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ABSTRACT: For the eﬀective reduction of global CO2 emissions, it is
essential to develop and deploy eﬃcient and cost-eﬀective technologies for
CO2 capture, especially from large point sources. We recently developed an
electrochemically mediated amine regeneration (EMAR) system to replace
traditional thermal desorption for the capture of CO2 from post-combustion
ﬂue gases. Despite EMAR eﬀectiveness on a laboratory scale, concerns
regarding the high gas-to-liquid ratio in the electrochemical cell and longterm instability of the electrodes need to be addressed before further scale-up
of the process to a pilot plant and beyond can be entertained. Accordingly, we
investigated the eﬀect of using sodium dodecyl sulfate (SDS) as an anionic
surfactant and dodecyltrimethylammonium bromide (DTAB) as a cationic
surfactant on the process operation. It was found that it is advantageous to use an anionic surfactant for a system such as EMAR that
contains hydrophilic electrodes and a positively charged electrochemically active species. The overall cell resistance was notably
reduced when SDS anionic surfactant was used. The precipitation of copper particles observed in the anode outlet when no
surfactant was used was eﬀectively avoided when SDS was added to the electrolyte, resulting in electrode stability. In addition,
smaller gas bubbles were produced in the presence of the SDS surfactant, which resulted in less blockage of the electrode by the gas
with a resultant lower cell potential under constant current conditions, driving more eﬃcient CO2 desorption. This led to an ∼25%
reduction in the electrochemical energy requirement, the lowest ever achieved experimentally for the EMAR process. Overall, the
addition of a very low concentration of SDS resulted in the successful circumvention of the important problems faced by the EMAR
system regarding further scale-up.
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■

INTRODUCTION
The anthropogenic release of greenhouse gases, especially
carbon dioxide (CO2), has been cited repeatedly1,2 as the most
signiﬁcant contribution to the observed increase in average
global temperature since the mid-20th century. To ensure a
margin of no more than 1.5 °C global temperature increase by
the end of the century, it is crucial that interim technologies
such as carbon capture and storage (CCS) are deployed,
especially for large point sources, to eﬀectively reduce global
CO2 emissions.3 State-of-the-art technology for carbon capture
(also known as CO2 separation) from large point sources such
as industrial ﬂue gases utilizes the amine scrubbing process
with thermally driven amine regeneration.4 Despite their
technological maturity, amine-based thermal scrubbing processes face several challenges that have hindered their
deployment, including high regeneration energy penalty,
degradation of amines at high temperatures, and high
operational costs.5,6 Eﬀorts to address the challenges faced
by thermal scrubbing processes remain ongoing.
A fundamentally diﬀerent approach has recently garnered
attentionone that employs electrochemical rather than
thermal processes to drive CO2 desorption and absorbent
© 2020 American Chemical Society

regeneration. Renewable sources of energy can be exploited to
compensate for the energy penalty of such processes, oﬀering
an attractive route for CO2 capture with a minimal carbon
footprint. Several new electrochemical approaches have been
introduced and developed over just the past few years; this
branch of CCS is rapidly emerging. In this context,
electrochemical cycles have been employed to generate
nucleophiles,7−9 modulate solution pH,10−12 exploit capacitive
swing behavior,13−15 and engage metal−carbon batteries16,17
to enable selective separation of CO2 from various sources,
including ﬂue gas and air.
Recently, an electrochemically mediated amine regeneration
(EMAR) system was developed as an alternative method to the
conventional thermal regeneration of amines with the goal of
reducing the energy demand of the CO2 capture process and
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reactions, resulting in a higher energy requirement for the
process.
The unfavorable impacts of the high gas ﬂow rate can be
minimized by using conventional surfactants. The utilization of
a surfactant in the EMAR electrolyte could be beneﬁcial in two
ways: achieving a controlled plating/stripping process22,23 and
producing smaller bubbles.24,25 A high-quality copper deposition layer that is formed on the cathode in the presence of a
surfactant undergoes controlled smooth stripping when the
electrode functions as the anode following the switch in
polarity, making it more resistant to physical instability.
Moreover, a desorbed gas stream containing smaller bubbles
can be obtained as a result of the reduction in electrolyte
surface tension when using a surfactant which could be
substantially beneﬁcial in terms of the overpotential required
for the process.
In this study, the eﬀect on EMAR performance of two ionic
surfactants was investigated: sodium dodecyl sulfate (SDS) as
an anionic and dodecyltrimethylammonium bromide (DTAB)
as a cationic amphiphile. Our preliminary results indicated that
for EMAR, as an electrochemical process, the ionic surfactants
perform better than nonionic surfactants (e.g., Triton X-100;
see Figure S1 in the Supporting Information). In addition,
these ionic surfactants are inexpensive, environmentally benign
compounds widely used in a variety of applications, including
as eﬀective additives in electrochemical systems.26,27 As ionic
surfactants, these compounds consist of a charged hydrophilic
head group attached to a hydrophobic tail. The inﬂuence of
these additives on various aspects of the EMAR process was
investigated in detail, including their eﬀects on the CO2
absorption rate and capacity, electrochemical performance,
gas desorption rate, electrode stability, and energy requirement. An EMAR cycle with copper electrodes and an
equimolar solution of EDA and aminoethylethanolamine
(AEEA) as the absorbent was used, which has previously
been conﬁrmed as the optimized chemistry to run the
system.20

