that is geometrically representative of 
a real sand-stone rock. Favorable, medium-favorable and unfavorable colloids (i.e., repulsion absent, repulsion at 
long-range of separation distances and attraction absent with the micromodel surface, respectively) were 
deposited in the micromodel and then a series of colloid release experiments were conducted at different con-
ditions including increasing the flow rate, decreasing the ionic strength and increasing the solution pH. Favorable 
colloids exhibited extensive deposition on the collector center where the flow streamlines are parallel to the 
collector surface, as adhesion forces overcome hydrodynamic forces. However, at medium and high ionic 
strength, deposition in Forward Flow Stagnation Zone (FFSZ) was dominant for unfavorable colloids as the 
hydrodynamic forces are negligible. Pore-scale images showed that, upon perturbations in flow rate and solution 
chemistry, colloids that were initially deposited on collector centers were more susceptible to release as 
compared to colloids that were initially deposited in FFSZs. The negligible hydrodynamic drag forces in FFSZ and 
deep primary minimum interaction at short separation distances were the major factors that hindered the release 
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of colloids in FFSZ under transient hydro-chemical conditions. The intensity of colloid deposition and release 
decreases as the favorability of colloids decreases and as the ionic strength decrease for unfavorable colloids. This 
study provides a clear insight to the pore-scale colloid deposition and release mechanisms during transient 
hydro-chemical conditions that help in the modeling of environmental and engineering applications including 
managed aquifer recharge, groundwater contamination and wastewater treatment processes.   

1. Introduction 

Subsurface soil contains numerous types of colloids including clay 
colloids, metal oxides, bacteria and viruses suspended in the pore water 
or deposited on soil grains [1]. Understanding the behavior of different 
types of colloids in natural porous media is important for environmental 
and engineering applications such as groundwater recharge and 
contamination and wastewater treatment processes [2–4]. The deposi-
tion and consequent release of colloids pose a significant challenge to 
the environment, groundwater quality and human health. Although 
colloids are immobile under natural groundwater conditions, heavy 
rainfall or activities of managed aquifer recharge change 
hydro-chemical conditions which in turn induces the release of depos-
ited colloids [5,6]. The retention and release of colloids in porous media 
are affected by surface interactions where most colloids and natural soil 
grains tend to have a low isoelectric point resulting in negative surface 
charges and repulsion among them [7]. Therefore, the majority of pre-
vious studies related to colloid retention and release focused on unfa-
vorable colloids where repulsive interaction forces are present [8–11]. 
However, in natural conditions, some microorganisms and metal col-
loids may have a positive charge that yields favorable colloid interaction 
with soil grains [12,13]. 

Although the retention behavior of favorable colloids was exten-
sively investigated using colloid filtration theory (CFT), colloid release 
mechanisms have not been studied in detail [14,15]. Previous studies 
have focused on laboratory column experiments to quantitatively eval-
uate the release of unfavorable colloids based on breakthrough curves 
upon perturbations in flow rate or solution chemistry [16–21]. More-
over, some studies used modeling approaches to predict colloid release 
[22–25]. However, predictions of such modeling studies deviate from 
findings obtained from experiments due to the inability to incorporate 
mechanisms that take place at the pore-scale such as bridging, clogging, 
attachment on low flow zones or nanoscale surface heterogeneities. 
Therefore, a clear understanding of pore-scale processes through visu-
alization studies is essential to understand the deposition and release of 
colloids to understand and accurately model applications such as 
managed aquifer recharge, groundwater contamination and wastewater 
treatment processes. 

The release of colloids from grain surfaces depends on the relative 
strength of adhesive forces, torque resistance as well as hydrodynamic 
forces and torques applied [26–30]. Adhesive forces are greatly influ-
enced by the solution chemistry (i.e., ionic strength, pH, and ionic 
composition), whereas the hydrodynamic forces increase as flow ve-
locity increase [16,20,28,31]. Therefore, changes in the chemical 
composition of the aqueous phase and flow rate affect the release of 
colloids attached to solid surfaces. Colloids interacting with grain sur-
faces in the secondary minimum tend to be released upon reduction of 
solution ionic strength as the secondary minimum vanishes at low ionic 
strength conditions. However, the release of colloids in the primary 
minimum is negligible [32,33]. On the other hand, the release of colloids 
from a smooth surface is insignificant under favorable conditions and at 
high ionic strength for unfavorable conditions as the DLVO (Derjaguin, 
Landau, Verwey and Overbeek) theory predicts an infinite depth of 
primary minimum at these conditions [34–37]. Nevertheless, nanoscale 
roughness on the collector surface affects the deposition and release of 
colloids regardless of the theory [38–40]. For example, the presence of 
nanoscale physical asperities on the collector surface increase colloid 
deposition in secondary minima and release colloids attached in primary 

minima [41–43]. 
Colloid release during transient hydro-chemical conditions in satu-

rated porous media has been studied using laboratory column experi-
ments under unfavorable conditions [16–21]. Changes of colloid 
breakthrough in response to perturbations in flow rate and solution 
chemistry were observed under different colloid-collector size ratios, 
solution ionic strength and surface heterogeneities. The DLVO theory 
failed to explain some observations from such column experiments such 
as the fractional release of colloids when decreasing the ionic strength to 
which the adhesive forces are highly repulsive [36,37]. Therefore, col-
umn experiments are not quite adequate to identify deposition and 
release mechanisms at the pore-scale including straining (grain-grain 
contacts and small pore throats), size exclusion, ripening, bridging, 
clogging and attachment on nanoscale surface heterogeneity [8,20,36, 
44,45]. 

