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Abstract

Ammonium is a potential hydrogen fuel and can be recovered from high ammonium
wastewater via electrodeionization (EDI) process. Since NH4* is a weak acid ion, sodium
sulfate (Na;S0a) is used as a supporting electrolyte to improve electrolyte’s conductivity.
This manuscript investigated the NHs* behaviors in high Na;SO. solution through
electrochemical analysis methods and molecular dynamics (MD) simulations. lonic
strength increased, leading to a decreased ionic activity, and thus negatively influenced
NH4* transportation with the increasing concentration of NaSOs; solution. Na*
competitively occupied the place of electric double layer (EDL) and impeded NH4* to get
closer to the electrode surface. Besides, water molecules played a critical role in
determining the net charge density and the potential drop. The experimental tests and
theoretical simulation demonstrated that NH4* reduction
( NH,

ay T€ —0.5H,, +NH, ) in the cathode was strengthened in the low

concentration range (0-0.25 M Na;S0a) but inhibited in the concentration range of 0.5-

1.5 mol L.

Keywords Supporting electrolyte concentration, Ammonium transport and reduction,

Electric double layer, Molecular dynamic simulation



10

11

12

13

14

15

16

17

18

19

20

21

1 Introduction

The concentrated ammonium existing in wastewater and landfill leachate can be
recovered as ammonia and hydrogen gas via electrodeionization (EDI) [1]. NHs generation
has two paths: (1) NH4* is reduced to proton and NHs via a one-electron transfer process
in the EDI cathode (Eq. 1) [2]; (2) Water splits into OH™ that reacts with NH4* to generate
NHs (Eg.2 and Eq.3) [3]. NH4* reduction is more likely to occur other than water splitting

when EDI is process operated at the low applied voltage (<1.23 V).

NH, o + € —>[NHf]ads > Hyge + NHyoq) = 0.5H, ) + NH, ) (1)
H,0,, +& —OH , +0.5H,, (2)
NHj(aq) +OH ‘(aq) = NH,- HZO(aq) = NHS(g) + HZO(D (3)

During NH4* reduction, slow mass transfer determines the generation of NHs gas since
NH4* is a weak acid ion. To solve this issue, a strong electrolyte such as sodium sulfate is
usually added as the supporting electrolyte to enhance electrolyte’s conductivity [2, 4-9].
However, the added co-ion often provokes a competition with the target ion. As reported
by Casadella et al. who studied the cation completion of K*, Na* and NH,4" in urine through
polymer inclusion membranes, the order of selective recovery (K* > Na* > NH4*) and two-
fold flux in Na* (4.5 x 10> mmol cm2 h'!) over NH4* (1.5x103 mmol cm h!) was observed
[10]. Liu et al. conducted a study on the competitive transport of Na* and NHs* in
bioelectrochemical systems and concluded that Na* in anolyte facilitated the transport of
NH4* due to the Donnan equilibrium at cation exchange membrane-anolyte/catholyte

interfaces [9]. Rosasco et al. investigated cation competition in the electrical double layer
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(EDL) at a well-defined Pt (111) electrode surface and found the strength order of cation
retention, Na* > NH4*, which might be related to the hydrated radius of Na* (3.58 A) over
that of NH4* (3.31 A) weakening electrochemical activities, e.g., charge density, dielectric
constant, and rate capability [11-15]. Besides, some researchers reported that the
accumulated Na* attracted to water molecules and built a compacted Na*-H,0 layer,
which deterred the electrochemical reaction kinetics [16, 17]. Others depicted that Na*
competitively reduced the effective current efficiency of NH4* and produced electrode
overpotential at a fixed electric current [18-21]. Therefore, the influences of Na* on the
behaviors of mass transportation in the EDL cannot be ignored when Na;SOs is used as

the supporting electrolyte.