minimizing amine degradation by operating the process at a
low temperature.18,19 The process relies on the competitive
binding between CO2 and a suitable metallic ion (e.g., Cu2+) to
an absorbent amine molecule, e.g., ethylenediamine (EDA).
Similar to thermal approaches, CO2 is absorbed by the amine
in an absorption column. However, instead of a thermal swing
to regenerate the amine, the CO2-rich amine stream from the
absorber is introduced to the anode compartment of an
electrochemical cell, where copper ions are generated electrochemically from a copper plate anode (i.e., Cu0 → Cu2+ + 2e−)
to drive the dissociation of amine−CO2 to release CO2 (i.e.,
Cu2+ + 2EDA−CO2 → Cu(EDA)22+ + 2CO2). The gas is
subsequently separated through a ﬂash tank located after the
anode compartment. The CO2-lean (Cu-rich) stream is then
regenerated via the electrochemical plating of copper on the
cathode from the copper−amine complex (i.e., Cu(EDA)22+ +
2e− → Cu0 + 2EDA). The regenerated amines are sent to the
absorption column for further CO2 capture (Figure 1). Thus,
CO2 separation can be achieved by chemical absorption
followed by electrochemical desorption and regeneration of the
absorbent through the EMAR process.

Figure 1. Schematic of the EMAR process with copper electrodes and
an amine (noted as “Am”) as the absorbent.

In recent years, the EMAR process has been advanced on
many fronts. A laboratory-scale plant was constructed and
scaled up to a level at which continuous CO2 capture from
simulated ﬂue gas was achieved over 100 h of operation,
spanning 50 absorption/desorption cycles.20 A technoeconomic analysis of this process found it to be competitive
with the state-of-the-art thermal amine approaches in terms of
energy requirement and associated capture costs.21 However,
some concerns relating to the long-term operation of the
EMAR process remain, which must be addressed prior to its
actual implementation for CO2 capture. The experimental
ﬂow-mode demonstration of the process showed a large
volumetric CO2 desorption rate, signiﬁcantly higher (5−7
times) than that of the liquid ﬂow. The high ﬂow rate of the
gas desorbed within the anode compartment may result in
washing out of the metastable copper layer on the electrode
surface that is subjected to gradual oxidation (proportional to
the electrical current). This potentially leads to electrode
instability, resulting in loss of the electrode during long-term
operation. In our previous experiments, a notable quantity of
copper precipitate was observed leaving the anode compartment after the cell was run for a few hours, which highlights
the electrode instability issue originating from the high gas ﬂow
rate. In addition, ideally, the electrode surface should be
covered only by liquid since electrochemically active species
(e.g., Cu(EDA)22+) are dissolved in the aqueous phase. When
a portion of the electrode is exposed to the gas phase, however,
there is a lower available surface area for electrochemical

