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Introduction

A single-molecule study on polymer fluid
dynamics in porous mediaf

Antonia Sugar,1® Maged Serag,” Ulrich Buttner, ©®c
Satoshi Habuchi @ *° and Hussein Hoteit*?

Understanding the dynamic behavior of polymeric fluids in porous media is essential for vast geoscience
applications, particularly enhanced oil recovery and polymer-enhanced soil washing, to clean up soil
contamination. During the past decades, the behavior of polymeric fluids in microscopic space has only
been investigated using ensemble-averaged experimental methods in which a bulk phase behavior of the
fluids characterizes flow mechanisms. Multiple flow mechanisms have been proposed based on ensemble-
averaged data; however, microscale characterization of the interactions between polymers and solid
surfaces and the mechanisms governing polymer retention and permeability reduction as well as the
reversibility of polymer retention are lacking, resulting in a limited understanding of the flow mechanisms.
Here we report direct visualization and multi-scale characterization of the dynamic behavior of polymer
molecules in a representative porous medium by integrating microfluidics with single-molecule imaging.
We demonstrate that the polymers' adsorption, entrapment and hydrodynamic retention contribute to their
overall retention in porous media. Our study illustrates how microfluidics can help in understanding the
dynamic behavior of polymers, their interactions with the solid/fluid interface and their effects on flow
properties. Additionally, it demonstrates the role of microfluidic platforms in providing a more
representative and accurate model for polymer retention and permeability reduction in porous media. The
obtained insights encourage the development of improved models that better capture the behavior of
complex fluids in confined environments and have significant implications for a wide range of applications
in geoscience, materials science, and rheology.

The ubiquity and relevance of these flow processes have thus
propelled the use of microfluidics as a valuable tool enabling

The flow of complex fluids," such as polymers, colloids, gels,
liquid crystals, and other materials with flowable
microstructures, in porous media is ubiquitous.> The flow
processes of complex fluids are relevant to a broad spectrum
of applications ranging from enhanced oil recovery in the
geoscience and petroleum industries,® aquifer remediation,*
and solute transport in the sub-surface in environmental
science to filtration and chemical processes in chemistry’™”
and the flow of blood and interstitial fluids in biology.* >
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precise control and microscopic visualization. This facilitated
the study and understanding of the underlying physical
phenomena associated with complex fluids in porous media.’

Of particular importance, to meet the global energy
demand, petroleum industries have used polymers for
enhanced oil recovery (EOR) from reservoir rocks having
complex, microscopic porous structures.”” Adding water-
soluble polymers to the injected water generates a non-
Newtonian fluid that exhibits shear viscosity and complex
fluid-rock interactions that promote efficient oil recovery.*
The flow behavior of polymers in porous rocks has been
thoroughly studied in the literature since the 1970s.>*7°
However, polymer static and dynamic retention processes
important for EOR and their reversibility are not entirely
understood.>**”*° This insufficient understanding is due to
the absence of microscale experimental investigations and
direct visualisation. A theoretical model that describes
polymer retention has been developed. Three main
mechanisms are presumed to contribute to the overall
retention of polymers: polymer adsorption, hydrodynamic
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Fig. 1 Experimental design used to study the polymer retention mechanism. (a) A schematic illustration of polymer retention mechanisms in
porous formations. (b) Schematic illustration of the microfluidic device structure. The pattern of the flow units is shown in the middle, whereas the
channels within one flow unit are shown on the right. (c) Chemical structure of poly(fluorescein isothiocyanate allylamine hydrochloride. (d) Dry-
phase atomic force microscopy topographic micrograph of the polymer molecules. (e and f) Dynamic light scattering histograms showing
hydrodynamic diameter versus volume % (e) and the corresponding number % (f) of polymer molecules and their agglomerates. (g) A representative
fluorescence image of polymer molecules flowing inside the microchannels. (h-j) The acquired greyscale images (g) were converted to RGB scale
for enhanced visualization purposes. The series of images illustrate the flowing water in blue, the polymer molecules in green, and the polymer
agglomerates in red. The images were captured at 28 frames per second. The white arrow shows the flow direction. Scale bar = 50 um.
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retention, and mechanical entrapment (Fig. 1a).>*' In this
theoretical model, adsorption is defined by the attachment of
polymer molecules in the aqueous phase to the solid surface,
driven by van der Waal's and hydrogen bonding rather than
by chemisorption.*** Mechanical entrapment occurs when
larger polymer molecules become lodged within narrow flow
channels.””"**” Hydrodynamic retention is defined by the
entrapment of polymers in stagnant zones, dead-end pores,
or secondary flow zones at the microscopic pore-scale
level.***°  These three mechanisms were, however,
hypothesized based on core-flood experiments, a
conventional method to characterize fluid flow, rather than
on direct experimental The core-flood
experiments can measure only the cumulative polymer
retention in a rock, inferred from pressure drop across the
core and effluent concentration profiles,"! and thus provide
little insight into the molecular-scale mechanisms of polymer
retention. In addition, this approach often results in
overestimated adsorption because the three forces (ie.,
adsorption, mechanical entrapment, and hydrodynamic
retention) contribute differently as a function of flow velocity.
Thus, the current theoretical model fails to explain the
individual flow velocity dependency and reversibility behavior
in a complex fluid flow.

