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High‑temperature high‑pressure 
microfluidic system for rapid 
screening of supercritical  CO2 
foaming agents
Ayrat Gizzatov1, Scott Pierobon2, Zuhair AlYousef3, Guoqing Jian1,4, Xingyu Fan2, 
Ali Abedini2* & Amr I. Abdel‑Fattah3*

CO2 foam helps to increase the viscosity of  CO2 flood fluid and thus improve the process efficiency 
of the anthropogenic greenhouse gas’s subsurface utilization and sequestration. Successful  CO2 
foam formation mandates the development of high‑performance chemicals at close to reservoir 
conditions, which in turn requires extensive laboratory tests and evaluations. This work demonstrates 
the utilization of a microfluidic reservoir analogue for rapid evaluation and screening of commercial 
surfactants (i.e., Cocamidopropyl Hydroxysultaine, Lauramidopropyl Betaine, Tallow Amine 
Ethoxylate, N,N,N′ Trimethyl‑N′‑Tallow‑1,3‑diaminopropane, and Sodium Alpha Olefin Sulfonate) 
based on their performance to produce supercritical  CO2 foam at high salinity, temperature, and 
pressure conditions. The microfluidic analogue was designed to represent the pore sizes of the 
geologic reservoir rock and to operate at 100 °C and 13.8 MPa. Values of the pressure drop across the 
microfluidic analogue during flow of the  CO2 foam through its pore network was used to evaluate 
the strength of the generated foam and utilized only milliliters of liquid. The transparent microfluidic 
pore network allows in‑situ quantitative visualization of  CO2 foam to calculate its half‑life under 
static conditions while observing if there is any damage to the pore network due to precipitation 
and blockage. The microfluidic mobility reduction results agree with those of foam loop rheometer 
measurements, however, the microfluidic approach provided more accurate foam stability data to 
differentiate the foaming agent as compared with conventional balk testing. The results obtained here 
supports the utility of microfluidic systems for rapid screening of chemicals for carbon sequestration or 
enhanced oil recovery operations.

Emission of anthropogenic  CO2 into the atmosphere is a major global environmental stressor. Reducing global 
emissions is a significant challenge, and the most viable solution requires unilateral cooperation between gov-
ernments, industries, and research communities. Reduction of  CO2 emission can be possible through two broad 
approaches. The first approach substitutes high carbon emission technologies with those of lower or no carbon 
 footprints1. This approach mainly seeks the decommissioning of coal and liquid fossil fuel power plants and 
swapping them with energy plants operating with natural gas, nuclear, hydroelectricity, solar, wind,  etc2,3. A 
similar technological revolution is taking place in the electrification of cars to reduce emissions from internal 
combustion  engines4–6. The second approach is carbon capture, utilization, and storage technologies, at com-
mercial scale. Capturing the waste  CO2 from large sources (e.g., power plants, cement and metal smelting fac-
tories) has been implemented using several methods (e.g., post-combustion capture and oxyfuel combustion 
capture)7,8. Coupled with the capture approach, the utilization of  CO2 as a basis material for high-value products 
is encouraging. However, the conversion efficacy and up-scaling both need to be further  optimized9,10. Carbon 
sequestration, on the other hand, is considered one of the most promising approaches. It involves the storage of 
large amounts of  CO2 in underground geological formations—mainly oil reservoirs, abandoned gas fields, and 
deep saline  aquifers11,12.  CO2 injection into depleted oil reservoirs for the purpose of  CO2 enhanced oil recovery 
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(EOR) is a more common approach that ultimately lowers the carbon footprint of fossil fuel emissions to sup-
port continuing energy  demands13.

