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Site-Selective In Situ Grown Calcium Carbonate
Micromodels with Tunable Geometry, Porosity, and

Wettability

Seung Goo Lee, Hyundo Lee, Ankur Gupta, Sehoon Chang, and Patrick S. Doyle*

Micromodels with simplified porous microfluidic systems are widely used
to mimic the underground oil-reservoir environment for multiphase flow
studies, enhanced oil recovery, and reservoir network mapping. However,
previous micromodels cannot replicate the length scales and geochemistry
of carbonate because of their material limitations. Here a simple method
is introduced to create calcium carbonate (CaCO;) micromodels composed

to modify wettability within micromodels
to mimic the reservoir’'s wettability.1*-1%]
Previous micromodels have mostly
been made of glass,”®l silicon,>™ and
polymeric materials'%'® instead of real
rock.202l As a result, they have limita-
tions in studying geochemical fluid-rock
interactions, such as acid fracturing to

of in situ grown CaCOj;. CaCO; nanoparticles/polymer composite micro-
structures are built in microfluidic channels by photopatterning, and CaCO;
nanoparticles are selectively grown in situ from these microstructures by sup-
plying Ca?t, CO,%" ions rich, supersaturated solutions. This approach enables
us to fabricate synthetic CaCOj; reservoir micromodels having dynamically
tunable geometries with submicrometer pore-length scales and controlled
wettability. Using this new method, acid fracturing and an immiscible fluid
displacement process are demonstrated used in real oil field applications to
visualize pore-scale fluid—carbonate interactions in real time.

increase the oil production from carbonate
reservoirs?223 or changes in wettability
due to aging or adsorption of molecules
added during simulated enhanced oil
recovery (EOR). Features have been wet
etched?” and laser machined?®! directly
into rock samples and then sealed to make
micromodels. These top-down approaches
result in large (=100 um) and relatively
simple features. By comparison, micropo-

1. Introduction

Micromodels are artificial transparent porous media that pro-
vide direct visualization of a complex flow environment and can
be modified to affect porosity, permeability, or wettability.'-®!
Micromodels have been increasingly used to understand mul-
tiphase fluid behaviors and interactions among oil-water—rock
phases in underground oil reservoirs. Researchers have recently
developed synthetic micromodels through top-down and
bottom-up approaches. Various fabrication methods combined
with top-down etching or lithographic techniques can achieve
geometric representation of the reservoir pores.”~1> There have
also been significant improvements in posttreatment methods
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rosity (pore throats and channels <10 pm)

comprises up to 50% of the total porosity

in the Ghawar Arab-D carbonate reservoir
(the largest collection of carbonate reservoirs in the world) and
critically affects the oil recovery.?*?° A simple and controllable
method that enables creation of patterned, large-area real rocks
with smaller pore-length scales in the microfluidic channels is
thus a desirable goal.

Bottom-up strategies inspired by biomineralization have
received special attention as a key technology to understand for-
mation mechanism of inorganic materials in nature and to pre-
pare precipitations in synthetic systems.262%1 There have been
reports on the fabrication of complex carbonate structures via
organic templates and a wide range of synthetic methods such
as vaporl338l or double diffusions,*”! and Kitano methods.*"!
Simple reaction-diffusion processes can also generate hierar-
chical nano- and microstructures.*!#2l These studies indicate
that control over the microenvironments, epitaxy, and inor-
ganic or organic precursors plays an important role in the for-
mation of minerals.?** Most bottom-up fabrication methods
involve both homogeneous and heterogeneous nucleation, and
growth processes in solutions and on templates, which result in
inevitable problems of undesirable mineralization on channel
walls and blocking of the channel.>#7I For these reasons, the
previous methods cannot be applied to fabricate carbonate
micromodels with complex features. In addition, preparing the
template fully covered with carbonate requires an additional
nucleation process and long process time because negatively
charged organic molecules (e.g., acidic polymers) of the tem-
plate can act as inhibitors of mineral deposition.[**=% Therefore,
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to induce the selective and efficient growth
of calcium carbonate within our templates,
we eliminated the need for a nucleation step
by blending carbonate seed crystals into the
noncharged polymeric template. By providing
the system with ions rich/supersaturated
solutions, these seed crystals grow in size
within the templates. Here we report a new
bottom-up approach for achieving quasi-2D
porous calcium carbonate (CaCOs;) micro-
models. CaCO; nanoparticles/polymer com-
posite microstructures were fabricated by a
photolithographic technique, and by a subse-
quent in situ growth of CaCOs. This approach
allows us to quickly create large-area, and
tunable CaCO; microfluidic test beds capable
of accessing a range of topographies and geo-
chemical properties for fundamental studies
in geology and reservoir engineering.