Recently modeling studies have been performed to simulate the 
deposition of colloids in porous media by incorporating mechanisms 
such as mechanical filtration and straining to predict colloid behavior 
obtained from column experiments [22,24,25,46,47]. However, dis-
crepancies between modeling and column experiments were observed 
due to the use of simplified assumptions and lack of incorporating 
mechanisms that take place at the pore-scale. Therefore, direct visuali-
zation studies are essential to understand and accurately model 
pore-scale mechanisms of colloid deposition and release. 

Some studies implemented real-time, pore-scale visualization of 
colloid release experiments were conducted using an impinging jet to 
study the influence of colloid type, surface chemistry and surface 
roughness on colloid release from a flat surface [23,47]. Other attempts 
used flow cells containing glass beads equipped with visualization 
techniques to investigate the impact of colloid size on release upon 
perturbation of ionic strength and flow [48]. Some investigators used 
simplified geometry of micromodels to study the impact of different 
factors such as colloid size, shape, concentration, flow velocity, ionic 
strength on colloid transport and retention [49–52]. Although 
colloid-collector interactions at different conditions were revealed in 
these experiments, the use of simplified geometry was a limiting factor 
that prevented direct comparison to pore-scale processes in natural 
complex porous media systems. For instance, the spatial distribution of 
hydrodynamic forces due to pore-scale velocity distributions was not 
considered in the impinging jet experiments, although such distributions 
significantly influence colloid release in natural porous media systems 
[16,36]. 

The effects of attached colloid concentration and surface roughness 
on colloid release due to ionic strength reduction in sand columns were 
also investigated [53]. Although final colloid distribution patterns were 
obtained using scanning electron microscope after completion of the 
experiments [e.g., 53], real-time visualizations that reveal the dynamics 
of colloid deposition and release, reversible colloid attachment and 
re-deposition of released colloids were not observed. 

As can be seen from studies listed above, colloid deposition and 
release mechanisms that occur due to perturbations in hydro-chemical 
condition were not observed at the pore-scale. Although some studies 
used direct visualization techniques, the use of simplified geometries of 
porous media prevents actual representation and capture of true 
mechanisms that take place in complex geometries of natural systems. 
Moreover, the impact of interaction favorability of colloids under tran-
sient hydro-chemical conditions was not tackled in previous studies. 

The main objective of this study was to investigate, at the pore-scale, 
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Fig. 2. Experimental setup of the micromodel used for colloid deposition and release experiments.  

Fig. 1. DLVO energy profiles for various colloids interacting with (a) the collector surface, and (b) other colloids.  

Table 1 
Summary of experimental conditions used in this study.  

Exp. ID Colloids Colloid favorability with the collector Initial IS (mM of NaCl) Zeta Potential (mV) 

Transient Conditions 

Flow perturbation (μL/min) 
Solution chemistry 

DI pH 11 

AMPS AMPS Favorable 0 20.2 10 and 100 – ✓ 
CMPS CMPS Medium-Favorable 0 − 15.2 10 and 100 – ✓ 
PS_DI 

PS 
Unfavorable 0 − 63.8 10 and 100 – ✓ 

PS_10mM Unfavorable with medium IS 10 − 51.8 10 and 100 ✓ ✓ 
PS_100 mM Unfavorable with higher IS 100 − 21.7 10 and 100 ✓ ✓  
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the impact of colloid interaction favorability on colloid deposition and 
subsequent release in response to perturbations of flow rate and solution 
chemistry in saturated porous media. Pore-scale experiments were 
conducted using a micromodel with physically representative geometry 
that represents natural porous media. Direct pore-scale images were 
obtained at different stages of colloid deposition and release to visualize 
and quantify colloids deposition and release mechanisms in the pore- 
space of the micromodel. Favorable, medium-favorable and unfavor-
able colloids were used in the experiments. Colloids were deposited in 
the micromodel and then a series of colloids release experiments were 
conducted at different conditions including increasing the flow rate, 
decreasing the ionic strength and increasing the solution pH. 

