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Abstract
In this work, the compatibility of poly(dimethylsiloxane) (PDMS) with high viscosity petroleum liquids (bitumen) was 
evaluated to study the possibility of using PDMS microchannels in heavy oil and bitumen extraction research using 
solvent based methods such as Vapor Extraction. Three curing agent to base ratios (1:2, 1:10, and 1:20) were used to 
fabricate PDMS. Swelling ratio of these three samples in the vicinity of different organic solvents and diluted bitumen 
were evaluated by measuring the weight of sample every 15 min. It was found that 1:10 ratio PDMS was preferential ratio 
for minimizing absorption. We were particularly interested in the kinetic of swelling, deformation, and discoloration of 
PDMS. The hypothesis was that a PDMS microchip can still be used for experiments with heavy oil and bitumen if the 
experiment time is much shorter than the time it takes for PDMS discoloration, swelling, and deformation. The coating 
of PDMS slabs with trichloro (1 h 1 h 2 h 2 h-perfluorooctyl) silane was also tested and swelling ratios were again meas-
ured to evaluate the effect of surface coating. Swelling ratios were at the same order for uncoated PDMS which shows 
silane coating is not able to improve the solvent compatibility of PDMS. Moreover, solubility parameter was used to 
predict the swelling ratio of 1:10 PDMS sample in organic solvents. It predicts that hexane and toluene have the highest 
solubility that was in great agreement with experimental results. It seems that solubility parameter is a reliable factor to 
qualitatively predict the swelling ratio of PDMS. The effect of bitumen on transparency of PDMS was also studied using 
Ultraviolet–Visible spectrophotometer.
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1 Introduction

Microfluidic devices have been applied in petroleum or 
energy [1–4] for evaluation of wetting properties [5], single 
[6] and multiphase flow study [7], asphaltene deposition 
[8], enhanced oil recovery [9, 10] or other fields like fuel 
cells [11], microbioreactors [12], etc. Glass was the main 
substrate for micro fabrication early in 1990s due to its 
mechanical and optical properties, low chemical reac-
tivity, and transparency and they are mostly fabricated 
by photolithography and wet etching methods [13]. 
However, there are number of disadvantages for glass 

microchannels like high price and multistage fabrication 
process and irreproducible thermal bonding process [14]. 
Poly(dimethylsiloxane) (PDMS) is one of the most popular 
materials for microfluidic fabrication that has been thor-
oughly studied in various fields of application [15–17]. 
PDMS microchannels are low-cost and easy to fabricate 
with low polarity and chemical inertness [18–20]. Moreo-
ver, they are transparent to visible light and suitable for 
detection systems like ultraviolet–visible (UV–Vis) and fluo-
rescence [21]. PDMS consists of base and curing agent that 
various curing agent to base ratios alter the properties of 
elastomer such as stiffness [22–24].
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One of the main drawbacks of PDMS is that it swells with 
solvents such as toluene and low molecular weight organic 
solutes. In addition, bitumen as a complicated material with 
various fractions and large molecules such as asphaltene can 
affect the swelling ratio. Although accurate knowledge of 
the dimensions is very important in analysis of data captured 
from microchannel and fluid flow, swelling deforms the 
microchannel and change the rate and profile of the flow, 
consequently. Therefore, compatibility evaluation of PDMS 
with organic solvents along with heavy oil and bitumen [25] 
are the basic requirements in specific energy related fields 
such as capillary driven flow and pore scale study of effec-
tive forces on bitumen extraction where solvents are used 
for viscosity reduction. Noteworthy to mention that our 
hypothesis for this work was that if the swelling rate is slow, 
we can still use PDMS as a cheap and easily-made choice for 
microfluidic studies where the experimental time (i.e. con-
tacting time of PDMS and bitumen) is shorter than swelling 
rate of the chip.