2. Results and Discussion

2.1. Fabrication

Our experimental procedure is illustrated in
Figure 1a, which can be largely divided into two
parts. The first key part is microstructure syn-
thesis in initially empty microfluidic channels
using microscope-based photolithography.['4°1]
The surface of the glass microchannel was
treated with 3-(trimethoxysilyl)propyl acrylate
to fix the polymerized structures on the top
and bottom surfaces of the microchannel.
In parallel, we ultrasonicated aqueous pre-
cursor solutions containing a crosslinker
(poly(ethylene glycol) diacrylate), a photoini-
tiator, a porogen (poly(ethylene glycol)), and
CaCOs (calcite) nanoparticles. A homogeneous
dispersion was needed to reduce the light scat-
tering during UV exposure, and the porogen
was added to facilitate the fast diffusion of
ions into the polymerized structure (Table S3,
Supporting Information). Calcite nanoparticles
were used as seed crystals because of their
polymorphic stability and well-known growth
mechanisms.P?l The well-dispersed precursor
solutions were injected into the acrylate-
functionalized microchannel, followed by UV
photolithography using a photomask con-
taining desired geometric shapes inserted
into the field stop of an inverted microscope.
After synthesizing microstructured posts, any
uncured precursor solution was washed out of
the microchannel with deionized (DI) water.
The top-view optical microscopy image of the

photopatterned posts showed homogeneous CaCO;/polymer
composite microstructures with sharp edges (Figure 1b). In
contrast, other procedures produced aggregated CaCO; seeds
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Figure 1. Design of mimicking rock micromodels. a) Schematic illustration showing the photo-
lithographic patterning and the subsequent in situ growth of the CaCO;. b,c) Top-view optical
microscopy images of CaCO;/polymer composite microstructures before b) and after c) growth
ofthe CaCO; with supplying Ca?*, CO;%"ionsrich/supersaturated solutions. d,e) Raman mapping
d) and spectrum e) of the composite post of (c) with different positions (1-4) obtained by inte-
grating over the wavenumber ranges of CaCOj; (10501150 cm™', red), organic (2800-3000 cm™',
blue), and water (3000-3700 cm™', green), respectively. Mapping data were normalized to the
strongest intensity of the CaCO;. At the position of 3, the intensity of CaCO; was maximized
and the intensities of others were reduced by the growth of CaCO;. f-h) SEM images of the
outer side surface of the composite posts with different growth time; (f), (g), and (h) indicate
0, 1, and 2 h, respectively.

in the precursor solutions, resulting in diffuse edge features and
larger diameter of the post due to light scattering during
UV-polymerization (Figure S1, Supporting Information).
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The selective CaCO; growth on the posts is based on the bio-
logical strategy using Ca*, CO;%" ions in a supersaturated solu-
tion. A key advance in extending this CaCO; growth technique
to create high quality CaCO; micromodels is the sustenance
of the solution stability by supplying fresh solutions with fixed
ionic composition ratios and frequent replacement, providing
uniform CaCOj; growth only in and on the posts. Spontaneous
precipitation occurs when solutions are not replaced frequently,
which leads to unwanted precipitation of CaCO; on the micro-
channel wall (Figure S1, Supporting Information). The stability
of the supersaturated solution was confirmed by measuring pH
(Figure S2, Supporting Information). These results indicate
that the fast and selective growth of CaCO; required providing
well-controlled supersaturated solutions.

