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Summary

Understanding the transport and retention of elastic nanogel and microgel particles in porous media has been a significant research subject
for decades, essential to the application of enhanced oil recovery (EOR). However, a lack of dynamic adsorption and desorption studies,
in which the kinetics in porous media are seldom investigated, hinders the design and application of polymer nanogel in underground
porous media. In this work, we visualized and quantified the transport and dynamic adsorption of polymer nanogel in 3D glass micro-
models that were manufactured by packing glass beads in capillaries. Calibrating the linearity of fluorescence intensity to concentration,
we calculated the adsorption kinetics at concentrations of 0.1 wt%, 0.2 wt%, and 0.3 wt% and flow rates of 0.01 mL/h, 0.02 mL/h, and
0.03 mL/h. In addition to time, concentration, and flow rate, the experimental results showed that dynamic adsorption is also a function
of transport distance, which is due to the different adsorption abilities of particles. We also found that the uneven adsorption distribution
can be attenuated by decreasing nanogel concentration or increasing flow rate. The work provides a new method to obtain adsorption and
desorption kinetics and adsorption profile of submicron particles in porous media at flowing conditions through microfluidics.

Introduction

Transport and retention of submicron particles in porous media present pervasive, significant, and challenging issues in various environ-
mental, medical, agricultural, and industrial domains (Zhang et al. 2021a; Chan and Almutairi 2016; Sivaram et al. 2015; Wu et al. 2023).
In the oil and gas industry, polymer nanogels (also named micro/nanospheres), which are crosslinked polymers with 3D networks, have
also attracted a lot of interest for EOR (Hou et al. 2020; Wu et al. 2021; Tian et al. 2012; Liu et al. 2022; Almobhsin et al. 2014; El-Diasty
and Aly 2015). It is believed that the deformable and size-controllable nanogels can enhance oil recovery through disjoining pressure
(Liang et al. 2019; Zhou et al. 2023; Chen et al. 2022), interfacial tension reduction (Geng et al. 2020; Han et al. 2020; Ding et al. 2020),
wettability alteration (Wang et al. 2021; Geng et al. 2018), and/or sweep efficiency improvement (Lenchenkov 2017; Geng et al. 2018;
Wang et al. 2021; Zhou et al. 2023) for in-depth fluid diversion in heterogeneous reservoirs. Besides, nanogels not only have designed
particle size for optimal accommodation within the target reservoir, thereby enhancing injectivity (Jia et al. 2014; He et al. 2021; Qiu et al.
2017), but also offer the convenience of direct injection into reservoirs after blending with injection water, resulting in reduced labor costs
and injection processes (Liu et al. 2012; Yao et al. 2012, 2015, 2016). Despite these advantages, there are still many debates about apply-
ing nanogels in oil fields, with a key concern about whether enough particles can be delivered to target zones after long-distance retention
onto the formation rocks (Liu et al. 2022; Seright and Liang 1995).

Some researchers have conducted experimental studies regarding the retention of polymer nanogels during transport in porous media,
which can be divided into physical plugging and adsorption studies. Physical plugging is the main retention mechanism when particle size
is close to or larger than pore throat size. Theoretically, it should take place when particles reach the target zones after a long distance of
transport and swelling. Consisting of mechanical trapping and log-jamming, physical plugging is usually investigated by calculating
plugging efficiencies and residual resistance factors in coreflooding tests and filtration tests (Sun et al. 2017; El-Diasty and Aly 2015; Yuan
et al. 2021; Shi and Yue 2020; Dai et al. 2017; Han et al. 2019). These experiments illustrate the transport and retention of particles in
porous media (cores and sandpack) by showing the distribution of plugging efficiencies, resistance factors, and residual resistance factors
along the injection direction. It should be noted that the amount of retained particles in porous media cannot be directly determined by
plugging efficiencies and residual resistance factors, even when scanning electron microscope photos are taken to show the position of
retained particles in the cores (Chen et al. 2020a; Hua et al. 2014; Li et al. 2019). Microfluidic models have also been applied to observe
and model the physical plugging in recent years (Yao et al. 2014, 2016, 2020; Li et al. 2020, 2021a; Wu et al. 2022; Chen et al. 2020b;
Sun et al. 2018, 2020). When the particle size is much smaller than the pore size of reservoirs, adsorption is the main retention mechanism,
especially for particles during the transport stage. In fact, adsorption happens in both transport and blocking stages and it is found that
many nanogels showed very low resistance factors and plugging efficiencies in coreflooding tests, which indicates that adsorption plays
a more important role than physical plugging in their experiments (Yu et al. 2016; Li et al. 2021b; Ding 2020; Almohsin et al. 2014).

