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Abstract The gas-absorption/chemical-reaction (GACR) method used in chemical engineering to quan-
tify gas-liquid interfacial area in reactor systems is adapted for the first time to measure the effective air-
water interfacial area of natural porous media. Experiments were conducted with the GACR method, and
two standard methods (X-ray microtomographic imaging and interfacial partitioning tracer tests) for com-
parison, using model glass beads and a natural sand. The results of a series of experiments conducted under
identical conditions demonstrated that the GACR method exhibited excellent repeatability for measurement
of interfacial area (Aia). Coefficients of variation for Aia were 3.5% for the glass beads and 11% for the sand.
Extrapolated maximum interfacial areas (Am) obtained with the GACR method were statistically identical to
independent measures of the specific solid surface areas of the media. For example, the Am for the glass
beads is 29 (61) cm21, compared to 32 (63), 30 (62), and 31 (62) cm21 determined from geometric calcu-
lation, N2/BET measurement, and microtomographic measurement, respectively. This indicates that the
method produced accurate measures of interfacial area. Interfacial areas determined with the GACR method
were similar to those obtained with the standard methods. For example, Aias of 47 and 44 cm21 were mea-
sured with the GACR and XMT methods, respectively, for the sand at a water saturation of 0.57. The results
of the study indicate that the GACR method is a viable alternative for measuring air-water interfacial areas.
The method is relatively quick, inexpensive, and requires no specialized instrumentation compared to the
standard methods.

1. Introduction

It is well established that the air-water interface is critically important for numerous applications in environ-
mental, geologic, and hydrologic systems, given its influence on fluid flow, contaminant transport, and
mass and energy transfer. For example, fluid-fluid interfacial area is a fundamental variable necessary to
describe and quantify pore-scale fluid configuration and flow in multiphase systems (e.g., Brusseau et al.,
2006; Dalla et al., 2002; Gray & Hassanizadeh, 1991; Hassanizadeh & Gray, 1993; Joekar-Niasar & Hassaniza-
deh, 2012; Reeves & Celia, 1996). In addition, adsorption at the air-water interface can have a major impact
on the retention of chemical contaminants and colloids for contaminant transport, water treatment, and
subsurface remediation applications (e.g., Costanza & Brusseau, 2000; Fang et al., 2013; Wang et al., 2016;
Zevi et al., 2012). The fluid-fluid interface is also critical for mass and energy transfers, such as evaporation,
volatilization, gas exchange, and heat flow.

The significance of fluid-fluid interfacial area for porous-media systems has fomented the development and
application of methods for its characterization and quantification. The methods available to measure fluid-
fluid interfacial area in natural porous media include mass-balance tracer tests (Anwar, 2001; Anwar et al.,
2000; Araujo et al., 2015; Karkare & Fort, 1996; Schaefer et al., 2000), aqueous and gas-phase interfacial parti-
tioning tracer tests (Brusseau et al., 1997, 2006, 2007, 2008, 2010, 2015; Cho & Annable, 2005; Costanza-
Robinson & Brusseau, 2002; Dobson et al., 2006; Jain et al., 2003; Kim et al., 1997, 1999; McDonald et al.,
2016; Narter & Brusseau, 2010; Peng & Brusseau, 2005; Saripalli et al., 1997, 1998; Zhong et al., 2016), and
pore-scale imaging (Al-Raoush, 2009; Al-Raoush & Willson, 2005; Brusseau et al., 2006, 2007, 2008, 2009;
Costanza-Robinson et al., 2008; Culligan et al., 2004, 2006; Ghosh & Tick, 2013; McDonald et al., 2016; Porter
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et al., 2010; Prodanovic et al., 2006; Schnaar & Brusseau, 2005, 2006a, 2006b). Each method has associated
limitations that can constrain their use. For example, high-resolution imaging methods require access to
specialty instrumentation and the application of complex image-processing tools. The aqueous tracer-
based methods typically employ surfactant compounds as interface tracers, which in some cases can have
deleterious impacts on measurements. These impacts can be ameliorated with thorough experimental con-
trol, but tracer-based methods are also typically relatively time consuming.