Figure 1c shows the top-view optical microscopy image of
CaCO;s/polymer composite microstructures after CaCO; growth
by using the optimized supersaturated solution for 1 h. Changes
in the color and size of each post indicate the both inner and
outer growth of CaCO;. In addition, the composite post shows
axisymmetric shell structures as found by spatial scans with con-
focal Raman spectroscopic imaging (Figure 1d,e) revealing the
distribution of CaCOj3, organic, and water. The intensity of CaCO;
is higher at the edge than in the inner parts of the posts, irre-
spective of z-section planes, which is consistent with the selective
growth of CaCOj; on the composite posts (Figure S3, Supporting
Information). Scanning electron microscopy (SEM) images
show the growth of the CaCOj; seed particles on the post surface
(Figure 1f~h and Figure S4, Supporting Information). The initial
CaCO; particles were locally exposed at the surface of the com-
posite posts, but after growth for 1 h, the post surfaces were fully
covered with CaCOj particles. As the growth time increases, the
size of the particles increases, which results in the increase in
the diameter of the composite post. Crystals grown in our con-
ditions have well-defined facets and smooth surface features,
displaying equilibrium polyhedral (rhombohedral) morpholo-
gies. Also, the polymorph of CaCO; was confirmed as calcite by
X-ray diffraction patterns and a Raman spectrum (Figures S5
and S6, Supporting Information). No characteristic peak from
other phases of CaCOj; is found, suggesting that the CaCOjs is
totally composed of calcite crystals throughout the growth period.

2.2. CaCO; Growth

In addition to photopatterning, controlling the CaCO; growth
of the composite microposts is important to tune the geometry
of micromodels. To quantify the growth rate of the CaCO;, we
investigated the change in the dimension of two different sizes
of single microposts as a function of the growth time using
the optimized supersaturated solution. Inverse monochrome
optical microscopy images from top view of the posts are
shown in Figure 2a, where bright areas of the optical micros-
copy images indicate in situ grown CaCO;. Figure 2b shows
the variation of the intensity with the radial distance where
one can observe that there is inward as well as outward growth
of the CaCOs/polymer composite posts. We recognized that
there is a mechanistic difference between the inward and the
outward growth since though the distance between the initial
post radius (R,) and the inner radius (R, ) of dark part (Ry — R;,)
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becomes constant very quickly, outer post radius (R,,) varies
linearly with time (Figure 2c).

The outward growth of CaCO; happens through the precip-
itation of fresh ions on the outer layer of the post. Therefore,
the outward growth can be approximated as a surface reac-
tion. Since convection, diffusion and reaction occur simul-
taneously in this process, it is important to understand the
relative importance of these phenomena. For the sake of sim-
plicity, we assumed that mass transfer coefficient is infinity
or the concentration of ions on the post surface is the same
as the fresh ion concentration, i.e., [Ca*'], and [CO3 ], (we
relaxed this assumption during our next discussion). With
this assumption, we were able to predict the mass balance
equation

dr,, F'([Ca" ] [cot ] K f3)
dt - Pcaco,

(1)

where k” is the surface reaction rate constant, Pc.co, is the
molar density of CaCO3 Ksp is its solubility product constant,
and fo is the activity coefficient for divalent ions. This relation-
ship predicts the growth rate of R, for CaCO; as a function
of [Ca’"], and [COj ], concentrations and allows us to quanti-
tatively determine how the performance of the system depends
on the supersaturated solutions. Upon substituting the known
values of k”=2.32x10"m*mol"'s™, [Ca®"]=0.57x10"M,
[COT]1=0.33%10" M, pPeaco, =27.1mol L‘l, Kg =3.14x107° M?
and f, =0.561 (see the Supporting Information for details), we
obtain a theoretically predicted growth rate of 5.5 um h™. The
predicted rate is very close to the experimentally observed value
of 4.8 um h™. Also, experiments are consistent with the predic-
tion of Equation (1) that growth rate remains the same regard-
less of post size (Figure 2c).