There are a number of surface modification methods to 
improve the solvent compatibility of the PDMS. Abate et al. 
[26] presented a coating technique with a glass-like layer 
using sol–gel chemistry. It increases chemical resistance of 
the channel, but it changed the dimensions of the designed 
microchannel. Coating of the surface with other materials 
like Teflon [27] and silane [28] are reported by other authors. 
Laser surface modification [29] is another method to adjust 
the surface but considering this technique, PDMS is not a 
cheap and fast method of microfluidic device fabrication 
anymore. Application of self-assembled monolayer (SAM) 
with a high number of  CF3 and  CF2 groups alter the wetta-
bility of the surface [30]. Presence of these functional groups 
on the surface of FOTS coated PDMS has been reported by 
other authors [30]. There are a few limitations on PDMS sur-
face treatment such as aggregation of fluorocarbon and 
surface structural defects that impacts the performance of 
the coating [31].

In this study, dynamic of swelling ratio of PDMS in pure 
solvents and diluted bitumen samples (10–50%) in small 
time-lapsed increments were measured and transparency 
of swelled PDMS as a function of time was evaluated using 
UV–Vis. Total Internal Reflection Fluorescence (TIRF) micros-
copy was also applied to detect the bitumen on PDMS sam-
ples due to the fluorescence nature of the bitumen [32]. 
Moreover, PDMS slabs were coated with trichloro(1 h 1 h 
2 h 2 h-perfluorooctyl) silane (FOTS) in order to evaluate the 
effect of silane coating on solvent and bitumen compatibil-
ity of PDMS.

2  Theory

Solubility parameter can correlate experimental swelling 
based on cohesive energy densities of the materials. For 
two materials to be soluble, their cohesive energy densi-
ties must be similar, since this energy must be overcome to 
separate the molecules of the solute to allow the molecules 
of solvent to insert. Therefore, solubility parameter is use-
ful for predicting the swelling behavior of a polymer in a 
solvent without knowing any other information about the 
solvent [18]. For a binary system the Hildebrand–Scatchard 
equation [33] relates the solubility parameters of non-polar 
liquids to the enthalpy change on mixing them:

where Vm is the volume of the mixture, �i is the solubil-
ity parameter of the component i, and ∅i is the volume 
fraction of i in the mixture. For a soluble binary system, 
the free energy of mixing must be less than zero [34]. 
Based on the energy, enthalpy, and entropy of mix-
ing 

(

ΔGm = ΔHm − TΔSm
)

 , and Hildebrand–Scatchard 
equation ( ΔHm∞

(
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)2
 ), swelling is maximal when 

(

�p − �s

)2
 is zero or solubility parameter of PDMS ( �pd ) 

and solubility parameter of solvent ( �s ) are similar [33]. 
However, there are some exceptions for maximal swelling 
because of other effective factors on such as polarity of 
the solvent [35]. Hansen [36] divided solubility parameter 
into dispersion forces ( �d ), polar forces ( �p ), and hydrogen 
bonding forces ( �h ) within the material (Eq. 2). The role of 
each parameter can affect the strength of the solubility 
even at the same solubility parameters for two solvents.

Su et al. [37] showed that polar interaction is the main 
effect for deciding the swelling degree of PDMS in water 
and alcohol. This is in good agreement with our results 
because hexane and toluene had the highest swelling 
ratio and polar section of the solubility parameter is the 
main factor that is close to PDMS polar parameter. Lee 
et al. [18] reported an indistinguishable solubility param-
eter of 9.9 cal1∕2cm−3∕2 for methylene chloride and acetone 
with much higher swelling of methylene chloride com-
pared with acetone that is related to the polarity of the sol-
vents. The solubility of solvents in PDMS is also determined 
with interaction radius ( Ri ) (Eq. 3) that has the same unit 
as solubility parameter [38]. The smaller the  Ri, the higher 
the solubility of the solvent into PDMS [39].
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It is noteworthy to mention that experimental swelling 
ratio of PDMS at room temperature (i.e. 22 °C) was meas-
ured using the following equation where w is the mass 
of swollen network and  W0 is the mass of dry extracted 
PDMS slab.