The effective gas-liquid interfacial area, through its control of mass transfer and chemical reaction rates, is a
fundamental parameter for the design and operation of reactor systems used in many chemical engineer-
ing applications. A standard method developed in chemical engineering to measure gas-liquid interfacial
area is based on absorption of a gaseous compound that can undergo chemical reaction in liquid solution.
This method is referred to as the gas-absorption/chemical-reaction (GACR) method. A widely used reaction
system for the GACR method is CO2-NaOH. This method has been applied to numerous types of reactors,
including rotating bed (Luo et al., 2012; Tsai & Chen, 2015; Yang et al., 2011), packed column (Kolev et al.,
2006; Pubanik & Vogelpohl, 1974), stirred cell (van Woezik & Westerterp, 2000), and bubble column (Macei-
ras et al., 2010). These reactor systems typically have extremely high porosities (> 90%) due to the use of
structured packing media such as stainless steel wire mesh, Rachel rings, Pall rings, etc., that are designed
to provide large surface area for gas-liquid contact.

The objective of this study is to adapt the GACR method for novel application to natural geomedia in envi-
ronmental systems, which have much lower porosities compared to the chemical-engineering systems for
which the method was originally designed. Column experiments are conducted using model glass beads
and a natural sand to determine if this method can produce accurate and robust measurements of air-
water interfacial area for geomedia. Interfacial areas are also measured using interfacial partitioning tracer
tests (IPTT) and X-ray microtomography (XMT), two standard methods, to allow comparison of results.

2. Materials and Methods

2.1. GACR Theory
The system comprises a gas containing a constituent that can react with a reagent present in a gas-
immiscible liquid, wherein the liquid-phase reagent is insoluble in the gas. The amount of gas constituent
that transfers into the liquid (absorption) is a function of the gas-liquid interfacial area, the mass-transfer
properties, and the rate of the reaction. If the reaction rate is sufficiently fast, the gas constituent will be
consumed immediately upon transfer into the liquid (i.e., at the liquid side of the gas-liquid interface), with
no additional reaction within the bulk liquid. Under this condition, the depletion of the gas constituent
from the gas phase (and the generation of the reaction product in solution) is proportional to the magni-
tude of fluid-fluid interfacial area, thus providing a means for the latter’s determination.

The NaOH-CO2 system was used in this study because of its simple and well-described reaction kinetics and
readily available equilibrium data (e.g., Svoboda & Rylek, 1979):

2NaOH 1 CO25 Na2CO31 H2O: (1)

Reaction (1) can be treated as a pseudo first-order reaction when there is minimal change in the concentra-
tion of OH– in solution (NaOH is in excess), the condition for which is described by the following inequality
(Sharma & Danckwerts, 1970): ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dk2 cOH

k2
L

s
<

cOH

2Ci
; (2)

where D is the diffusion coefficient of CO2 in solution (m2/s), k2 is the second-order reaction rate constant
between CO2 and OH2 (m3/kmol�s), kL is the liquid side mass transfer coefficient (m/s), cOH is concentration
of OH2 in solution (kmol/m3), and ci is concentration of CO2 at the gas-liquid interface (kmol/m3), which is
assumed to be in equilibrium with the bulk gas phase.

The absorption rate, Ra (kmol/s) can be expressed as equation (3) according to Danckwerts’ mass-transfer
model (Sharma & Danckwerts, 1970):
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Ra 5 Aci

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dk2cOH1k2

L

q
; (3)

where A is the total interfacial area in the packed column (m2). The absorption rate Ra can be determined
from the formation rate of Na2CO3 (e.g., Kasturi & Stepanek, 1974; Yang et al., 2011), with the concentration
of Na2CO3 in the effluent solution measured by titration. When the inequality (4) is satisfied,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dk2 cOH

k2
L

s
> 3; (4)

the chemical reaction is sufficiently rapid such that it is not sensitive to kL (Mohanty et al., 2007; Sharma &
Danckwerts, 1970), and the k2

L term in equation (3) can be ignored. With this consideration, and introducing
the pseudo first-order rate coefficient, k1 (5 k2cOH), the absorption rate can be expressed as:

Ra 5Aci

ffiffiffiffiffiffiffiffi
Dk1

p
(5)

The procedure for determining A first involves measuring Ra from the GACR experiment, as noted above.
Equation (5) is then solved for A, with values for D, k1, and ci determined as described in the supporting
information. The effective volume-normalized specific gas-liquid interfacial area (in our case, air-water inter-
facial area) in the system is determined as Aia 5 A/V, where Aia has units of m21, and V is the volume of the
packing (m3).

The theoretical maximum specific interfacial area can be calculated from Am 5 Aia/(1 – Sw), where Sw is
water saturation (Brusseau et al., 2007, 2008). Aia values obtained with each of the measurement methods
can be used to estimate Am values with the corresponding Sws. The Am represents the theoretical maximum
specific interfacial area associated with conditions of vanishing small Sw, wherein the remaining water exists
as a thin film (equivalent to single molecule thickness) solvating the solid surface. Under this condition, the
air-water interfacial area approaches a value nearly identical to the specific solid surface area. Hence, the Am

can be compared to measures of the specific solid surface area to evaluate the robustness of measured
interfacial areas (Brusseau et al., 2007, 2008). The Am values obtained in this manner are estimates, whose
representativeness of the true maximum depends on system conditions (e.g., linearity of the interfacial
area-fluid saturation function).

