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ABSTRACT: Nanoporous graphene displays salt-dependent ion °=
permeation. In this work, we investigate the differences in Donnan 3
potentials arising between reservoirs, separated by a perforated
graphene membrane, containing different cations. We compare the
case of monovalent cations interacting with nanoporous graphene
with the case of bivalent cations. This is accomplished through

both measurements of membrane potential arising between two = ° ; : °'®og; -
5 = ° ° S

salt reservoirs at different concentrations involving a single cation ’ o

(ionic potential) and between two reservoirs containing different - — — - - —

cations at the same concentration (bi-ionic potential). In our

present study, Donnan dialysis experiments involve bivalent MgCl,, CaCl,, and CuCl, as well as monovalent KCI and NH,ClI salts.
For all salts, except CuCl,, clear Donnan and diffusion potential plateaus were observed at low and high salt concentrations,
respectively. Our observations show that the membrane potential scaled to the Nernst potential for bivalent cations has a lower value
(~50%) than for monovalent cations (~72%) in the Donnan exclusion regime. This is likely due to the adsorption of these bivalent
cations on monolayer graphene. For bivalent cations, the diffusion regime is reached at a lower ionic strength compared to the
monovalent cations. For Mg** and Ca®', the membrane potential does not seem to depend upon the type of ions in the entire ionic
strength range. A similar behavior is observed for the KCl and NH,Cl membrane potential curves. For CuCl,, the membrane
potential curve is shifted toward lower ionic strength compared to the other two bivalent salts and the Donnan plateau is not
observed at the lowest ionic strength. Bi-ionic potential measurements give further insight into the strength of specific interactions,
allowing for the estimation of the relative ionic selectivities of different cations based on comparing their bi-ionic potentials. This
effect of possible ion adsorption on graphene can be removed through ion exchange with monovalent salts.

B INTRODUCTION electrical potential across a single-layer graphene membrane
separating different ion concentration reservoirs could be

Ion transport through charge-selective interfaces has been
P & & described as a cation-selective layer using a modified version of

studied extensively in the scientific community as a result of

their relevance in applications, such as filtration, desalination, the t.TeorelltIlMeyefl—S}evedrs f (Ttlr'slz theoryi) Whlcg,lés Ai
and sensors.' ™ Most of the studies to date have focused on continuum  theory designed lor thicker membranes.

. 1,2,4—6 low electrolyte concentrations, the potential enters into a
dense ion-exchange membranes or porous networks. : ) a 3
. . Donnan-like regime where the potential versus concentration
Graphene as a membrane material has sparked studies to

develop a fundamental understanding of ion transport through at a fixed corllcentratlon ratio between comp artments.shows 2
this material.”™* Graphene has a thickness of only 0.34 nm plateau. At high salt concentrations, a diffusion potential based

(single layer), suggesting that ion transport through nano- on 'the ionic mc?blhty contrast of the cation 'and anion was
hene is quite different versus three-dimensional retrieved. For single-layer graphene, the ratio of diffusion

porous grap q . . L

(3D) nanoporous materials. Because a pore will be atomically coeﬂ?1c1ents (,)f the anon and catl(?n in the m.embran.e was

thin, transport through it will be dominated by entrance/exit con51ste9t with the ratlg of vz?lues- in bulk solution, which 11191

effects. Our main motivation in this study is to provide further general is not observed in typical ion-exchange membranes.

understanding of the interaction of different cations with — 7

graphene surfaces and its influence on the ion transport Received:  April 1, 2020 LANGMUIR

through atomically thin membranes. Revised:  June 4, 2020
In our previous work, we experimentally investigated the Published: June 4, 2020