Although investigation of nanogel adsorption is necessary to estimate the amount of particles that can be delivered and retained in the
target zones, the related research is limited in the oil and gas industry because many researchers only pay attention to the physical plug-
ging of large particles. Currently, there are only a small number of adsorption experiments, and they can be classified as static adsorption
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or dynamic adsorption, depending on whether the experiments are conducted under flowing conditions. In terms of static adsorption, the
porous media (rock or sand) is immersed in the particle dispersion, and the adsorption amount is calculated based on the change in particle
concentration. Geng et al. conducted static adsorption of three different nanogels on sandstone using an ultravilet-visible (UV-vis) spec-
trophotometer (Lambert-Beer Law) and they found the multilayer adsorption of nanogel on the sandstone surface was dominated by
electrostatic interactions (Geng et al. 2018). In addition to static adsorption, there are more studies of dynamic adsorption because the
flowing condition is closer to the real reservoir environment. The investigation of dynamic adsorption can be divided into three types. The
first one is the calculation of adsorption amount by utilizing mobility reduction and layer thickness (Chauveteau et al. 2004; Feng et al.
2003; Rousseau et al. 2005; Chauveteau et al. 2003; Cozic et al. 2008). However, the mobility reduction cannot distinguish between
adsorption and physical plugging. The second method uses a segmented sandpack that can be dismantled into several sections. Using a
UV-vis spectrophotometer, the component of each part can be analyzed after particle injection, and the concentration in each part of the
sandpack is determined, as well as the particle adsorption amount (Li 2016). In addition to the UV-vis spectrophotometer, many research-
ers in environmental science measured the weight difference between the clean sand and dirty sand (the sand after retention) to show the
retention profile (Xu et al. 2006; Ma et al. 2018). Although the specially designed sandpack can show the retention profile of particles, it
is not able to distinguish adsorption and physical plugging in it. The researchers can only show a final retention amount instead of adsorp-
tion kinetics. Adsorption kinetics is essential for predicting nanogel behavior in porous media, as it provides real-time data on the rate of
particle adsorption and desorption. This enables researchers to distinguish between immediate and long-term adsorption mechanisms,
offering a more detailed understanding of the adsorption process. What is more, the experimental errors of the weight differences are not
negligible for a very small amount of retention. The third method, which is also the most used one, analyzes the concentration history of
effluents (breakthrough curves) from coreflooding by UV-vis or total organic analyzer (Lenchenkov 2017; Geng et al. 2018; Ding et al.
2020). It is effective in determining the total adsorption amount using the third method. However, it also fails to provide real-time adsorp-
tion kinetics.

In addition to the limited adsorption study, the particle concentration profiles in these experiments cannot be visually presented or
thoroughly investigated. The opaqueness of cores presents a significant challenge in conventional coreflooding tests, where the primary
obstacle lies in quantifying the amount of nanogel not bound to the grains of porous media but capable of unrestricted flow within the pore
space (suspended particles). The application of advanced imaging techniques, such as microcomputed tomography (uCT), nuclear mag-
netic resonance spectroscopy (NMR), X-ray and focused ion beam scanning electron microscopy (FIB), are hindered by their prohibitive
cost and time-consuming nature (Gaol et al. 2020). What is more, the techniques are not able to detect nanogel because its particle size is
smaller than their resolutions. Recently, it has been reported that magnetic resonance imaging can be used to observe nanocolloids trans-
port in porous media (Lehoux et al. 2017). However, the nanocolloids need to have iron oxide cores and the concentration should be very
high to be detected. To obtain the adsorption kinetics, some researchers assume that the particle concentration in slim tubes varies linearly
between the inlet and the outlet, but the assumption is not validated in porous media (Zhang et al. 2015). In summary, the current tech-
niques fail to visualize the transport or quantify the adsorption/desorption kinetics due to the challenges of observation, time consumption,
accuracy, and resolution (Table 1).

Classification Methods Challenges
Retention Physical Log-jamming  Frand Frr (Sun et al. 2017; El-Diasty and Aly 2015;  Does not determine the

plugging Mechanical Yuan et al. 2021; Shi and Yue 2020; Dai et al. amount of retained

terc ar;:ca 2017; Han et al. 2019; Almohsin et al. 2014); particles

apping Microfluidics (Yao et al. 2014, 2020; Li et al. 2020;
Sun et al. 2020)
Adsorption Static adsorption UV-vis (Geng et al. 2018) Not flowing condition
Dynamic Mobility reduction (Chauveteau et al. 2003, 2004; Does not distinguish
adsorption Feng et al. 2003; Rousseau et al. 2005) adsorption and physical

plugging, no kinetics

Segmented sandpack (Li 2016) Does not distinguish
adsorption and physical
plugging, no kinetics

Breakthrough curves (Cao et al. 2020; Lenchenkov ~ Does not distinguish
2017; Geng et al. 2018; Ding et al. 2020) adsorption and physical
plugging, no kinetics

Weight difference (Xu et al. 2006; Ma et al. 2018) Experimental errors, no
kinetics

Nuclear magnetic resonance (Lehoux et al. 2017) Time, cost, and resolution

Fr = resistance factor; Frr = residual resistance factor.