■

MATERIALS AND METHODS

Absorption Rate and CO2 Loading Measurements. To
evaluate the absorption rate and CO2 loading, 15 mL of electrolyte
containing 0.25 mol/kg (molal, noted as “m”) CuSO4, 0.5 m EDA,
and 0.5 m AEEA amines, 0.5 m Na2SO4 supporting electrolyte, and an
additional 1 millimolal (noted as “mm”) SDS or DTAB was purged
with a constant pure CO2 ﬂow for 25 min to ensure complete
saturation of the electrolyte. The CuSO4 concentration used in
absorption tests was the average value of the anolyte (0.1 m) and
catholyte (0.4 m) concentrations of the EMAR cycle. The pH of the
solution was measured (using a pH probe; Orion PerpHecT ROSS)
to compare the absorption rates of diﬀerent electrolytes, since changes
in pH values could be eﬀectively translated into amounts of CO2
absorbed. The CO2 loading, deﬁned as the moles of CO2 absorbed
per mole of amine, was estimated by measuring the volume of gaseous
CO2 released upon acidiﬁcation of the sample. Further details
regarding the solution preparation and CO2 loading measurement can
be found in the Supporting Information.
Electrochemical Analysis. The electrochemical reaction under
various electrolyte conditions was analyzed by using cyclic
voltammetry (CV), which was performed in a standard threeelectrode cell with an Ag/AgCl (+0.211 V vs SHE; RE-5B; BASi)
reference electrode, a glassy carbon working electrode, and a platinum
wire as a counter electrode. CV was run over a potential range of −0.8
to 0.5 V, with a scan rate of 50 mV/s. Electrochemical impedance
spectroscopy (EIS) was used to quantitate diﬀerent components of
electrochemical resistance, including ohmic (solution and mem10824
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Figure 2. (A) Process ﬂow diagram of the EMAR process with a two-compartment electrochemical cell to investigate the eﬀect of the presence of
surfactant in the electrolyte. The gas desorbed from the anode chamber is sent to the ﬂash tank equipped with a condenser for gas−liquid
separation, and subsequently passed through a mass ﬂow meter (MFM) and an infrared (IR) sensor to measure the ﬂow rate and CO2 fraction of
the stream, respectively. (B) The photo and (C) exploded view show the electrochemical cell used for the experiments, in which the copper
electrodes, ﬂow channels, gaskets, membrane, and compression plates are sandwiched together.

Figure 3. Comparison of (A) absorption rates under saturation with CO2 for 25 min and the ﬁnal CO2 loading (inset). (B) CV conducted over a
potential range of −0.8 to 0.5 V (vs Ag/AgCl) at a scan rate of 5 mV/s. (C) Nyquist plot representative of the EIS experiment. (D) An indication
of the components of the cell resistance of the EMAR electrolyte containing 0.25 m CuSO4, 0.5 m Na2SO4 supporting electrolyte, 0.5 m EDA, and
0.5 m AEEA with either no surfactant (NS), 1 mm SDS, or 1 mm DTAB. The EIS data were ﬁt to a Randles circuit model (inset in panel D) to
identify the diﬀerent components of resistance, including ohmic (RO), charge transfer (RCT), and diﬀusion (RD; reported for a frequency value of 1
Hz) resistances and a constant phase element (CPE). The ﬁtting errors were less than 5%.
drive current through the cell, and the cell potential was recorded
during the experiment.
The electrolytes containing mixed amines with various concentrations of SDS surfactant were saturated with the desired gas
composition in advance. The anolyte contained 0.1 m CuSO4 and was
saturated with 15% CO2 (85% N2) at a solution temperature of 50 °C,
which is the simulated ﬂue gas temperature at the bottom of the
absorber. The catholyte contained 0.4 m CuSO4 and was saturated
with 100% CO2 at 50 °C. The electrolytes were transferred to the
chambers by using peristaltic pumps (OEM Reglo, Cole-Parmer,
USA) at a ﬂow rate of 1 mL/min, a value chosen based on the cell
volume to achieve desirable copper ion concentration shifts along the
cell (anolyte: 0.1−0.4 m; catholyte: 0.4−0.1 m).30 The two-phase
gas−liquid stream leaving the anode compartment was sent to a glass
bottle (i.e., ﬂash tank) to disengage CO2 desorbed during the process.
The gas leaving the ﬂash tank passed through a condenser prior to
being analyzed by a mass ﬂow meter (MFM; Aalborg, USA) and an
infrared (IR) sensor (Figure 2). The energy requirement of the