interaction of monovalent cations with a monolayer perforated

graphene membrane supported on a polyethylene terephtha-

late (PET) foil.">'® Our findings showed that the total

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.langmuir.0c00924
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Our previous study with monovalent cations involved three
salts (K,SO,, KCl, and LiCl), resulting in three distinct
Donnan plateaus. The reason for these three distinct Donnan
plateaus is interesting to investigate because it provides further
knowledge of the ion interaction with the graphene surface.
There are some studies to understand the interaction of any
particular ion with the graphene oxide surface.””*' Studies that
compare the behavior of different cations to graphene surfaces
are limited, although such studies are abundant for conven-
tional nanofiltration membranes. In recent work, Khannanov et
al. have experimentally shown the differences in the
concentration profile for ions having different valencies.””
Rosenberg et al. have shown that cation selectivity for
multivalent ions is lower than that for monovalent ions.”’
Caglar et al. showed that, for a tetravalent cationic salt (HfCl,),
graphene with intrinsic defects shows a transition from cation-
selective to anion-selective behavior. This transition happened
even at constant concentrations of HfCl, on either side of two
reservoirs containing different concentrations of KCl, which is
a strong indication that adsorption of HfCl, led to charge
inversion as a result of adsorption of the high-valence cation on
an initially negatively charged surface.”* There are a number of
molecular dynamics (MD) simulation studies to understand
the interaction of ions and the salt rejection mechanism of
nanoporous graphene.”” " These studies reveal that the salt
rejection highly depends upon the pore diameter, the type of
ions passing through the pores, and the chemical functionality
of the pore. Jiang et al. have studied the double-layer structure
at the graphene electrode/electrolyte interface for different
monovalent electrolytes. Their study shows that each ion has
its distinct electrical double layer (EDL) at the graphene
electrode surface, and the potential distribution in the EDL is
determined by the ion type.”” The MD simulation study of
Cohen-Tanugi et al. indicated that functional groups at the
pores determine the salt rejection.”® Hydrogenated pores have
higher salt rejection than hydroxylated pores because hydroxyl
groups substitute the water molecules from the ion hydration
shell. We need to stress here that, in these MD simulations, ion
dissociation of the graphene hydroxyl groups was not taken
into account. He et al. have shown that nanopores with four
carboxylate groups have a preferential transport of K* ions over
Na*, which is explained by the crystal field theory.”® The work
of Ruan et al. shows that Mg”** ions are transported more easily
than Li* ions.”® All of these studies indicate that the functional
groups at graphene nanopores have specific ion interactions
that are crucial in the transmembrane transport of ions.

The ion interaction can be understood by membrane
potential experiments.”’ In our current study, we have
conducted bi-ionic potential measurements, which allows us
to study the interaction between graphene membranes and
different counterions.'®**™> To further investigate the impact
of cations on charge transport in nanoporous single-layer
graphene, we include bivalent cations in our present study.
Multivalent ions have a higher ability to screen surface charge
than monovalent counterions. This can lead to inversion of
surface charge.**™* This behavior is often observed in ion-
exchange membranes and resins as a result of the adsorption of
multivalent cations on the fixed negative charges.””*' The
nature of the surface charge on the graphene pore surface has
been debated in the literature, with the presence of surface
functional groups or hydroxide adsorption being its origin.'>**
In either case, the pH of the solution reservoirs can have a
strong influence on the resulting ion selectivity. In this work,
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we work at a fixed pH. Our ongoing work does indicate that
the cation or anion selectivity of nanoporous graphene is pH-
dependent, which will be reported in a future paper. Galizia et
al. have shown that, even at low salt concentrations, the salt
sorption coeflicient is higher for multivalent counterions than
monovalent counterions, as is expected as a result of the
weaker Donnan exclusion for multivalent salts and consistent
with the charge inversion observed by Caglar et al.”**" In this
work, we have expanded the ion transport study for bivalent
cations (Mg**, Ca**, and Cu’") through perforated graphene
and have compared the results to the monovalent case (KCI
and NH,Cl). We have conducted bi-ionic potential measure-
ments to understand the differences in Donnan plateaus for
different salts. This measurement quantifies the differences in
the affinity of graphene toward different cations, providing a
useful tool for assessing the effect of different ions on the
charge selectivity of graphene or other nanoporous materials.
We also examined how the surface adsorption of bivalent
cations affects the membrane potential characteristics and
systematically investigated the membrane recovery process.