A major challenge to carbon sequestration and  CO2-based EOR in deep formations is the very low viscosity 
and density of  CO2 (~ 0.1–0.5 mPa s and ~ 0.56 g/cm3) compared to water (0.3–1 mPa s and ~ 0.99 g/cm3) or 
conventional crude oil (0.6–10 mPa s and ~ 0.8–0.9 g/cm3). Low  CO2 viscosity results in unfavorable mobility 
ratio, poor conformance, and fingering of the  CO2 front, leading to early breakthrough and bypassing vertical 
and/or lateral portions of the formation and thus potential hydrocarbon resources. Lower density, on the other 
hand, leads to  CO2 gravity override and bypassing of deeper portions of the reservoir, leading to ineffective sweep 
efficiencies for carbon sequestration and low reservoir productivity in EOR operations. The aforementioned 
deficiencies are more pronounced in hydrocarbon recovery processes in reservoir formations comprised of 
different layers with diverse permeabilities. In these oil reservoirs, the  CO2 takes preferential pathways, flowing 
through more permeable zones without contacting oil in lower permeability  zones14,15. Theoretically speaking, 
mitigating these deficiencies requires increasing the density and viscosity of the supercritical  CO2. Increasing the 
density of supercritical  CO2 phase, e.g., through the addition of chemicals, is not technically feasible. Increasing 
its viscosity, on the other hand, is more feasible and can be achieved by either the addition of chemical thicken-
ers directly into the  CO2  phase16 or forming  CO2 foams via the addition of surfactants into the aqueous phase 
in the porous structure of the reservoir  rock14. Foaming the injected  CO2 by injecting very dilute amounts of 
surfactant solutions with the  CO2 phase has the potential to significantly increase the sequestration efficiency. 
The foamed  CO2 has a larger apparent viscosity and traps more of the  CO2 in situ, reducing the overall  CO2 
mobility. Increasing the trapped  CO2 means that  CO2 comes in contact with the resident saline water for longer 
periods of time and hence, will increase the amount of dissolved  CO2 in the brine.

Developing chemical formulations to produce  CO2 foam for reservoir applications has been investigated and 
reported in several  publications14,15,17–21. Reservoirs around the world have different properties (e.g., mineralogy, 
depth, temperature, and water salinity), necessitating a wide range of formulation chemistries to be developed for 
specific reservoir conditions. Development of efficient formulations is an expensive process, requiring numerous 
trials and extensive tests performed at in-situ reservoir pressure and temperature conditions while changing other 
experimental variables. Core flooding and foam loop rheometer testing are the most common methods applied 
to screen formulation performance. While these methods provide insights into formulation performance, they 
suffer from long technician times—from days to weeks—and generally require large volumes of fluid samples. 
The cost associated with these conventional testing methods motivates the development of rapid and accurate 
performance screening of formulations at relevant reservoir conditions.

Microfluidics technology has provided significant benefits in research and industry across various fields, 
with a growing track of applications in industrial fluids and  chemistries22–28. There have also been precedent 
applications of microfluidics-based methods in  CO2 and energy  sectors23–25,29–33. Microfluidic systems can visu-
alize the performance of pore-scale interactions of fluids at relevant operating conditions while requiring only 
a few milliliters of fluid  samples34–36. Various fabrication  methods22,27 provide a unique opportunity to develop 
microfluidic chips with desired channel shapes, dimensions, and surfaces, to improve mixing of phases, or to 
better represent the pore structure of reservoir  rock37. While developing microfluidics for experiments at higher 
temperatures (> 100 °C) and pressures (> 7 MPa) combined with high-resolution optical access is a challenging 
process, technical progress has enabled some high-temperature high-pressure microfluidics  experiments38–41.

This work demonstrates the utilization of a microfluidic reservoir analogue and presents an approach to 
rapidly screen and evaluate  CO2 foam formulations at high-temperatures (up to 100 °C) and high-pressure 
(up to 13.8 MPa) conditions. The analogue consists of a porous medium representing a reservoir with relevant 
pore geometries. Six potential foam formulations were tested with  CO2 at different concentrations and qualities 
through measurement of pressure drop, and the resulting mobility reduction factor. Bright-field microscopy 
combined with an in-house developed image analysis algorithm is employed to visualize the foam, count the 
foam lamellae, and determine the foam half-life. Finally, the obtained microfluidic test results presented here 
are compared with those of conventional widely accepted bulk foam testing techniques.