2. Materials and methods 

2.1. Colloids characteristics 

Polystyrene (PS), carboxylate-modified polystyrene (CMPS), and 
aminate-modified polystyrene (AMPS) microspheres (Magsphere Inc., 
Pasadena, CA) were used as the colloids in this study. All colloids have a 
similar diameter and density of 5 μm and 1.05 g/cc, respectively. Zeta 
potential values were measured using Zetasizer (Nano ZSP, Malvern 
Panalytical, Southborough, MA) at 21 ◦C for the colloids in their 
respective background solution and the results are given in Table 1. 
Fig. 1 shows the computed DLVO energy profiles of colloid interactions 
with surfaces of the micromodel and other colloids (See supplementary 
material for a detailed description of DLVO energy calculations). As 
inferred from the energy profiles given in Fig. 1-a, three different 
favorability of interactions with the micromodel were shown by the 
colloids used in this study. These interactions were favorable, medium- 
favorable and unfavorable for AMPS, CMPS, and PS colloids, 
respectively. 

A 10 % stock colloid solution was diluted using a background solu-
tion to obtain a final concentration of 2.9 × 107 colloids/mL to prevent 
inlet clogging of the micromodel. The diluted colloid suspensions were 
sonicated in a water bath for 30 min prior to the injection into the 

micromodel using an ultrasonic processor (SONICS, Vibra cell) to uni-
formly disperse the colloids in the background solution. 

2.2. Background solutions 

Background solutions for each experimental condition were pre-
pared by dissolving sodium chloride (NaCl) in deionized water (DI) to 
obtain different ionic strengths used in the experiments as shown in 
Table 1. The pH for all solutions was maintained as 6.3 (i.e., the pH of 
deionized water) by adding drops of 0.1 M of sodium hydroxide (NaOH) 
solution. Three different ionic strengths (i.e., 0, 10, and 100 mM of NaCl, 
low, medium and high ionic strength) were selected to investigate the 
impact of ionic strength on colloid deposition and release mechanisms 
for unfavorable colloids (i.e., PS colloids). 

2.3. Porous media 

A micromodel fixed on a borosilicate glass with a total area of 20 mm 
× 10 mm and a depth of 20 μm (Micronit Micro Technologies B.V., 
Enschede, Netherlands) was used as the porous medium with a porosity 
of 0.58 and pore-volume of 2.3 μL. The inlet port of the micromodel was 
connected to a syringe pump (Kats Scientific, NE-1010) using a Teflon 
tube as shown in Fig. 2. The micromodel was cleaned before the start of 
every experiment by injecting 100 pore volumes (PVs) of ethanol fol-
lowed by 500 PVs of deionized water. The micromodel was then dried in 
an oven at a temperature of 80 ◦C for 48 h. 

2.4. Experimental procedure 

Fig. 2 shows the experimental setup used in this study. It is mainly 
composed of a glass micromodel, syringe pumps, and a microscope 
(Leica Z6 APO) equipped with a high-resolution camera (Leica MC170 
with a resolution of 5 Mpixels). The oven-dried micromodel was placed 
on the microscope stage and then connected to precision syringe pumps 
via a three-way valve using Teflon tubes. Air-bubbles in the micromodel 
were displaced or dissolved by injecting several PVs of deionized water. 

Fig. 3. (a) Schematic of possible colloid deposition mechanisms on a collector surface; i.e., DCC, DFFSZ, and DCA; Colloid deposition mechanisms observed for (b) 
the AMPS system (favorable colloids); (b) the CMPS system (medium-favorable colloids); (d) the PS_DI system (unfavorable colloids); (e) the PS_10mM system 
(unfavorable colloids with medium ionic strength); and (f) the PS_100 mM system (unfavorable colloids with high ionic strength). 
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Before injecting the colloid suspension, the micromodel was equili-
brated by injecting 100 PVs of colloid-free background solution at the 
same flow rate that was used during colloid deposition and release ex-
periments. The colloid suspension was then injected at 5 μL/min (mean 
pore water velocity of 36 m/d) for 30 PVs. This flow rate was chosen to 
prevent the settlement of particles in the injection syringe and to prevent 
clogging at the inlet of the micromodel. Colloid injection was followed 
by flushing colloid-free background solution to remove free colloids in 
the pore space of the micromodel (i.e., undeposited colloids). Upon 
flushing the micromodel with a colloid-free background solution, only 
the deposited colloids remained in the micromodel, which is designated 
as the deposition phase in this study. Pore-scale images were captured at 
different locations of the deposition phase to visually identify colloid 
deposition mechanisms and patterns under different favourability of 
colloids. 

Once the deposition phase was established, the colloid release was 
investigated under the following perturbation conditions: (1) increase 
the flow rate without changing chemical conditions (i.e., background 
solution injection at flow rates of 10 μL/min and 100 μL/min, which is 
2× and 20× of the colloid deposition flow rate); (2) reduction of ionic 
strength to 0 mM NaCl at a constant flow rate (i.e., deionized water 
injection at 5 μL/min); and (3) increase of solution pH to pH 11 at a 
constant flow rate (i.e., 1 mM NaOH solution injection at 5 μL/min). A 
summary of the experimental conditions used in this study is given in 
Table 1. Each experiment was repeated twice to ensure the reliability of 
the obtained results. 