B THEORETICAL BACKGROUND

In our previous paper, we have described the potential
difference between two reservoirs at different ion concen-
trations separated by a perforated graphene membrane using a
modified version of the TMS theory."”” The TMS theory was
derived to describe the potential difference across dense
continuous ion-exchange membranes.'” The theory describes
the membrane potential as a sum of Donnan and diffusion
potential. The Donnan potential is generated as a result of the
well-known Donnan exclusion of co-ions by the membrane,
and the diffusion potential is generated as a result of
corresponding mobility contrast of co-ions and counterions
inside the membrane. At a very low ionic concentration of the
electrolyte, the fixed ion concentration of the membrane is
typically much higher than the electrolyte concentration. In
this regime, the Donnan potential of the membrane dominates
and the membrane potential is only dependent upon the
electrolyte concentration ratio. With an increase in the
electrolyte concentration (or ionic strength), the membrane
potential decreases toward the diffusion potential. At a very
high concentration, when the electrolyte concentration is
comparable or larger than the fixed ion concentration of the
membrane, the diffusion potential starts to dominate and the
membrane potential again reaches a plateau. By adjustment of
the Donnan potential term to take into account the non-
idealities of the graphene membrane, we were able to describe
our experimental data. The modified TMS model is given in
the following equation:

C, VCr* +4C + Cy

RT

Ay =—aof—1In — =
Fo G T2+ 4G, + Gy
RT_ . Cr’+4C,” +uCy

n

JCr* +4C* +uCy (1)
where R is the universal gas constant, T is the temperature, F is
the Faraday constant, Cg is the fixed ion concentration in the
membrane, C, is the high-concentration solution, and C, is the
low-concentration solution, and « is the non-ideality factor. u
is a term representing the different diffusion rates of the cation
(,) compared to the anion (%_) in the membrane, given by
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T+ Q) membrane.

When our experimental data are fitted with the modified TMS
model, we obtain the non-ideality factor a, the fixed ion
concentration of the membrane Cy, and the ratio of
diffusivities of the anion to cation u_/u,.

Figure 1 shows the membrane potential for monovalent KCI
and bivalent MgCl,, CaCl,, and CuCl,, as predicted by the

Membrane potential (mV)

Concentration (mM)

Figure 1. Membrane potential versus concentration (C,) predicted by
the TMS theory for KCl, MgCl,, CaCl,, and CuCl,. C,/C, is S for all
cases.

TMS theory. According to the theory, for KCIl, the Donnan
plateau is expected at 41.3 mV (for a 5:1 concentration ratio)
and a diffusion plateau at around 0 mV (as a result of the
similar diffusivities for K" and CI”, assuming bulk diffusivity
values). The membrane potential for bivalent salts is predicted
from the TMS theory for 2:1 salts.*” For bivalent salts, the
predicted Donnan plateau is 20.6 mV, which is generated as a
result of the Donnan exclusion of the Mg**, Ca*, and Cu*"
ions at low electrolyte concentrations, while the diffusion
plateau is at around —15 mV for MgCl,, around —14 mV for
CaCl,, and around —16 mV for CuCl,, which are generated
because CI™ ions have a higher diffusivity than Mg**, Ca**, and
Cu?* jons.”

To understand the differences in the Donnan plateau for
different cations and further quantify the degree of specific ion
interactions, bi-ionic potential measurements are conducted. A
bi-ionic potential develops when a cation-exchange membrane
separates two different electrolyte solutions with different
counterions but the same co-ions. If the concentration of both
of the reservoirs is the same, the affinity is quantified by a
selectivity factor K3. This selectivity factor is 1 when the ions
have similar affinities, and the factor is not equal to 1 when the
membrane has differences in affinities between two cations.
For two cations A and B, the bi-ionic potential Ey; is given by
the formula

RT u,
- ln[—BKf]

E, =
i zF 78

(3)

where R is the molar gas constant, T is the temperature of the
solution, z is the valence, and F is the Faraday constant. u and
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In this work, we will show that the factor K5 can be related
to the non-ideality factor a that we previously introduced. In
this way, we can quantify the differences in affinity of graphene
toward different cations.