Experimental
Materials. Surfactants used in this study (Fig. 1) were obtained from the following suppliers and used as-is: 
~ 44 wt% active Petrostep SB (Cocamidopropyl Hydroxysultaine), ~ 30 wt% active Amphosol LB (Lauramido-
propyl Betaine), ~ 37 wt% active Amphosol CG-50 (Cocamidopropyl Betaine), 100 wt% active Toximul TA-8 
(Tallow Amine Ethoxylate with approximately eight moles of Ethylene Oxide), and 46 wt.% active Stepantan 
AS 12-46 (Sodium Alpha Olefin Sulfonate) from Stepan Company (Northfield, USA), 95 wt% active Duomeen 
TTM (N,N,N′ Trimethyl-N′-Tallow-1,3-Diaminopropane) from AkzoNobel (Amsterdam, The Netherlands). 
Other chemicals were obtained from VWR international (Radnor, USA).

Surfactant aqueous solutions. Artificial Brine 1 (~ 57,000 mg/L total dissolved solids (TDS)) and Brine 
2 (~ 120,000 mg/L TDS) were prepared by dissolving the salts indicated in Table 1 in 1 L of deionized (DI) water. 
Surfactants were then dissolved in artificial brines to achieve the necessary wt% concentration of active ingre-
dients. Except Duomeen TTM, which was protonated with 1 M HCl first to allow solubilization in an aqueous 
phase. Solutions were visually tested for stability/formation of precipitates over 7 days of incubation in an oven 
at 100 °C in a glass microwave reaction vial with polytetrafluoroethylene lined seal (Chemglass Life Sciences 
LLC, Vineland, USA). Duomeen TTM’s chemical stability at high-salinity and high-temperature conditions for 
up to 30 days was confirmed in previous studies utilizing Agilent 1100 high-performance liquid chromatography 
coupled with a G4218 evaporative light scattering  detector42.
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Microfluidic testing. Figure 2 shows the microfluidic chip design used to screen various supercritical  CO2 
(Sc-CO2) surfactant foams at different conditions. The chip has one inlet connected to the surfactant solution 
and another to the  CO2 injection system. An on-chip foam generator comprising a series of off-centered circular 
mixing channels was designed to produce consistent and uniform Sc-CO2 foams. The relative centers of the 
circular mixing channel walls of 0.5 mm inner diameter and 1.0 mm outer diameter were radially displaced by 
0.05–0.1 mm. The foam generator channel dimensions are 200 µm (width) × 10 µm (depth). The porous medium 
of the microfluidic chip is a homogeneous hexagonal channel network where the foam behavior at the pore-
scale level of the reservoir rock is replicated and studied. The porous medium has pore dimensions of 30 µm 
(width) × 10 µm (depth), correlating to a hydraulic radius of 15 µm. The pattern was transferred onto a silicon 
substrate and etched to the specified dimensions using reactive ion etching (RIE). To complete the fabrication, 
the RIE-etched silicon substrate was anodically bonded to a glass slide to seal off the analogue from the atmos-
phere, provide a viewing window, and sustain microchannel pressures > 13.8 MPa.

Figure 3 shows the schematic of the experimental setup used to conduct the microfluidic testing. A new 
microfluidic chip was used for each test to ensure that the initial chip condition was the same for all experiments. 
The microfluidic chip was mounted onto an in-house designed high-temperature high-pressure manifold and 
connected to the external experimental system: a syringe pump for surfactant injection (Chemyx Fusion 6000), 
two pumps for  CO2 injection and back-pressure regulation of the chip outlet pressure, respectively (Teledyne 
ISCO 260D), and external high-accuracy pressure gauges (Omega Engineering PX409-3.5KGUSBH). Foam 
testing was performed at 100 °C, and the back-pressure regulator was maintained at 13.8 MPa during foam injec-
tion for all microfluidic experiments to maintain  CO2 at supercritical conditions. In addition, the entire fluid 
injection lines from pumps into the microfluidic device was insulated and maintained at the test temperature 
using a temperature controller (Omega Engineering CNi3222). The pump used to inject the  CO2 was kept at the 
test temperature using a temperature-controlled mineral oil bath circulator and an insulation sleeve. It is also 

Figure 1.  Chemical structures of the surfactants used in this study. (a) Cocamidopropyl hydroxysultaine 
used as active ingredient in Petrostep SB, (b, c) lauramidopropyl betaine with R = 11–13 in (b) Amphosol LB 
(from narrow cut methyl esters) and R = coco in (c) Amphosol CG-50 (derived from refined coconut oil), (d) 
tallow amine ethoxylate with m + n = 8 and R =  ~ 19 in Toximul TA-8, (e) N,N,N′ trimethyl-N′-tallow-1,3-
diaminopropane with R = 16–18 in Duomeen TTM, and (f) sodium alpha olefin sulfonates with R = 11–13 in 
Stepantan AS 12-46.