Unlike the outward growth, the mechanism of the inward
growth of CaCOj; can be quantitatively predicted by relating the
reaction time scale to the diffusion time scale. Since the crystal
seeds are distributed uniformly inside the posts, inward growth
of CaCOj can be approximated as a volumetric reaction. Hence,
we can define Dahmkéhler number as

k”[ca* | R}
Da:@ (2)

Dion ,post

where k”” is the volumetric rate constant, [Ca’*], is the concen-
tration of fresh calcium ions, and D,y is the diffusivity of
ions inside the post. The values of k”” is 3.66 x 10> L mol™ s
(see the Supporting Information for details) and we assumed
that diffusivity of ions in the post will be on the same order
of magnitude as diffusivity of ions inside aqueous medium
0f  Dignpos =10 m”s™. Upon substituting the values of
k” =3.66 x 10° Lmol™'s™, Dipn pox =107 m*s™,[Ca’*]=0.57 x 107 M,

=25 or 50 um, we find that Da>1 for both the small and
large posts. Hence, reaction will dominate the process and ions
will be present only in the boundary layer region with thickness
given by & = R, //Da or

o= \’Dion,post /k,,/[caz+ :|0 (3)
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Figure 2. In situ growth of CaCOj; posts. a) In situ optical microscopy images of CaCOs/polymer composite posts in the channel versus growth time.
Ro, Rin, and R, indicate the initial radius, the inner radius of the dark part, and the outer radius of the posts, respectively. All the scale bars are 100 pm.
b) Gray intensity profiles (a.u. = arbitrary units) taken across centered regions of the large post with the different growth time. The blue dashed line

indicates Ry.
open circle: small post) as a function of the growth time.

This simple expression predicts d= 2.2 um, which is on
the same order of magnitude as the experimentally observed
value of Ry, —R;, of 17 um. Further, since the system is dif-
fusion limited, the boundary layer thickness would be the
same irrespective of the post size. This is also reflected in
Equation (3) and also observed experimentally (Figure 2c).
Finally, the time scale for the boundary layer to develop is
given by the diffusion time scale t, =R} /Digy pos- Upon substi-
tution, tp is 10s for large posts. Even if the post size is as
long as the channel width (1 mm), t, is no more than 5min.
Hence, we did not see a change in R, —R,, as a function of
time in Figure 2c.

We investigated the effect of R, — Ry, and the rate of change
in R, — R, with the concentration of supersaturated solutions
related to the reaction rate (Figure S7, Supporting Informa-
tion). When we reduced the concentration of both CaCl, and
NaHCOj solutions by halfto 0.8 x 1073 and 20 X 10 ™, Ry — R,
increased to 25 from 17 pm. This change occurs because when
the ionic concentration is reduced to half, the boundary layer
thickness increases by a factor of 2 (Equation (3)). Also,
the rate of change in R, — R, decreased fourfold to 1.2 from
4.8 umh™, as predicted by Equation (1). Hence, we demon-
strate an ability to predict and control the inward and outward
growth rates of CaCOs in a single post.

c) The changes in R, —Rg (black solid square: large post, red solid circle: small post) and Ry —R

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in (black open square: large post, red

2.3. Micromodel Geometry

Controlling geometries to submicrometer pore-length scales,
particularly those with photolithography and etching, has
proved difficult by using conventional methods for micro-
models.! Tuning porosity and permeability, which are sensi-
tive to changes in micromodel geometry, notoriously requires
restructuring of intricate topographical elements that are hard
to change. Polymeric micromodels show more promise in terms
of restructuring geometry by using additional lithographic
process, notably, but they still fail with the control of submi-
crometer scales.'l In our CaCOj;/polymer composite system,
the photopatternable microposts serves as an artificial support
that allows CaCO; to grow, and the growth of CaCO; enables
the pores of the micromodel to be tuned dynamically, down to
submicrometer gap widths between the posts. Figure 3a dem-
onstrates this ability for heterogeneous structures composed of
two kinds of square posts arranged in a rectangular array with
different dimensions in a single microchannel. The CaCO,
grows rapidly on both posts for initial 4 h period, after that, it
grows more slowly, and in the latter state comes into direct con-
tact with the CaCOj of neighboring small posts in the vertical
position. The minimum gap widths between the small posts
in the 3rd and 4th rows near the channel wall reduced from
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Figure 3. Growth of CaCOj; posts with heterogeneous structures. a) Optical microscopy images of the heterogeneous CaCO; posts (side lengths, 100
and 50 pm) with different growth time (0, 4, and 10 h) using the supersaturated solution. The right images are magnified views of the white dotted
boxes in the left images. The red dotted box indicates the area for the calculation of a void fraction (porosity). Ly and L, indicate the initial length and
the outer length of the posts, respectively. b,c) Lo, —Lo versus growth time of the large b) and small c) posts with different positions and directions. The
blue dashed lines indicate the transition to slow CaCO; growth. d) Simulation results of the dimensionless concentration [Ca?*]/[Ca®'], (background
colors) and dimensionless flow velocity u/u,, (arrow colors) of the supersaturated solution throughout the multiposts with different growth time
(0°and 4 h). e) Measured areal porosity of the red dotted area in (a) and computed permeability (1 darcy = 0.987 um’) of the same region as a function