3  Materials and method

3.1  Material

Hexane (lab grade), acetone (lab grade), methanol (ana-
lytical grade), toluene (HPLC grade), and isopropanol (lab 
grade) were supplied from Sigma-Aldrich Co., USA. PDMS 
(Sylgard 184 Silicone Elastomer Kit) purchased from Dow 
Corning Co., USA. Trichloro(1 h 1 h 2 h 2 h-perfluorooctyl) 
silane (FOTS) was supplied from Sigma-Aldrich Co., USA. 
McKay River bitumen was provided by Innovates Alberta.

3.2  PDMS fabrication and bitumen sample 
preparation

According to the manufacturer (Dow Corning, Midland, 
MI), the recommended ratio for curing agent to base is 
1:10. Here we have tried two other ratios with higher cur-
ing agent (1:2) and less (1:20) to evaluate the optimum 
ratio for PDMS fabrication. Therefore, PDMS samples were 
prepared by mixing a 1:2, 1:10, and 1:20 curing agent 
to base (Sylgard 184) ratios. Higher curing agent:base 
ratio means higher cross linking and rigid PDMS struc-
ture that breaks easily under shear strain. Mixture was 
degassed in a vacuum chamber for 60 min to remove the 
air trapped during the mixing. Then mixture was poured 
into a brass mold with two cylindrical reservoirs and a 
20 mm × 2 mm × 100 µm (length × width × depth) rectan-
gular channel connecting the reservoirs and cured for 
24 h at 80 °C to add Si–H bonds to C=C bonds. PDMS was 
extracted and individual chips was washed and glass sub-
strate (24 × 50 microscope coverslips from Fisher Scientific) 
was bonded to the PDMS forming an enclosed space. Glass 
substrates were cleaned using piranha solution  (H2SO4 and 
 H2O2 with 3:1 volume ratio) and rinsed using de-ionized 
water. Cleaned PDMS and glass substrate wafers were 
pressed together and baked in oven at 80 °C for 1 h for the 
reversible sealing using van der Waals forces at room tem-
perature. A drop of fluid sample (~ 15 µl) was placed in the 
inlet reservoir and fluid flowed through the micromodel 
due to capillary forces. In addition to microchannels, PDMS 
samples were cut into small square pieces (2.5 cm × 2.5 cm) 
to submerge in different liquids. Pieces were washed with 

(4)Swell ratio =
w − w0

w0

acetone and then DI water to remove the possible con-
taminants. Stock bitumen was used to prepare 10–50% 
bitumen dilutions in hexane. All the samples were aged for 
24 h to settle down the large aggregates and precipitates.

3.3  Silanization

Effect of silanization on swelling ratio of PDMS slabs in sol-
vents were evaluated by coating the PDMS surface with 
FOTS. In fact, this coating is a fast and cheap process for 
surface modification that can improve the possibility of 
using PDMS microchannels in heavy oil extraction using 
solvent. For silanization, a small amount of FOTS was 
placed in a vacuum chamber for 4 h at room temperature 
(i.e. 22 °C). Evaporated silane molecules react with surface 
silanols to form siloxane bonds at the interface. Irreversible 
bonding forms a monolayer of silane that was confirmed 
by water contact angle measurement that increased from 
~ 95° (untreated PDMS) to ~ 115° (silanized PDMS) as 
shown in Fig. 1. Noteworthy to mention that PDMS slabs 
were washed with piranha solution for activation to gener-
ate surface silanol groups before silanization process [30].

3.4  UV–Vis spectrophotometer

The transparency of the PDMS swollen at different bitu-
men samples was measured using UV–Vis spectropho-
tometer (Cary 50 UV–Vis, Varian Inc., USA) at a wave-
length of 400  nm and room temperature (22  °C). For 
this purpose, transparency of 2.5  cm × 1  cm × 0.3  cm 
(length × width × thickness) PDMS slabs were measured 
as a function of time. Absorbance (A) was calculated and 
related to the transmittance (T) based on the Eq. (2).