B EXPERIMENTAL METHOD

The experimental method is similar to that described in our
previously published paper.'> We have used commercially available
chemical vapor deposition (CVD)-grown monolayer graphene. The
poly(methyl methacrylate) (PMMA)-coated graphene is transferred
to a 13 pm thin PET support, which provides robustness to the
membrane and ease of handling. Swift heavy ion irradiation (SHI) is
used to create holes in the monolayer graphene at the IRRSUD
beamline facility at GANIL, France.'® The energy of the irradiation is
0.56 MeV/u (Pb), and the fluence is 5 X 107 ions/cm?. During the
irradiation, pores are created in graphene and tracks in the PET
support. With the assumption that each ion creates a single pore, we
expect 5 X 107 pores to be created in the graphene per cm” area.**
Pore diameters are expected to be on the order of 1-10 nm.* To
create holes along the ion tracks in the PET support, we etch the
composite membrane in 3 M sodium hydroxide solution at 50 °C for
34 min. During etching, the PMMA layer protects the graphene layer
from the etching solution. The etching process creates somewhat
truncated holes in PET. Nevertheless, the PET pores are much larger
than the graphene pores and do not influence the ion transport
through the graphene pores. The experimental results for the PET
support without any graphene layer is shown in the Supporting
Information. After the etching process, the PMMA layer is removed
by immersing it in acetone and the graphene/PET composite
membrane is obtained. We measured the membrane potential across
the composite membrane by placing it between two reservoirs
containing salt solution with high (C;) and low (C,) ionic strength at
a constant ratio of S. The potential is measured with the help of two
calomel reference electrodes and a potentiostat. We vary the ionic
strength of both reservoirs while keeping a constant ionic strength
ratio (C,/C, = 5). We have used MgCl,, CaCl,, and CuCl, as bivalent
salts and KCI and NH,CI as monovalent salts for comparison. The
solution is continuously circulated by a pump to minimize
concentration gradients near the membrane. The temperature is
regulated at 25 °C with a temperature bath. For the bi-ionic potential
measurements, we have kept the same experimental setup but
maintained the same ionic strength of the different cations on both
sides of the membrane and measured the potential.

B RESULTS AND DISCUSSION

In Figure 2, the experimentally measured membrane potential
is shown as a function of the ionic strength of the low-
concentration reservoir along with the fit using the modified
TMS model. On the basis of the observed positive membrane
potential, we can conclude that our membrane is cation-
selective. Our goal is to understand the interaction of the
graphene membrane with bivalent cations compared to the
monovalent cations. Later, bi-ionic potential measurements are
conducted to confirm the differences in the interaction of
cations. In Figure 2, the ionic strength is plotted instead of the
absolute concentration. The ionic strength of the used bivalent
salts is 3 times higher than that of the monovalent salts for a
given ionic concentration. For KCl, the Donnan plateau is
observed at around 30 mV, which is 72% of the theoretical
Nernst potential [(RT/zF)In § = 41.3 mV]. For both of the
bivalent salts, CaCl, and MgCl,, a lower Donnan potential is
obtained in comparison to the monovalent salts within the
same ionic strength range (between 0.3 and 1.5 mM). The
Donnan plateau is approximately 10 mV, which is only about
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Figure 2. Membrane potential (experimental and fitted with the
modified TMS model) versus ionic strength for KCl, MgCl,, CaCl,,
and CuCl,. C,/C, is kept at 5.

50% of the theoretical Nernst potential (20.6 mV). In the case
of CuCl,, the membrane potential did not reach the Donnan
plateau at the lowest ionic strength experimentally accessible.
At concentrations lower than 0.1 mM, the membrane potential
is very noisy and not reliable anymore. For the entire range of
the ionic strength, the membrane potential remained positive
for monovalent KCI, implying a cation-selective nature of the
membrane. With an increase in the ionic strength, the
membrane becomes non-selective and the diffusion potential
appears. At very high concentrations, the potential as a result of
diffusion is expected to approach 0 because K* and CI~ ions
have similar diffusion coeflicients, as already reported in our
previously published paper.'® For bivalent cations (Mg** and
Ca’), the potential reaches a plateau around —14 mV for
MgCl, and around —12 mV for CaCl,. These values
correspond well to the diffusion potential of the respective
ion pairs. The Donnan plateaus for both CaCl, and MgCl, are
similar, and their transition from the Donnan regime to the
diffusion regime occurs at the same ionic strength. In contrast
to CaCl, and MgCl, salts, CuCl, reaches its diffusion potential
regime at a lower ionic strength, suggesting a lower effective
fixed charge on the membrane. The value of the diffusion
potential (around —16 mV) again corresponds to the potential
generated as a result of the faster moving Cu’* ions than the
CI” ions.