Optically transparent microfluidics in conjunction with
fluorescence microscopy has been used as a tool to mimic
pore-scale flow phenomena for the past decade."
Microfluidics provides a convenient approach for the
replication of porous networks and direct visualization of
complex fluid dynamics at the pore scale.®**° Conventionally,
bulk methods have been used to study fluid flow, where
fluorescent tracing particles are embedded within the
fluid.">™"” Based on the assumption that the tracer particles
move along the flow streams, the fluid behavior is indirectly
assessed from the dynamics of the tracer particles. More
recently, flow experiments in microfluidic devices have also
been used to assess different aspects of polymer flow,
including sweep efficiency, flow divergence, recovery factor,
and others.*>*® However, none of the previous studies
directly captured polymer retention at the molecular level. In
addition, bulk methods, which average away the behavior of
individual molecules,'® failed to capture the underlying
phenomena at the molecular level at different time and
length scales.”® Therefore they failed to provide essential
insight into intra-fluid, fluid-fluid, or fluid-surface
interactions, as these interactions eventuate at the molecular
scale. To date, flow mechanisms such as adsorption,
diffusion, dispersion, and clustering of molecules, among
others, have not been assessed directly with the conventional
approach.

In this study, we developed an experimental and analytical
workflow that combines microfluidics with single-molecule
tracking to investigate the dynamics of fluorescently labeled
polymer molecules in a porous medium (Fig. 1a and b). The
miniaturized setup of our approach enables precise control
of flow parameters and direct visualization of fluid flow at

visualization.
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the pore scale, offering valuable insights into the dynamic
behavior of polymer molecules and their interactions with
the solid/fluid interface. Moreover, microfluidics and single-
molecule microscopy allow us to track individual trajectories
of polymer agglomerates and their velocity profiles. By
employing this workflow, we provide a detailed molecular-
level description of polymer retention mechanisms in porous
media, which has been largely unexplored.

Results
Experimental design

The designed microfluidic chips, fabricated in PDMS
(Fig. 1b), serve as a two-dimensional proxy to avoid the
complexity of the three-dimensional porous network in rocks,
which facilitate isolating and visualizing the pore-scale
mechanisms. The wettability of PDMS can be likened to that
of hydrophobic rocks, such as certain shales, carbonates, oil
sands, and altered oil-bearing sandstones that exhibit
hydrophobic mineral composition or surface roughness. This
resemblance between PDMS and hydrophobic rocks makes
PDMS a suitable material for studying and replicating the
wettability characteristics of such rocks.*” The dimensions of
the microfluidics device are 1 cm x 2 c¢m; each flow unit is
150 um in width and 72 pm in height. The flow unit
structure is symmetrical towards the horizontal axis and
consists of 5 channels with apertures of 10, 5, 2, 5, and 10
pum, respectively (Fig. 1b). The configuration of the 2D pore
structure micromodel has been designed to mimic the
heterogeneous nature of rock pore throats with 5 parallel
channels ranging from 2 to 10 um, mimicking the pore-size
distribution of natural rocks (0.1-10 um)*’ (see the Methods
section for the detailed experimental procedures).

We wused a cationic fluorescently labeled polymer,
poly(fluorescein isothiocyanate allylamine hydrochloride),
with a molecular weight of 56 kDa as the flowing polymeric
material at a concentration of 10 pg mL™' in an aqueous
solution (Fig. 1c and d; see ESIf Text I and Fig. S1). We
acknowledge that fluorescein is known to have different
protonation states depending on the solution's pH, and each
protonation form has a different fluorescence brightness. In
general, a slightly basic pH is used for fluorescence imaging
experiments with fluorescein (around pH 8-9) so that the
fluorescent form is dominant in the solution. Our imaging
experiment on the polymer solution was conducted using
pure water, which may affect the fluorescence brightness of
the labeled polymer molecules. However, in our fluorescence
microscopy experiments, we obtained a high signal-to-
background ratio in water, particularly from polymer
agglomerates, as demonstrated in Fig. 1g. This allowed us to
quantitatively analyze the retention of the polymer. Therefore,
the effect of potentially diminished fluorescence brightness
under the imaging conditions on our analysis is negligible.
We note that the choice to use pure water instead of a buffer
solution is aligned with the industrial application of polymer
flooding in the oil field. The polymer is typically injected into

This journal is © The Royal Society of Chemistry 2023
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the reservoir as an aqueous solution without adding a buffer
in this application.

