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a b s t r a c t
As a representation of a porous medium, a closed micro-ﬂuidic device made of polydimethylsiloxane
(PDMS), with uniform wettability and stable hydrophobic properties, was designed and fabricated. A ﬂow
network, with a mean pore size of 30 lm, was formed in a PDMS slab, covering an area of 1 mm  10 mm.
The PDMS slab was covered and bonded with a 120-lm-thick glass plate to seal the model. The glass
plate was ﬁrst spin-coated with a thin layer, roughly 10 lm, of PDMS. The micro-model was treated with
silane in order to make it uniformly and stably hydrophobic. Fluorescent particles of 300 lm in diameter
were used as colloids.
It is known that more removal of colloids occurs under unsaturated conditions, compared to saturated
ﬂow in soil. At the same time, the change of saturation has been observed to cause remobilization of
attached colloids. The mechanisms for these phenomena are not well understood. This is the ﬁrst time
that a closed micro-model, made of PDMS with uniform and stable wettability, has been used in combination with confocal microscopy to study colloid transport under transient two-phase ﬂow conditions.
With confocal microscopy, the movement of ﬂuorescent particles and ﬂow of two liquids within the pores
can be studied. One can focus at different depths within the pores and thus determine where the particles
exactly are. Thus, remobilization of attached colloids by moving ﬂuid–ﬂuid interfaces was visualized. In
order to allow for the deposition and subsequent remobilization of colloids during two-phase ﬂow, three
micro-channels for the injection of liquids with and without colloids were constructed. An outlet channel
was designed where efﬂuent concentration breakthrough curves can be quantiﬁed by measuring the ﬂuorescence intensity. A peak concentration also indicated in the breakthrough curve with the drainage
event. The acquired images and breakthrough curve successfully conﬁrmed the utility of the combination
of such a PDMS micro-model and confocal microscopy for the visualization of colloid transport in a ﬂow
network ﬁlled with two ﬂuids, and in particular, the colloids retention, mobilization, and transport under
transient ﬂow conditions.
Ó 2013 Elsevier Inc. All rights reserved.

1. Introduction
As a representation of a porous medium, micro-models are
commonly employed to study and visualize physical, chemical,
and biological processes at the pore scale. During the last few decades, micro-models have proven to be a valuable tool for the study
and observation of ﬂow of ﬂuids and transport of solutes within
the pore space. They have been increasingly used to study diverse
applications, such as energy-related multiphase transport in porous media [1], reservoir engineering [2], and two-phase ﬂow
Abbreviations: PDMS, polydimethylsiloxane; FWI, ﬂuorinert–water interface;
SWI, PDMS–water interface; FWSC, ﬂuorinert–water–solid contact line.
⇑ Corresponding author at: Earth Sciences Department, Utrecht University,
Budapestlaan 4, 3584 CD Utrecht, The Netherlands.
E-mail address: S.M.Hassanizadeh@uu.nl (S.M. Hassanizadeh).
0021-9797/$ - see front matter Ó 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jcis.2013.02.041