Table 1—Summary of retention experiments.

In this work, we established a new method to investigate nanogel transport and adsorption through microfluidics. First, we synthesized
fluorescent nanogel by suspension polymerization and we fabricated 3D glass microfluidic models by sintering glass beads in quartz
capillaries. After obtaining the linear relationship between nanogel concentration and fluorescence intensity, we conducted the nanogel
injection in the 3D micromodels and recorded the fluorescence intensity and injection pressure in real time using confocal microscopy.
Then, the nanogel concentration distribution was shown and adsorption/desorption kinetics were determined based on the linear relation-
ship above and the mass conservation principle. Finally, we investigated the factors influencing dynamic adsorption and its distribution.

Materials and Methods

Materials. Acrylamide, N,N’-methylene bis(acrylamide) (MBAA, 99%), polyethylene glycol sorbitan monostearate (Tween 60), and
ammonium persulfate (98%) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Acryloxyethyl thiocarbamoyl Rhodamine
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B (95-100%) was purchased from Polysciences, Inc. N-decane (99%) and sorbitan monooleate (Span 80) were purchased from Alfa
Aesar. Ethanol (reagent grade) was purchased from Carolina Biological Supply Company. Deionized water was prepared in the laboratory
using an ultrapure water system. Borosilicate glass spheres (GL0179B6/75, 200 mesh, wt% 75-85% Silica, wt% 12—-16% boron oxide,
wt% 2—6% sodium oxide, and wt% 2—5% aluminum oxide) were purchased from Mo-Sci, LLC. Squared quartz capillary tubes (ST0.5)
were purchased from Technical Glass Products, Inc. Flexible fused silica capillary tubes (inside diameter = 200 um) were purchased from
Molex, LLC. Microscope slides were purchased from AmScope. The epoxy adhesive was purchased from Devcon. Immersion aqueous
liquid [p = 1920 kg/m®; 1 = 7.68 cp; refractive index (RI) = 1.47] was purchased from Cargille Labs. Alexa Fluor 647 carboxylic acid
(A33084) was purchased from Thermo Fisher Scientific Inc.

Nanogel Synthesis. The fluorescent nanogel was synthesized by inverse suspension polymerization of which the procedures were similar
to our previous study (Zhang et al. 2021b). The detailed synthesis steps are shown in the Supplementary Material.

Micromodel and Fluid Preparation. The 3D transparent micromodels were fabricated by densely packing the borosilicate glass beads
(75 pum) in the squared quartz capillary tubes (length = 3 cm; inner width = 0.5 mm; inner height = 0.5 mm; thickness = 0.25 mm). To
maintain a stable pore structure, the glass beads and quartz capillary tubes were sintered together by heating the micromodels in a Muffle
furnace at 850°C for 100 seconds. The porosity and permeability average throat size were 40% and 6500 mD. (Porosity measurements
are shown in Fig. S-1 of the Supplementary Material.) After that, the quartz capillary tubes with packed glass beads were placed on
microscope slides, and two flexible fused silica capillary tubes (inside diameter = 200 pm) were connected with the model as the inlet
and the outlet. (The glass beads packed section, the porous media between two silica capillary tubes, is 2.5 cm long.) Finally, the joints of
micromodels and silica capillary tubes were fixed together by epoxy adhesive as shown in Figs. 1a and 1b.

Fig. 1—(a) Picture of glass beads packed micromodel. (b) Microscope view of glass beads. (¢) Fluorescent nanogel powder.
(d) Fluorescent aqueous phase (blue) and fluorescent nanogel dispersion (orange).