For the modified TMS theory, it was not possible to fit the
CuCl, data because experiments did not reveal a clear Donnan
plateau at the lowest ionic strength experimentally accessible in
our work. The fitted values for other salts are shown in Table
1, where Cy represents the effective fixed ion concentration in
the membrane,  is the factor taking care of non-idealities
present in the membrane, and u_/u, represents the ratio of
anion to cation diffusivity inside the membrane.

Table 1. Fitting Parameters for Salts with a C,/C, Ratio of §
and their 95% Confidence Intervals

salt Cr (mM) a u_/u, bulk(u_/u,)
KCl 21.3 + 3.8 0.72 + 0.02 0.81 + 0.04 1.04
MgCl, 103 + 2.2 0.53 + 0.07 2.85 + 0.16 2.87
CaCl, 11.6 + 2.5 0.52 + 0.06 2.61 + 0.015 2.56
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The fitted value of Cy for KCI (21.3 mM) is approximately
twice the value for MgCl, and CaCl, (10.3 and 11.6 mM,
respectively). The non-ideality factor a is 0.72 for KCl and
around 0.5 for the bivalent salts, which indicates that the
membrane is more selective for potassium cations than for
bivalent cations. The fact that the Cy values for the bivalent
salts are the same explains the similar transition regime of both
of the salts. The ratio of diffusivities (#_/#,) of ions for MgCl,
and CaCl, matches well with the bulk diffusivity ratios (u_/u,)
for these salts. This is unlike the case for their diffusivity ratios
in ion-exchange membranes.'” Graphene is atomically thin,
which may explain the small changes in the diffusivities of ions
inside the membrane. To properly describe the diffusion
regime, we have incorporated the activity coefficients of the
ions to compute the activity of the jonic solution. At the higher
ionic strengths, the ratio of activity coefficients may not
necessarily be constant. The details of the calculation of the
activity coefficients are provided in the Supporting Informa-
tion. As discussed, the membrane potential values for CuCl,
could not be fit with the modified TMS model as a result of the
absence of a Donnan potential plateau. However, the overall
curve seems to be shifted to the lower ionic strength, and this
indicates that, for CuCl,, the effective Cy is even lower than the
other two bivalent salts.

Our results clearly show that the same membrane is less
selective for salts with bivalent counterions in the Donnan
plateau regime. A plausible explanation for the reduced cation-
selective behavior of the membrane can be the over-
compensation of surface charge at the graphene pore by the
bivalent cations compared to the monovalent cations. At a
higher ionic strength, the membrane potential becomes
negative for MgCl,, CaCl,, and CuCl,, as expected from
their corresponding ionic mobilities (Figure 1). The expected
membrane potential for the bivalent salts from the TMS model
shows that the diffusion potential for MgCl, is around —1§
mV, the diffusion potential for CaCl, is around —14 mV, and
the diffusion potential for CaCl, is around —16 mV, which is
similar to our experimentally observed values. Our results
suggest that the bivalent cations adsorb on the surface of the
membrane and screen the surface charge of the pore, which
reduces the membrane selectivity. However, CuCl, behaves
quite differently from the other two bivalent salts. We
theoretically expect it to behave like the other bivalent salts,
as shown in Figure 1. The experimentally observed difference
is possibly due to the stronger adsorption of Cu’* ions on
graphene than the other two cations. Usually, the adsorption
affinity depends upon the size of the ion, but all three bivalent
ions have similar hydrated radii.** The reason for higher Cu*
adsorption may be caused by the different electronic structure
of Cu** ions compared to Mg** and Ca*" ions.