experiments [3–11]. An extensive review of micro-models and
their use in two-phase ﬂow research can be found in Karadimitriou
and Hassanizadeh [12], including fabrication methods, materials
used, and visualization techniques.
The use of micro-chips in colloids transport is a relatively recent
development. So far, mostly, an open micro-channel combined
with microscopy has been used to study colloids transport [13–
17], where visualization is relatively simple. But, micro-channels
are too simple and in particular, various two-phase phenomena
occurring in a porous medium will not occur there. One needs to
have a network containing a large number of pores. Pioneering
visualization experiments on colloid retention in unsaturated media were performed by Wan and Wilson [18,19] in glass micro-models under optical microscopy with ﬂuorescent lighting system. In
their system, the air phase was stagnant and water phase ﬂowed
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at steady state. Later on, etched glass micro-models were used by
other research groups [20,21] to study colloids movement at pore
scale with optical microscopy. They injected air bubbles into micro-models and visualized the interaction of colloids and a single
air bubble under steady-state. Other materials have been also used
to make micro-models for colloids transport. For example, silicon
micro-models have been used to study colloids hydrodynamic
behaviors in a saturated medium [22]. PDMS micro-ﬂuidics has
been used in biochemical engineering applications [23], blood micro-particles distribution [24], and multiphase/two phase ﬂow in
porous media. Compared to glass and silicon, a soft material like
PDMS is more suitable for making inexpensive micro-models by
rapid prototyping [25].
One of the open questions in the transport of colloids in unsaturated porous media and/or in two-phase ﬂow is the role of ﬂuid–
ﬂuid interfaces, as well as ﬂuids–solid contact line, in the attachment and remobilization of colloids. Optical microscopy provides
a lumped image of the whole channel depth. But, in order to investigate the interactions between colloids and ﬂuid–ﬂuid interfaces
and/or contact lines in a two-ﬂuid system, one needs to focus
and get images at various depths within the pore space. This can
be achieved with a confocal microscope. Confocal microscopy is a
point-by-point visualization method. One of the ﬂuids should
either be dyed with ﬂuorescent dyes or contain some ﬂuorescent
particles. With confocal microscopy, the sample can be tracked
spatially in three dimensions by superposing two dimensional
images taken at sequential z stacks [26] (z being the coordinate
in the depth). Furthermore, it allows real-time information about
the complex mechanisms under dynamic conditions. However,
confocal microscopes have a limited depth of view. Generally, they
give good results for a depth of view up to 250 lm [27]. That is the
reason that mostly open micro-channels have been used in studies
involving confocal microscopy; a cover plate takes up much of the
depth of view and thus a very limited depth of the channel can be
visualized.
In this work, we describe the design and fabrication of a closed
PDMS micro-model, following a procedure described by Xia and
Whitesides [28]. PDMS micro-models are very cheap to produce,
and can be made under normal laboratory conditions (so, for
example, a clean room is not needed). Moreover, the PDMS micro-model that we designed and manufactured had some important properties that are usually lacking in other PDMS models.
First, the micro-model was made uniformly and stably hydrophobic. Second, the model was sealed with a very thin glass plate,
coated with a ﬁlm of PDMS. This made it possible to focus at locations throughout the whole depth of the model (30 lm). Third, the
system of injection of ﬂuids, with and without colloids, was constructed such as to avoid mixing of ﬂuid phases at the entrance.
Fourth, the inner surfaces of the pores were all PDMS. This made
sure that the ﬂuids would experience the same wetting properties
everywhere; there was no mixed wettability.
To the best of our knowledge, this is the ﬁrst application of PDMS
micro-model combined with confocal laser scan microscopy to study
the movement of ﬂuorescent particles in a ﬂow network. It is also the
ﬁrst study of colloids transport in a porous network with transient
ﬂow two immiscible liquids. Acquired images were used to analyze
colloids interaction with liquid phases, water–ﬂuorinert and liquid–solid interfaces, as well as with the ﬂuids–solid contact lines.