To directly observe the inside of the 3D micromodel, the RI of the entire model should be the same, which means that the direction of
refracted light can remain the same. An immersion aqueous liquid (p = 1920 kg/m3 ; 0= 7.68 cp) was used as an aqueous phase to keep
the RI the same with the quartz capillary tubes and glass beads (RI = 1.47). Then, Alexa Fluor 647 carboxylic acid was added to the
immersion liquid to dye the aqueous phase and it showed a blue color. The nanogel dispersion (weight concentration of 0.05%, 0.1%,
0.15%, 0.2%, 0.25%, and 0.3%) was prepared by adding fluorescent nanogel in the immersion water and they showed red color. To make
sure that nanogel dispersion was homogeneous and particles were in an almost fully swollen state, the prepared dispersion was stirred for
1 hour and then stored at 65°C for 24 hours before any characterization and experiments, as shown in Figs. 1¢ and 1d. After it had cooled
to room temperature, the particle size of the nanogel dispersion was measured. The conditions under which particle size measurements
were conducted were identical to those used during the injection of the nanogels into the micromodels. There is no particle collapsing
because the nanogel synthesized by polyacrylamide and the crosslinker N,N'-methylenebisacrylamide are stable under 80°C and the shear
rates applied during the experiments were very low.

Experimental Setup and Procedure. The visualization of fluorescent nanogel transport was achieved by a Nikon A1R-HD confocal
microscope (Eclipse Ti2). We connected the micromodels to a syringe pump (Harvard Apparatus PHD ULTRATM) and a pressure
transducer (Harvard Apparatus APT300 Transducer) through the flexible fused silica capillary tubes. Then, the micromodels were
mounted upside down on the confocal microscope stage as shown in Fig. 2a for the schematic of the experimental setup. A dynamic
scanning mode with a 10X objective lens was used to scan the middle section (20 mm of length, 0.5 mm of width, and 0.2 mm of depth)
of the model to avoid the tubing influences at the inlet and the outlet where the beads were not being packed compactly. Using Galvano
scanning, the scanning parameters that control image quality, averaging and dwell time are 1 and 1.1, respectively. The microscope stage
was set to move automatically from the left outlet to the right inlet with 17 steps (20 mm) along the x-direction, 1 step (0.5 mm) along
the y-direction, and 3 steps (0.129 mm) in depth along the z-direction constructed from 3 optical slices spaced by 43 um. The scanning
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Fig. 2—(a) Schematic diagram of experimental setup. (b) Schematic diagram of intensity measurement.

area, with a length of 20 mm, is at the center of the 30-mm quartz capillary. All fields were then stitched together (5% overlap) to obtain
a complete 3D image of the model.

Next, the blue-dyed immersion aqueous liquid was injected into the micromodels and permeability was measured at different flow rates
(0.1 mL/h, 0.2 mL/h, 0.3 mL/h, and 0.4 mL/h). After the liquid saturation, a scanning at wavelength of 637 nm was achieved to obtain the
pore structure and porosity of the micromodels. Finally, different fluorescent nanogel dispersions (weight concentration of 0.1%, 0.2%,
and 0.3%) were injected into the micromodels at a flow rate of 0.01 mL/h for 6 hours [around 20 pore volume (PV) of injection]. Post-
waterflooding was conducted using a flow rate of 0.01 mL/h for 10 hours for desorption. The post-waterflooding uses the same blue-dyed
immersion aqueous liquid.

Concentration Determination Method. The key problem is how to determine the amount of nanogels that are not attached on the grain
of porous media and can flow in pore space freely (suspended particles), which is related to the amount of nanogel that can be delivered
to the target zones. However, it is hard and time-consuming to detect the tiny particles individually and count the total of particles in
porous media. Thus, we focus on the concentration determination in the micromodel using the fluorescence intensity that is a reflection of
a large number of particles as a whole. Because every single particle emits fluorescent light at a certain intensity when it is excited by laser
(561-nm wavelength was used for the particles), there should be a relationship between particle number (concentration) and the intensity.

Therefore, we prepared six micromodels that have almost the same glass beads packing and fluorescent nanogel dispersions with dif-
ferent concentrations (0.05 wt%, 0.1 wt%, 0.15 wt%, 0.2 wt%, 0.25 wt%, and 0.3 wt%). Then, the six micromodels were saturated with
these nanogel dispersions, respectively. After that, a Nikon A1R-HD confocal microscope (Eclipse Ti2) was used to measure the fluores-
cence intensity of micromodels with different concentrations. For each concentration, there were 225 measurements conducted in the pore
space totally, in which five layers along the z-direction were measured. The depth between each layer was 43 pum and each layer included
45 measurements (Fig. 2b). Then, the average intensity of each layer and model was calculated to obtain accurate values. Concentration
calibration curves were built, showing the relationship between nanogel concentration and fluorescence intensity.