3.5  TIRF microscopy

In this work, TIRF microscopy was applied to image 
absorbed bitumen on the surface layer of the PDMS due 
to its the natural fluorescence [42]. This method excites 
fluorescence at solid surface without any other fluores-
cence background from deeper areas [32]. Therefore, 
fluorescence nature of the bitumen enables us to capture 
absorption of bitumen on the surface of the sample. As 
mentioned earlier, TIRF microscopy eliminates background 
noises of the PDMS. In fact, PDMS has small pores on the 
surface and TIRF microscope illustrates bitumen distribu-
tion on specific spatial location. Based on previous study 
in our group [32], a 488 nm laser source and 500–550 nm 
(green) emission filter were selected for the microscope.

(5)A = log10

(

100

T (%)

)

= 2 − log (T%)
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4  Result and discussion

4.1  Pure solvents swelling

The first part was related to the effects of PDMS prepara-
tion method on solubility in different solvents. Therefore, 
weight of swollen networks at different reagent to base 
ratios (1:10, 1:2, 1:20) were recorded. All sides of PDMS 
slabs should be covered with solvent for a uniform absorp-
tion of the solvent. Swelling ratio of the PDMS in solvent 
should be measured at equilibrium condition. This condi-
tion was considered at the time that there are no more 
changes in the mass of swollen network. Based upon this, 
a procedure was developed whereby small (5 cm × 5 cm) 
squares of PDMS were immersed in solvent in airtight 
bottles. Due to the volatile nature of the exposed to air 
solvents at room temperature (22 °C), the evaporation 
of the solvent could affect the measurements. This was 
resolved by measuring the weight of samples while it was 
submersed in the solvent plate. Weight of samples were 
measure in different time intervals until a constant weight 
was observed.

Swelling ratio of PDMS samples (1:2, 1:10, and 1:20 
ratios) in different solvents was depicted in Fig. 2. Slabs 
were submerged into solvent and weight of samples were 
measured at different times until there were no more 
changes in PDMS weight. Each experiment was performed 
for three times to evaluate the reliability of the results and 
error bars were calculated based on repeatability of the 
experiments with a 95% confidence interval of the mean. 
According to the error bars, the highest standard deviation 
of mean was related to PDMS slab submerged in toluene 
(1.286 ± 0.0317) that was small enough (< 2.5%) to confirm 
the repeatability and reliability of the experiments.

As mentioned earlier, 1:20 PDMS slab had highest swell-
ing ratio where submerged slabs in toluene and hexane 

with 128% and 105% increase in weight had the largest 
ratios, respectively. It means low cross linked elastomer 
(1:20 curing agent:base PDMS) swells more than other 
ratios where solvent molecules detach non-crosslinked 
oligomers from PDMS. Toluene and hexane swelled over 
85% after 80 min while other solvents have less than 20% 
of swelling. In fact, PDMS with low polarity [43] contribu-
tion had higher swelling ratio in liquids with lower polar-
ity index (i.e. toluene and hexane) while PDMS is more 
compatible with polar liquids (i.e. methanol, acetone, 
isopropanol). Solvents with high solubility in PDMS are 
not compatible with PDMS microfluidic platforms even 
for fast experiments. As can be seen, higher rate of swell-
ing is related to the first 60 min and was decreased until 
equilibrium condition was achieved. For example, swell-
ing was stopped after 350 min for 1:20 PDMS in toluene 
and 250 min for 1:20 ratio PDMS in hexane. Comparison 
between 1:10 and 1:2 PDMS slabs revealed that higher rea-
gent to base ratio sample (1:2) with a rigid, fragile struc-
ture, had higher swelling ratio. Ratio of the curing agent 
to base affects the number of cross-links in cured PDMS 
and higher swelling ratio of PDMS in solvent, consequently 
[18]. It seems that 1:10 cross-linker to base reagent ratio 
was the preferential ratio for minimizing organic solvent 
absorption. Neither increasing nor decreasing the amount 
of cross-linker had any beneficial effects for solvent com-
patibility. This is in good agreement with previous studies 
that showed minimum swelling ratio for 1:10 PDMS sam-
ple [44].