2.5. Image processing 

The optical microscope and high-resolution camera were used to 
capture pore-scale images of colloid deposition and release in the 
micromodel. During the experiments, images were acquired at the 
deposition phase and at different perturbation phases using 2.5×
magnification with a 2× plan apochromatic objective (0.234 numerical 
aperture, and 0.94 μm/pixel resolution) which was sufficient to resolve 
individual colloids. For each experimental condition, a series of images 
were captured with sufficient overlap and were registered to obtain a 
large image at the central region of the micromodel of an area of 4.7 ×
18.9 mm2. A precise moving controller was used for horizontal and 
vertical movement of the micromodel at each phase of the experiment. 

The quantity of colloids retained in the micromodel at each experi-
mental condition was computed from the respective captured images 
and presented as a percentage of the pore space. To identify deposited 
colloids in a given image (i.e., segment images), the image at a given 
experimental condition was subtracted from a mask (i.e., an image of 
water-saturated micromodel). A median filter was applied to remove 
possible noise due to contrast variations at the boundaries of different 
phases in images. Pixels corresponding to colloids were identified from 
the segmented image by pixel counting and then the percentage of 
colloids retained at each experimental condition was estimated. 

3. Results and discussions 

3.1. Effect of favorability of interaction on colloid deposition mechanisms 

Three mechanisms of colloid deposition in saturated porous media as 
a function of colloid favorability were visually observed in this study. 
These mechanisms include (1) Deposition on Collector Center where the 
flow streamlines are parallel to the collector surface (DCC), (2) Depo-
sition in Forward Flow Stagnation Zone (DFFSZ), and (3) Deposition as 
Colloid Aggregates (DCA). 

Fig. 3 shows pore-scale images of size 1.0 mm × 1.0 mm (1064 ×
1064 pixels) obtained for different experimental conditions investigated 
in this study to visually identify mechanisms of colloid deposition in 
saturated porous media. As shown in Fig. 3-a, DCC takes place at loca-
tions on a collector surface where the velocity of flow is highest. 

Whereas DFFSZ takes place at locations where the local flow velocity is 
zero near the collector. DCA occurs for colloids when colloid-colloid 
interactions are attractive. Surfaces of the top and the bottom of the 
micromodel can be considered as a collector center as the flow velocity 
is relatively high. Table 2 summarizes the intensity of colloid deposition 
mechanisms for different types of colloids as a function of favorability of 
interaction as revealed from pore-scale images obtained in this study. 

CFT predicts that the DCC mechanism occurs via interception when 
colloids travel along streamlines of flow. The superior adhesion force 
between the colloid and collector surface overcome hydrodynamic 
forces which in turn leads to colloid attachment on the collector center 
via interception. However, the DFFSZ mechanism takes place when 
colloids are trapped in the forward flow stagnation zones (FFSZ) due to 
the attractive interaction energy between colloids and collector surface 
regardless of the separation distance. At these conditions, deposition of 
colloids occurs since the hydrodynamic forces at the stagnation zones 
are negligible to prevent the attachment of colloids. 

As observed from pore-scale images and reported in Table 2, the 
intensity of DCC decreases as the favorability of colloids decreases and 
as the ionic strength decrease for unfavorable colloids. High hydrody-
namic resisting forces on the collector center reduce colloid attachment 
as colloid favorability and ionic strength decreases. However, Forward 
Flow Stagnation Zones (FFSZs) are active retention sites for colloids that 
exhibit attractive interaction energy where hydrodynamic forces are 
negligible. Moreover, under favorable colloid-colloid interaction con-
ditions, a colloid in the bulk solution is attracted simultaneously by the 
collector surface and the deposited colloids resulting in DCA. As re-
ported in Table 2, the intensity of the DCA mechanism varies for 
different colloids due to changes in the colloid-colloid interaction energy 
profiles as shown in Fig. 1-b. 

AMPS colloids exhibited three types of deposition mechanisms (i.e., 
DCC, DFFSZ, and DCA) extensively as observed in Fig. 3-b and reported 
in Table 2. As shown in Fig. 1, the attractive interaction energy of AMPS 
colloids with the micromodel surface and other AMPS colloids explains 
the extensive deposition of colloids by DCC, DCA, and DFFSZ mecha-
nisms. On the other hand, the deposition of CMPS colloids exhibited 
relatively less intensity of DCC and DCA mechanisms compared to AMPS 
colloids. As shown in Fig. 1-a, the presence of a slight energy barrier for 
CMPS colloids beyond a separation distance of 20 nm, allows the 
deposition of colloids that interact only within a separation distance less 
than 20 nm. Similarly, colloid-colloid interaction was also unfavorable 
for CMPS colloids beyond a separation distance of 0.2 nm due to the 
existence of a repulsive energy barrier. Therefore, for CMPS colloids, the 
frequency of DCC and DCA mechanisms was less than what was 
observed for AMPS colloids as observed in Fig. 3-c and reported in 
Table 2. 

Moreover, pore-scale images obtained in this study show that sig-
nificant DCC occurs near small pores as shown in Fig. 3-b and -c. As a 

Table 2 
Summary of observed deposition mechanisms on a collector surface for different 
types of colloids.  