Mass transportation in the EDL is investigated through theoretical simulation other than
experimental tests due to the measuring difficulties of the transport coefficient and mass
guantification. The classical theories of the mass distribution in the EDL includes Fick’s
diffusion laws, Nernst-Planck, and Nernst-Einstein equation. The latest theoretical
simulations such as molecular dynamics (MD) simulations built on EDL theories are
increasingly popular because simulations from the molecular level can deliver insightful
information about the interactions at the electrode interface. For instance, Soroosh and
Hai conducted MD simulations of flexible-boundary Quantum Mechanics/Molecular
Mechanics to reveal ion solvation and found that NH4* had a more significant discrepancy
in the extent of charge transfer (by about 0.3 e’) and more extensive distribution than Na*
(0.1 e-) [12]. Soetardji et al. used the Langmuir model to study NHs* removal from

wastewater via sodium hydroxide modified zeolite mordenite and found that the
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competition from Na* decreased the removal efficiency of NHs* through the different
reaction mechanisms [21]. To date, however, NHs* transport at the interface of Pt-
solution under the different gradients of Na* concentration has not yet been well studied.
The objective of this study is to understand the mechanism of supporting electrolyte
concentration affecting NHs* behavior and provide the opportunity to elucidate the
related molecular-level mechanism. Therefore, we employed electrochemical tests
combined with MD simulations to examine the effects of Na,SO4 concentration on NH4*

migration, reduction, and electric properties of the cathodic EDL.

2 Experimental tests and theoretical calculation

2.1 Experimental tests

Equipment setup. Figure 1 shows the configuration of a sandwich-type EDI stack. The
working volume is 40.0 cm3: 60.0 mm x 60.0 mm x 11.0 mm, in which the 11.0 mm
included a 10.0 mm distance between the anode and the cathode and 1.0 mm thick
silicone gaskets. The electrodes were titanium plates coated in a 0.02 mm thick layer of
platinum, with a 16.0 cm? effective area. The original electrolyte was 0.25 M ammonium
sulfate, which was then mixed with 0—1.5 M sodium sulfate supporting electrolyte at a
25.0 °C operating temperature. The conductivity was measured with a conductivity meter

(Shanghai Leici-Chuangyi Instrument and Meter Co., Ltd).

Cyclic voltammetry scanning. The tests of current density versus applied voltage were

carried out using the EDI stack as described above. The scanning electrolyte was the
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mixtures of fixed ammonium sulfate (0.25 M) and changed the concentration of sodium
sulfate (0.125-1.5 M). The reference electrode was Ag/AgCl-217 (INESA Scientific

InstrumentCo., Ltd) that has a double-salt bridge. The current was recorded and

analyzed by the electrochemical working station (CorrWare®, Scribner Associates Inc.,

U.S.A.), as shown in Figure 1.

2.2 Computational methods

Electrode/electrolyte interface modeling. The simulation system was a three-dimensional
supercell with periodic boundary conditions, constructed in the Materials Studio software.
It was composed of Pt sheets (50 A x 50 A) as electrodes and the electrolyte aligned in
parallel with an interlayer distance of 140 A, shown in Figure SI-1(a). To simulate the Pt
electrode/electrolyte interface, water molecules and NH4* with different concentrations
of Na* and SO4%> were added to the space between anode and cathode. Both anode and
cathode were Pt (100) surface consisting of 338 atoms, 7 layers for each pole. The
numbers of the atoms of the Pt-solution system are summarized in Table SI-1 and Table

SI-2.

Equilibrium relaxation and data collection. MD simulations were performed using the
Atomic/Molecular Massively Parallel Simulator package (LAMMPS) at a temperature of
300 K and a pressure of 1 atm [3, 22]. The interatomic interactions were simulated using

Lennard-Jones (LJ) potential as described in Eq. 4:
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Where & and dy are the respective parameters of energy and length, as summarized in
Table SI-2. The electrostatic interaction between charged atoms was calculated using
Coulomb’s law (Eq. 5) with the Coulombic interactions computed using the particle-
particle particle-mesh (PPPM) algorithm [23].

E - S, (5)
&r

where Cis an energy-conversion constant, g; and g, are the charges carried by two atoms,
gis the dielectric constant. Bonds and angles among atoms are held rigid using the SHAKE
algorithm [24]. Water molecules are simulated using the rigid SPC/E water model and the
Pt atoms are held fixed [25]. The NVT ensemble simulations were carried out at 300 K
with Langevin thermostats for 1.0 ns with a 0.5 fs time step size. NPT ensemble

simulations at 1 atm and 300 K were then carried out.

After the systems reaching the thermal equilibrium state, we collected data (i.e., mass
density, number density, mean square displacement (MSD), radial distribution function
(RDF), etc.) during an NVE ensemble for 0.5 ns, as displayed in Figure SI-1(b) and Figure
SI-1(c). A voltage of 3.0 V was applied to the solution by applying the corresponding
electrostatic forces F = gE on each charged atom. For post-processing the results, the
channel was split into a set of bins (1.0 A in width) along the direction (x) perpendicular

to the Pt surface. The mass density p(x) was then used to analyze the EDL structures.
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2.3 Data analysis

Charge density. Charge density is an important property for analyzing EDL. According to
the axial number density of atoms, the total charge density profile, o4, is contributed by

ions and water, as expressed in Eq. 6.