Results and Discussion

Nanogel Size. The size distribution of the synthesized nanogels was measured by a Malvern ZS90 Zetasizer at a scattering angle of 90°
with an incident beam of a wavelength at 633 nm at 25°C. The measured sample was prepared by dispersing fluorescent nanogel in the
immersion aqueous liquid with a concentration of 0.3 wt%. The size distribution of the fully swollen nanogel at 25°C is shown in Fig. 3,
where the size range is from 33 nm to 255 nm and the number average size is 137 nm.

Concentration Calibration Curves. As we mentioned before, nanogel concentration was detected by the measurement of fluorescence
intensity in micromodels. We measured the intensity profiles of six micromodels with the known concentration, and the results are shown
in Fig. 4.

According to Fig. 4, it is obvious that fluorescence intensity increases linearly with fluorescent nanogel concentrations. Besides, the
deeper position shows weaker fluorescence intensity because the light needs to pass through more porous media and liquid. Based on
these findings, we are able to monitor the dynamic concentration distribution of micromodels in real time.
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Fig. 4—Concentration calibration curve.

Concentration Distribution in Micromodel. After obtaining the linear correlation between nanogel concentration and fluorescence
intensity, the injection processes of nanogel dispersions (weight concentration of 0.1%, 0.2%, and 0.3%) were recorded by the confocal
microscope. Fig. 5a shows one of the injection processes, in which the nanogel concentration was 0.3% and the flow rate was 0.01 mL/h.
Fig. 5b shows a local sliced 3D view of the adsorption of nanogel after post-waterflooding.

In Fig. 5a, the red color is nanogel dispersion and the blue color is aqueous liquid. The figure shows that there was not a clear interface
or boundary between nanogel dispersion and aqueous liquid during the transport, which indicates the diffusion effect. In addition, the
transition zone (the purple area where nanogel concentration ranged from 0% to maximum value) was very long in the micromodel,
showing that it took nanogel some time to reach its injected concentration.

Next, we measured the intensity distribution along the micromodel and converted the intensity value to the concentration value. After
comparing the intensity along vertical, lateral, and longitudinal directions, we found that the differences in intensity at vertical and lateral
directions can be neglected as the ratio of length to width/height is 60. Fig. 6 shows the longitudinal concentration distribution of 0.3% at
different times during the injection process, in which the nanogel flowed from 0 cm to 2 cm. Along the flow direction, 114 measurements
were conducted in the length of 2 cm.

According to Fig. 6, nanogel concentration decreased from 0 cm to 2 cm gradually and the whole micromodel reached 0.3% finally.
We also find that the concentration distribution is not linear at the early stage of injection, but it is very close to linear later. Once linear
distribution can be applied in short cores, the dynamic adsorption kinetics can be obtained in real rock porous media based on mass con-
servation law. Besides, Figs. 5a and 6 strongly indicate that polymer nanogel with an average size of 137 nm transport could follow the
convection-diffusion equation because the concentration distribution exhibits a very smooth transition and the concentration gradient
gradually decreases over distance.

The main retention of nanogel should be adsorption because the injection pressure curves were flat and stable during the transport
process as shown in Fig. 7a. If there were any severe plugging in the micromodel, the injection pressure would fluctuate and keep increas-
ing until the end (Liu et al. 2022). And the resistance factor and residual resistance factor of the experiment are only 1.44 and 1.33,
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Fig. 5—(a) Global view of fluorescent nanogel (red) transport process (0.3 wt%). (b) Nanogel adsorption (red) after post-
waterflooding.
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Fig. 6—Nanogel concentration distribution along the micromodel (0.3 wt%).

respectively, showing no severe plugging (see Fig. S-3 in the Supplementary Material). Moreover, the average throat size of porous media
was 5300 nm (the calculation is shown in Fig. S-2), which is 39 times larger than the average particle size of 137 nm. In addition, we did
not find any obvious fluorescent aggregation and blocking near the pore throat as shown in Fig. 7b. The images of physical plugging
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Fig. 7—(a) Nanogel injection pressure (0.3 wt%). (b) Local view of micromodel during nanogel injection (0.3 wt%).

caused by large microgel in our micromodels are very different from adsorption images, which can be compared in Figs. S-8 through
S-10. Thus, it is reasonable to believe that adsorption is the main retention behavior.

The nanogel adsorption layer (red circle) can be observed in Fig. 7b, which is mainly dominated by electrostatic attraction/repulsion,
hydrophilic interactions, and Van der Waals forces. The fluorescent nanogels synthesized by acrylamide are negatively charged, having
repulsion with negatively charged glass beads, while the hydrophilic interactions and Van der Waals forces provide attraction for nanogels
and glass beads.