of the growth time (see Figure S5, Supporting Information, for details).

40 pm (0 h) to 2 pm (4 h), and to less than 1 pm (at 10 h the
gap is not resolvable in our setup), presumably resulting in the
nanochannels formed by merging some parts of two CaCO;
posts. These posts have position-dependent growth of CaCOj; as
a result of different boundary layer thickness around different
posts. Figure 3b,c shows the changes in dimensions of each
post with side lengths of 100 ym (large) and 50 pm (small),
respectively, near and far from the channel wall as a function
of growth time. As one observes from the experimental results,
the behavior of CaCO; growth is quite different before and after
4 h (Table S4, Supporting Information).

First, we focus on growth behavior before 4 h. The growth
rate of CaCOs on the post side in parallel (y-direction) with
the flow direction is faster than that perpendicular to the flow
direction (x-direction). Furthermore, we detected the growth
rate of the posts in the 1st row near the channel wall is the
slowest in both large and small posts, consistent with the
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slower tendency of x-direction growth than y-direction. Finally,
the growth rate of smaller posts is faster than larger posts,
an effect not observed in the case of single posts. To develop
an understanding of these results, we developed a COMSOL
model where we solved the momentum equation coupled with
species transport equation (see the Supporting Information
for details). The obtained results suggested that the dimen-
sionless concentration [Ca**]/[Ca’"], is higher in the regions
of higher dimensionless velocity u/u... (Figure 3d at 0 h). This
is expected since the mass transfer coefficient will be higher
in the regions of higher velocity and the concentration would
be closer to the fresh ionic concentration. Since the velocity
is higher in the region of vertical gaps between the posts, the
growth rate in y-direction is higher than the growth rate in
x-direction. Moreover, because of higher velocities in the ver-
tical gaps between smaller posts as compared to larger posts,
the growth rate is higher for smaller posts. This effect is not
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observed for single posts since the velocity (and mass transfer
coefficient) is practically independent of post size. Finally, the
effect of slower growth rate of posts near the walls is not cap-
tured in our simulations. We believe that this happens because
our simulations assume a very homogenous spatial distribution
of posts whereas in experiments there is some heterogeneity in
the spatial distribution.

At 4 h, the gap between small posts in the center of the
channel reduces to a few micrometers. Thus we observe a
reduction in flow rate to about 20% of the initial value (esti-
mated through the COMSOL model) and a slower CaCO,
growth for all posts (the blue dashed lines in Figure 3b,c demar-
cate the onset of the slow growth period). Also, a higher flow
resistance in the central part of the channel forces the flow to
go through the region near walls (Figure 3d at 4 h) and hence,
after 4 h the growth rate is highest in the 1st row (Figure 3b,c).
These results show that the local differences in the flow velocity
induced by geometry affect the regional growth of CaCOs.

Two parameters that are often used to characterize porous
media are porosity and permeability. Changes in the areal
porosity with the growth time were calculated from the
optical microscopy images of CaCOs posts (Figure 3e and see
Figure S8, Supporting Information, for details). The porosity
decreases continuously from 76% to 43% over the period of
10 h. There is spatial heterogeneity in local porosity due to the
different post sizes (Figure 3a). Our method allows us to create
structures with a wide range of porosities simply by changing
the lithographic mask and hence post size. Further, the method
provides a simple way to control the porosity of a micromodel
in time by varying the flow of the supersaturated solutions.