The hydrodynamic size of the polymer molecules was
measured by dynamic light scattering. The hydrodynamic
diameter (Fig. le and f) showed a bimodal distribution
centered at about 60 nm (individual polymer molecules with
almost 100% relative abundance) and 4000 nm (polymer
agglomerates, with minimal abundance, yet dominant by
volume). The results of the hydrodynamic size measurement
of polymers and the low abundance of polymer agglomerates
compared to the polymer molecules are consistent with the
direct observation of the polymer solution imaged during
flow experiments by the epifluorescence microscopy setup
(Fig. 1g-j). The calculated radius of gyration (Ry) of a single
polymer molecule is 9.25 nm (see ESIT Text II).

The integration of microfluidics and single-molecule
tracking aims at achieving detailed visualization of the
hypothesized dynamics of polymer retention, namely polymer
adsorption, mechanical entrapment, and hydrodynamic
retention. Polymer adsorption, driven by fluid-rock surface
forces, may occur at both static and dynamic conditions,
while hydrodynamic retention and mechanical entrapment
occur exclusively at dynamic conditions. This study focused
mainly on the dynamic aspect of polymer retention as their
nature and physical behavior have remained unresolved in
the literature for decades.

Dynamics of polymer adsorption

Unlike the dynamic components of polymer retention, static
polymer adsorption in reservoir rocks has been extensively
studied.””*>>°"®> We assessed the static adsorption in our
experiments to investigate whether it affects the dynamic
processes. ESIf Fig. S2 shows that the static adsorbed
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polymers significantly modified the area available for the
flow as soon as the polymer molecules saturated the PDMS
surface within 1-2 h of continuous flow. The adsorbed
molecules formed non-uniform adsorption layers with 1-5
um thickness which resulted in either partial or complete
channel clogging (see below). The clogging of the 2 um flow
channels (ESI Fig. S1a) and the 5 um flow channels (ESI}
Fig. S1b) results from flow-induced adsorption.>” However,
the flow experiment also showed reversible adsorption with
unclogging of the partially and completely clogged channels
(Fig. 2). As previously demonstrated,”® adsorbed polymer
agglomerates in partially clogged channels were eluted
during the flow via flow-induced desorption (Fig. 2a-c and
ESIf Video S1).

The temporal variation of relative mean pixel intensity in
the adsorption area showed abrupt decrease in fluorescence
intensity as soon as the adsorbed polymer agglomerates are
liberated (dashed red line in Fig. 2c). Afterwards, the
cumulative mean pixel intensity of flowing polymer
molecules (green color in Fig. 2b, see also the RGB color
coding in Fig. 1h-j) in the adsorption area (Fig. 2a; the white
square) showed fluctuations with multi-flow rates that ranged
between 1.4 and 58 um s ' (Fig. 2d). This speed range,
obtained from fluorescence intensity fluctuations, is in
agreement with that obtained from single-particle tracking of
flowing polymer molecules and their agglomerates inside the
flow units (see below, Fig. 6d). Subsequent to channel
unclogging, the speed of polymer molecules in the
adsorption area increased (up to 58 um s ') and then
gradually decreased until reaching 1.4 pum s™' (the speed
range of hindered flow, see below and Fig. 6d). This
indicated an irregular flow pattern due to desorption and re-
adsorption of single polymer molecules. This fluctuation was
theoretically predicted from core flood experiments,*® but not
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Fig. 2 Adsorption and dynamic desorption of the polymer agglomerates inside microchannels. (@ and b) Time-lapse images showing the
entrapment reversibility of a partially clogged channel, marked within the white box. The clogging by polymer agglomerates is shown and followed
by the release of polymers in (b). The flow path across the adsorption area is 10 um. (c) Normalized mean pixel intensity (NPI) in the area marked
with the white box in (a) and (b). The red line marks a drop in fluorescence intensity concomitant with the desorption of polymer agglomerate. (d)
Cumulative NPI of intensity fluctuations after desorption (i.e. fluorescence intensity fluctuation past the red line in (c). The red lines show the