Table 1.  Compositions of artificial brines used to prepare surfactant solutions.

Salt Brine 1 (mol/L) Brine 1 (g/L) Brine 2 (mol/L) Brine 2 (g/L)

NaCl 0.7022 41.04 1.2764 74.59

CaCl2·2H2O 0.0162 2.39 0.3387 49.79

MgCl2·6H2O 0.0868 17.65 0.0648 13.17

BaCl2 0.00 0 0.0001 0.01

Na2SO4 0.0447 6.34 0.0042 0.6

NaHCO3 0.0020 0.17 0.00607 0.51

Total 67.59 138.67
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noted that due to the high thermal conductivity of the silicon material, the thermal equilibration of fluids occurs 
quickly and effectively inside the microfluidic chip.

Phase 1 procedure. Each surfactant solution at the desired concentration was injected with  CO2 into the 
microfluidic chip under constant flow control mode from Inlet 1 and 2, respectively. The  CO2 to surfactant flow-
rate ratio was adjusted to achieve a specific foam quality during the experiment. Foam quality is defined as the 
flowrate of  CO2 divided by the total flowrate (i.e., total of  CO2 and surfactant solution flowrates). Control tests 
using pure brine samples with Sc-CO2 were also conducted as base cases.

Phase 2 procedure. Identical to the Phase 1 Procedure with additional equilibrium pressure drop meas-
ured across the chip to determine the mobility reduction factor (MRF), which quantifies resistance to  CO2 flow, 
as

Figure 2.  Microfluidic chip pattern designed and developed to study Sc-CO2 surfactant foams.

Figure 3.  Schematic of the microfluidic setup used to study Sc-CO2 surfactant foams at a high-temperature 
high-pressure condition.
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where Q is volumetric flow rate specified by the injection pumps at the test pressure and temperature.

Phase 3 procedure. To analyze the foam stability as a function of time, the chip was sealed off from pumps 
after the equilibrium pressure drop was achieved, as described in “Phase 2 procedure”. The experimental setup 
was identical as for Phase 2 except that the external Omega pressure sensors were replaced with flow-through 
pressure sensors (DJ Instruments DF2-SS-01-2500). The foam lamellae count and foam half-life were deter-
mined through image analysis of time-lapse images of the porous medium. Foam stability analysis in the sealed-
off chip was also performed at the test temperature and pressure.

Bulk supercritical‑CO2 foam analysis. Bulk Sc-CO2 foam height analysis at 23.4 MPa (~ 3394 psi) pres-
sure and 100 °C temperature was performed using Krüss High Pressure Foam Analyzer instrument. Measure-
ments were completed by Eurotechnica GmbH (Bargteheide, Germany). For each measurement, surfactant solu-
tion was first loaded into a precleaned cylindrical test cell of diameter of ~ 40 mm with a 100 mm high window. 
The cell was then heated, partially filled with  CO2, and left for 24 h to saturate the aqueous phase. Foam was 
produced by sparging  CO2 through a sintered glass plate at 50 mL/min into the surfactant solution, with the 
foam height and rate of decay determined from images captured by an external camera.

Foam loop rheometer. A custom-made high-temperature high-pressure foam loop rheometer (Fig. 4) was 
used to evaluate the rheology of Sc-CO2 foams at 12 MPa (~ 1740 psi) pressure and 90 °C temperature. The 
instrument is equipped with a sapphire window cell for visualization and a steel tube loop to measure viscosity 
under dynamic conditions. Prior to taking measurements, the rheometer was calibrated using non-Newtonian 
fluid standards. First, the surfactant foaming agent solution (0.50 wt%) was introduced and allowed it to equili-
brate in the cell. The Sc-CO2 was then introduced and allowed to equilibrate at the desired temperature and 
pressure. Measurements were performed for Sc-CO2 foam qualities at 90%, and shear rates ranging from 10 to 
600/s. Foam is a non-Newtonian fluid with apparent viscosity that is shear rate dependent. The apparent viscos-
ity 

(
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)

 of the generated foam was calculated using Eqs. (2)–(4)43: 
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Figure 4.  Schematic of the custom-built, high-temperature high-pressure foam loop rheometer.
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where τ is a shear stress, γ is a shear rate, D is the tube diameter, ∆P is the differential pressure across the loop, 
L is the tube length, and ν is the velocity.