Due to well-known experimental challenges in measuring
small flow rates in microfluidic channels,’’l we estimated the
permeability in the region around posts (same area in which
the areal porosity was measured) using a COMSOL model (see
Figure 3e, Supporting Information, for details). There is a rapid
decrease in permeability in the first 4 h from 72 to 4 darcy due
to high CaCO; growth in the central region of the channel.
After 4 h, almost the entire pressure drop in the channel is con-
centrated across the post region. A tenfold reduction in the flow
rate is observed from 4 to 10 h due to continuous increase in
the flow resistance associated with CaCO; growth. After 10 h,
the permeability is estimated to be 0.4 darcy. The permeabilities
we obtain during 4-10 h are within the reported permeability
range for Arab-D reservoirs.l4l

2.4. Acid Fracturing

In the petroleum industry, acid injection is used to enhance the
reservoir permeability during secondary and tertiary recovery. In
spite of the importance of this practice, core-based methods and
conventional micromodels have not been able to demonstrate
the geochemical fluid-rock interaction due to their opaqueness
or other material limitations. Carbonate micromodels are the
only micromodels that can be used to understand the acid frac-
turing process.?% Using our micromodel, flow-induced dissolu-
tion was observed and imaged over time as acidic brine flooded
through the channel (Figure 4). Figure 4a shows the early-stage
dissolution process of the heterogeneous micromodels over a

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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period of 2 min. CO, bubbles were first observed around the
large CaCOj post array, and then the small post array, as acidic
brine flowed from left to right. The acidic brine flowed through
the bottom section of the small post array (red dotted box in
Figure 4a), because this section had the lowest flow resistance.
As a result, the dissolution of CaCOj; posts propagated from the
left wall to the right wall of the channel in the small post area
(Figure 4b). From this phenomenon, it can be inferred that flow
and dissolution are correlated with each other.?% Figure 4c, a
graph representing the CaCOj fraction change in the fixed area
over time, shows an exponential decay trend. This trend can be
attributed to the initial fast decrease in the large post array, fol-
lowed by the approximately linear decrease in the small post
array (about 2.5 rows of posts every 4 min). To our knowledge,
this study is the first demonstration of both CaCO; formation
and dissolution in a single micromodel. We conducted an addi-
tional acid fracturing experiment using another CaCO; micro-
model and the images are available in Figure S10 (Supporting
Information).

2.5. Large-Area Fabrication

An additional advantage of our route to produce synthetic
micromodels is the large-area fabrication of multiple CaCO;
posts in a microchannel. Compared to the conventional
microscope-based lithography (Figure 1a), a customized con-
tact lithography system generates strong and homogeneous
illumination and thus allows a wide effective area maintaining
excellent resolution.’>! Figure 5a shows the CaCO; micro-
models fabricated by the contact lithography with a specially
designed chrome photomask (Figure S11, Supporting Infor-
mation). The size and overall shape of polymerized structures
are in excellent agreement with the mask pattern, with sharp
edges. The posts become dark and large as the growth time
increases for 2 h. The round-shaped posts arranged in zigzag
array also enable the regional growth to be more homoge-
neous than the square posts arranged in a rectangular array,
which may be attributed to a decrease in the local difference of
the flow velocity induced by geometry (Figure S12, Supporting
Information). To ensure that we have uniform supply of Ca?*
and CO;*" ions for all the posts in the large-area fabrication
experiments, we injected the supersaturated solution into the
channel from opposite directions every 30 min at a high flow
rate (see the calculation on mass balance of ions in the Sup-
porting Information).

2.6. Wettability

In addition to geometry and porosity, tuning wettability of
CaCO; micromodels makes it possible to understand fun-
damental fluid behavior and interactions among oil-water—
rock phases. Although the CaCOj; inherently shows water-wet
behavior in the presence of oil and water (Figure S13a, Sup-
porting Information), the surface wettability of CaCO; res-
ervoirs is known to be mostly (84%) oil-wet.’®) Our CaCO;
micromodel can be treated by stearic acid to decrease
the surface energy of CaCO;P"! (Figure S13b, Supporting
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Figure 4. Acid fracturing of the heterogeneous CaCO3; micromodel. a,b) The sequential optical microscopy images showing the dissolution process of
the CaCO; micromodel under acidic brine (1% HCI, 1.81 m NaCl in deionized water) injection (flow direction from left to right) (scale bar, 500 ym).
The blue color highlights the region of the acidic brine. Original images are in Figure S9 (Supporting Information). The red dotted box indicates the
lowest flow resistance region in the small post array. c) Areal fraction of CaCOj3 in the micromodel versus the injection time of the acidic brine. The

area for the calculation of a CaCOj fraction is the same as Figure 3e.