Oqx) = zo'i (X)0; + 06 (X)d, + 0y, (X)a4 (6)

issurf

where 0j, 00, and gy are the number densities of ions, water—oxygen, and water—hydrogen,

respectively. gi, go, and gx are the charges carried by them, respectively.

Electric field and potential profiles. Electric field strength and potential oscillate with
variations in charge density. The electric field (Eqx) component normal to the Pt surface

was calculated by integrating the net charge density as described by Eq. 7.

Eqe = ~W/€) [ o (X )(x= X)X (7)

The potential was computed by integrating the Poisson equation in one dimension, as

described in Eq. 8.

OV (x) __ a(x) (3)
ox’ A&y

where a(x), Apt, and goare the net charge density, the size of the Pt sheet and the vacuum
dielectric constant, respectively. Eq. 8 was numerically integrated to obtain V(x), as shown
in Eq. 9 using x=L/2 (the middle of the channel) as a reference that was regarded as zero

charge density (Eq. 9).
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Mean square displacement (MSD). MSD is expressed by R? that is a measure of the length
of the path of a molecule traveled. It is directly related to the diffusion coefficient of this
molecule through Einstein’s equation [26]. As a result, MSD can be used to gain insight
into transport phenomena [27]. MSD in MD simulation can be calculated as:

R =((x-x) )= 301, (0) %, (0)) a0

n=1

where N is the number of particles to be averaged, x,(0)=xo is the reference position of
each particle, and xx(t) is the position of each particle at time, t. By tracking the molecular
positions, the MSD of the particles was calculated to quantify ion and water transport in

the EDL.

Diffusion coefficient. The diffusion coefficient is the rate of mass transport, as described

by the slope (r) of the MSD versus t curves (Eq. 11) from Einstein’s equation.
D=lim=— <[r(t )-r(0)] > (11)
where r and t are atomic compound position and time, respectively.

Radial distribution function (RDF). RDF is defined as Eq. 12.

g(r)=pr)/ p (12)
where pfr) is the local number density of atoms at a given radius; p is the average mass

of the whole solution.
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3 Results and discussion

3.1 lontransport in interfacial solution via experimental tests

3.1.1 Solution properties

The influence of Na,SO4 concentration on ion strength and activity coefficient [28, 29] of
NH4* (zi=1, a°=0.3 and bi=0.2) was plotted (Figure 2(a)). The ion strength is strengthened
from 1.0 M at 0.125 M Na,SO4 to 5.5 M at 1.5 M Na;S04. However, the activity coefficient
of NH4* goes down from 0.3 to 0.05, signifying that the increased concentration of
supporting electrolyte negatively affected the activity of NH4*. The concentration also
influenced pH value and conductivity. As shown in Figure 2(b), pH value experiences a
sharp increase as the concentration of Na;SO4 solution below 0.5 M but a smooth increase
t09.99 at 1.5 M, indicating that increasing the concentration of Na,SO4 solution does not

bring an apparent effect on pH value in the concentrated range.

3.1.2 lon migration

The changed characteristics caused by ion strength and activity impacts ion transport in
the interfacial solution. lon migration can be described through viscosity and mobility.
Viscosity calculated based on Jones-Dole's equation [30-32] experiences a slow
growth from 80 mPas below 0.25 M, and a sharp climb to 330 mPas at 1.5 M. The visible
increase in dynamic viscosity reflects that increasing concentration lowers the liquidity of
bi-electrolyte so that produces a high resistance to ion migration (Figure SI-2). The

variations of ion mobility and number calculated according to u=ez/6mnr [33] were
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summarized in Table 1. NHs* has an increase in mobility from 1.01 m?V-1st0 1.49 m? V-
1513t 0.125 M, but a drop to 1.27 m? V-1 st at 1.5 M. Na* and SO4> have drops to 1.63
m2 V-1stand 0.81 m?2 V!sl respectively. Concerning transport number, both NH4* and
S04% decreases from 0.17 and 0.5 at 0.125 M to 0.08 and 0.28 at 1.5 M, respectively.
However, Na* increases to 0.64 at 1.5 M. The results of ion transport reveal that the large
hindrance may lead to the lack of NH4* as an electron carrier at the cathode interface,

which has been elaborated by Pal [16].