brane), charge transfer, and diﬀusion resistances. All EIS experiments
were measured under a whole cell oﬀset of 0.2 V over a frequency
range of 100 kHz−0.1 Hz, with a sinusoidal amplitude of 10 mV, as
previously described.28,29 The EIS data were ﬁt to a Randles circuit
model to identify the diﬀerent components of the resistance.
Electrochemical Cell Conﬁguration and Operation. The
electrochemical performance of the EMAR process with additional
surfactant in the electrolyte was evaluated in a two-compartment cell
that we previously developed.19 In brief, the cell consists of two
copper plate electrodes (23 cm × 10 cm each) separated by two ﬂow
channels and a membrane (Selemion AMV, Asashi Glass, Japan) to
prevent convective mixing of the anolyte and catholyte streams. A
heating jacket operated with water as the ﬂuid was devised to allow
direct heating of the electrode to maintain isothermal operation at
50°C. Several gaskets were used to seal the ﬂow channels, and the cell
was secured by two compression plates held on either side of the unit
(Figure 2). A power supply (9122A B&K Precision, USA) was used to
10825
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tail was observed in the Nyquist plot, which is characteristic of
a system with a Randles-equivalent circuit (Figure 3C). The
results show that the charge transfer and diﬀusion components
of the resistance were highly impacted by the type of surfactant
(Figure 3D); however, the addition of surfactant did not aﬀect
the ohmic resistance, which consists of solution and membrane
resistances (Figure S3). This indicates that surfactants with
relatively large molecular sizes do not block the membrane
exchange sites, which would negatively impact the (electro)migration of species. The charge transfer resistance varied
substantially depending on the type of surfactant used. The use
of SDS anionic surfactant resulted in more than an 80%
reduction in charge transfer resistance as compared with that in
the absence of surfactant; this reduction was less signiﬁcant
(∼25%) in the presence of DTAB cationic surfactant. The
diﬀusion resistance, which is resistance toward diﬀusion of the
electrochemically active species through the diﬀusion layer to
reach the electrode, of the investigated electrolytes was
diﬀerent. In general, addition of the surfactant increased the
diﬀusion resistance. In the case of SDS, a slight increase of only
15% was observed, while this increase was signiﬁcant following
addition of DTAB to the electrolyte (∼400% increase as
compared with that in the absence of surfactant). Considering
all the components of resistance, the lowest value was obtained
for electrolyte containing SDS surfactant. The constant phase
element (CPE) was modeled as an ideal capacitor. The
obtained CPE values (0.6 mF for no surfactant, 0.4 mF for
SDS, and 0.1 mF for DTAB) indicated that using surfactants
results in lowering the capacitance. This could be due to the
formed layer of surfactant which likely resulted in reducing the
dielectric constant and, hence, the capacitance.
The CV and EIS ﬁndings highlight the crucial role of
surfactant type on performance. To explain this, the ionic
surfactant adsorption orientation on a hydrophilic surface
(such as the Cu electrode) and the resulting interaction with
the electrochemically active species should be carefully
considered. As repeatedly reported,33−35 ionic surfactants
tend to adsorb by their charged head rather than their
hydrophobic tail onto a hydrophilic electrode. In terms of layer
conﬁguration, if the charge of the surfactant head group is
opposite that of the electrode charge, bilayer adsorption occurs
on the electrode,36,37 which could be due to the additional
electrostatic forces making the ﬁrst adsorbed layer relatively
stable. If the charge of the surfactant head group is the same as
the electrode charge, despite the electrostatic repulsion, minor
adsorption of the surfactant on the electrode is still observed
experimentally.38−40 In the case of EMAR with high
concentrations of the supporting electrolyte salt, surfactants
with the same charge as the electrode are likely adsorbed on a
layer of ions with an opposite charge formed on the electrode,
for example, Na+ on the cathode, that screens the surfactant/
electrode charge interactions (Figure 4).
The speciﬁc structure of the adsorbed surfactant layer on the
electrode is likely responsible for the signiﬁcant diﬀerences in
resistance observed following the addition of SDS or DTAB to
the EMAR electrolyte. Here, we discuss the cathode electrode
and its reactions, since it is the main limiting electrochemical
reaction in the EMAR cycle. It has been shown that surfactants
have an electrocatalytic eﬀect that results in a reduction of the
energy barrier for nucleation,41 which is a necessary step for
copper deposition. The lower charge transfer resistances
observed in the presence of a surfactant can be attributed to
this catalytic eﬀect. The charge transfer resistance of the