ﬂow conditions. So, it is not crucial which phase is the wetting
phase and which one is the non-wetting. As the two immiscible
ﬂuids, we selected deionized water and ﬂuorinert FC-43(3M). Given the fact that our PDMS micro-model was hydrophobic, water
was the non-wetting phase and ﬂuorinert was the wetting phase.
The ﬂuorinert liquid type was chosen such that it had nearly the
same index of refraction as water (1.291 and 1.332, respectively,
at 20 °C). Carboxylated ﬂuorescent microspheres (Polysciences
Inc. GmbH), with an average diameter of 300 nm were used as
model colloids. They were hydrophilic and weakly negatively
charged at neutral pH and were labeled with ﬂuorescein. Because
we worked with large concentration of colloids (up to 1012 particles per liter), we had to make sure no coagulation in the colloids
suspension occurred. Therefore, before injection, the colloidswater suspension was immersed in an ultrasound bath for
30 min to prevent coagulation. We were interested in colloid transport and mobilization under transient hydraulic conditions.
2.2. The ﬂow network
A two-dimensional pore network was designed based on Delaunay triangulation. Delaunay triangulation is considered to be a
good representation of a natural porous medium [29]. The network
comprised an assembly of pore bodies (large pores) connected to
each other by smaller pores, called pore throats. In Delaunay triangulation, points are connected to their neighbors by non-intersecting bonds. Connected points form triangles that are as equilateral
as possible. The coordinates of the triangulation points were generated in MatLab. These points were considered to be the centers of
the pore bodies. The network was then exported to AutoCAD
sketch for further processing. An outlet channel, along with three
inlet channels for the introduction of the ﬂuids and the colloids,
were added to the same sketch and connected to the network.
As can be seen in Fig. 1, the ﬁnal design of the micro-model had
ﬁve parts: (1) three inlet reservoirs (each 0.5 mL in volume); (2)
three inlet channels (6 mm in length, 0.5 mm in width and 30 lm
in depth) for introducing ﬂuorinert, water, and water with colloid
suspensions; (3) the ﬂow network; (4) the outlet channel; (5) the
outlet reservoir. The overall network dimensions were 1 mm by
10 mm, with 90 pore bodies and roughly 200 pore throats. The mean
diameter of pore bodies was 30 lm. This was also the depth of all
parts of the network, which was measured and found to be constant
within a margin of 0.5% throughout the micro-model. The width of
pore throats was between 25 lm and 30 lm. The outlet channel,
as well as the outlet reservoir had some pillars (white strips) added
for structural strength. Given the aspect ratio between the width and
the depth of the channel and the reservoir, the top surface would collapse without the pillars [30].
2.3. Fabrication of the micro-model
Here, the fabrication of the micro-model is brieﬂy explained. A
detailed description of the procedure is given by Karadimitriou

2. Experimental setup, materials, and methods
2.1. Liquids and particles
As mentioned above, we were interested in generic studies of
the fate of adsorbing colloidal particles under transient two-phase

Fig. 1. Schematic representation of the micro-model (not to scale).
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et al. [10]. The pore network pattern was printed on a high-resolution mask (made by CAD/Art Services, Oregon, USA). The resolution
of the mask was 20,000 dpi. The mask was used to etch the ﬂow
network on a silicon wafer. This was done in a class-10,000 clean
room (Kavli Institute of Nanoscience, Delft). Using the wafer, a
soft-lithographic procedure was employed and the ﬂow network
with the reservoirs was formed in a PDMS slab. A 120-lm-thick
glass plate from Menzel-Glaeser was then used to seal the model.
The glass plate was pre-coated with a very thin layer of PDMS (less
than 10 lm) with the use of a spin coater (Laurell Technologies). In
this way, the phases involved in the experiments would experience
the same wetting properties of the solid phase throughout the
whole network. The sum of PDMS-coated glass plate thickness
and the ﬂow channel depth was kept below 250 lm. Thus, the
whole channel depth was fully within the working distance of
the confocal microscope. The bonding of the PDMS slide and the
sealing glass slide was achieved following a corona treatment procedure. Thereafter, the model was left in an oven overnight at 68 °C
to enforce bonding. An example of the constructed micro-model is
shown in Fig. 2.