Dynamic Adsorption Calculation. The dynamic adsorption was calculated by mass conservation law (Eq. 1). First, a cubic volume was
selected to conduct the calculation as shown in Fig. 8.

| ic(x) || -

Nanogel flow in |, Nanogel flow out

Fig. 8—Schematic diagram of dynamic adsorption calculation.

-t ¢ L
F(z)=/0 qxci(l)dt—/oqxcj(l)dt—/o pXx¢xAxc(x,t)dx, O

where T (¢) is the adsorption amount at time ¢ with unit of grams; g is the flow rate; ¢; () and ¢ (¢) are the concentrations of boundaries i

and j at time ¢, respectively; p is the density of fluid; A is the cross-sectional area of micromodels; ¢ is the porosity of micromodels; and
c (x, t) is the concentration distribution between boundaries i and j at time z. In the equation, the first integral represents nanogels that

350 January 2025 SPE Journal

GZ0z Arenige4 z| uo Jesn yoa] 1 80usIog Jo Ayisienun unossiN Aq |/pd-ed-cyeczz-2ds/891 ¥8 L 1/ YE/L 0/0€4Pd-aonIe/rS/BI0 08dauoy/:dny woy pspeojumoq



flow into the selected volume, the second integral represents nanogels that flow out of the selected volume, and the third integral rep-
resents nanogels in pore space.

We first calculated the dynamic adsorption in the micromodel when the nanogel concentration was 0.3%. There were six continuous
sections selected, including 0.4—0.6 cm, 0.6-0.8 cm, 0.8—1 cm, 1-1.2 cm, 1.2-1.4 cm, and 1.4-1.6 cm of the micromodel in length. So,
the boundaries of the six selected cubic volumes (i and j) are 0.4 cm, 0.6 cm, 0.8 cm, 1 ¢cm, 1.2 cm, 1.4 cm, and 1.6 cm from the inlet,
respectively. Their concentration history ¢; (t) and ¢ (t), function of time, was measured as shown in Fig. 9; ¢ (x, t), the concentration
distribution at different times, was already shown in Fig. 6.

Injected Volume/PV
1 3 5
0.35 K T T T
0.3
< 025
F=
2 02
o
§ 0.15
[
o
© 01
0.05
0 ¢
0 2000 4000 6000
Timel/s

Fig. 9—Concentration history of boundaries.

In the calculation, adsorption density was defined as the adsorption mass divided by the adsorbent surface area (g/cm?); the adsorbent
surface area in the selected volume was calculated to be 0.16 cm” in the Supplementary Material. Because ¢, L, p, and ¢ are 0.01 mL/h,
0.2 cm, 1920 kg/m®, and 40%, respectively, the dynamic adsorption density was calculated as shown in Fig. 10.

Injected Volume/PV
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—e—0.6-0.8 cm
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Time/s

Fig. 10—Dynamic adsorption kinetics of 0.3 wt% nanogel.

Fig. 10 shows a modest initial increase rate at the very beginning, followed by a rapid growth from 1,790 seconds to 2,810 seconds.
Finally, the growth rate decreased, and the equilibrium range of 3.86-16.69 pg/cm? was reached when the time was around 5,600 sec-
onds. The kinetics curves are S-shaped. In addition to the time-dependent growth rate, the adsorption density is also a function of loca-
tion, which is called adsorption distribution. According to Fig. 10, the adsorption density decreases with the increase in transport
distance.
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The uneven distribution was also found and investigated by many researchers in environmental science. Shapiro et al. developed a
semimicroscopic stochastic theory and conducted numerical simulations for the retention profile of polydisperse particles. They showed
that the temporal dispersion in the advection-dispersion reaction in deep bed filtration is the most likely reason for forming the uneven
distribution (Shapiro and Bedrikovetsky 2010). However, other researchers attributed the uneven distribution to the polydispersity of
particle size. Kuzmina et al. modified the deep bed filtration model for monodisperse suspension by introducing two types of particles in
different sizes. They assumed that these two particles transport at different velocities and obtained the decreasing retention by the exact
and asymptotic solutions (Kuzmina et al. 2017). Besides, Ma et al. built a time-distance-dependent deposition model and combined it with
the advection-diffusion equation. From their simulation and experimental results, similar retention profiles were obtained and they found
that the portion of large particles decreased after transport in porous media (Ma et al. 2018). Other works also show that the uneven reten-
tion profiles occurred because larger particles are more easily trapped in porous media (Ahfir et al. 2017).

To explore the reasons of uneven adsorption distribution, we measured the particle-size distribution (PSD) from the effluent during the
nanogel injection process. At the beginning, when 0.025 mL (around the first 10 times of PV of the micromodel) of liquid had flowed
through the micromodel, we collected it from the effluent. Then another 0.025 mL (around the second 10 times of PV of the micromodel)
was collected. In total, around 20 times of pore volume (20 PV) were collected and diluted to conduct size distribution measurements.
The results are shown in Fig. 11.