piecewise linear fitting of the cumulative NPI.
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experimentally observed as a multistep dynamic process
where it can be attributed to the dynamic interplay between
the polymer agglomerates and the microchannel structure.
When the polymer agglomerates interact with the channel
walls or encounter other agglomerates, they experience
changes in their motion and velocity. These interactions
could result in temporary obstructions or rearrangements of
agglomerates within the flow, leading to velocity fluctuations.
This rearrangement can be influenced by factors such as the
size and distribution of the agglomerates, the flow rate, and
the local hydrodynamic conditions. It has also been
postulated that the hydrodynamic forces develop at the
adsorption site until they become large enough to drive the
macromolecules over the osmotic barrier of the ‘static’
adsorbed layer.®* Possible factors that govern the unclogging
process in microfluidic channels include fluid dynamics,
shear stress, polymer properties, channel geometry, cohesive
and adhesive forces, agglomerate microstructure (i.e.
compactness), and intermolecular interactions between the
polymer and the chip material. Capturing this phenomenon
is challenging due to sudden and unexpected occurrence,
which emphasizes the need for further research to
understand the underlying mechanisms and dynamics of
unclogging in microfluidic systems.

Unlike partial clogging, complete clogging of microscale
pores was believed to be irreversible.”®*>* We show,
however, that completely clogged channels exhibit the same
reversibility as partially clogged ones with flow restoration
after unclogging (Fig. 3a-c and ESI{ Video S2). Time-lapse
fluorescence images (Fig. 3a-d) show that the polymer
agglomerates at the clogged site (Fig. 3a) and disaggregates
into smaller fragments (Fig. 3b), hence triggering channel
unclogging (Fig. 3c). The temporal fluctuation of fluorescence
intensity in the adsorbed area of the top channel
(Fig. 3d, blue line) showed a sudden increase in intensity at
around 17 s, which corresponds to the disaggregation and
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unclogging of the channel. In contrast, the bottom channel
exhibited a uniform trend in the temporal fluctuation of
fluorescence intensity (Fig. 3d, red line), indicating a
relatively constant polymer flow. These results provide direct
evidence that the adsorption of the polymers can be a
dynamic component of polymer retention, even when the
pores are completely clogged.®® It was observed that the
thickness of the polymer adsorption layer in both static and
dynamic conditions is highly dependent on the shear rate. A
critical shear rate of 70 s was identified, below which the
adsorbed layer thickness remained nearly constant and below
1 um. However, above this critical shear rate, the layer
thickness exhibited a significant increase with the shear rate,
reaching a maximum value of approximately 2 um. We posit
that the clogging polymer agglomerates remain permeable to
the aqueous phase, which may eventually lead to the removal
of trapped molecules after the flow-induced disaggregation.

Mechanical entrapment

Mechanical entrapment reflects the dynamic component of
polymer retention that occurs when polymer molecules are
trapped in narrow flow channels relative to the polymer
molecule size. Fig. 4a-f show integrated images of the time-
lapse fluorescence images captured during the time periods
indicated in each panel (see ESIf Video S3). Tracking the
particle pathways reflecting the streamlines allows visualizing
the overall flow of the molecules and aggregates in the
channels. The top 10 pm channel (Fig. 4a-d) initially showed
an open flow (Fig. 4g, Stage I), followed by clogging caused
by strangulation (Fig. 4e, f and g, Stage II). The clogged area
appears in blue (dotted rectangle in Fig. 4e and f) with low
fluorescence levels, caused by the stalled polymeric material.
The agglomerate entrapment occurred in the restriction, as
the available section to flow was too small relative to the size
of the flowing polymer agglomerate (Fig. 4e).
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Fig. 3 Reversibility of polymer entrapment. (a-c) Time-lapse images showing the entrapment reversibility of a completely clogged channel,
marked by white arrows. (d) Temporal fluctuation of fluorescence intensity in the adsorption area of the top channel marked with arrows in (a)-(c)
(blue line) in comparison with the same area of the bottom channel (red line).
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Fig. 4 Entrapment of polymer molecules in microchannels. (a—f) Integrated images of the time-lapse fluorescence images captured during the
time periods indicated in each panel. The arrows in (e) and (f) illustrate the clogging of the 10 um channel by molecular clusters. Scale bar: 50 um.
(g) Temporal fluctuation of the relative mean pixel fluorescence intensity obtained from the area highlighted by the dashed rectangle in (a)-(f).