2.4. Silanization of the micro-model
Since PDMS is a polymeric material, its wetting properties may
change with time. However, after bonding, with corona treatment,
PDMS becomes hydrophilic but not stably; it degrades with time
and eventually recovers its hydrophobicity. This effect starts almost
immediately after exposure, and it continues until reaching the initial condition [31,32]. In order to make the wettability of the model
uniform and stable, the micro-model was silanized with the use of a
solution of trichloro-perﬂuoro-octyl-silane and 96% pure ethanol.
The solution was prepared in a small air-proof beaker, and thoroughly stirred with a stirring machine. One milliliter of the solution
was taken out of the beaker with a 1-ml Terumo syringe. The syringe
was then put in a syringe pump, and the solution was injected into
the ﬂow network at the ﬂow rate of 3 lL/min. We let the solution
ﬂow through the ﬂow network for half an hour. Then, the model
was put in an oven at 68 °C and was left overnight to dry out. This silanization process ensured that the micro-model became permanently and uniformly hydrophobic; even after months of use, the
PDMS surface remained unchanged with time.
Given that the model was hydrophobic, water was the non-wetting phase, while ﬂuorinert was the wetting one. The silanization
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process created some ﬂakes and produced small amounts of the
hydrochloric acid caused local damages to the PDMS surface. So,
although PDMS surface was smooth at most places, it also had
some roughness here and there. Given the fact that PDMS is highly
wettable to ﬂuorinert, it was probably covered a very thin ﬁlm of
ﬂuorinert everywhere during drainage experiments. Also, rough
depressions on PDMS surface were always ﬁlled by ﬂuorinert.
The ﬁlm was too thin to be visible in our visualization system.
Using the software ImageJ, the contact angle between FWI and
PDMS solid surface was measured to be between 0° and 4° [33].
2.5. Experimental setup
The experimental setup for the visualization of colloids movement (shown in Fig. 3) consisted of the following components.
2.5.1. Injection system
It comprised a dual-direction syringe pump (Harvard Apparatus GmbH), two syringes, a three-way valve, three ﬂow-regulated
reservoirs (volume 0.5 mL), and supply tubing (inner diameter of
0.15 mm). The dual-direction syringe pump could be used for
both injection and withdrawal of ﬂuids at highly-controlled small
ﬂow rates. The two syringes had volumes of 25 lL and 1 lL. The
1-lL syringe allowed us to control the ﬂow rate in the range of
1 pL/min to 1 lL/min for displacement experiments. The bigger
syringe was used for initial ﬁlling of the system with high ﬂow
rates.
In Fig. 3, we have used a color scheme to show which ﬂuids are
presented in various parts of the set-up. The three supply reservoirs were ﬁlled by ﬂuorinert (shown in red), water (shown in
blue), and colloids suspension in water (shown in green). The setup
was designed such that the injection and ﬂow regulation by the
pump involved ﬂuorinert only. So, the injection water, when
needed, was achieved by injecting ﬂuorinert into the lower part
of the corresponding ﬂow-regulated reservoir. As ﬂuorinert is heavier than water (and colloids suspension), it pushed the water out
of the reservoir and into the micro-model inﬂow reservoir. The fact
that the pump was always operated with the same liquid meant
that in needed one calibration only. So, the syringes, the threeway valve, and the lines up to the ﬂow-regulated ﬂuorinert reservoirs, were all ﬁlled with ﬂuorinert at all times. Using the threeway valve, we could select the desired liquid to be injected into
or withdrawn from the micro-model. The supply reservoirs ensured that the ﬂow-regulated reservoirs always remained ﬁlled
with their corresponding liquid.
2.5.2. The imaging system
It consisted of an inverted confocal laser scan microscope with
oil immersion objective lens of 63 magniﬁcation (Leica TCS SP2,
Heidelberg GmbH), with a numerical aperture of 1.4. We also used
an oil immersion lens of 40 magniﬁcation with a numerical aperture of 1.25 during dynamic experiments. We used a 488-nm line
of argon laser for excitation of ﬂuorescent particles.
2.5.3. The PDMS micro-model
The model, described in previous section, was ﬁxed on a support to prevent its movement under the ﬂuid injection pressure.
This assembly was placed horizontally on the stage of the
microscope.
2.6. Experimental procedure

Fig. 2. Picture of the micro-model. The three inlet reservoirs, the outlet reservoir,
and the ﬂow network are visible.

At the beginning of the experiment, the micro-model contained
air only. Using the syringe pump, ﬂuorinert was introduced into
the micro-model at a constant injection rate for an extended period
to expel the air and saturate the model with ﬂuorinert. Because
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Fig. 3. Schematic of the experimental set-up. Liquids ﬁlling up various parts are shown in different colors: ﬂuorinert in red, water in blue, water with colloids in green. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

