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ABSTRACT  18 
 19 
Affordable thin-film composite (TFC) membranes are a potential alternative to more expensive 20 
ion exchange membranes in saltwater electrolyzers used for hydrogen gas production. We used a 21 
solution-friction transport model to study how the induced potential gradient controls ion 22 
transport across the polyamide (PA) active layer and support layers of TFC membranes during 23 
electrolysis. The set of parameters was simplified by assigning the same size-related partition 24 
and friction coefficients for all salt ions through the membrane active layer. The model was fit to 25 
experimental ion transport data from saltwater electrolysis with 600 mM electrolytes at 10 mA 26 
cm–2. When the electrolyte concentration and current density were increased, the transport of 27 
major charge carriers was successfully predicted by the model. Ion transport calculated using the 28 
model only minimally changed when the negative active layer charge density was varied from 0 29 
to 600 mM, indicating active layer charge was not largely responsible for controlling ion 30 
crossover during electrolysis. Based on model simulations, a sharp pH gradient was predicted to 31 
occur within the supporting layer of the membrane. These results can help guide membrane 32 
design and operation conditions in water electrolyzers using TFC membranes.  33 
 34 
Key Words: green hydrogen production; solution-friction modeling; Donnan partitioning; 35 
polyamide membrane; seawater electrolysis 36 
 37 
Synopsis: With minimal fitting parameters, Nernst-planck modeling fit to replicate ion transport 38 
data from saltwater electrolysis with an affordable thin-film composite membrane can provide 39 
insights into salt and water ion transport for future membrane optimization. 40 
 41 
INTRODUCTION 42 
Most current methods of hydrogen production use fossil fuels and release carbon dioxide as a 43 
byproduct to the atmosphere, but a sustainable alternative is to use renewable electricity to 44 
electrolyze water.1-3 High capital costs associated with the membrane and catalyst in the 45 
electrolyzer, as well as the system’s dependence on ultrapure water, are slowing implementation 46 
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of this method of green hydrogen production.4, 5 Directly electrolyzing saltwater would eliminate 47 
capital and operating costs associated with water purification currently required for electrolysis.6, 48 
7 In practice, a major challenge that arises during the direct electrolysis of seawater is chloride 49 
ions abundant in saltwater can react at the anode to form chlorine gas, which can be further 50 
oxidized to form species that damage electrolyzer components.8, 9 Avoiding or minimizing Cl–51 
/Cl2 reactions at the anode and identifying affordable electrolyzer components will improve the 52 
viability of saltwater electrolysis for green hydrogen production.   53 
 54 
A new approach to avoid chlorine generation in hydrogen production with a saltwater catholyte 55 
is based on using relatively inexpensive thin-film composite (TFC) membranes and a contained, 56 
non-reactive anolyte.8 These membranes possess a thin, size-selective active layer that minimizes 57 
migration of chloride ions from the saltwater catholyte to the anode. The active layer is a  58 
polyamide (PA) film which is formed via interfacial polymerization onto a support layer of 59 
polysulfone, which is normally affixed to polyester web for additional mechanical support.10 60 
Initial tests showed that using different TFC membranes impacts electrolyzer performance, but 61 
some TFC membranes can produce current densities with applied potentials comparable to those 62 
needed with more expensive cation exchange membranes (CEMs).8 Modifications to the 63 
membrane have been proposed to decrease the overall resistance of the membrane while 64 
reducing chloride permeation, but these studies demonstrate the mechanisms governing the TFC 65 
membrane-based electrolyzer performance are not straightforward.11-13 The multiple composite 66 
layers of the membrane have different transport properties, and the size-exclusive nature of the 67 
active layer causes the resistance of the membrane to change depending on the abundance of 68 
varying ions in solution.  69 
 70 
The purpose of this study was to determine whether a simplified Solution-Friction (SF) model 71 
could be used to predict transport of the main charge carriers across a TFC membrane during 72 
saltwater electrolysis. Modeling has been valuable in deepening our understanding of ion 73 
transport across PA TFC membranes during reverse osmosis (RO) and nanofiltration (NF) 74 
processes.14-19 For NF applications there is a large water flux and no external applied electric 75 
field, which are conditions much different from those in water electrolyzers. Because this kind of 76 
model has never been used to represent ion transport across TFC membranes during saltwater 77 
electrolysis quantitatively, it was unknown whether all the typical parameters needed to describe 78 
water flux and ion transport for RO applications are largely influential during water electrolysis 79 
(WE) applications. A reduced model was developed here to predict ion transport under 80 
conditions relevant to WE, by assigning the same size-related partitioning and frictional 81 
coefficients to every salt ion. The model was tested under non-steady conditions to observe the 82 