■

RESULTS AND DISCUSSION
Comparison of Anionic and Cationic Surfactants. The
eﬀects of using SDS as an anionic surfactant and DTAB as a
cationic surfactant on the CO2 absorption rates and basic
electrochemical properties of the EMAR system were
investigated. To evaluate the absorption rates, electrolytes of
diﬀerent composition were purged with pure CO2, and the
solution pH was recorded. The results show that the pH
proﬁles were not aﬀected by the addition of either SDS or
DTAB surfactants, indicating that these additional compounds
do not interfere with the amine absorption mechanism (Figure
3A). This is especially important for operation of the cell on a
large scale, since the absorption column previously developed
for the EMAR process can still be employed in the presence of
surfactants, with no required modiﬁcation in terms of size or
conﬁguration, avoiding additional capital costs. The only
concern associated with the use of surfactants in the absorption
column would be foaming, which can be easily handled by
using very low concentrations of a cost-eﬀective anti-foaming
agent (also known as defoamer) such as polydimethylsiloxane.31,32 For the investigated concentrations of the
surfactants (1 mm), no signiﬁcant foaming was observed. In
addition, the total CO2 capacity of the solution was not
aﬀected by the surfactants, as indicated by achievement of the
same CO2 loadings with and without surfactant present
(Figure 3A, inset). This conﬁrms that neither anionic (SDS)
nor cationic (DTAB) surfactants react with the EDA and
AEEA amine species; hence, the amines are eﬀectively available
to capture CO2. Overall, electrolytes containing either SDS or
DTAB surfactant perform as well as the original EMAR
solution in terms of the absorption kinetics and capacity.
Cyclic voltammetry (CV) was employed to investigate the
electrochemical activities of the EMAR electrolytes with or
without the surfactants. The results indicate a marked
diﬀerence between the anionic and cationic surfactants, since
both the reduction and oxidation peaks were highly dependent
on the type of surfactant used (Figure 3B). The addition of a
very low quantity of the SDS anionic surfactant (1 mm, which
is 250-fold lower than Cu(amine)22+ as the electrochemically
active species) resulted in notable improvements in the
obtained peaks, conﬁrming that the stripping/plating reactions
of copper were facilitated in the presence of this surfactant. In
contrast, addition of the same amount of the DTAB cationic
surfactant resulted in a reduction in the electrochemical
performance, since both the oxidation and reduction peaks
were suppressed as compared with those of the original EMAR
electrolyte with no surfactant (noted as “NS”). CV results
performed at a diﬀerent scan rate showed the same
performance trend (i.e., the highest for SDS and the lowest
for DTAB; see Figure S2). In addition, a solution containing
only the surfactants and no copper ions or amines exhibited no
peaks in the CV measurements, indicating electrochemical
inactivity of the surfactant itself, which is essential; otherwise, it
would result in parasitic electrochemical reactions that lower
the overall Faradaic eﬃciency of the desorption process as well
as degradation of the surfactants.
Electrochemical impedance spectroscopy (EIS) was used to
quantitate the components of electrochemical resistance with a
view to investigating the impact of using either anionic or
cationic surfactants. In all scenarios, a semicircle followed by a
10826
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micelle concentration (CMC) of SDS calculated in the EMAR
electrolyte (data not shown); a value lower than (0.5 mm),
equal to (1 mm), or higher than (3 mm) the CMC. Higher
concentrations of SDS (5 and 13 mm) were also tested, but the
results showed high overall resistances, mainly due to the high
diﬀusion resistance (Figure S4). A constant current of 0.5 A
was applied to the electrochemical cell, and the desorbed gas
ﬂow rate, CO2 fraction, and cell potential were monitored.
Upon application of the electrical current to the cell, CO2
began to desorb as gas bubbles within the anode compartment.
The initial ramping in the desorption proﬁle of all samples
shown in Figure 5A indicates an approach to anolyte saturation
Figure 4. Schematic of the cathode reaction in the presence of SDS
(left panel) or DTAB (right panel), in which the charge transfer and
diﬀusion resistances are indicated. The ionic surfactants consist of a
hydrophilic head group (blue for SDS and red for DTAB) and a
hydrophobic tail (green).