These results provide direct evidence that the complete
clogging of the 10 um channel was caused by a polymer of
molecule size around 60 nm due to polymer agglomeration
(Fig. 1e), even though the polymer molecule does not show a
high tendency to aggregate (Fig. 1f). Importantly, complete
clogging leads to flow divergence, reducing the porosity and
conductivity of the medium, and creating inaccessible pore
volume that could account for up to 40% of the total pore
volume.*®*® Our observation controverts the commonly used
rule of thumb to select the polymer molecular size to be five
times smaller than the average pore throat size of the rock
pore network. This finding emphasizes polymer aggregation
as a critical factor to be taken into account in polymer
screening, even though the aggregation tendency is very low.

It is important to underline that the clogging of the flow
channels occurred due to a combination of two processes:
adsorption and mechanical entrapment. However, because
we were unable to capture the exact moment of clogging
during chip saturation and the initial 1-2 hours of flow,
where retention happens quickly, we could not separate the
individual contributions of adsorption and mechanical
entrapment. As a result, we grouped them together based on
the final outcome, which was the complete clogging of the
flow channels caused by the combined effect of adsorption
and mechanical entrapment (Fig. 3 and 4). To characterize
this behavior, we analyzed the polymer flow in 104 flow units
(ESIT Fig. S3). The entrapment events were identified in 29
flow units (i.e.,, 28% occurrence rate) after 2 hours of
continuous flow. It is important to acknowledge that this

This journal is © The Royal Society of Chemistry 2023

statistical measure may vary depending on factors such as
polymer concentration, flow time, size of agglomerates, and
fluctuations in flow speed.

Hydrodynamic retention

Among the polymer retention mechanisms, hydrodynamic
retention is the least studied and understood because
polymer retention was indirectly characterized through the
fluid flow rather than polymer flow in previous studies. We
characterized the hydrodynamic retention by the direct
visualization of polymer flow at the molecular level.

The arrows in Fig. 5a-f (see also ESIT Video S4) point to
polymer molecules that flow towards the middle 2 pum
channel and remain trapped at the inlet for around 10 s.
Molecule tracking with particle velocimetry confirms that no
polymeric material flows in that channel. This retention is
induced by the aqueous flow,*® which creates hydrodynamic
forces that transport and hold the polymer molecules at the
entrance of the channel. Alterations in the flow conditions
liberated the entrapped polymer molecules, as shown in
Fig. 5d-f. This entrapment behavior is quantified in the
fluorescence intensity trace shown in Fig. 5g, where the peaks
correspond to polymer agglomerates being temporarily
trapped by hydrodynamic forces. Four polymer agglomerates
were entrapped during the time of observation, where the
entrapment times ranged between 1 and 10 s.

To further characterize the hydrodynamic entrapment, we
quantified the molecular dynamics via velocity maps (Fig. 6a—c)

Lab Chip, 2023, 23, 4104-4116 | 4109
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Fig. 5 Direct visualization of hydrodynamic entrapment. (a-f) Time-lapse images showing polymer molecules in green and polymer agglomerates
in red. The arrows indicate polymer agglomerates dragged, entrapped, and then released during the flow. Scale bar: 50 um. (g) Temporal
fluorescence intensity trace, recorded in the area marked by the white square in (a), showing four intensity peaks (marked by the double-headed
arrows) corresponding to four entrapped polymer agglomerates that occurred during the observation. The highlighted numbers correspond to the
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and velocity histograms (Fig. 6d-f). We identified regions with
low-velocity values (i.e., stagnant zones), which favour the
entrapment of polymer molecules by hydrodynamic
mechanisms. These stagnant zones, at the inlet of the middle
channels, showed values of velocity close to 0 mm s™ (dotted
rectangle in Fig. 6a).

4110 | Lab Chip, 2023, 23, 4104-4116

To characterize the hydrodynamic entrapment at the single-
particle level, we tracked the trajectories of two
hydrodynamically entrapped polymer molecules at the inlet of
the 2 pm channel (the two molecules marked by the longest
double arrows in Fig. 5g). The analysis of the streamlines of the
two molecules shows that they have similar path and velocity

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lc00467h

Open Access Article. Published on 23 August 2023. Downloaded on 3/16/2026 4:28:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip
a
um/s
100 .A
20 i
.......................... > ¢
-60 N A%
10 ym
C
6 e o ©
5 4_ ________ >
2um
4

0

0 3. nside the

-E entrapment zone
5 Tum
1

..................... >
VDT LL e —
5 10 15 20 25 30 35 40 45 50 55 60
Projected distance (um)

e ——
od 35 40
& '