3.2 lontransport in electric double layer via MD simulation

3.2.1 lon diffusion coefficient

Due to the limitation of experimental detection, the diffusion coefficient was elaborated
using MD simulation. The migrations of NHs* and Na* in the EDL were quantified via the
MSD values of N and Na atoms. The average MSD slope of the N atoms grows from 2.1874
x 103 at 0 M to 3.1687 x 10% at 0.25 M but drops to 1.457 x 103 at 1.5 M in 0-1.5 M Na,SO4
and as a function of time of 0.5 ns (Table SI-3). The corresponding diffusion coefficient of
NHa4* increases from 2.1874 x 10° m?2 s1at 0 M to 5.2812 x 10° m? st at 0.25 M but falls
to 2.4319 x 10° m? st at 1.5 M as displayed in Figure 3(a) and Figure 3(b). The largest
diffusion coefficients are obtained at 0.25 M. For the over-concentrated Na;SOs
electrolyte (> 0.5 M), the diffusion coefficient of Na* is smaller than that of NH4*, meaning
that the concentrated Na* does not only impede NH4* migration but also influence it self-

transport. For the dilution, the trend of the diffusion coefficient can be explained by the

11
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Nernst-Einstein equation that establishes the relationship between the molar limiting

conductivity (Ami®) and the diffusion coefficient D;[34].

RT
Di = Z-2F2 ?n,i

(13)

where z;, T, F, and R are charge number of ion i, absolute temperature, Faraday’s constant,
and the ideal gas constant, respectively. The diffusion coefficients linearly rely on the
molar limiting conductivity (Am,%). However, this formula becomes more complicated for
the concentrated solution. The diffusion coefficient is also related to the trajectories of
the particle [35]. Namely, the decreases of diffusion coefficients may be caused by the
charge neutralization in OHP [36, 37]. Apart from Na* and NH4*, water molecular should
not be ignored since the H-H bond effect on the electronic structure is essential for
understanding the physical and chemical properties of the EDL [38, 39]. From the calculated
results of average MSD slope of water molecules using Einstein’s equation, its diffusion
coefficient of Dwater, 7.5 x 10° m? s indicates that water molecules have the largest
migration coefficient (Figure SI-3). This trend is because the self-diffusion and interdiffusion
coefficients decrease with an increase of salt concentration and water molecules in pure water
diffuse faster than in concentrated electrolyte. Our simulation results are in good
agreement with the study conducted by Kong et al. and Lyubartsev and Laaksonen [40,
41]. Therefore, the order of diffusion constants of NHs*, Na* and water is Dwater > Dna+ >
Dna+ in the diluted concentration, and Dwater > DnHa+ > Dna+ in the concentrated Na;SO4

solution.
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3.2.2 lon concentration distribution

The concentration distribution was described with mass density calculated via the mass
coordinate. Figure 4 shows the distributions of the mass density of NHs* and Na* along
the x-axis near the cathodic surface. Specifically, NHs* density increases to the most
significant peak (0.016 g cm3), which is a compacted charge layer called the inner
Helmholtz plane (IHP) in the region nearest to the Pt surface [42, 43]. As the distance
extending to the bulk solution, NHs* density displays the second peak (0.007 g cm, on
average) that is considered the outer Helmholtz plane (OHP). When the distance extends
further away from the Pt surface, NH4* density stabilizes at 0.0045 g cm™3in Figure 4(b),
which is regarded as the diffusion layer (DL) [44]. The distribution profile of Na* has similar
peaks to that of NH4* along the x-axis (Figure 4(d)), whereas the peak of Na* closest to the
Pt surface increases from 0 g cm™at 0 M to 0.018 g cm™ at 1.5 M with the bulk Na>SO4
electrolyte concentrate. The comparison of the concentration distribution of NH4* and
Na* in Figures 4(c) and 4(d) shows that the NH4* density reduces from 0.016 g cm™ to
0.003 g cm?3, which is significantly lower than that of Na*® at the corresponding
concentration. The difference in the concentration distributions of NHs* and Na* may
depend on the diffusion coefficient since the diffusion coefficient of NH4* is smaller than
that of Na*. Additionally, the concentration profiles of NHs* and Na* indicate that the
lowered peak of NHs" is caused by the competitive increase of Na* concentration,
especially in the over-concentrated Na,SOs electrolyte (>0.5 M). The phenomena above
are related to the transient repulsion of ammonium ([NH4%].as) and Na-H.O hydration