To further investigate these differences in interaction
experimentally, we have conducted bi-ionic potential measure-
ments.'***** In this method, we have first selected one pair of
salts, which have different cations but similar anions. We have
kept the same cationic strength on both sides of the membrane
and have conducted our experiments in two regimes. One is in
the Donnan-dominated regime, and the other is outside the
Donnan-dominated regime. In the Donnan-dominated regime,
the membrane remains cation-selective and the membrane
potential measured in this regime is due to the transport of the
cations and a separation factor (Kj3) as a result of the
differences in affinities of the ions toward the membrane. This
implies that, if the membrane has higher affinity toward one

https://dx.doi.org/10.1021/acs.langmuir.0c00924
Langmuir 2020, 36, 7400—-7407


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00924/suppl_file/la0c00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00924/suppl_file/la0c00924_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00924?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00924?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00924?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00924?fig=fig2&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00924?ref=pdf

Langmuir

pubs.acs.org/Langmuir

type of ion (A or B), it will facilitate its transport. Outside the
Donnan-dominated regime, the membrane loses its selectivity.

In our measurements, we have taken the following pair of
salts: LiCl/KCl, NH,CI/KC], and K,SO,/KCl. For bivalent
cation salts, we selected MgCl,/CaCl, and MgCl,/CuCl,. We
have measured the bi-ionic potential experimentally for each
pair of salts. Now, theoretically, we have determined the
expected potential by taking the self-diffusion coefhicient of the
ions in the bulk and the separation factor to be 1 and we call it
the ideal bi-ionic potential. In the ideal bi-ionic potential
calculation, we have also taken into account the activity
coeflicient. In our earlier work, we have already observed that
the ion diffusion coeflicient ratio for graphene nanopores is
similar to the bulk diffusion coefficient ratio."> The separation
factor (Kj3) is evaluated from eq 3 by inserting the
experimental bi-ionic potential, diffusion coefficients, and
activity coefficients of the ions under investigation. Table 2

Table 2. Experimental and Ideal Bi-ionic Potential for Salt
Pairs in the Donnan-Dominated Regime

concentration measured bi-ionic ideal bi-ionic
salt pair (mM) potential (mV) potential (mV)
KCI/LiCl 0.3 —12.46 —16.41
KCI/NH,CI 0.3 0 0
KCI/K,SO, 0.6/0.3 —3.15 0
MgCL,/CaCl, 03 1.53 147
MgCl,/CuCl, 03 ~1.99 0.14

shows the experimental and ideal values of the bi-ionic
potential in the low-concentration Donnan-dominated regime.
For the KCI/LiCl pair, the experimental value is different than
the ideal value. The calculated selectivity factor is 0.86, which
is close to the ratio of the a values of LiCl and KClI salts (0.84)
in our previously published paper.”” This indicates that the
graphene membrane has a difference in affinity for Li* and K*
ions, which leads to two distinct Donnan plateaus for these two
salts. The results for the KClI/NH,CI salt pair are shown in
Figure 3. We observe that, for these two salts, the membrane
potential versus ionic strength plots almost completely overlap.
This behavior is also evident in our bi-ionic membrane
potential measurements. Because NH," and K' ions have
similar diffusivities, the expected theoretical potential is around

5 O, - ' ' = KCI
0Fw § HO o NH,CI| T
s | B o caCl,| 1
E 20 =", " A MgCl, |
= | O * CuCl, | {
£ 10 -
g [« s 0o
o I 4 A Bam
@ ol i
E 2 o 5
8 I * 2% 1
g -10 - *% 4 Qg o 7
= | * A2 2
LG
.20 PR Ll il
1E-3 0.01 0.1

lonic strength (M)

Figure 3. Membrane potential versus ionic strength, including NH,ClI
salt.