0 i i

=2 1 a

[0} 1

E ;

3 ;

4 E E ’ g v
pL IR, IR v
5 \'"-

View Article Online

Paper

Streamline 1
—— Streamline 2 o

154
204
254

304

Y (um)

354
40
451

50

Velocity (um/s)

0.14

5 10 15 20 25 30 35 40 45 50 55 60
Projected distance (um)

5 10 15 20 25 30 35 40
1004 ° ° o

104 L)

Velocity (um/s)

0.1+

Fig. 7 Quantitative analysis of the streamlines of two polymer agglomerates in a hydrodynamic entrapment zone. (a) Velocity map of the two
streamlines. The dotted square illustrates the entrance of the 2 um channel (see Fig. 5b). The dotted black arrow indicates the direction of
streamlines toward the channels, whereas the blue dashed arrow indicates the direction of the streamlines parallel to the entrances of the
channels. (b) Illustration of two streamlines of two flowing particles. The solid lines represent the actual path of flow, whereas the small circles
represent the projected distance. The arrows represent the flow direction of the two particles. (c and d) The time (c) and velocity (d) along the
path of streamline 1. The projected distance represents the summation of discrete displacements on both the horizontal and the vertical
projection lines. The time variation over the path quantifies a residence time of 5 s. The dotted and dashed arrows are as described in (a). The
short arrow indicates a backward motion of 1 um and 2 pm, as indicated, of the entrapped particles. (e and f) The cumulative time (e) and velocity
(f) along the path of streamline 1. The cumulative time variation over the path quantifies a residence time of 4 s.

values only during their initial horizontal flow toward the inlet
of the 2 pm channel (Fig. 7a and b) followed by entrapment at
the inlet of the 2 pum channel (Fig. 7c-e). As the polymer
agglomerates reached the inlet, they behaved differently as their
trajectories showed opposite directions at the stagnant zone
and afterward in the flow flux (Fig. 7a and b). We quantified this
pattern by examining the relationship between the projected
distances along the X-axis and time. This analysis allowed us to
observe two distinct phases in their behavior within different
zones. In the first phase (referred to as the flow phase and

This journal is © The Royal Society of Chemistry 2023

indicated by the dotted arrow in Fig. 7c and e), the distance
changes rapidly as the particle approaches the entrapment
zone. Once inside the entrapment zone, there is minimal
change in the distance over time. This suggests that the
molecules become hydrodynamically trapped at the inlet of the
channels until they are released, resulting in a restoration of the
flow behavior in terms of both the projected distance and the
time (referred to as the flow phase).

The time and the velocities along the path for the two
polymer agglomerates are depicted in Fig. 7c-f. The polymer
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agglomerates' velocities reduce from values of 0.1 mm s™
within the flow flux and during the flow towards the inlet of the
channel, to values 3 orders of magnitude lower within the
stagnant area. Furthermore, as the agglomerates are released
from the stagnant zone to the flow flux, their velocity are
restored to the values characteristic of the flow flux. Moreover,
we observed that one agglomerate (Fig. 7c) showed two
instances of backward movements (dotted red rectangles) with
larger displacement values (1 um and 2 pm), while the second
agglomerate (Fig. 7e) had multiple forward-backward
movements (black arrows) with smaller backward displacement
(500-600 nm). Our results thus highlight a characteristic
oscillating movement of the agglomerate in the entrapment
zone, a behaviour that has not been theoretically predicted or
experimentally elucidated before. During the oscillation
movement, the agglomerates can generate localized flow
patterns and introduce variations in the flow direction near the
entrapment zone, affecting the local velocity gradients along the
channel entrance. Studying such behavior can help gain
insights into the complex behavior of polymer retention and
transport in porous media, which can guide the development of
more effective strategies for improving flow dynamics such as
enhancing transport efficiency, in enhanced oil recovery, and in
filtration processes.
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To further characterize this behaviour we statistically
analysed the polymer flow in 104 flow wunits. The
hydrodynamic entrapment events were identified in 8 flow
units (ie., 7.7% occurrence rate). The analysis revealed
interdependency between the probability of occurrence and
the width of the channels as well as their clogging state
(Fig. 8a). Our results show that the entrance of the 10 pum
channels do not present favourable conditions for polymers
to become hydrodynamically entrapped. In contrast, about
half of the hydrodynamic events captured were associated
with the 2 pm width channel, and the remaining events were
associated with the two 5 pum channels of the flow units. To
estimate the average hydrodynamic retention time of the
flowing polymer particles, we auto-correlated temporal
fluorescence intensity traces obtained at the entrance of the 2
pm and 5 um channels (e.g., Fig. 5g). The obtained
correlation time associated with hydrodynamic entrapments
in our flow units ranged between 5.25 s and 12.25 s (Fig. 8b),
with an average retention time of 9.2 s. The relatively short
time scale of 9.2 s suggests that hydrodynamic retention may
not induce a permanent alteration of the pore structure or a
permeability reduction. This postulation agrees with
experimental results from polymer floods conducted on
reservoir rock samples.*””**° Nonetheless, this mechanism