Exp. ID 

Colloid 
favorability 
with the 
collector 

The intensity of colloid deposition mechanism for 

Deposition on 
Collector 
Center (DCC) 

Deposition in 
Forward Flow 
Stagnation 
Zone (DFFSZ) 

Deposition as 
Colloid 
Aggregates 
(DCA) 

AMPS Favorable Very High Very High Very High 
CMPS Medium- 

Favorable 
High Very High Medium 

PS_DI Unfavorable None None None 
PS_10mM Unfavorable 

with medium 
IS 

Very Low High Very Low 

PS_100 
mM 

Unfavorable 
with higher IS 

Low Very High Low  
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large number of colloids follow the shortest paths in the pore space (i.e., 
higher flow velocity at small pores), a large number of colloids becomes 
available to interact with the collector center at small pores. Therefore, 
colloid deposition and subsequent ripening at small pores near the inlet 
would block or clog the pore space for favorable and medium-favorable 
colloids as revealed from this study. 

As can be seen in Fig. 3-d, pore-scale images reveal that none of the 
deposition mechanisms were observed for unfavorable colloids (i.e., 
PS_DI). The absence of the attractive interaction energy between colloids 
and micromodel surfaces prevented the deposition of colloids by any 
deposition mechanism (including DFFSZ). Due to the lack of attractive 
energies, colloids that were transported towards FFSZ were relocated to 
the main flow stream along the collector surface and then transported 
through the pore-space without any retention. However, as ionic 
strength increases, PS colloids exhibit intensive deposition via different 
mechanisms as shown in Figs. 3-e and f (i.e., PS_10mM and PS_100 mM). 
At medium and higher ionic strength, DFFSZ was dominant over DCC 
and DCA for unfavorable colloids (Table 2). This is mainly due to the 
insignificant hydrodynamic forces in the FFSZ compared to the adhesion 
forces that exist at a very short separation distance as explained in 
previous theoretical studies [29]. Nevertheless, the intensity of DCC, 
DFFSZ, and DCA was higher for PS_100 mM compared to PS_10mM 
colloids. As seen in Fig. 1, as ionic strength increases, the repulsive en-
ergy barrier for unfavorable colloids decreases and the separation dis-
tance at which the primary minimum occurs increases. Therefore, 
colloid interaction with the collector surface and other colloids at higher 
ionic strength (i.e., PS_100 mM) are more frequent than interactions at 
lower ionic strength (i.e., PS_10mM). 

No individual colloid entrapment in small pore throats and grain- 
grain contacts was observed in any of the cases investigated in this 
study as the colloid size was small relative to the pore-throat size. 
Moreover, colloid deposition on Rear Flow Stagnation Zones (RFSZ) was 
not observed in pore-scale images obtained in this study which contra-
dicts previous studies that suggested that colloid deposition occurs in 
FFSZ and RFSZ under unfavorable conditions as fluid drag forces are 
absent or negligible [16,29]. Moreover, other studies suggested that 
fluid drag and shear might translate particles that are trapped in a sec-
ondary minimum until they reach RFSZ [54]. However, in this study, 
pore-scale images show that colloids retained via secondary minimum 
on the collector center were not translated to RFSZ as hypothesized in 
previous studies, they rather moved to the bulk solution or remained 
attached on the collector center (e.g., Fig. 3-a). The nanoscale roughness 
on the collector surface imparted a vital role to prevent the translocation 

of deposited colloids along the collector surface in contrast to the 
theoretical studies. 

Percentages of colloids retained in the micromodel as a percentage of 
the pore-space at the end of the deposition phase of each experimental 
condition were determined by processing the acquired images as shown 
in Fig. 4. Percentages of colloids retained in the pore-space show a clear 
trend of the deposition increase with the favorability of interaction as 
well as the increase in ionic strength for unfavorable conditions as can 
be seen in Fig. 4. Thus, a greater deposition was observed for AMPS (i.e., 
4 % of pore-space) compared to CMPS colloids (i.e., 1.8 % of the pore- 
space). Although PS_DI colloids show a repulsive interaction profile 
(Fig. 1-a), deposition of 0.2 % of colloids was observed on the nanoscale 
surface heterogeneities as reported in previous studies [20,47,55]. 

3.2. Colloid release by flow perturbations 

Upon deposition of colloids in the micromodel, a stepwise increase of 
flow rate was applied to investigate the effect of perturbations of hy-
drodynamic forces on colloid release. The flow rate was increased by 2×
and 20× the injected flow rate used to establish the deposition phase. 
Fig. 5 shows pore-scale images of size 1.2 mm × 1.0 mm (1276 × 1064 
pixels) at the end of the deposition phase and at each velocity pertur-
bation (i.e., 2× and 20× the flow rate used to establish the deposition 
stage). Fig. 6 shows fractions of colloids that remained in the micro-
model as obtained from pore-scale images upon velocity changes. 
Table 3 summarizes colloid release behavior during transient conditions 
for different colloids as perceived from Figs. 5 and 6. 