PDMS is strongly wetting to ﬂuorinert, air was expelled thoroughly. Nevertheless, at the start of every experiment, we checked
all channels of a micro-model under microscope to ensure there is
no air bubble anywhere. Then, deionized water containing colloids
was injected at a constant ﬂow rate until steady-state ﬂow was
reached. In this process, colloids-DI water suspension partially displaced the ﬂuorinert phase to create the FWIs. After a period of
injection of colloids, we switched to injecting colloids-free DI
water without changing the ﬂow rate. So, the ﬂow remained steady
state but desorption of colloids took place. The colloids adsorption
and desorption was visualized during steady state ﬂow. Also,
breakthrough concentration curve in the outlet channel was measured (see Section 3). This was done by ﬁrst obtained a calibration
curve for colloids concentration and ﬂuorescent intensities. Then
we took real time images at the outlet channel which measured
the overall volume of the whole depth. After processing the
images, we calculated the concentration breakthrough curve based
on the calibration curve.
To perform transient experiments, at some point during steadystate ﬂow, we either increased the water ﬂow rate (to cause additional drainage) or injected ﬂuorinert (for imbibition to occur). In
the experiments carried out here, the water saturation during steady-state ﬂow was about 55–60%, and the ﬂow rate was 50 nL/min.
For transient drainage experiments, we increased the ﬂow rate to
200 nL/min. For imbibition experiments, we injected ﬂuorinert at
the same ﬂow rate as water was injected during steady state
(namely, 50 nL/min). The total duration of a set of experiments
(air expulsion, steady state ﬂow, and transient ﬂow) was about
3–12 h.
3. Results and discussions
3.1. Visualization of colloids retention under steady-state ﬂow
experiments
Once steady-state ﬂow of water was established, ﬂuorinert–
water interfaces were created; images were taken focusing at various depths in different channels. A set of still images taken at one
location are shown in Fig. 4. Fig. 4A was obtained by confocal
microscopy in ﬂuorescence mode, focusing at the middle of pore

depth. At this step, only ﬂuorescent particles were visualized. Then,
in order to know where the particles are relative to the ﬂow network and the FWI, the same part of the ﬂow network was also imaged by confocal microscopy in transmission mode (i.e., optical
mode). This is shown in Fig. 4B. Finally, Fig. 4C was produced by
the superposition of Fig. 4A and B.
In Fig. 4B and C, parts of three pore throats and one pore body
are visible. The FWI can be clearly seen. Particles were found dispersed in the water, attached to the SWI, and retained at both
FWI and FWSC. No particles were found in the ﬂuorinert, since
the particles are hydrophilic. This still image only represents the
behavior of the colloids at the time when the picture was taken.
Even during steady-state ﬂow, we observed relocation of attached
colloids, as explained below.
Colloids did not attach to the SWIs uniformly but in the form of
clusters. This is in agreement with Zevi et al. [34] who observed
that particles clustered on the sand grain surfaces. This is probably
due to the roughness of the solid surface (in our case created by the
silanization process), where microdepressions provide favorable
sites for colloids deposition [35,36]. As mentioned earlier, these
depressions are most probably ﬁlled by ﬂuorinert even in waterﬁlled pores, such that many small-scale FWSCs are created, where
colloids get attached.
In Fig. 5, we have focused on colloids accumulating at the FWSC
(encircled area). Here, the accumulation is probably due to strong
capillary forces at the FWI-PDMS contact line; the contact angle
was measured to be less than 4°. The two images are from exactly
the same domain but taken 30 min apart. The number of colloids
attached to the FWSC had clearly decreased. It seemed that the
mobilized colloids got reattached but some remained in water.
From our real-time visualizations, we noticed a clear oscillation
of the ﬂuorinert–water meniscus. The mobilization could be due
to local non-equilibrium effects induced by this oscillation. But,
at this moment we have no clear explanation for it.
The experiments were repeated, and similar behaviors of particles were observed under the same conditions. Images obtained
showed that the micro-model can provide clear visualization of
particles retention at ﬂuid–ﬂuid and ﬂuid–solid interfaces, as well
as ﬂuids–solid contact lines in steady-state two-phase ﬂow
system.
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Fig. 4. Colloids retention in ﬂuorinert and water system (images with resolution of
512  256 pixels). Snapshots were taken in the middle section of the micro-model.
Image C is the overlaid images of A and B. Green dots are ﬂuorescent particles. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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ﬂuorescent intensities at the outlet channel. These images were
captured at a speed of two frames per second, with a resolution
of 512  512 pixels per inch. The non-wetting phase (DI water) entered the imaged domain from the upper left corner. The larger
pore throat A (shown in Fig. 6a) was drained ﬁrst, and then the
smaller pore throat B.
Fig. 6a shows the initial distribution of the colloids just before
the micro-model was drained. As can be seen, a signiﬁcant number
of particles had been deposited on the solid surface at the junction
of the two pore throats. Fig. 6b was taken 8 s later, as pore A was
being invaded. Fig. 6c shows the micro-model after 20 s of interface moving, and Fig. 6d is after pore A was completely drained.
The FWI moving into pore A has detached some of the adsorbed
colloids. But, most colloids have remained in adsorption. Fig. 6e
and f were taken while pore throat B was being drained. The
majority of adsorbed colloids have been remobilized as FWI moves
into pore B. Video images of these events, Movie 1 and Movie 2, are
provided in the Auxiliary Materials. Remobilization of colloids led
to a peak in breakthrough concentration in the outlet channel as
shown in Fig. 7.
During dynamic processes, the particles were detached, and
then transported with FWIs and/or the FWSC. According to Gomez-Suarez et al. [37] and Sharma et al. [38], the lower the ﬂow
rate, the more time the moving FWSCs have to dislodge attached
particles. The ﬂow rate in our experiment was of the same order
of magnitude as in Sharma et al. [38], who also observed mobilization of attached particles. But, from the movies, we could observe
that some colloids remained attached on the pore walls even after
the passage of a FWSC. Again, this is probably due to local surface
roughness, since it can provide preferential sites for the deposition
of colloids [39]. This was also corroborated by Auset and Keller
[40], who showed that surface roughness, may even alter the
streamlines. This could be the main reason for the difference in
the behaviors of the two clusters of attached particles at the entrance to the pore throat B (in Fig. 6). While the lower cluster
was strongly detached and mobilized, the upper cluster detached
only slightly.