“atmosphere” [45].
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3.2.3 lon charge density and EDL thickness

lon transportation and accumulation forms an EDL around the electrodes. Figure 5(a) and
5(b) illustrates the charge density profiles and the potential drop of NH4* and Na* in the
range of 0-1.5 M. There are two remarkable peaks (0.0009 e A and 0.0004 e A3)
referring to the IHP and OHP of the NH4* charge density curve, in which the value of NH4*
potential changes from -0.0225 V to 0 V (Figure 5(c) and 5(d)). Integrating NH4* charge in
the x-axis, the charge density and potential drop of NH4* film decline from 0.0041 e A3
and -0.0226 V at 0 M to 0.0006 e A3and -0.0151 V at 1.5 M, respectively, as summarized
in Table 2. Na* charge density increases and the potential escalating. However, the film

of Na* peaks disappear as Na;SO4 becomes over-concentrated.

All atoms with different charge always interact with each other in the agueous condition.
Due to the negative charge carried by O in the H,0 molecule, the total charge density and
potential drop shift from 0.0011 e A and 0.0095 V to -0.0228 e A and -0.0449 V,
respectively, (Figure SI-5 and Table 2). The variation of net charge density indicates the
importance of water molecule. As studied by Guo et al., water molecule at the interface
between the solution and electrodes forming hydrogen bonding changed the local
electronic structure of EDL [38]. The results gained by Velasco-Velez et al. elucidates that
the inert electrode surface can induce water molecules when the electrode is negatively

charged and therefore attracting the more positive H atoms [46].

Based on the total charge density and potential drop, the thicknesses of the NHs* layer

and Na* layer as the function of Na;SO4 concentration are calculated and summarized in

14
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Table 3. The total thickness of NH4* EDL experiences a slight increase from 19.0 A at 0 M
to 21.0 A at 1.5 M but an apparent decrease to 16.0 A at 1.5 M. In the Na;SOs, the IHP
declines to 4.0 A from 6.0 A; the OHP increases to 8.5 A at 0.25 M but decreases to 6.5 A
at 0.25 M; and DL varies from 5.5 to 7.0 A. The comparison of IHP, OHP, and DL discloses
that Na,SO4 concentration has a greater influence on the Helmholtz layer (IHP and OHP)
than DL. The total thickness of Na* increases from 0 A at 0 M to 23.5 A at 1.5 M. The HP
is thicker than the DL. These variations are mainly attributed to the excess accumulation
of ions from the diffusion layer and the insufficient supply of ions in the bulk solution [15,
47, 48]. Taking the thickness overlap of NHs" and Na* into consideration, the total EDL
thickness increases from 19.5 A at 0 M to 23.5 A at 1.5 M. According to the Debye—Hiickel
equation, the charge density of Na* adsorption causes an increase of the Na* layer [49].
Therefore, the thick Na* layer blocks the rate of electron transfer of NH4* reduction so
that the lack of an electron acceptor results in the decrease of the current density peak

of NH4* reduction.

3.3  Ammonium reduction

The differences of electric properties in charge density, potential drop, capacitance, and
thickness can reflect the kinetics of ion oxidation/reduction. To exam NH4* reduction at
the cathode interface of EDI, current-voltage and generated gas were measured. The
current-voltage curves were obtained at a 10.0 mV s scanning rate under 0-1.5 M
Na,S0O, as supporting electrolyte (Figure 6). A single peak in the range of 0-0.8 V applied
voltage was observed on each curve. For forward scanning, the current density increases

to 0.005 mA cm2 with Na,SO4 concentration increasing to 0.5 M from 0 M. However, the
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forward current density does not continuously increase although the concentration of
Na;SOg4 increases to 1.5 M. For backward scanning, the peak current decreases from -
0.023 mA cm? to -0.005 mA cm?, moving to the positive y-axis as the bulk Na;SO4
electrolyte concentrating at 0.23 V (Figure 6(a)). The results are constant with that of the

experimental tests.

The generated gas was analyzed through gas chromatography and quantified through the
mass of nitrogen element. The plot shows that the mass in the liquid (anodic and cathodic)
is dominant, ammonia nitrogen takes second place and nitrogen gas is tiny (Figure 6(b)).
The changes of anodic-N and cathodic-N are because of migration. NH3 and N gas are

from NH4* reduction (Eq.1) and base neutralization (Eq.2 and Eq.3).