As shown in Fig. 5 and reported in Table 3, no significant colloid 
release from the micromodel was observed when the flow rate was 
increased to 2× for all experimental conditions. However, different 
colloid release patterns were observed when the flow rate was increased 
to a 20× injected flow rate. Upon a 20× increase in flow rate, the trend 
of colloid release followed a similar trend observed for colloid deposi-
tion mechanism, DCC, as reported in Table 2. Pore-scale images in Fig. 5 
show that colloids that were subjected to release were initially deposited 
on the collector center in all the experimental conditions. The alteration 
of force balance acting on the deposited colloids due to a 20× increase in 
flow rate led to their release. In other words, due to flow perturbation, 
the hydrodynamic forces on the collector center are much higher than in 
FFSZs. Therefore, the spatial distribution of the deposited colloids and 
variations in hydrodynamic forces due to the pore structure were the 
major factors affecting the fractional colloid release in the porous media 
upon flow perturbations. Therefore, the negligible increase in hydro-
dynamic shear upon 2× increase in flow rate led to insignificant release 
of colloids at this flow rate as can be seen from Fig. 5 and Fig. 6. As 
shown in Fig. 5-e, an extensive release of unfavorable colloids was 
observed at high ionic strength (i.e., PS_100 mM). This observation 
contradicts previous studies that suggested that unfavorable colloids 
that were initially retained via secondary minimum under low ionic 
strength were released at high rates compared to colloids at high ionic 
strength as they were deposited permanently in deep energy well [20, 
47,55]. 

As seen in Fig. 6, the AMPS colloid fraction retained in the micro-
model after 20× perturbation increased to 10 % of the initially deposited 
colloids. This observation can be explained based on direct visual 
observation obtained from pore-scale images (e.g., Fig. 5-a). AMPS 
colloids were initially deposited as multi-layered aggregates which were 
redistributed to mono-layer aggregates upon the increase of flow rate to 
20× the initial flow rate. Therefore, the percentage of initially deposited 
colloids estimated at the end of the deposition phase by image pro-
cessing was underestimated due to the formation of multi-layered ag-
gregates. Images also show that colloid aggregates aligned along the 
flow streamlines as a result of fluid drag forces acting on colloid clusters. 
Although the percentage of colloids retained after the flow perturbation 
(i.e., 20×) was estimated from the mono-layered aggregates, the colloid 
fraction retained after the flow perturbations did not show the actual 

Fig. 4. Impact of favourbility of collodis on their deposition: Colloids retained 
in the micromodel as a percentage of the pore space at flow rate = 5 μL/min 
and pH = 6.3 (i.e., deposition phase). 
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behavior of AMPS colloids. Pore-scale images given in Fig. 5-a show an 
extensive release of AMPS colloids from the multi-layer colloid aggre-
gates which were formed at the deposition phase and turned into a single 
layer of colloids. 

As reported in Fig. 6, approximately 30 % of CMPS colloids that were 
deposited during the deposition phase were released upon the 20× in-
crease in the flow rate (i.e., 100 μL/min). It was also observed that 
colloid release was insignificant for unfavorable colloids in deionized 
water (i.e., PS_DI). However, colloid release increased as solution ionic 
strength increased. It was observed that approximately 10 % and 20 % of 
colloids that were deposited at the deposition phase were released when 
the ionic strength of the solution increased to 10 mM and 100 mM, 
respectively (i.e., systems PS_10mM and PS_100 mM in Fig. 6). 

Findings from this study revealed that the impact of spatial distri-
bution of hydrodynamic forces on the behavior of colloid release was 
reasonably important asthe strength of colloid adhesive forces (i.e., 
interaction energies). In other words, colloids deposited on collector 
centers were more susceptible to release as compared to colloids 

deposited in FFSZs. Besides the retention in FFSZ, colloid deposition on 
the collector center increased as the solution ionic strength for PS col-
loids increased as observed in Fig. 3-e, f, and reported in Table 2. 
Therefore, colloids at high ionic strength were released from collector 
centers upon a 20× increase in flow rate regardless of their adhesive 
forces which contradict previous studies [20,47,55]. Furthermore, the 
release of PS_DI colloids was not observed in this study even after a 20×
increase in the flow rate. Deposition of approximately 0.2 % of the PS 
colloids under repulsive conditions (i.e., PS_DI) took place on low flow 
zones or surface heterogeneities (Fig. 5-c). Therefore, hydrodynamic 
forces imposed under the experimental conditions were not sufficient to 
release the deposited colloids back to bulk water. 