Information). Immiscible fluids were sequentially injected
into the untreated CaCO; micromodel at constant pressures
(water — decane — water). All of the water-wet posts were
encapsulated by water (Figure 5b and Figure S14a, Sup-
porting Information). After water was reintroduced to the
channel, decane in the channel was entirely washed away
(Figure 5c¢). In the opposite flow sequence (decane — water
— decane), the oil-wet posts treated by stearic acid left decane
at the posterior area (Figure 5d and Figure S14b, Supporting
Information). After decane was reintroduced to the channel,
water was replaced by decane, but water near side walls was
left regionally due to the water-wet surface of the acrylate-
functionalized channel walls (Figure 5e). These results show
water-wet and oil-wet posts always had the same result of
totally wetting with respect to their preferred phases. With
further experiments using CaCO; micromodels, we can
broaden our understanding of how the geochemical proper-
ties of a micromodel are correlated to and affect the displace-
ment process for EOR.
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3. Conclusion

Our CaCO; micromodel provides new capabilities for the
design of mimicking rock microfluidic systems with dynami-
cally tunable geometry, porosity, and wettability. By pairing pho-
tolithographic technique with site-selective mineralization, we
can mimic real carbonate reservoir properties that encompass
heterogeneous geometries containing a wide range of length
scales, porosities, and permeabilities. Specifically, by flowing
Ca’t, CO;* ions rich/supersaturated solution we controlled
CaCOj; growth to dynamically adjust the structure’s geometry.
This allowed us to achieve small flow channels between the
posts, falling within the length scales characteristic of micropo-
rous reservoirs (< 10 pm pores). Once the initial CaCOj; struc-
tures have been created, their surface geochemistry can be
altered by flowing fluids such as oil, water, CO, and acids, as
demonstrated in the acid fracture experiment. The ability to
tune the wettability of CaCO; and directly observe complex
multiphase flows and geochemical fluid-CaCO; interactions,
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oil/rock or water/rock interfaces as well as
screening chemicals for EOR.

4. Experimental Section

Fabrication of CaCO; Micromodels: A glass
microfluidic ~ channel  (Hilgenberg ~ GmbH,
Germany) was filled with 1 m sodium hydroxide
aqueous solution for 1 h, followed by rinsing
with DI water. After filling the microchannel with
3-(trimethoxysilyl)propyl acrylate (Sigma-Aldrich)
for 5 min, the channel was thoroughly rinsed with
ethanol and DI water. The channel was cured at
80 °C for 30 min. The precursor solution was
prepared by dissolving 5 mg CaCO; nanoparticles
(Solvay chemicals, calcite, 50-100 nm in diameter)
in the 100 pL solution containing 20 pL of

Figure 5. Multipost array oil-water displacement experiments. a) Optical microscopy images
of the CaCO; posts fabricated by a contact lithography. The posts were gradually grown through
supplying the supersaturated solution from 0 to 2 h. The red dotted box indicates the area of
(b—e). b,c) With this micromodel, water — decane — water flow experiment was conducted
(flow direction from left to right). When decane displaced water (colored with methylene blue),
water was selectively left in the water-wet posts b). After water was reintroduced to the channel,
decane in the channel was entirely washed away c). d,e) The micromodel was treated by a
stearic acid. Thereafter, decane — water — decane flow experiment was conducted. When
water displaced water, oil-wet posts held decane d). After decane was reintroduced to the
channel, water was replaced by decane, but water near side walls was left regionally e).

makes this technique a very useful platform for studies in water
flooding, CO, storage, CO, -EOR, and chemical EOR.[8>