Results and discussions
The twelve formulations comprised of the six surfactants shown in Fig. 1 dissolved in two different aqueous 
phases (Brine 1 and Brine 2) were evaluated for the generation of Sc-CO2 foams. Prior to the microfluidics 
experiments, surfactants solutions were tested for physical stability in both brines, exhibiting no sign of visual 
instability. For reservoir applications and field operations, long term chemical stability, on the order of few 
months, is required to ensure that formulations do not lose their performance during operations. The stability 
test procedure can be performed as discussed  elsewhere44. Microfluidics screening procedures were divided into 
three distinct phases. In the first phase, the twelve at 0.5 wt% concentration were screened for foamability of the 
foam by flowing through the microfluidic analogue at different foam qualities. Pressure differences across the 
analogue were recorded, together with visual qualitative analysis of the generated foams. The second phase was 
designed to investigate the performance of top formulations selected from the first phase at different concentra-
tions. Similar to the first phase, pressure drops from different foam qualities of four formulations at four different 
concentrations were recorded to calculate the MRF for each case. The third phase involved counting the lamellae 
and measuring the foam half-life in the analogue of the four formulations at two different concentrations and 
foam qualities. Microfluidic results were then compared to bulk foam measurements obtained using the high-
pressure foam analyzer and foam loop rheometer instruments.

Phase 1: Rapid screening of formulations for foamability. Figure 5 shows the optical microscope 
images of the analogue during flow of the aqueous and Sc-CO2 phases. Figure 5a shows dense foam generated 
with observable lamellae in the distribution channels at the entrance of the porous medium for Duomeen TTM 
at 0.5 wt% in Brine 1. Unlike the Duomeen TTM formulation, Fig. 5b reveals that Toximul TA-8 at 0.5 wt% in 
Brine 1 did not produce a dense foam throughout the analogue and no clearly formed lamellae were observed 
in the distribution channels. This observation suggests that Duomeen TTM exhibited a better performance in 
generating dense Sc-CO2 foam compared with Toximul TA-under similar testing conditions. Figure 5c depicts 
the flow of  CO2 and Brine 1 in the absence of surfactants that resulted in no foam being formed and a laminar 
co-flow of  CO2 and brine observed at the outlet of the analogue. High-resolution optical analysis of the foam 
flow in the analogue provides a rapid tool to qualitatively differentiate formulation performance for generating 
 CO2 foam.

In addition to optical analysis of the Sc-CO2 foam, the pressure drop across the analogue during flow was 
measured for each test. Higher pressure drop corresponds to reduced mobility as a result of the foam formation. 
Additionally, smaller bubble size (i.e., higher density of the foam) results in a higher apparent viscosity and thus 
higher pressure drop. Measurements were performed for multiple foam qualities (30%, 50%, 70%, 80%, 90%, 
and 95%). In developing the microfluidic test system, the pressure drop of different surfactant formulations 
varied by < 10% relative error within robust foam quality trends. This repeatability enabled singlicate tests for 
rapid and accurate screening of surfactants, with test cases re-run only if resulting in trend outliers. Figure 6 
shows the pressure drop values recorded for the two-phase flow of  CO2 and six surfactant formulations at 
0.5 wt% concentration both in Brine 1 and Brine 2. Pressure drop measurements were compared and plotted 
with those of the control cases of  CO2 with each brine without surfactants. For foam qualities above 80%, the 