solution was impacted less by DTAB than that by SDS. On the
negatively charged cathode, the surface electric ﬁeld is reduced
in the presence of adsorbed DTAB as a result of local charge
neutralization,37,42 which potentially causes an increase in the
charge transfer resistance; the electrocatalytic eﬀect to reduce
the charge transfer is oﬀset signiﬁcantly by the local charge
neutralization eﬀect. These observations can be used to
interpret the diﬀerences in charge transfer resistance between
the samples observed in the EIS measurements (Figure 3D).
In addition to the impact on the charge transfer resistance,
the addition of the surfactant can aﬀect the diﬀusion resistance.
Focusing on the cathode, we note that the electrochemically
active species (i.e., Cu(amine)22+) must pass through the
diﬀusion layer to reach the electrode surface prior to the
exchange of electrons with the electrode (which accounts for
charge transfer resistance, as discussed). In the presence of
SDS, the diﬀusion of the positively charged electroactive
species through the weakly adsorbed layer of the surfactant
results in an additional diﬀusion resistance as compared with
that in the absence of surfactant. In the case of DTAB, the
more strongly adsorbed surfactant bilayer provides a
signiﬁcantly greater resistance to the diﬀusion of the charged
species to the electrode surface than does the SDS layer. In
addition, the outer layer of the bilayer is positively charged (as
a result of DTAB cationic head groups) (Figure 4), which
further repels Cu(amine)22+ species, contributing to the
signiﬁcant diﬀusion resistance, as observed in the EIS
measurement (Figure 3D). Overall, the beneﬁcial impact of
the reduced charge transfer resistance in the case of an anionic
surfactant such as SDS as well as the detrimental eﬀect of the
additional diﬀusion resistance in the presence of a cationic
surfactant such as DTAB explains the electrochemical
performance measured in the CV experiments (highest for
SDS, followed by no surfactant and DTAB). Therefore, for a
system such as EMAR with hydrophilic electrodes and a
positively charged electroactive species, it is essential to use an
anionic surfactant to improve the electrochemical performance.
Gas Desorption Performance. The electrochemical
performance of the EMAR system to disengage CO2 captured
from a ﬂue gas stream (15% CO2, 85% N2) was investigated by
using electrolytes with and without the addition of a surfactant.
Various concentrations of SDS as an anionic surfactant, which
was shown to have a signiﬁcantly stronger eﬀect on
performance than does the cationic surfactant DTAB, were
tested. The concentrations were selected based on the critical

Figure 5. (A) Gas desorption rate and CO2 fraction (inset) of the
EMAR process with electrolytes containing no surfactant (NS) or
various concentrations of SDS surfactant under constant current (0.5
A) operation. A signiﬁcant amount of copper precipitate was observed
in the ﬂow line exiting the anode after a 2 h experiment without
surfactant (B), while no precipitate was obtained in the presence of
any concentration of SDS even after 6 h of running the cell (C).

with CO2 prior to evolution at 1 bar of CO2, as previously
observed in theoretical calculations and experiments.19 The
ramping proﬁles were not exactly the same in terms of the time
required to reach the plateau, likely due to minor diﬀerences in
the initial gas evolution rate from the electrolyte.19 The initial
ramping was followed by a steady ﬂow of CO2 for all the
studied electrolytes. In terms of the quality of the gas desorbed,
the results conﬁrm the purity of the produced CO2 stream,
with no evidence of signiﬁcant electrolyte evaporation (such as
water, amine, or surfactant) (Figure 5A). Overall, the
desorption proﬁles of the electrolytes containing SDS
surfactant were comparable with that of the original EMAR
electrolyte.
The key observation during the desorption experiments was
the suppression of the formation of copper precipitates in the
presence of SDS. In the absence of surfactant, a signiﬁcant
amount of copper precipitate was observed in the stream
exiting the anode (as the desorption chamber) (Figure 5B),
which accumulated in the ﬂow tubes and ﬂash tank (Figure
S5). As mentioned previously, this causes serious damage to
the tube and an increase in pressure drop across the ﬂow line.
From an operational point of view, this issue may require
replacement of the tube and cleaning between cycles, resulting
in additional costs. The precipitation issue was eﬀectively
avoided in the presence of surfactant; no precipitate was
observed in the line or ﬂash tank after running the cell at all
SDS concentrations (Figure 5C and Figure S5). This is a key
improvement in the EMAR cycle, which would be extremely
beneﬁcial for the future development of the process on a large
scale.
10827
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desorption of the gas as smaller bubbles than in the absence of
a surfactant. It has previously been shown that the overpotential associated with bubbles attached to an electrode
(ηbubble) is proportional to the square of the bubble diameter
(d),43 i.e., ηbubble ∝ d2. Therefore, smaller gas bubbles produced
in the presence of the surfactant result in a lowering of ηbubble,
which is conducive to a reduction in the overall cell potential
and the desorption energy requirement of the EMAR process.
As the concentration of SDS increased, higher potentials were
required to drive the desorption process. The concentrations
were intentionally selected to represent values lower than,
equal to, and higher than the surfactant CMC. As the
surfactant concentration reached the CMC and beyond, a
signiﬁcant increase in the diﬀusion resistance was observed
(Figure S4), mainly because bulky micelles in the diﬀusion
layer are formed, and the adsorbed surfactant layer is more
strongly stabilized (Figure 6). This high diﬀusion resistance for
an electrolyte containing the SDS surfactant at a concentration
equal to or higher than the CMC oﬀsets the favorable impact
of the reduction in ηbubble due to smaller bubble size. The
negatively charged outer layer of the formed micelles can also
attract the positively charged electrochemically active species,
resulting in a lowering of the local concentrations.
In addition to the impact on bubble size, a reduction in the
surface tension facilitates detachment of gas bubbles from the
anode, which potentially inhibits pitting and pinholing. This
could be an additional reason for the elimination of copper
precipitate and physical stability of the electrode, as observed
earlier in the presence of SDS surfactant. This further
emphasizes the notable role of surfactants in process
development.