Final swelling ratio as a function of solubility parameter 
is shown in Fig. 3. According to Fig. 2, the highest swelling 
ratios were related to 1:20 reagent to base ratio PDMS slab 
in toluene and hexane. These two had smaller interaction 
radius (Table 1) compared with other solvents. Moreover, 
effective factors on solubility parameter can affect the 
swelling ratio drastically. For instance, as represented in 

Fig. 1  Water contact angle on a pure PDMS and b FOTS treated PDMS slab
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Table 1 [40], polar section of the acetone (10.4 MPa0.5) is 
very different compared with hexane (i.e. 0.01 MPa0.5) that 
caused large PDMS swelling difference of 105% and 31% 
between these solvents. In fact, low soluble liquids had 
high polar forces ( �p ) section ( �p > 10 MPa0.5) while highly 
soluble solvents had small polar forces (< 1.5 MPa0.5) that is 
closer to PDMS polar force. Figure 3 showed that different 
reagent to base PDMS samples for low soluble liquids such 
as methanol did not affect the swelling ratio.

Swelling ratio of FOTS coated PDMS slabs were meas-
ured for different curing agent:base ratios and shown in 
Fig. 4 for toluene as an example. PDMS coating followed 
the same steps for all the samples and each experiment 
was repeated three times to compare the mean and 
standard deviation values. Swelling ratios and standard 
error of means were in the same order of uncoated PDMS 
samples that means silane coating did not improve the 

solvent compatibility of the PDMS. It shows that coating 
with short-chain silane would not affect the swelling. In 
fact, the low wetting did not prevent the leakage of small 
solvent molecules into PDMS when immersed in the sol-
vent. Kushmeric et al. [45] showed aggregates of depos-
ited perfluorocyltrichlorosilane on the surface of PDMS, 
led to the degradation of expected hydrophobic surface 
property of treated PDMS.

4.2  Diluted bitumen

4.2.1  Swelling ratio

The main aim of this study is to determine if PDMS chips 
are suitable for evaluation of heavy oil and bitumen 
flow. Transparent nature of PDMS along with its flex-
ibility makes it as a suitable option for micro structure 

Fig. 2  Swelling ratio of PDMS 
chips in a Isopropanol, b 
Toluene, c Acetone, d Hexane, 
e Methanol. Error bars were 
calculated with repeatability of 
the experiment
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fabrication. However, the nature of bitumen with a wide 
range of components and presence of organic solvent 
such as hexane in some extraction methods such as 
Vapor Extraction (VAPEX) can affect the microchannel 
structure, size and even transparency. Therefore, swell-
ing ratio of 1:2 and 1:10 curing agent to base PDMS 
samples were evaluated at diluted bitumen samples in 
hexane (10–50 wt%). As shown in Fig. 5, higher swell-
ing ratio for 1:2 PDMS slabs was notified compared with 
1:10 samples. This means that 1:10 PDMS is still the opti-
mum ratio. However, the swelling ratio of both PDMS 
samples (1:2 and 1:10) seems to be high and probably 
not good for heavy oil and bitumen related experiments. 
The higher swelling ratio was related to 10 wt% bitumen 
samples which means solvent had more effect on swell-
ing compared with bitumen. However, higher equilib-
rium swelling ratio of 10 wt% bitumen sample compared 
with pure hexane swelling ratio revealed the effect of 
bitumen molecules sticking on the surface of PDMS slab. 
In fact, large bitumen molecules of bitumen along with 
solvent increased the swelling ratio but with increas-
ing the concentration of bitumen, effect of solvent 

molecules, as the dominant molecules, is reduced com-
pared with pure solvent.

In order to have a better understanding about the 
deformation of the samples, PDMS microchannel was fab-
ricated and diluted bitumen was injected into the micro-
channel. Prior to diluted bitumen injection, PDMS micro-
channel was examined with water with no destructive 
effect on PDMS using white light microscope coupled with 
CCD camera. According to time-lapsed images of capillary 
flow of water in PDMS microchannels (Fig. 6), deforma-
tion of channel and leakage was not monitored and water 
flowed through the microchannel. In fact, it confirmed 
PDMS microchannel is applicable in capillary-driven flow 
study of specific liquids. Moreover, capillary flow of diluted 
bitumen (10–60 wt%) in glass etched microchannels was 
studied in our previous work and proved the application 
of glass microchannel for any kind of liquid due to glass 
stability and resistivity.