(3)τ =

D�P

4L

(4)γ =

8

D

Figure 5.  Optical microscope images of the analogue demonstrating examples of the Sc-CO2 and aqueous two-
phase flows for (a) Duomeen TTM, (b) Toximul TA-8 both at 0.5 wt% in Brine 1; 70% foam quality and (c)  CO2 
and Brine 1 without surfactants; 30% foam quality.
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performance of the foam is significantly reduced, resulting in increased mobility of both the  CO2 and aqueous 
phases. At these high foam qualities, where the aqueous flow is low and insufficient, there is a lack of lamella to 
produce high performance foams. In such conditions, flow with the low proportion of aqueous phase resembles 
the mobility of the gas phase and the pressure drop declines. At 95% foam quality, Toximul TA-8, Petrostep-SB, 
and Stepantan AS 12-46 exhibited similar performance as Brine 1 and Brine 2 without surfactants, indicating 
their low performance in forming strong foam with stabilized lamellae. However, Duomeen TTM, Amphosol 
LB, and Amphosol CG-50 showed better performance in generating stable foams at higher foam qualities. The 
pressure drop data also demonstrates that these formulations produce foams with different strengths depending 
on whether Brine 1 or Brine 2 is the aqueous solutions. Specifically, while Toximul TA-8 performed the worst 
in both brines, it had a much lower pressure drop when used with Brine 1 than with Brine 2. This extreme low 
efficiency can be attributed to reduced hydration of the hydroxy groups on the amine ethoxylate heads of the 
surfactant molecules in Brine 1 as compared in Brine 2, leading to higher interfacial tension between the  CO2 
and the aqueous phase in Brine 1. It has been reported that hydration of carbohydrates increases with increasing 
the concentration of calcium ions  (Ca2+) in water, especially at high temperatures (i.e., 90 °C)45. Considering 
that Brine 2 contains twenty times more  Ca2+ ions than Brine 1, similar effects are expected to happen here. 
Overall, the microfluidic pressure drop data shows that Duomeen TTM, Amphosol LB, and Amphosol CG-50 
formulations result in the strongest  CO2 foams in either brine. The underlying effects of ions in the brines on 
the performance of specific functional groups of surfactants in  CO2 foams is an important topic and should be 
considered for a separate study.

Phase 2: Sensitivity analysis of the foam to concentration of surfactants. Surfactant concentra-
tion in the aqueous phase is a critical parameter in successful and cost-effective implementation of foam injec-
tion. Understanding the effect of surfactant concentration on the  CO2 foam generation process provides insights 
for more accurate modelling and simulation of pilot tests and field  implementation46,47. Phase 2 of the micro-
fluidic experiments was aimed to further evaluate the best-performing formulations from Phase 1 in singlicate: 
Duomeen TTM, Amphosol LB, and Amphosol CG-50. Petrostep SB was also selected for further evaluation 
due to its zwitterionic chemical structure with favorable stability and transport properties in high-salinity and 
high-temperature carbonate  reservoirs48. In Phase 2 of the experiments,  CO2 foams were evaluated at surfactant 
concentrations of 0.5, 0.2, 0.1, and 0.05 wt% in Brine 1, at 50%, 70%, and 80% foam qualities. Figure 7 shows the 
pressure drop of Sc-CO2 foam flow with the abovementioned four surfactants at different concentrations at 70% 
foam quality. As expected, the pressure drop of the foam increases with increased surfactant concentration for 
all formulations, indicating that higher surfactant concentration results in  CO2 foams with higher viscosity. The 
highest pressure drops were achieved with Duomeen TTM and Amphosol LB, and their rank as top performers 
swapped with increasing concentrations tested. The marginally increased performance of Duomeen TTM at the 
highest concentration may be due to an optimum surfactant concentration beyond which increased concentra-
tion lowers foam stability, as reported for other  surfactants49. Petrostep SB consistently performed the worst, also 
in agreement with the results of Phase 1.

Figure 8 plots the MRF values for all experiments performed in Phase 2 as functions of surfactant concentra-
tion and foam quality. It is observed that surfactants exhibited the lowest MRF values at 80% foam quality, while 
50% and 70% foam qualities resulted in higher MRF. Amphosol LB resulted in the highest MRF over all test 
conditions, with the exceptions of very high MRF with 0.5 wt% Duomeen TTM at 50% and 70% foam quality. 
Petrostep SB was again the worst performer.