The geometric-specific solid surface area (GSA) for a porous-medium pack can be calculated as
GSA 5 6(1 – n)/d, where n is porosity and d is median grain diameter (L). Solid surface areas were measured
using the standard nitrogen/Brunauer-Emmett-Teller (N2/BET) method (Pharmacopeia, 2017). Solid surface
areas were also measured by direct XMT analysis of the solids (methods used for XMT are presented in the
supporting information).

2.2. Materials
Two porous media were used for the experiments. The relevant physical properties of the porous media are
presented in Table 1. The first is an ideal glass-bead medium with a particle diameter of 1.16 mm. These
beads have smooth surfaces, as illustrated by the concordance of specific solid surface areas determined
with N2/BET measurement and geometric calculation. The second is a 45/50 mesh natural quartz sand with
a median diameter of 0.35 mm. This medium has significant microscopic surface roughness, denoted by the
significantly larger N2/BET solid surface area compared to the calculated geometric area. All of the chemi-

cals used in this study were analytical grade and all solutions were
prepared with ultrapure water.

2.3. Methods
The apparatus used for the GACR method is shown in supporting
information Figure S1. The column used for the GACR experiments
was constructed of polypropylene with dimensions of 1.4 cm inner
diameter and 7 cm length. The column was oriented vertically for all
experiments. Flow distributors were placed in contact with the porous
media on the top and at the bottom of the column to help promote
uniform fluid distribution and to support the media. A separator was
placed at the bottom of the column to facilitate separation of the gas

Table 1
Properties of the Porous Media

Item
Value

Packing media Glass beads Sand

Diameter of packed porous medium (mm) 1.16 0.35
Porosity of packed porous medium 0.38 0.35
Particle density of porous media (g/cm3) 2.20 2.64
Bulk density of packed porous media (g/cm3) 1.41 1.71

Note. Bulk density qb 5 Total packing mass/Total packing volume.
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and solution. Effluent gas samples were collected from the outlet into a sealed conical flask, and liquid efflu-
ent samples were collected into 50 mL vials.

The column was dry packed and weighed to determine the bulk density of the packed porous medium. The
pack was then saturated with water to gravimetrically determine porosity. Water was injected at a low flow
rate during saturation to attempt to minimize trapped air. Results of our prior work have demonstrated that
there is minimal trapped air, particularly for these coarse media (Brusseau et al., 2008). Gas was then
injected briefly at the top of the column using a high flow rate to drain the pack to the target water satura-
tion of 0.43 and 0.57 for the glass beads and sand, respectively. Any intraparticle microporosity possessed
by the media is anticipated to be water-filled at these and much lower water saturations, and thus not a fac-
tor in characterizing interfacial area. The NaOH solution was injected at the top of the column at a steady
flow rate (�14 mL/min) to initiate the GACR test. The concentration of NaOH in the injected solution was
constant at �1.5 M for each experiment. Concurrently, gas containing 4.6% CO2 (in a balance of nitrogen)
was injected at the top of the column. Concurrent liquid and gas flow as opposed to countercurrent flow
was used due to the low porosity of the porous media.

The NaOH concentration, solution temperature, CO2 concentration, and gas pressure were measured prior
to entry of the fluids into the column. Liquid and gas effluent samples were collected every 5 min to deter-
mine the concentrations of NaOH and Na2CO3 in solution and the concentration of CO2 in the gas. Samples
were collected until the effluent concentrations of all constituents were steady. The packed column was
flushed with pure water after each experiment until constituent concentrations in the effluent solution
were below detection.

The concentration of CO2 was measured using a CO2 analyzer (Smart Bell plus, UEI Test Instrument Com-
pany, USA). Gas pressure was measured with a static pressure meter (EM201SPKIT, UEI Test Instrument Com-
pany, USA). The gas flow rate was measured with a direct-read rotameter (FLDA3412C, UEI Test Instrument
Company, USA) placed between the gas cylinder and the column. The concentration of NaOH and Na2CO3

were measured by titration with 0.5 M HCl solution.