40
—e— |nitial PSD
30 ——10 PV
——20 PV
2
>
‘w 20 F
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0 1
0 100 200 300 400

Size/nm

Fig. 11—PSD in the effluent of 0.3 wt%.

In Fig. 11, the initial PSD (blue) curves changed to a black distribution after 10 PV of injection (the peak at 100 nm appeared
because the right peak of the initial PSD moved left). Because the Zetasizer cannot distinguish two peaks that are close to each other,
then only a single black peak is shown in the graph. Finally, the PSD recovered to its original distribution (red) after 20 PV of injection.
In terms of average particle size, the first 10 PV of nanogel (black curve) has an average particle size of 86.9 nm that is smaller than
the initial average size of 137 nm (blue curve), which shows that small particles have lower adsorption than large particles. The differ-
ent adsorption abilities due to particle size can be explained by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, in which
larger particles have stronger interaction energy (Zhang et al. 2015). The results indicate that large nanogel first took up the adsorption
sites near the inlet then the small nanogel took up the remaining adsorption sites, causing the uneven adsorption profile. Then, the
following injected nanogel would build multilayer adsorption, in which the following nanogel deposited on the first adsorption layer.
It has been found that the large nanogel near the inlet might provide extra retention sites for the small nanogel, intensifying the uneven
distribution (Ma et al. 2018). The injected nanogel could not keep its initial PSD until the adsorption processes were completed and
the 20 PV (red curve) shows a restored particle size. Besides, the corresponding injection time of 10 PV is 2.5 hours, which is close to
the time that the whole micromodel can reach adsorption equilibrium. In other words, the first 10 PV of nanogel experienced PSD
change due to adsorption, while the 10-20 PV of nanogel did not. The time of 2.5 hours in Fig. 11 validates the equilibrium time of
adsorption kinetics in Fig. 10.

In addition to dynamic adsorption kinetics, the method can also be used to show desorption kinetics during the post-waterflooding
process. Similarly, the desorption process was also investigated using the mass conservation equation:

L ‘ ! L
F(t)/=/ px¢xAxcadx+Fa+/chi(’)dt_/qxcj(t)d’_/ px ¢ xAxc(x)dx, &)
0 0 0 0

where I’ (t)/ is the remaining nanogel during desorption, ¢, is the nanogel concentration before post-waterflooding (the nanogel concen-
tration injected), [, is the equilibrium nanogel adsorption amount before desorption. Because ¢, ¢, L, p, and ¢ were 0.3%, 0.01 mL/h,
0.2 cm, 1.921 g/mL, and 40%, respectively, the dynamic desorption was calculated as shown in Fig. 12.

According to Fig. 12, there is a modest decrease at the beginning, followed by a rapid decrease from 1,530 seconds to 2,551 seconds
and a slow reduction from 2,551 seconds to 4,846 seconds. Finally, the equilibrium range of 2.13-9.69 pg/cm? was reached when the time
was around 5,000 seconds. Compared with Fig. 10, around 45% of adsorption was removed in all the measured sections during post-
waterflooding. The desorption distribution shows a similar variation to Fig. 10 because the reversible adsorption is around 45% of the
adsorbed nanogel in these micromodels.
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Fig. 12—Dynamic desorption kinetics of 0.3 wt% nanogel.

Factors Influencing Adsorption Distribution. To further investigate the factors influencing dynamic adsorption, we used different
nanogel concentrations (0.1 wt% and 0.2 wt%) and different flow rates (0.02 mL/h and 0.03 mL/h, nanogel concentration is 0.2 wt%) and
calculated the adsorption results as shown in Figs. 13a through 13d. The pressure of nanogel injection and post-waterflooding is shown
in the Supplementary Material (Figs. S-4 through S-7).
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Fig. 13—(a) Dynamic adsorption kinetics of 0.1 wt%. (b) Dynamic adsorption kinetics of 0.2 wt%. (c) Dynamic adsorption kinetics
of 0.02 mL/h with 0.2 wt%. (d) Dynamic adsorption kinetics of 0.03 mL/h with 0.2 wt%.