NH4* reduction experiences the absorption of intermediates, [NH4%ads and Hags. [NH4%]ads,
adsorbed Rydberg radicals and repulsed NHs" solvent molecules approaching for
additional binding so that the accumulation of [NH4%]as in the EDL leads to the NH4*

concentration reducing [50-54].

NHZ(aQ) +te _)I:NHijads (14)
[NHJ] > NHS +H,, (15)
NH; — NH," +H_,, (16)
2N" — N2+2* (17)

where * is an active site.
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The first step is dominant, and the flowing steps process slowly so that the mass of
nitrogen gas is little. As integrating the experimental and theoretical results, we find
that the increase of the concentration of Na,SO4 electrolyte changes the current density

of ammonium reduction (from -0.023 mA cm™ to -0.005 mA cm2 at 0.23 V).

4 Conclusion

This paper discussed the effects of Na;SO4 supporting electrolyte from 0 M to 1.5 M on
NHs* reduction in the cathode surface of EDI using electrochemical analysis and MD
simulations. The results demonstrate that increasing the concentration of Na;SOs
supporting electrolyte enhances the conductivity and total current but reduces ion
activity. The migration rates of NHs* and Na* increase in the dilute range (0-0.25 M) but a
decrease in the concentrated range (>0.5 M). The fierce competitive adsorption of Na*
forming a thick layer blocks NH4* migration and electron transportation in the EDL. NH4*
reduction is weakened with the increase of Na,SO4 supporting electrolyte. Interestingly,
water molecules play a critical role in determining the net charge density and potential
drop. Therefore, the mechanisms presented in this manuscript disclose the function of
the co-ion concentration and the results can allow the manipulation of EDI capacity

optimization.
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Figure 1 (a) The experimental set-up; (b) and (c) cyclic voltammetry scanning.
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Tables

Table 1

Mobility and transport numbers of NH4*, Na* and SO4% at 0-1.5 M Na,SO04

Na»S0s concentration

Mobility

x10° m’ v sl

Transport number

mol L?
NH,’ Na' s0,” NH,’ Na' s0,”
0 1.01 - 3.29 0.67 - 0.33
0.125 1.49 4.06 2.03 0.17 0.33 0.50
0.25 1.33 3.40 1.70 0.17 0.42 0.41
0.50 1.29 2.78 1.39 0.11 0.63 0.26
0.75 1.34 2.45 1.22 0.11 0.63 0.26
1.00 1.37 1.87 0.93 0.08 0.65 0.27
1.50 1.27 1.63 0.81 0.08 0.64 0.28

30



Table 2

Electric properties of NH4* film and EDL capacitance via MD

Charge density

Potential drop

NazSO4 EDL

concentration e A3 V capacitance
mol L NH,* Na* H:0  Total NH,* Na*  H,0  Total  x101°FA3

0 0.0041 0.0000 -0.0030 0.0011 -0.0226 0.0 0.0321 0.0095 0.1795

0.125 0.0030 0.0013 -0.0083  -0.0040  -0.0220  -0.0086 0.0252 -0.0054 1.1920

0.25 0.0026 0.0015 -0.0125  -0.0083  -0.0230  -0.0149 0.0231 -0.0149 0.8939

0.5 0.0016 0.0024 -0.0235  -0.0194  -0.0215  -0.0298 0.0262 -0.0251 1.2363

0.75 0.0013 0.0010 -0.0312  -0.0290 -0.0198 -0.0487 0.0276 -0.0409 1.1321

1.5 0.0006 0.0031 -0.0265  -0.0228  -0.0151  -0.0645 0.0347 -0.0449 0.8117
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Table 3

EDL structures and thicknesses (NHs* and Na*) via MD

Na,SO4 NH4* layer Na* layer Total thickness
concentration A
mol L* IHP OHP DL P OHP DL
0 6.0 7.5 5.5 -- -- - 19.0
0.125 5.5 8.0 6.0 4.5 4.0 7.5 19.5
0.25 5.5 8.5 7.0 6.0 6.0 6.5 21.0
0.5 5.0 7.0 5.0 8.5 8.5 7.0 24.0
0.75 5.0 6.5 6.0 8.0 7.0 6.0 21.0
1.5 4.0 6.5 5.5 7.5 8.5 7.5 23.5
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