A set of preliminary experiments were conducted to characterize the impacts of operational variables,
including liquid and gas volumetric flow rates, solution concentration, and temperature, and to determine
optimal operation conditions for the selected system and media (Ying & Brusseau, 2017). The results of
these tests determined that gas and liquid flow rates of approximately 1,000 and 14 mL/min, respectively,
and a NaOH concentration of �1.5 M produced optimal results. Conditions for treating the reaction system
as pseudo first-order were fully satisfied. Multiple experiments under identical conditions were then con-
ducted for each porous medium to test for method repeatability. The measured interfacial areas are com-

pared to independent measurements to evaluate accuracy and
representativeness.

The methods used for the XMT and IPTT measurements are similar to
those successfully employed in prior work. Details are provided in the
supporting information.

3. Results and Discussions

3.1. GACR Results
A series of experiments were conducted under identical-as-possible
conditions to test method repeatability. A total of 18 tests were con-
ducted for the glass beads and 5 for the sand. The results are pre-
sented in Table 2. The water saturation of the pack was measured
gravimetrically before and after each experiment. It remained con-
stant (within measurement error) for both the glass beads and sand
throughout the series of experiments. The essentially constant water
saturations indicate that fluid displacement was uniform during the
experiments.

The mean specific air-water interfacial areas, Aia, are 16.4 and 47 cm21

for the glass beads and sand, respectively. The value for the glass

Table 2
Measured Specific Solid Surface Areas and Air-Water Interfacial Areas of Glass
Beads and Sand

Glass beads Sand

SSSA-N2/BETa (cm21) 30 6 2 1370 6 90
SSSA-Geometricb (cm21) 32 6 3 111 6 8
SSSA-XMTc (cm21) 31 6 2 107 6 13
Water saturation-GACR method 0.43 0.57
Aia

d-GACR (cm21) 16.4 6 1 47 6 5
Am-GACR (cm21) 29 6 1 109 6 11
Am-XMT (cm21) 30 6 1 103 6 4
Am-IPTT (cm21) 31 6 8 216 6 17e

Note. 6 values represent 95% confidence intervals.
aSpecific solid surface area measured using the N2/BET method.
bSpecific solid surface area determined using geometric calculation

[GSA 5 6(1 – n)/d, where n is porosity and d is particle diameter].
cSpecific solid surface area measured by direct characterization of the solid

phase with X-ray microtomography.
dAia denotes air-water interfacial area.
eDetermined from data reported in Brusseau et al. (2015).
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beads is significantly smaller due to the larger particle diameter, as has been demonstrated in prior studies
(e.g., Anwar et al., 2000; Brusseau et al., 2009; Cho & Annable, 2005; Costanza-Robinson & Brusseau, 2002;
Costanza-Robinson et al., 2008; Dobson et al., 2006; Peng & Brusseau, 2005). The coefficients of variation
(COV) for air-water interfacial area are 3.5% for the glass beads and 11% for the sand. These results demon-
strate very good repeatability for the method. The COV values are similar to or smaller than those typically
reported for the interfacial partitioning tracer method (e.g., Brusseau et al., 2007, 2008, 2015; Dobson et al.,
2006).

An advantage of using the model glass beads is that their geometric-specific solid surface area (GSA) can
be accurately calculated due to their uniform particle-size distribution, smooth surface, and near-perfect
sphericity. The GSA for the glass-bead pack is 32 (63, 95% confidence interval) cm21 (Table 2). This value is
statistically identical to the specific solid surface area of 30 (62) cm21 measured using the N2/BET method.
The maximum air-water interfacial area, Am, for the glass beads is 29 (61) cm21, which is statistically identi-
cal to the N2/BET and GSA solid surface areas. This indicates that the GACR method produced robust meas-
urements of air-water interfacial area.

The Am for the sand is 109 (611) cm21. This value is statistically identical to the GSA determined for the
sand (111 6 8 cm21). The concordance indicates that the GACR method also produced robust measure-
ments of air-water interfacial area for the sand. The Am (and GSA) is, however, significantly smaller than the
N2/BET solid surface area of 1,370 (690 cm21). This disparity suggests that the GACR method does not char-
acterize interfacial area associated with the microscopic surface roughness present in the sand under the
extant conditions.