3.3. Colloid release by perturbations in solution chemistry 

The impact of perturbations in solution chemistry was investigated at 
two conditions: decreasing the solution ionic strength to 0 mM and 
increasing the solution pH to 11. Colloid release by the reduction in ionic 

Fig. 5. Pore-scale images before and after perturbation of the flow rate for the experimental conditions used in this study.  
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strength was established only for unfavorable colloids (i.e., PS_10mM 
and PS_100 mM). Colloid injection at high ionic strength for favorable 
and medium-favorable colloids (i.e., AMPS and CMPS colloids, respec-
tively) was difficult to achieve as it led to clogging the inlet of the 
micromodel. However, an increase in the pH of solutions was applied to 
all the experimental conditions in this study. 

Pore-scale images in Fig. 7 show the colloids retained at the end of 
the deposition phase and upon reduction of ionic strength to 0 mM for 
unfavorable colloids (i.e., PS_10mM and PS_100 mM). As indicated in 
the red circles shown in Fig. 7, a high release of PS_100 mM colloids was 
observed. As observed from several pore-scale images captured, the 
released colloids at both ionic strength conditions were initially depos-
ited on the collector center (i.e., DCC) and a significant fraction of 
unmobilized colloids upon the decrease of the ionic strength was 
retained in FFSZ. 

Fig. 8 shows pore-scale images before and after the increase of the pH 
of the solution for all types of colloids used in this study. For favorable 
and medium-favorable colloids (i.e., AMPS and CMPS as shown in 
Figs. 8-a and b), it was observed that colloids that were initially 
deposited on the collector centers (i.e., DCC) were released whereas a 
few of these colloids redeposited in the FFSZs. 

The unfavorable colloids (i.e., PS_DI) deposited on nano-scale surface 
heterogeneities were not susceptible to release as observed in Fig. 8-c. 
However, as ionic strength increased, unfavorable colloids exhibited 

colloid release from collector centers as shown in red circles in Figs. 8- 
d and f. As can be seen from the pore-scale images, the greater colloid 
release was observed for high ionic strength (i.e., PS_100 mM) than 
medium ionic strength conditions (i.e., PS_10mM) upon reduction in 
ionic strength to 0 mM. This can be attributed to considerable colloid 
DCC at high ionic strength compared to medium ionic strength condi-
tions (Table 2). 

Fig. 9 shows fractions of colloids that remained in the pore space 
upon the reduction of solution ionic strength and increase of solution 
pH. Table 3 summarizes the effect of colloid favorability and solution 
ionic strength on the release behavior of colloids. As shown in Fig. 9, a 
substantial release of deposited AMPS and CMPS colloids was observed 
due to the increase of the pH of the solution. Approximately, 70 % of 
AMPS and 58 % of CMPS colloids were mobilized upon the increase of 
solution pH. However, the release of unfavorable colloids (PS_DI) was 
negligible where less than 0.5 % of deposited colloids were released due 
to the pH increase. It was also observed from Fig. 9 that reduction of 
ionic strength led to the release of 8 % and 3 % of the initially deposited 
colloids of the PS_100 mM and PS_10mM colloids, respectively. 

Previous studies reported that the unfavorable colloids attached via 
secondary minimum were released upon the reduction of ionic strength 
since the secondary minima vanish at low ionic strength [20,31,47]. As 
observed in Fig. 1, as the ionic strength decreases from 100 mM to 10 
mM, the energy barrier increases and the secondary minimum de-
creases. Therefore, at an ionic strength of 100 mM, collector surfaces 
were favorable for secondary minimum attachment. On the other hand, 
at an ionic strength of 10 mM, the deposited colloids may move back to 
the bulk water due to the shallow energy well (− 2 kBT) and high drag 
forces on collector centers. Nevertheless, the release of colloids depos-
ited in FFSZs (i.e., DFFSZ) was not observed in this study under both 
ionic strength conditions. This observation can be explained by two 
possible reasons. Firstly, the hydrodynamic drag forces acting on the 
colloids in FFSZ were not sufficient to release colloids back to the bulk 
solution [29]. Secondly, colloids deposited in the secondary minimum 
overcome the energy barrier and translated to the primary minimum 
(due to the absence of re-entraining forces in FFSZ) where the primary 
minimum exists at shorter separation distances at both ionic strength 
conditions (i.e., 0.2 nm, Fig. 1-a). The release of colloids from the pri-
mary minimum was not observed by the reduction in ionic strength as 
the attachment occurs at deep energy well. 

The observed behavior of colloid release from the micromodel upon 
pH increase can be related to zeta potential values and DLVO energy 
profiles. Zeta potential values of AMPS, CMPS, and PS colloids at pH of 
11 were measured as − 14, − 25, and − 72 mV, respectively. The corre-
sponding DLVO curves are shown in Fig. 10. As shown in Table 1, zeta 
potential values of colloids decreased as the pH of the solution increased; 
colloids develop stronger negative surface charges resulted from the 
OH− ions of the bulk solution [56,57]. Consequently, the enhanced 
colloid release for the AMPS colloids with the increase in solution pH 
took place due to the conversion of surface charge from positive to 
negative. However, it was observed that about 30 % of the initially 
deposited colloids remained in the porous media. This observation 
suggests that retained colloids were deposited in a deep energy well at 
short separation distances (less than 3 nm) where the DLVO profiles 
show primary minimum interaction even after perturbation with high 
pH solution (Fig. 10). In other words, AMPS colloids deposited in the 
porous media at long-range of separation distances (i.e., more than 3 
nm) were released back to the bulk solution during the perturbation 
phase due to repulsive interaction forces. 