Phase 3: Half‑life of Sc‑CO2 foam. Foam stability can be quantified by its half-life. Conventional foam 
stability measurements, performed in vertical columns, evaluate the rate of foam collapse through the variation 
in foam  height50. However, bulk foam measurements do not fully capture foam stability at the porescale, thus it 
is not representative of the confined pore space conditions relevant to reservoir rock. Alternatively, microfluidic 
devices provide high-resolution optical access to foam stability studies at the pore sizes relevant to the reservoirs 

Figure 6.  Pressure drop across the microfluidic analogue during injection of the aqueous and Sc-CO2 phases. 
The plot on the left is for Brine 1 and on the right is for Brine 2 once used as an aqueous phase in the presence 
and absence of surfactants. Concentration of surfactants for all cases is 0.5 wt%.
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with tight control over the operating parameters. Table 2 presents foam half-life measurements for 50% and 70% 
qualities using four formulations at 0.1 and 0.5 wt% concentrations in Brine 1. Half-life time is defined as the 
period during which the number of foam lamellae decreases to half of its initial number. Figures 9 and 10 show 
the decay periods of lamellae count from time-zero. The data are presented as Savitzky–Golay smoothed trends 
for clarity and to reduce stochastic noise (third order polynomial with frame length 11)51. To calculate lamellae 
half-life during each period, an exponential fit in the form of   

with two or four coefficients is used (n = 1 or 2)—except for the three trendlines that had fewer than ~ 10 lamel-
lae, for which a linear fit was used to estimate half-life (both controls in Fig. 9, and Petrostep SB 0.1 wt% 70% 

(5)
∑

n
ane

bnx

Figure 7.  Pressure drop across the microfluidic analogue during flow of the Sc-CO2 foam at 0.5, 0.2, 0.1, and 
0.05 wt% concentrations and 70% foam quality. Surfactants include Duomeen TTM, Amphosol LB, Amphosol 
CG-50, and Petrostep SB in Brine 1.

Figure 8.  Mobility reduction factors for Sc-CO2 foams with surfactants Duomeen TTM, Amphosol LB, 
Amphosol CG-50, and Petrostep SB, at concentrations of 0.05, 0.1, 0.2, and 0.5 wt% and foam qualities of 50, 70, 
and 80%.
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Table 2.  Sc-CO2 foam half-life determined at 0.1 and 0.5 wt% surfactant concentrations in Brine 1 and at two 
distinct foam qualities of 50% and 70%. a Lower limit to actual half-life calculated from fit of period of highest 
rate of lamella decrease, which oscillated at 178 ± 35 (mean ± sd) overall.

Formulation Duomeen TTM Amphosol LB Amphosol CG-50 Petrostep SB

Concentration (wt%) 0.5 0.1 0.5 0.1 0.5 0.1 0.5 0.1

Foam quality (%) 50 70 50 70 50 70 50 70 50 70 50 70 50 70 50 70

Foam half-life (min) 33 270a 64 50 315 127 151 113 15 14 19 1 52 72 36 0

Figure 9.  Decay of Savitzky–Golay filtered lamellae counts in the porous media of microfluidic chips during 
control experiments of sealed-off two-phase flow of Sc-CO2 and Brine 1 in the absence of surfactants, at 
qualities 50% and 70%. Linear fits used to estimate half-life in the absence of exponential decay.

Figure 10.  Decay of Savitzky–Golay filtered lamellae counts in the porous media of microfluidic chips during 
experiments of sealed-off two-phase flow of Sc-CO2 with 0.1 wt% and 0.5 wt% surfactants in Brine 1, at qualities 
50% and 70%. Exponential fits for half-life calculations are described in the text.
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FQ in Fig. 10). Fits were chosen to minimize root–mean–squared error. Amphosol LB demonstrates the longest 
half-life stability of the foams, followed by Duomeen TTM. The results are also in agreement with those of Phase 
2, where 0.5 wt% concentration of surfactants tend to produce more stable foams when compared to 0.1 wt%. 
From all three phases discussed, it can be concluded that Amphosol LB and Duomeen TTM are better candidates 
to generate more stable Sc-CO2 foam with higher performance as compared with the rest of the formulations.