Figure 1. (a) Cross-sectional (x – y) XMT image of the column packed with glass beads. Solid is dark gray, water is white,
and air is black. Saturation from left to right is high to low. (b) Cross-sectional (x – y) XMT image of the column packed
with sand. Solid is dark gray, water is white, and air is black. Saturation from left to right is intermediate and low.
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3.2. XMT and IPTT Results
X-ray microtomography produced robust imaging of the solids and
fluids, as illustrated in Figure 1. The air-water interfacial areas mea-
sured with the XMT method are presented in Figure 2. Inspection of
the data reveals robust measurements were obtained for both
media, with high r2 values. The Am determined from these data is 30
(61) cm21 for the glass beads (Table 2). The specific solid surface
area measured for the glass beads by direct characterization of the
solids with XMT is 31 (62) cm21. The Am from the XMT data is statis-
tically identical to the XMT-based solid surface area value, both of
which are also statistically identical to the GSA and N2/BET solid sur-
face areas. Similarly, consistent results were obtained for the sand,
with an Am of 103 (64) cm21 compared to GSA and XMT solid sur-
face areas of 111 (68) and 107 (613) cm21, respectively (Table 2).
These results demonstrate the accuracy of the XMT method for mea-
suring interfacial area, as has been reported previously (Brusseau
et al., 2007, 2008; Narter & Brusseau, 2010).

The breakthrough curves obtained from the IPTT experiments for the
glass beads are presented in Figure 3. The mean retardation factor for the interfacial tracer was 2.2 (60.2)
for a water saturation of 0.24. The interfacial area and Am are 23 (64) and 31 (65) cm21, respectively. Nota-
bly, the Am is similar to the N2/BET, GSA, and XMT-specific solid surface areas (Table 2), indicating that the
IPTT method produced robust measurement of air-water interfacial area. Similar results were reported for a
related IPTT method used to measure interfacial area between organic liquid and water for the same glass
beads used herein (Narter & Brusseau, 2010).

3.3. Comparison of Methods
For the glass beads, the GACR method produced a mean air-water interfacial area of 16 cm21 for a water
saturation of 0.43, whereas the XMT method produced an area of 16 cm21 for a water saturation of 0.48. In
addition, the Am obtained from the GACR method (29 6 1 cm21) is statistically identical to the Am values
obtained from the XMT and IPTT methods. For the sand, air-water interfacial areas of 47 and 44 cm21 were
measured with the GACR and XMT methods, respectively, for a water saturation of 0.57. The sand Am values
obtained with the two methods are also similar (109 6 11 cm21 versus 103 6 4 cm21). These results show
that the GACR method produced measurements of air-water interfacial area that are very consistent with
the two standard methods.

Air-water interface consists of capillary-related interfacial area associ-
ated with contacts between bulk fluids (terminal meniscii, pendular
rings, and wedges) and film-related area associated with thin water
films solvating solid surfaces. An advantage of the XMT method com-
pared to the IPTT method is that the former can quantitatively differ-
entiate between capillary and film area. The maximum capillary
interfacial areas measured for the glass beads and sand are 6 and
20 cm21, respectively. These values are significantly smaller than the
interfacial areas measured with the GACR method. This indicates that
the GACR method measures the combined capillary 1 film interface.

As noted above, the Am values for the sand obtained with the GACR
and XMT methods are similar to each other and to the GSA. Con-
versely, the GACR and XMT values are significantly smaller than the
IPTT Am value determined for the sand, which is 216 (617) cm21

(Table 2). As discussed above, the sand has a significant amount of
microscopic surface roughness. The disparity indicates that the GACR
method does not characterize interfacial area associated with the
microscopic surface roughness present in the sand under the condi-
tions employed.
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4. Conclusions

The results of this study demonstrate that the GACR method produces robust measurement of air-water
interfacial area for natural geomedia. The apparatus employs standard components, and measurements can
be completed within tens of minutes. Both of which are advantages compared to the standard methods
available. In addition, compared to the IPTT method, the GACR method is not influenced by constraints that
can deleteriously affect IPTT-based measurements, such as noninterface tracer retention (e.g., solid-phase
adsorption) and tracer-induced changes in fluid distributions. Hence, the GACR method appears to be a via-
ble alternative method for measuring air-water interfacial area in natural porous media.

One factor of great interest for any interfacial-area measurement method is the range of fluid saturation
over which the method can be used effectively. Given the dependence of the GACR method on liquid flow,
the effective range is likely limited to liquid saturations of greater than 0.3–0.4, similar to the aqueous-
phase IPTT method. One possible approach to extend the effective range would be to operate the system
with single-phase (gas) flow, so that liquid saturations could be reduced. This is the principle of operation
for the gas-phase IPTT method. The system would need to be designed, and operational variables set, such
that the conditional requirements of the GACR method are satisfied. The apparatus employed herein was
designed to be as simple as possible, and thus did not use more advanced flow-control devices. The use of
a vacuum system coupled with a two-phase flow regulator, for example, could perhaps provide greater flex-
ibility for optimizing the system conditions. The GACR method, similar to the IPTT-based methods, measures
primarily the flow-accessible interfacial area. The effectiveness of the method for geomedia with high frac-
tions of fine particles requires investigation.
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