7404

0 mV. Our experimentally observed membrane potential is also
around 0 mV, which indicates that the membrane has similar
affinities for both of the ions. The calculated K& value for the
KCI/NH,CI salt pair is 1.01, which is again similar to the ratio
of a values for these two salts, i.e., 1.04. For the K,SO,/KCl
pair, ideally, the measured potential should be 0. We have
observed a finite potential value for this case, which matches
our experimental observation of different Donnan plateaus for
K,S0O,/KCL. In our previous work, we found that the ratio of @
for the K,S0O,/KCl salt pair is higher than 1 (1.10), which is
consistent with the bi-ionic potential measurement. For the
bivalent ion pair MgCl,/CaCl,, the measured and ideal values
of the bi-ionic potential are almost similar, which is also
reflected in Figure 2, where the plots for these two salts almost
overlap. The calculated value of K} for this case is 1.00, which
again matches quite well with the ratio of & values (1.02) for
these two salts. This indicates that the membrane has similar
affinity for transport of Mg** and Ca’* ions. Our membrane
potential versus ionic strength data for Cu®* ions show
completely different behavior in comparison to other bivalent
ions. Mg®* and Cu®' ions having similar bulk diffusivities
should result in an ideal bi-ionic potential that is almost O
(0.14 mV), while our experimental result shows a value of —2
mV in the Donnan-dominated regime, which implies a
different interaction of Cu** and Mg*" ions with the graphene
membrane. The evaluated Kj value for this salt pair is 1.18,
which confirms the difference in the interactions. We could not
compare this value for the « ratio in this case because we have
not reached the Donnan plateau for CuCl, salt.

For the experiments outside the Donnan-dominated regime,
the membrane loses cation selectivity because of increased
screening of charges at a higher concentration. At this point,
for all of the salt pairs, the measured value of bi-ionic potential
approaches the ideal value, except for the KCI/K,SO, pair
(Table 3).

Table 3. Experimental and Ideal Bi-ionic Potential for Salt
Pairs Outside the Donnan-Dominated Regime

concentration measured bi-ionic ideal bi-ionic

salt pair (mM) potential (mV) potential (mV)
KCI/LiCl 10 —15.57 —16.31
KCI/NH,Cl 10 0 0
KCI/K,SO, 10 -1 0
MgCl,/CaCl, 10 137 126
MgCL/CuCl, 10 0.62 —0.12

K% depends upon the concentrations of the electrolyte
solution and, thereby, depends upon the activity coeflicients of
the salts. At higher concentrations, the activity coefficient of
the ions (and ratio of these) deviates from 1, which is
incorporated in the given bi-ionic potential equation. The
reason for the non-zero value of bi-ionic potential for KCl/
K,SO, is possibly due to the fact that the counterions having
two different valencies of anions have a net transport through
the membrane. Because the membrane is not perfectly
selective even in the Donnan-dominated regime as shown in
our previous study, there will be some counterions moving
through the membrane. We have performed measurements for
more than one salt concentration, which is shown in the
Supporting Information. This confirms that our measurement
is consistent at other salt concentrations as well.

https://dx.doi.org/10.1021/acs.langmuir.0c00924
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MD simulation studies support our observation that
differences in the Donnan plateaus and Donnan regimes with
different ions can be due to differences in the interactions of
ions with the §raghene nanopores based on their chemical
termination,”> %>~

The membrane potential measurements for bivalent cations
suggest that the bivalent ions adsorb on the graphene surface.
To investigate the reversibility of the surface adsorption, we
conducted the following experiment. After our study with
MgCl, and CaCl,, we used the same membrane to perform the
experiment once again with monovalent KCI with the same salt
concentration ratio of 5. We now observed a lower value for
the membrane potential for the same ionic strength, as if the
membrane was less selective. Figure 4 shows the membrane
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Figure 4. Membrane potential versus ionic strength after bivalent ion
treatment and after recovery of the membrane. C;/C, is kept at S.