According to Figs. 13a and 13b, the higher concentration leads to more dynamic adsorption in the micromodels, which is consistent
with many adsorption models, including linear (Johnson and Elimelech 1995) and nonlinear isothermal adsorption models (Zhang et al.
2018; Bai et al. 2019). Compared with Figs. 10, 13a, and 13d, it is found that a higher flow rate results in less dynamic adsorption. These
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findings could be explained by the theory of removal efficiency in physicochemical particle filtration in porous media (Ryan and Elimelech
1996; Tufenkji and Elimelech 2004), in which adsorption density (particle removal efficiency of glass beads) is inversely proportional to
flow velocity and particle concentration.

In addition, to compare the adsorption profiles at different conditions, we introduced a coefficient of variation from statistics that is
used to describe the uniformity of adsorption distribution. It is defined as the ratio of the standard deviation to the mean:

G=—, 3)

where C, is the coefficient of variation and o and p are the standard deviation and the mean value of the adsorption density values in six
continuous intervals, respectively. According to its definition, severe uneven distribution would have a higher coefficient of variation.
Then, the adsorption profiles can be compared in Fig. 14.
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Fig. 14—Comparison of adsorption profiles.

Fig. 14 shows that lower concentration and higher flow rate can attenuate the uneven distribution of adsorption. The possible reason is
that lower concentration means less large nanogel, so there were fewer extra retention sites for the small nanogel, failing to intensify the
uneven distribution. The low-velocity effect can be explained by two adsorption regions, including diffusion region and adsorption region
as shown in Fig. 15.
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Fig. 15—Possible adsorption process.

Ryan et al. described a diffusion boundary layer based on the DLVO theory. The layer is defined as the near-surface region in which
colloid adsorption is dominated by diffusion. Beyond the diffusion boundary layer, colloid transport is controlled by the advection of the
bulk fluid. (In Fig. 7b, the adsorption layer on glass beads is very similar to the model in Fig. 15.) The rate of colloid transport across the
boundary layer is controlled by diffusion coefficient, concentration gradient, and the thickness of the boundary layer, which is controlled
mainly by fluid velocity (Ryan and Elimelech 1996). When we increased the flow rate, the diffusion boundary layer thickness decreased,
and advection dominated the transport and adsorption of nanogel. Although the different adsorption abilities from different nanogel sizes
remained, their influence was significantly weakened in the whole region. Therefore, the adsorption distribution became homogeneous.
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Conclusions

Overall, we presented a novel method to study nanogel particle adsorption and desorption in porous media using 3D glass micromodels

and confocal microscopy. Based on the experimental results and analysis above, the following conclusions can be reached.

1. The real-time transport of polymer nanogel was visualized in porous media and nanogel with an average size of 137 nm can flow
through the micromodels that have a throat size of 5.3 pm without obvious physical plugging.

2. Fluorescence intensity increases linearly with fluorescent nanogel concentration, which can be used to determine nanogel concentra-
tion profiles in transparent micromodels. Nanogel concentration distribution is not linear at a long distance, but it is very close to linear
at a short distance, which provides a method to calculate dynamic adsorption kinetics in real rock material.

3. Nanogel adsorption kinetics shows S-shaped curves, and the equilibrium adsorption density varies from 2.49 ug/cm2 to 16.69 pg/cm2
for borosilicate glass in immersion liquid. The desorption removed nearly 45% of nanogel of adsorption.

4. Dynamic adsorption is a function of both time and location, and it increases with higher concentration and lower flow rate. The size
distribution change from the effluent reveals that different sizes of nanogels have different adsorption abilities. Moreover, the uneven
distribution can be attenuated by decreasing nanogel concentration or increasing flow rate.

5. The results strongly indicate that polymer nanogel transport in porous media could be modeled by convection-diffusion equation com-
bined with adsorption/desorption kinetics.

In terms of the method, there are some works that can be performed in the future to improve it. First, the particle types can be extended
to other colloids, such as silica-based gel particles. Second, it is more realistic to have micromodels made of rock materials that can pro-
vide adsorption and desorption at reservoir conditions (high pressure and temperature). Third, the data acquisition and processing should
be accomplished automatically by more advanced softwares so that the particle transport and adsorption quantification can be performed
much faster and easier.

Nomenclature

A = cross-sectional area of micromodels, cm®
¢(t) = nanogel concentration of boundary 7 at time ¢, wt%
¢(1) = nanogel concentration of boundary j at time 7, wt%
"¢, = coefficient of variation, dimensionless
c(x,#) = nanogel concentration of location x at time ¢, wt%
C, = flow rate, mL/h
L = length of micromodels, cm
q = flow rate, mL/h
x = distance from inlet, cm
I' = nanogel adsorption amount during injection, g
I', = equilibrium nanogel adsorption amount before desorption, g
I’ = nanogel adsorption amount during desorption, g
¢ = micromodel porosity, %
p = density of the fluid, g/mL
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