A quick and intense destabilization of glass-PDMS 
bonding led 50% diluted bitumen to draw out of the 
microchannel after injection. Capillary-driven flow of 
diluted bitumen in microchannel, leakage of the fluid, and 
glass-PDMS bonding area are represented in Fig. 7a. In fact, 
black area shows capillary-driven flow of diluted bitumen 

15 18 21 24 27 30
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

M
et

ha
no

l

Is
op

ro
pa

no
l

A
ce

to
ne

To
lu

en
e

H
ex

an
e

 1:20
 1:2
 1:10

Sw
el

lin
g 

ra
tio

MPa0.5δ ( )

Fig. 3  Equilibrium swelling ratio of PDMS at different solvents (hal-
low shape: 1:2, filled shape: 1:10, and blank shape: 1:20 reagent to 
base ratio PDMS)

Table 1  Solubility parameters 
and interaction radius of 
solvents and PDMS

�d  (MPa0.5) �p  (MPa0.5) �h  (MPa0.5) �  (MPa0.5) Ri  (MPa0.5)

Hexane [40] 14.9 0.01 0.00 14.9 9.45
Toluene [40] 18.04 1.39 2.01 18.2 7.11
Acetone [40] 15.5 10.4 7 19.93 11.63
Methanol [40] 15.1 12.3 22.3 29.61 18.66
Isopropanol [40] 15.8 6.1 16.4 23.57 12.05
PDMS [41] 16.86 0.12 8.6 18.92 –
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in microchannel, the darker grey region is destabilized 
glass-PDMS bonded area, and the lighter grey region is 
glass-PDMS bonded area. Diluted bitumen changed the 
size and structure of microchannel very fast (i.e. less than 
30 s) that means PDMS microchannels are not applica-
ble in bitumen visualization. A top and side view of the 

microchannel with PDMS deformation and leakage of bitu-
men in the glass-PDMS bonded area after 5 min is shown 
in Fig. 7b, c. Diluted bitumen leaked out of the injection 
reservoir and microchannel (Fig. 7b). As shown in Fig. 7c, 
PDMS microchannel was deformed and destabilized the 
glass-PDMS bonding and enclosed microchannel is not 
available anymore.

4.2.2  Transparency and fluorescence intensity

The UV–Vis transmittance spectra of 1:10 curing agent to 
base ratio PDMS is shown in Fig. 8 as a function of time at 
wavelength of 400 nm and based on three measurements 
at different positions of the sample. A higher transmittance 
reduction of PDMS was reported with increasing the con-
centration of bitumen. Transparency of 50% bitumen after 
180 min was as low as 15% which is not enough for using 
PDMS microchannel in heavy oil and bitumen flow study.

As mentioned earlier, fluorescence microscopy is an effi-
cient way to detect bitumen. Therefore, TIRF microscope 
was applied to detect bitumen on the surface layer of 1:10 
PDMS in different bitumen samples (10–50 wt%). PDMS 
slab was submerged into bitumen sample and bitumen 
content was evaluated at different times. Based on pre-
vious studies, it was understood that fluorescence from 
the hexane was not interfere with fluorescence from bitu-
men in our desired excitation and emission wavelength so 
all the fluorescence of the samples is related to bitumen. 
Fluorescence intensity of 1:10 PDMS in diluted bitumen 
(50 wt%) with a 488 nm laser source and emission filter 
of 500–550 nm (green) after (a) 3, (b) 10 and (c) 15 min is 
shown in Fig. 9.