The in situ grown CaCO; micromodels can be utilized for
other applications in mineralogy, geology, and reservoir engi-
neering. In our system, amorphous and metastable crystalline
CaCOj; can be used as seed nanoparticles to study the trans-
formation mechanism of CaCO; polymorphs. Further, their
transformation and stabilization can be controlled by various
reaction parameters.%2 The approach can be extended to
prepare magnesium (Mg)-bearing carbonate by using different
anhydrous supersaturated Ca—Mg-COj; solutions,®3] thereby
facilitating the preparation of different types of synthetic car-
bonate reservoir micromodels. Our method also allows for
precise control of mass transfer and can serve as a good model
system to investigate crystal growth. Combining the micromodel
with in situ spectroscopic imaging techniques, such as Raman
or fluorescence, one can monitor the changes in polymorphs
and morphologies which will reveal mechanisms of coprecipita-
tion processes.[%% Advanced in situ spectroscopic techniques
can also be used to visualize adsorption or desorption of chem-
ical species on the carbonate rocks. Hence, this method can pro-
vide better understanding of chemical and physical features at

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

poly(ethylene glycol) diacrylate (Sigma-Aldrich,
M, =700), 5 pL of 2-hydroxy-2-methylpropiophenone
(Darocur, Sigma-Aldrich), 40 pL of poly(ethylene
glycol) (Sigma-Aldrich, M,, = 200), and 35 pL
of DI water. Ultrasonicator (Cole-Parmer) was
used to disperse the CaCO; particles into the
solution. The well-dispersed precursor solutions
were injected into the acrylate-functionalized
microchannel, followed by UV photolithography
using the photomask inserted into the field
stop of the inverted microscope (Zeiss Axio
Observer AN or  customized contact
photolithography instruments.’ UV exposure
was controlled by switching a light-emitting diode
(LED) light source on and off with LabView. After
building microstructured posts, any uncured
precursor solution was washed out of the
microchannel with DI water. Ca?*, CO; ions rich/
supersaturated solutions were prepared by the
dropwise addition of 100 mL of sodium bicarbonate
solution (40 x 107 wm) to 100 mL of calcium
chloride solution (1.6 x 1073 m). The solutions
were injected into the as-prepared microchannel
with the constant inlet pressure and alternate
directions, which were replaced fresh ones every 30 min. The reaction
was achieved under relatively high (40 °C) temperature, which was
chosen based on experimental optimization. The CaCO; was treated by
the ethanol solution of stearic acid (4.0 wt%) for 60 min, followed by
rinsing with ethanol and drying. The sample dissolution experiment
was performed using acidic brine (1% hydrochloric acid, 1.81 m sodium
chloride in DI water) under constant flow rate (0.5 mL min™'). For oil-
water displacement experiments, two immiscible fluids were serially
introduced into the channel under constant flow rate (0.1 mL min™).
Sample Characterization: The micromodels were imaged by optical
microscopy (Zeiss Axio Observer AT), confocal Raman microscopy (Horiba
LabRam HR), and SEM (JEOL-6010LA). X-ray analysis was performed
using a PANalytical X'Pert PRO X-ray powder diffractometer (XRPD).
For confocal Raman microspectroscopy, the selected area of the sample
was scanned with a continuous green laser beam with lateral and depth
resolutions of 250 and 500 nm, respectively. Raman images have been
generated by integrating the intensity of the signal for the wavenumber
ranges of CaCO; (1050-1150 cm™'), organic (2800-3000 cm™'), and
water (3000-3700 cm™). For SEM and XRPD, samples were prepared
on poly(dimethyl siloxane) (PDMS) microfluidic channels, followed by
delaminating PDMS from the glass. Critical point dryer was used for the
sample of SEM. The post dimensions and areal porosity of the samples
were measured by Image] and optical microscopy images with time.
The water contact angles on the sample were measured in a quartz cell
filled with decane using a goniometer (Rame-Hart). The pH changes
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accompanying CaCOj; precipitation were followed using a pH meter
(Thermo Scientific) at 20 °C.

Simulation: COMSOL Multiphysics 5.1 was used to perform
simulations. Momentum equation and species transport equations were
solved simultaneously to obtain a steady state solution.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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