The elimination of copper precipitate following the addition
of SDS surfactant to the electrolyte originates from the
controlled stripping of the copper anode oﬀered by the
adsorbed layer. Similar to the previous argument regarding the
adsorption of DTAB on the negatively charged cathode, SDS
as an anionic surfactant forms a bilayer ﬁlm on the positively
charged anode. This layer controls the rate of stripping and
likely acts as a protective layer making the electrode resistant to
the physical instability caused by the high gas ﬂow rate. This
eﬀect has also been observed in previous investigations aimed
at inhibition of electrode corrosion by the addition of a
surfactant.23,41
Electrochemical Energy Requirements. To evaluate the
desorption performance of EMAR with surfactant in the
electrolyte, the electrochemical energy requirement to separate
CO2 from a ﬂue gas was estimated and compared with that in
the absence of surfactant. To do so, both the gas ﬂow rate and
the cell potentials (obtained under constant current) were
considered to estimate the energetics. The cell potential was
notably aﬀected by the presence of SDS surfactant as shown in
Figure 6; the lowest cell potential was obtained at a surfactant

■

CONCLUSIONS
In this study, we investigated the eﬀect of the presence of
anionic and cationic surfactants in the electrolyte on the
EMAR performance. The importance of the surfactant type
was highlighted, since for a system such as EMAR with
hydrophilic electrodes and a positively charged electrochemically active species, it is essential to use an anionic surfactant to
improve the electrochemical performance. This enhancement
can be attributed to the adsorbed surfactant orientation and its
resulting interaction with the electroactive species. The
precipitation issue, which could potentially be a serious
concern in terms of the operational stability and costs of the
EMAR process, was eﬀectively avoided by the use of SDS
anionic surfactant, mainly due to the surfactant adsorption
conﬁguration on the electrode, which acted as a protective
layer to control the stripping of the copper from the anode. At
a concentration of SDS below its CMC, the lowest energetics
ever reported experimentally for the EMAR system were
achieved. This improvement was mainly associated with the
lower cell potential required to drive CO2 desorption, which
originated from the reduction in bubble size (therefore, less
electrode blockage by gas) in the presence of surfactant.
Overall, the addition of a very low concentration of SDS (on
the order of millimolal), as a widely used compound in
industry, addressed the issues related to precipitate formation
(electrode instability) and further reduced the energy requirement of the process. These are important concerns that needed
to be resolved before further scale-up of the system to a pilot
scale and beyond can be pursued.
The main focus of this investigation was to study the
feasibility and impact of surfactant addition at the process level.

Figure 6. Comparison of (A) cell potential and (B) energy
requirement for CO2 desorption by EMAR with electrolytes
containing no surfactant (NS) and various concentrations of SDS.
The inset schematics indicate the orientation of the surfactant
molecules on the copper cathode electrode and in the solution at
diﬀerent SDS concentrations. The orange symbols represent the
counter ions (e.g., Na+) adsorbed on the electrode surface.

concentration below its CMC, and the potentials increased at
higher concentrations. The lowest potential value obtained
here (0.4 V for 0.5 mm SDS) is the smallest reported for
EMAR to date. The desorption energy requirement followed
the same trend as that of the potential with the lowest value in
the presence of 0.5 mm SDS, which was ∼25% lower than in
the absence of surfactant (Figure 6).
The lower potentials obtained in the presence of surfactant
can be explained by the impact of this additional compound on
the surface tension, which aﬀects the gas bubble size. It has
been theoretically and experimentally demonstrated that the
use of SDS surfactant reduces the surface tension of a solution
(also see Figure S6),24,25 which in the case of EMAR leads to
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In future studies, the impact of surfactant at the microscopic
level must be considered to further understand and optimize
the process. This may be achieved through the implementation
of characterization techniques to carefully monitor the impact
of surfactant on the stripping/plating reactions and bubble size
during the EMAR cycle. In addition, the rate of surfactant
adsorption on the electrode must be carefully investigated to
better understand the surface blocking. Common anionic
surfactants other than SDS should also be considered. The
present study is the ﬁrst to highlight the substantial impact of
anionic surfactants on EMAR performance and provides
motivation to exploit expertise developed over decades in the
ﬁeld of surfactants to enhancing carbon capture by EMAR.