The release of CMPS colloids can be understood within the context of 
DLVO profiles. Colloids deposited within a separation distance less than 
0.2 nm were retained in the micromodel despite the increase of the pH of 
the solution. Pore-scale images shown in Fig. 8 reveal that the released 
colloids for all cases were initially attached on the collector center and 
those colloids retained after the perturbation phase were deposited in 
FFSZ. This observation indicates that the retained colloids in FFSZ were 

Fig. 6. Impact of flow perturbation on the release of colloids: the fraction of 
colloids remaining in the micromodel upon the increase of flow rate from 5 μL/ 
min to 10 and 100 μL/min (2× and 20× the injection flow rate used to create 
the deposition phase of colloids). 

Table 3 
Summary of observed colloid release behavior in a saturated porous media for 
different types of colloids.  

Exp. ID 
Colloid 
favorability with 
the collector 

Colloid release by perturbation in 

Flow rate Solution chemistry 

2× 20× Reduction in 
IS (0 mM) 

Increase in 
pH (11) 

AMPS Favorable None Very 
High 

– Very High 

CMPS Medium- 
Favorable 

None High – High 

PS_DI Unfavorable None None – None 
PS_10mM Unfavorable with 

medium IS 
None Very 

Low 
Very Low Very Low 

PS_100 
mM 

Unfavorable with 
higher IS 

None Low Low Low  
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interacting in the primary minima at very short separation distances 
even under unfavorable conditions in this study as explained earlier (i. 
e., PS_10mM and PS_100 mM). Although previous studies suggest the 
release of colloids deposited initially in the primary minimum by 
increasing the solution pH [8,55,57,58], the observed colloid release in 
this study was insignificant for colloids attached in FFSZ. These findings 
suggest that the negligible drag forces acting in FFSZ and the greater 
energy barrier for release (due to deep primary minimum interaction) 
were the main factors that lead to the permanent retention of colloids in 
FFSZ. Generally, colloid release upon perturbations increased with an 
increase in interaction favorability as well as ionic strength for unfa-
vorable colloids (Table 3). 

4. Conclusions 

This study elucidated the importance of understanding pore-scale 
deposition mechanisms of colloids to explain the colloid release 
behavior in saturated porous media during transient hydro-chemical 
conditions. Main findings obtained from this pore-scale visualization 
study are:  

1 Three mechanisms of colloid deposition in saturated porous media as 
a function of colloid favorability were observed in this study: 
Deposition on Collector Center (DCC), Deposition in Forward Flow 
Stagnation Zones (DFFSZ), and Deposition as Colloid Aggregates 
(DCA).  

2 Favorable colloids exhibited extensive DCC and DCA as adhesion 
forces overcome hydrodynamic forces. However, at medium and 
high ionic strength, DFFSZ was dominant over DCC and DCA for 

unfavorable colloids as the hydrodynamic forces are negligible at 
FFSZ.  

3 The intensity of deposition mechanisms decreased as the favorability 
of colloids decreased and as the ionic strength decreased for unfa-
vorable colloids (i.e., greater deposition for favorable colloids and at 
higher ionic strength for unfavorable colloids).  

4 Pore-scale images showed that, upon an increase of flow rate to 20×
the initial flow rate, colloids that were initially deposited on collector 
centers were more susceptible to release as compared to colloids that 
were initially deposited in FFSZs. Perturbation in flow rate induced 
higher hydrodynamic forces on the collector center as compared to 
FFSZs.  

5 The negligible increase in hydrodynamic shear upon a 2× increase in 
flow rate led to insignificant release of colloids. However, upon a 
20× increase in flow rate, the trend of colloid release followed a 
similar trend observed for colloid deposition mechanism (i.e., DCC).  

6 As observed from captured pore-scale images, the released colloids at 
all experimental conditions were initially deposited on the collector 
center (i.e., DCC) and a significant fraction of unmobilized colloids 
upon hydro-chemical perturbations was retained in FFSZ.  

7 Significant colloid release took place for unfavorable colloids at high 
ionic strength due to greater colloid deposition on the collector 
center compared to medium ionic strength.  

8 For favorable colloids, the presence of repulsive interaction for a 
long-range of separation distance at high pH induced the release of 
colloids deposited on the collector center upon an increase in solu-
tion pH. However, the retained colloids upon the perturbation phase 
were deposited in FFSZ at short separation distances where a deep 
primary minimum existed. 

Fig. 7. Pore-scale images at different stages of perturbation for PS_100 mM and PS_10mM conditions.  
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9 The negligible hydrodynamic drag forces in FFSZ and deep primary 
minimum interaction at short separation distances were the major 
factors that hindered the release of colloids in FFSZ under transient 
hydro-chemical conditions. 
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