3.2. Visualization of colloids mobilization under transient conditions

4. Summary and concluding remarks

After the deposition of colloids, the micro-model was drained;
i.e. DI water (without colloids) was injected at a higher ﬂow rate.
This caused the movement of FWIs.
Real-time images were continuously captured while the moving
FWI passed through our target area; see sequence of images shown
in Fig. 6. Co-currently, we quantiﬁed the efﬂuent colloids concentration breakthrough curve (as shown in Fig. 7) by measuring the

In this work, a closed micro-ﬂuidic device made of PDMS,
with uniform wettability and stable hydrophobic properties
was designed and constructed. The use of this micro-model, in
combination with confocal microscopy; for the study of colloids
transport during two-phase ﬂow in a porous medium was
demonstrated. Water and 3M ﬂuorinert™ FC-43 were used as
two immiscible phases with nearly the same index of refraction.

Fig. 5. Retention of colloids at FWSC. The two images are from the same location, but 30 min apart, under steady-state ﬂow conditions.
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Fig. 6. Transport of colloids with the moving FWI in the micro-model. Arrows stand for the ﬂow direction.

Fig. 7. Measured efﬂuent colloid concentration breakthrough curve of the micro-model. The remobilization is due to additional drainage, where the ﬂow rate was
instantaneously increased by a factor four.

Colloids transport in the micro-model under both quasi-static
and transient conditions were studied. The behavior of colloids
in the micro-model was monitored with a confocal microscope.
The use of transparent PDMS micro-models and confocal microscopy provides clear images at the pore scale.
The setup made it possible to perform both steady-state and
transient experiments and moving of attachment/detachment of
particles in partially-saturated porous media. Three separate inlet
channels allowed the injection of ﬂuids without mixing them. Colloids retention at the ﬂuorinert–water interfaces (FWIs), water–solid interfaces (SWIs) and ﬂuorinert–water–solid contact lines
(FWSCs) were clearly visible. It was observed that FWSCs act as
the major retention sites for colloids.
Under transient conditions, mobilization of deposited colloids
was clearly visualized. Co-currently a concentration peak was
found in the efﬂuent breakthrough curve. The images and breakthrough curve conﬁrm the utility of such PDMS micro-model and
confocal microscopy for the study of colloids transport in porous
media.
The local surface roughness of PDMS and potential presence of a
thin ﬁlm of ﬂuorinert probably play an important role in the
attachment of particles. But, that could not be investigated here
due to limitations in visualization. Results obtained here cannot
be directly applied to unsaturated soil, where colloids are in water

that is the wetting phase. One needs to perform experiments
where colloids can be introduced into ﬂuorinert. Then, there would
be analogy with the unsaturated soil.
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