b
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Fig. 8 Polymer retention in microchannels. (a) Frequency of hydrodynamic events related to channel width. (b) Frequency of calculated
correlation time of temporal fluorescence intensity traces (see Fig. 5g). (c) Frequency of clogged channels related to channel width. (d) Frequency
of flowing polymer agglomerates related to channel width. The red line is Gaussian fitting of the slow-flowing particles.
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could retard polymer molecule transport compared to inert
tracers, an observation that reported in the
literature.®" For further details on the estimation and analysis
of the average retention time, please refer to the ESIt Text III.

Our analysis showed interdependency between polymer
retention as a result of clogging (% of clogged channels) and
the width of the channel (Fig. 8c). Interestingly, on average
25% of the 5 pm channels were clogged, whereas almost 90%
of the 2 um channels were clogged (Fig. 8c) as evidenced by
the lack of polymer fluorescence (green color of the RGB
scale, see Fig. 1h-j) in the channels (see the narrow channels
in Fig. 5e and f). In addition, polymer agglomerates could
not enter the 2 um channels (Fig. 8d), as evidenced by the
lack of red particles (highly fluorescent particles appearing as
red particles, see Fig. 1h-j). Based on our observations, a
channel width of 2 um hinders the movement of polymer
agglomerates. However, individual polymer molecules can
still pass through the channel, although the fluorescence
cannot be detected due to the channel's small volume. On
the other hand, increasing the channel width to 5-10 pm
enhances the flow of polymer molecules by 7.5 times. This
finding underscores that polymer clogging is a complex
process influenced by various factors, including the relative
size of the polymer molecules to the channel width. Notably,
the solution composition, including the polymer size
distribution, remained consistent across all microfluidic
units, ensuring a uniform distribution of polymer sizes for
the channel-width statistics presented in Fig. 8a, ¢ and d.

is well

Conclusion

The proposed integrated approach of microfluidics and
single-molecule fluorescence microscopy provided insights
into fundamental mechanisms of fluid flow, where direct
visualization has long-remained a gap in the field. Our
microfluidic approach enabled enhanced throughput to
investigate multiple flow mechanisms simultaneously. We
provided the first direct visualization of three main
mechanisms presumed to underlie polymer retention, which
confirms their existence as proposed in the early 90s. The
submicron resolution obtained enabled accurate single-
particle tracking and molecular velocity determination, thus
providing further evidence of the method's performance
when applied to quantify the flow of complex fluids in porous
media. We also provided essential insights about the motion
of polymer particles in conduits undergoing clogging and
unclogging and provided the first evidence of unclogging.
However, further investigation is needed to explore the
dynamics and mechanisms of unclogging in microfluidic
systems, including developing theoretical models that
incorporate the complex interplay of factors involved in
polymer unclogging and validating these models through
experimental studies. Our results resolve the controversial
debate surrounding the existence of polymer retention
reversibility and its implications for rock flow properties.
However, further investigation is needed to explore the

This journal is © The Royal Society of Chemistry 2023
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dynamics and mechanisms of unclogging in microfluidic
systems, including developing theoretical models that
incorporate the complex interplay of factors involved in
polymer unclogging and validating these models through
experimental studies.

Considering the case analyzed in this paper, the polymer
solution flow in porous geological media, the fundamental
insights bring a key contribution to polymer-based enhanced oil
recovery methods. Understanding polymer/rock interaction is
crucial to the polymer screening stage and, thus, tackling the
challenges that commonly jeopardize the success of the project.
This work urges the need to develop more representative
models for polymer retention and permeability reduction,
which considers partial reversibility of these processes.
Currently, none of the available models accounts for these
mechanisms.

Our study highlights the future need for developing
intricate microfluidic models to better understand the
complex nature of flow mechanisms, their potential
interrelation, and their implications in various applications.
This advancement will provide crucial molecular insights and
enhance our control over these processes in diverse fields.