Half‑life of Sc‑CO2 foam in bulk phase. To compare the foam stability results obtained by microflu-
idic measurements with those of conventional measurement methods, the half-life of Sc-CO2 foams were also 
determined by bulk testing in a vertical column. Foam was produced by purging  CO2 through the aqueous 
solution and loaded into a 40 mm diameter column. Control of the foam quality was not feasible compared to 
that achieved in the microfluidic device. Figure 11 shows the half-life of  CO2 foams produced using 0.5 wt% 
Petrostep SB, Amphosol LB, and Amphosol CG-50 in Brine 1. The maximum foam height in a ~ 100 mm height 
view window was only ~ 10 mm for all three tested formulations. The half-life was less than 20 s for all cases, 
inconsistent with the long half-life obtained from the microfluidic stability testing (e.g., the half-life of the foam 
for Amphosol LB in the microfluidic analogue was hours). The bulk  CO2 foam stability test results revealed that 
conventional bulk testing is not able to provide reliable and differentiative data, mostly due to the lack of tight 
control on  CO2 flow and absence of the porous geometries required for these measurements and relevant to 
reservoir formations.

Conventional foam loop rheometer measurements. The foam rheology measurements were con-
ducted for Petrostep SB, Amphosol LB, Amphosol-CG-50, Duomeen TTM, and Stepan AS 12-46 at 0.5 wt% 
surfactant solutions in Brine 1. The results, as plotted in Fig. 12, show that Petrostep SB and Amphosol LB sur-
factant solutions produced foams with the highest apparent viscosity. The foam viscosities for both surfactant 
solutions were similar up to a shear rate of 300/s, beyond which the Petrostep SB solution demonstrated a slightly 
higher viscosity than that of the Amphosol LB surfactant solution. The Amphosol CG-50 and Duomeen TTM 
surfactant solutions showed smaller foam apparent viscosities compared to the other three formulations. The 
foam viscosities of both the Amphosol CG-50 and Duomeen TTM surfactant solutions were almost the same 
across the entire range of share rates.

The foam loop rheometer and the microfluidic reservoir analogue device results are consistent in demon-
strating the better performance of Amphosol LB compared to other candidate formulations. Petrostep SB on the 
other hand, showed higher apparent viscosity when measured using the foam loop rheometer and lower when 
the microfluidic device was used to compare performance among all the surfactant candidates. These results 
highlight the importance of the porous structure and the role of foam-wall interactions in assessing the foam 
quality and transport.

Overall, a combination of the microfluidic and bulk test results suggest that Amphosol LB, Duomeen TTM, 
and Petrostep SB are the top performers to be tested in actual core plug samples using a core flooding instrument. 
The Amphosol LB formulation has exhibited the highest apparent viscosity when tested using both microfluidic 
analogue and foam loop rheometer along with the longest foam half-life in microchannels. Duomeen TTM 

Figure 11.  Bulk foam height and stability measurements performed using Krüss High Pressure Foam Analyzer 
instrument for Sc-CO2 and Brine 1 with surfactant concentrations = 0.5 wt%, T = 100 °C, P = 23.4 MPa.
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demonstrated good performance through the microfluidic testing and Petrostep SB showed favorable viscosity 
results when measured using a foam loop rheometer.

Conclusions
Rapid microfluidic testing identified top-performing surfactant formulations for apparent viscosity enhance-
ment and stability of supercritical  CO2 foams. Those identified agree with conventional rheology measurement 
results. The microfluidic-based approach presented in this paper offers a significant advancement in the pri-
mary screening of foam additives, and time and cost savings when evaluating a large number of formulations 
for carbon sequestration or EOR operations. Unlike the bulk phase testing, it also enables more representative 
porescale foam stability analysis at relevant operating conditions. The method is versatile and can be employed 
for different types of gas at high-temperature high-pressure conditions, and under a wide range of pore confine-
ments representing different reservoirs with diverse rock geometries. The method generates high-throughput 
data with much shorter measurement times (hours vs. days or weeks) and smaller volumes of sample (few mL 
vs. hundreds of mL), leading to safer and more cost-effective operation. In addition, the visualized pore confine-
ment also enables pore-scale fluid behavior analysis and direct observation of formation damage mechanisms 
by precipitation and deposition of solids.
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