■
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E. Bubble formation at a gas-evolving microelectrode. Langmuir 2014,
30 (43), 13065−13074.
(25) Zhao, X.; Ren, H.; Luo, L. Gas bubbles in electrochemical gas
evolution reactions. Langmuir 2019, 35 (16), 5392−5408.
(26) Escalona-Durán, F.; Villegas-Guzman, P.; dos Santos, E. V.; da
Silva, D. R.; Martínez-Huitle, C. A. Intensification of petroleum
elimination in the presence of a surfactant using anodic electrochemical treatment with BDD anode. Journal of Electroanalytical
Chemistry 2019, 832, 453−458.
(27) Bastani, D.; Fayzi, P.; Lotfi, M.; Arzideh, S. M. CFD simulation
of bubble in flow field: Investigation of dynamic interfacial behaviour
in the presence ofsurfactant molecules. Colloid and Interface Science
Communications 2018, 27, 1−10.
(28) Rahimi, M.; Kim, T.; Gorski, C. A.; Logan, B. E. A thermally
regenerative ammonia battery with carbon-silver electrodes for
converting low-grade waste heat to electricity. J. Power Sources
2018, 373, 95−102.
(29) Rahimi, M.; Zhu, L.; Kowalski, K. L.; Zhu, X.; Gorski, C. A.;
Hickner, M. A.; Logan, B. E. Improved electrical power production of
thermally regenerative batteries using a poly (phenylene oxide) based
anion exchange membrane. J. Power Sources 2017, 342, 956−963.
(30) Wang, M.; Hariharan, S.; Shaw, R. A.; Hatton, T. A. Energetics
of electrochemically mediated amine regeneration process for flue gas
CO2 capture. Int. J. Greenhouse Gas Control 2019, 82, 48−58.
(31) Garrett, P. R. Defoaming: Antifoams and mechanical methods.
Curr. Opin. Colloid Interface Sci. 2015, 20 (2), 81−91.
(32) Wang, J.; Nguyen, A. V.; Farrokhpay, S. Foamability of sodium
dodecyl sulfate solutions: Anomalous effect of dodecanol unexplained
by conventional theories. Colloids Surf., A 2016, 495, 110−117.
(33) Rupprecht, H.; Gu, T. Structure of adsorption layers of ionic
surfactants at the solid/liquid interface. Colloid Polym. Sci. 1991, 269
(5), 506−522.
(34) Atkin, R.; Craig, V. S.; Wanless, E. J.; Biggs, S. Mechanism of
cationic surfactant adsorption at the solid−aqueous interface. Adv.
Colloid Interface Sci. 2003, 103 (3), 219−304.
(35) Tyrode, E.; Rutland, M. W.; Bain, C. D. Adsorption of CTAB
on hydrophilic silica studied by linear and nonlinear optical
spectroscopy. J. Am. Chem. Soc. 2008, 130 (51), 17434−17445.
(36) Harwell, J. H.; Hoskins, J. C.; Schechter, R. S.; Wade, W. H.
Pseudophase separation model for surfactant adsorption: isomerically
pure surfactants. Langmuir 1985, 1 (2), 251−262.
(37) Schulz, E. N.; Schulz, E. P.; Schulz, P. C. Electrochemistry of
Surfactants. Application and Characterization of Surfactants 2017, 261.
(38) Li, P.; Ishiguro, M. Adsorption of anionic surfactant (sodium
dodecyl sulfate) on silica. Soil Sci. Plant Nutr. 2016, 62 (3), 223−229.
(39) Ahualli, S.; Iglesias, G.; Wachter, W.; Dulle, M.; Minami, D.;
Glatter, O. Adsorption of anionic and cationic surfactants on anionic
colloids: supercharging and destabilization. Langmuir 2011, 27 (15),
9182−9192.
(40) Nevskaia, D.; Guerrero-Ruız, A.; López-González, J. d. D.
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