Methods

Microfluidic device

The configuration of the microfluidic chips consists of two
architectural identical structures that supply the inlet and outlet
of the fluid and the flow structure (Fig. 1b). The flow structure
holds multiple identical flowing units organized on five
interconnected rows of forty units each. The array of flow units
is designed to achieve several objectives: ensure repeatability of
observations in different units, minimize the influence of
boundary conditions, and prevent complete chip plugging.

The microfluidic device fabricated out of
polydimethylsiloxane (PDMS) using a slightly tailored soft-
lithography technique, at KAUST Nanofabrication Core Lab
(Fig. 1b). An etched silicon wafer was used as a mold for the
PDMS mixture, a key step to capture the different resolutions
of the channels. The fabrication techniques enabled us to
transfer the design through laser lithography to a chrome
mask and subsequently through photolithography to a silicon
wafer substrate. Deep reactive ion etching was used to
permanently imprint the negative pattern of the pore-
network, creating approximately 6 um deep channels in the
silicon wafer. The etched wafer served as a mold for the soft-
photolithography technique, in which the microfluidic chip
body was constructed out of PDMS, using a mixture of 10:1
ratio of the polymeric base to the currying agent. The
bonding of the PDMS part to a glass slide through oxygen
plasma created the channels for fluid flow and the
generically known “reservoir-on-a-chip”.

was

Polymer solution

56 kDa poly(fluorescein isothiocyanate allylamine hydrochloride)
was dissolved in distilled water at a concentration of 10 pg ml ™.
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The labeled polymer was excited at 488 nm, and emission was
detected through a 540 + 40 nm bandpass filter. The
specifications of wide-field microscopy are described in the
following section.

Flow experiments operating conditions

Single-phase polymer flooding experiments were conducted
on the designed chips to study polymer transport behavior in
porous media. The ports of the microfluidic chip were
plumbed with blunt needle tips connected through
polyethylene tubing at the inlet of the fluid holding vial open
to the atmosphere, and at the outlet to a Harvard syringe
pump. The microfluidic chip was initially saturated with the
polymer solution by creating negative pressure in the system
using a 10 pl min™" preset flow rate. After saturation, the
pump was shut off, and fluids flowed into the system at
microscopic flow rates.

Single-molecule fluorescence imaging setup

The single-molecule fluorescence imaging experiments were
conducted on a custom-built epifluorescence inverted
microscope (IX71, Olympus, Tokyo, Japan) illuminated with a
CW 60 mW 488 nm laser (MLD, Cobolt).**®® The laser line
was reflected to an Olympus UPLANFL N 20x NAO.5 objective
lens by an FF506-Di03 25 x 36 dichroic mirror (Semrock). The
output of the excitation laser was synchronized to an iXon
Ultra EMCCD camera (Andor Technology, Belfast, Ireland) to
illuminate the sample. The fluorescence from single
molecules was collected by the same objective lens and then
passed through an FF01-540/50-25 emission filter (Semrock).

Single-molecule fluorescence images

Fluorescence images were acquired using the Andor iQ
imaging software, at 35 ms sampling time with a pixel size of
500 nm, with 1000 frames (512 x 512 pixels) acquired in each
stack of frames. The raw images were post-processed using
the image analysis software, Image]. The acquired greyscale
images were converted to RGB scale for enhanced
visualization purposes. The RGB scale emphasizes different
fluorescence intensity levels, where blue represents low
intensity or no polymeric material, and green and red
correspond to moderate- and high-intensity levels,
respectively. This color scale indicates the presence of
polymer molecules in green and polymer agglomerations in
red. To calculate the normalized mean pixel intensity (NPI of
intensity fluctuations after desorption) we subtracted 0.5 x
standard deviation from the mean of the NPI to decrease the
impact of background noise.

Atomic force microscopy and dynamic light scattering

AFM measurements were done using a Bruker Dimension
Icon AFM in intermittent contact mode with a FESPA-V2
probe (Bruker). The data analyses were done by using
Gwyddion software.®® The hydrodynamic size of polymer
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molecules in solution was determined using the dynamic
light scattering method. The measurements were conducted
on a Zetasizer Nano-ZS instrument by Malvern.

Particle tracking velocimetry (PTV)

The TrackMate functionality in Fiji-Image] was used to
process the acquired images and by applying single-particle
tracking analysis. Each individual polymer agglomerate was
segmented in multiple frames, and the tracks were
reconstructed by assigning it an identity over the frames.”®
The analysis resulted in determining the streamlines of
polymer agglomerates and the transport velocity along the
streamlines. PTV was performed on the polymer
agglomerates as low density of the tracked particles is
necessary to ensure accurate particle identification and
spatial determination for one-to-one tracking.”*
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