Fluorescent images showed that bitumen content of 
the PDMS surface is increasing fast that makes PDMS 

Fig. 5  Swelling ratio of diluted bitumen in PDMS, a 1:2, b 1:10

Fig. 6  Time-lapsed images of water flow in PDMS microchannel. 
Scale bar is 1 mm
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inappropriate for micro scale monitoring of heavy oil 
and bitumen. Moreover, bitumen is increasing is size 
on the surface that could be related to bridging and 
aggregation of asphaltene and other components of the 
bitumen on the PDMS surface. However, larger size of 
bitumen molecules compared with pure solvents did 
not reduce the swelling rate of bitumen in PDMS slab 

and PDMS microchannel. All in all, it seems dynamic of 
the swelling is fast and it is not possible to use PDMS 
either for pure solvent or high viscosity fluids such as 
bitumen and heavy oil.

5  Conclusion

Application of PDMS microchannel as a fast and cheap 
approach can improve our understanding of fluid flow in 
small scales such as porous media. Solubility parameters 
are good factors for swelling correlation of PDMS. It has 
been reported that PDMS has high swelling of pure sol-
vents that makes it unsuitable for solvent related studies. 
This was confirmed with polar factor in solubility where 
similar polar factor leads to high swelling of hexane and 
toluene in PDMS. Swelling dynamic of pure liquids and 
large molecules such as bitumen along with its swelling 
ratio has not thoroughly evaluated yet. On the other hand, 
if dynamic of swelling is not very fast, PDMS microchan-
nel can still be applicable for investigation of fluid flow. In 
this study, it was found that swelling of immersed PDMS 
into toluene and hexane was very fast with deformation 
of the PDMS slab (i.e. curved edges). Degree of swelling in 
other solvents was relatively small with faster steady state 
swelling. In addition, experimental solvent swelling of dif-
ferent PDMS (base to curing agent ratio) was measured 

Fig. 7  Capillary flow of diluted bitumen in PDMS microchannel. 
a Microscopic view after 30  s, black area shows bitumen flow in 
microchannel, dark grey area shows sample leakage, and light grey 

area shows glass-PDMS bonding area, b top view of PDMS micro-
model shows diluted bitumen leakage, and c side view after 5 min

0 30 60 90 120 150 180
0

20

40

60

80

100

Tr
an

sp
ar

en
cy

 (%
)

(4
00

 n
m

)

time (min)

 Bitumen (10%)
 Bitumen (20%)
 Bitumen (30%)
 Bitumen (40%)
 Bitumen (50%)
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to find the best ratio for PDMS fabrication and 1:10 ratio 
PDMS had the minimum swelling ratio. The improvement 
of solvent compatibility of PDMS with silanization was 
evaluated using FOTS as a fast and chip method of surface 
modification. However, high level of swelling ratios was 
reported for coated PDMS slabs. This means that silaniza-
tion is not a suitable approach for solvent compatibility 
enhancement.

Moreover, compatibility of PDMS with bitumen as a 
highly viscous and large molecule fluid was evaluated to 
see if PDMS is applicable for heavy oil and bitumen flow 
evaluation. Diluted bitumen (10–50 wt%) was injected 
in PDMS fabricated microchannel and the shape of the 
microchannel was disturbed after injection of diluted 
bitumen quite fast and glass, PDMS bonding was broken. 
Deformation of microchannel along with fast dynamic 
of swelling mean that PDMS is not suitable for evalu-
ation of flow and rheology of heavy oil and bitumen. 
Furthermore, transparency of 1:2 and 1:10 PDMS slabs 
were measured that higher concentration of bitumen led 
to lower transparency and poor bitumen flow visuali-
zation consequently. TIRF microscopy was the last step 

for evaluation of bitumen swelling dynamic. It clearly 
showed that bitumen concentration on the PDMS sur-
face was increasing fast. High level of swelling, low 
transparency and high concentration of bitumen on the 
surface are solid reasons to believe that PDMS micro-
channels are limited to certain solvents and are not a 
potential replacement for glass microchannels for capil-
lary flow evaluation of bitumen and heavy oil. Equilib-
rium swelling ratio of coted PDMS revealed that surface 
treatment with short chain silane did not improve the 
resistivity toward swelling.
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