potential for KCI, after being exposed to bivalent salts and after
the membrane is recovered by treating it with monovalent KCIL
After the membrane was contacted with bivalent salts, the
membrane potential for KCl is around 4—6 mV lower than the
value that we obtained previously. The difference in the
membrane potential is larger at the low ionic strength
compared to the higher ionic strength. The reduced Donnan
potential for KCl after exposure to MgCl, can be understood
from the adsorption of bivalent cations to the membrane
surface. This adsorption lowers the membrane charge and,
thus, selectivity, giving lower Donnan potential values. As we
see in Figure 4, at a very high concentration, both of the curves
tend to converge at a value around 0 mV because both K and
CI” ions have similar diffusivities in the membrane. After
subsequent exposure to 1 M KCl, we found that the initial
membrane performance was recovered. The same recovery was
observed when the membrane was immersed in HCIl (pH
1.89) overnight. The high concentration of monovalent cations
results in a complete exchange of the adsorbed bivalent cations.

B CONCLUSION

In our work, we have investigated the interaction of mono- and
bivalent cations with perforated graphene membranes. When
the ionic strengths of salts on both sides of the membrane are
varied, keeping a constant ratio, the membrane potentials for
MgCl, and CaCl, follow a trend similar to that predicted by a
modified TMS theory for dense ion-exchange membranes. A
Donnan potential plateau is observed at the low ionic
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strengths, and a diffusion potential plateau is observed at
higher ionic strengths. The Donnan potential observed for
both MgCl, and CaCl, is much lower than the theoretical
Nernst potential (50%) and that observed for monovalent KCI
(72% of its corresponding Nernst potential). MgCl, and CaCl,
reach the diffusion potential limit already at an ionic strength,
where KCI has still not reached its diffusion-dominated regime.
For CuCl,, the Donnan-dominated regime is not reached,
while the diffusion-dominated regime is reached at a lower
ionic strength compared to the other salts. Although a
complete fit with the TMS model could not be made, the
location of the transition between Donnan- and diffusion-
dominated regimes suggests that the fixed ion charge on the
membrane is lowest for the experiments with CuCl,. A possible
explanation for these effects is that the bivalent cations adsorb
on the single-layer graphene, thereby reducing its effective
surface charge. Hence, the observed Donnan potential is much
lower than the theoretical Nernst potential. Among the
bivalent cations, Cu®* seems to adsorb the most strongly.
Further experiments have validated our hypothesis on
bivalent cation adsorption. Membranes previously exposed to
MgCl, and CaCl, show a reduced potential value for KCI at
low ionic strength. This indicates that the adsorbed ions are
strongly attached to the surface and are not easily removed.
Nevertheless, recovery of the membrane selectivity is possible
by immersing the membrane in 1 M KCl or HCI (pH 1.89).
We have found that the membrane behaves as a weakly
charged nanofiltration membrane, having differences in
affinities for different cation ions in the Donnan-dominated
regime. This leads to different Donnan plateaus for different
salts. The experimental bi-ionic potential for LiCl/KCl is found
to be different from the ideal theoretical bi-ionic potential.
This implies that the membrane has separate affinity toward
these ions (K* > Li"), resulting in different Donnan plateaus
for these two salts. For KCI/K,SO,, the ideal bi-ionic potential
should be 0. We found a non-zero value of for the bi-ionic
potential for this case, which is due to possible transport of co-
ions through the non-ideal graphene. Ions that have similar
affinities toward the membrane (Mg**/Ca®* and NH,'/K")
have a similar value for the membrane potential in the
Donnan-dominated regime. For the Mg2+/ Cu?** pair, the bi-
ionic potential should ideally be zero; however, we measured a
non-zero value for this salt pair. This implies that the
membrane has differences in affinities toward these two ions.
It is difficult to comment on which ion has higher affinity for
transport in this case because we have not reached the Donnan
plateau for CuCl, and other phenomena, such as adsorption on
the graphene surface, are expected in the case of Cu®" ions. We
quantified the selectivity and showed that the values are a good
match with the ratio of @ values for the corresponding salts.
Our work provides a clear indication of different interactions of
bivalent cations with a two-dimensional (2D) porous graphene
membrane. Their relation to selective ion transport through
these graphene-based membranes in comparison to mono-
valent cations opens up new avenues upon further investigation
of ion transport phenomena with 2D materials in this field.
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