dynamic response of the system to large pH changes due to the water splitting reactions. Model 83 
calibration was based on using standard salt ion and membrane parameters and fitting four other 84 
parameters using ion transport data from electrolysis experiments conducted with electrolytes at 85 
a concentration of 600 mM and a set current density of 10 mA cm–2. The utility of this calibrated 86 
model was then demonstrated by comparing the predicted ion transport at varying electrolyte 87 
concentrations and current densities with our experimental data. We used the validated model to 88 
estimate how ion transport rate and selectivity might change during electrolysis for various 89 
membrane charge densities. Finally, we examined the formation of steep pH gradients within the 90 
membrane layers, due to water ion association from H+ and OH– generated at the electrodes.  91 
 92 
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METHODS 93 
Materials and chemical information  94 
ACS grade NaClO4 and KNO3 (Sigma-Aldrich) were used as the anolyte and catholyte, 95 
respectively, in all electrolysis experiments. All solutions were prepared using deionized (DI) 96 
water (>18.2 MΩ cm, Mili-Q ultrapure water purification system, Synergy). SW30XLE 97 
membranes (Dow Chemical) were used for all electrolysis experiments. To fully wet the TFC 98 
membranes, they were placed in 25% v/v isopropanol aqueous solution on a shaker for 60 99 
minutes. Finally, the membranes were thoroughly rinsed with DI water three times on a shaker 100 
for 30 minutes and stored in DI water at 4oC prior to use.  101 
 102 
Electrode preparation method  103 
Electrodes were prepared as previously described.8, 11 The anode and cathode were circular with 104 
the same exposed area as the membrane (7.1 cm2) to enable the electric field to be more evenly 105 
distributed across the membrane. Carbon paper was first immersed in a 3/2 v/v ratio of 106 
HNO3/H2SO4 for 60 minutes to clean the carbon through oxidation and increase the adhesion of 107 
catalyst particles.20 The carbon paper was then thoroughly rinsed with DI water until the pH of 108 
the DI water running off the carbon paper was neutral, and then it was dried in air overnight. For 109 
each 7.1 cm2 electrode, 35.5 mg of 10% Pt/C powder, 29 µL of DI water, 237 µL of a 110 
perfluorinated resin solution with 5 wt. % Nafion (Sigma Aldrich), and 118 µL of isopropanol 111 
were mixed and painted onto the carbon paper using a brush.  The electrodes were dried in air 112 
over night before they were used.  113 
 114 
Saltwater electrolysis 115 
Two cylindrical reactor chambers, each with a volume of 31 mL, were held together with screws 116 
and bolts with an RO membrane positioned between them, as previously described.8, 11 The 117 
anode and cathode were fixed 4 cm away from the membrane at either end of the reactor 118 
chambers to ensure bubble formation did not influence ion transport near the membrane (Figure 119 
1a, Figure S1 and S2). Both the anolyte (NaClO4) and catholyte (KNO3) were mixed with an 120 
overhead stirrer (Caframo) at a rate of 100 rpm. Unlike chloride, NO3– cannot be oxidized at the 121 
anode to compete with the oxygen evolution reaction OER. Additionally, NO3– and Cl– are both 122 
monovalent and have similar hydrated radii.21 Therefore, NO3– was used as counter-ion in place 123 
of Cl–, to facilitate an accurate measurement of anion concentration transported from catholyte to 124 
anolyte. A VMP3 potentiostat (Biologic) was used to apply the set current density to the cell. 125 
Samples (0.5 mL) were collected from both the anolyte and catholyte every 20 minutes, resulting 126 
in a total volume change of 3 mL in each chamber over the course of an experiment. The 127 
experiments were stopped after 120 minutes to avoid a large water volume change in the reactor 128 
and maintain constant working membrane and electrode area. Additionally, using a 120-minute 129 
experimental period enabled us to examine both the dynamic changes of the system when the pH 130 
is rapidly decreasing in the anolyte and increasing in the catholyte as well as relatively stable 131 
operation. Previous saltwater electrolysis studies with TFC membranes demonstrated that a 132 
pseudo steady-state in pH was reached after a 60 minute period, so 120 minutes was chosen here 133 
to ensure both periods of rapidly changing and relatively stable pH conditions.8 The samples 134 
were diluted 10-fold prior to analysis using an ion chromatograph (Integrion Ion 135 
Chromatography system, Thermo Fisher). The pH of the diluted samples was measured using a 136 
pH probe (SevenMulti, Mettler Toledo, Switzerland) which was calibrated prior to 137 
measurements. Electrolysis experiments were conducted in duplicate.  138 
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 139 
Fraction of charge carried 140 
The fraction of charge carried across the membranes by salt ions (Na+, NO3–, K+, ClO4–) and 141 
water ions (H+, OH–) was calculated using the transport results at the set current density (detailed 142 
calculations in S1). The constant current density 𝑖𝑖𝑎𝑎 provides a fixed charge flux across the 143 
membrane at any given point, with the charge carried by salt ions (Na+ and NO3–) and water ions 144 
generated by the electrodes (H+ and OH–) moving in the direction of the potential gradient. Salt 145 
ions crossing the membrane in the direction opposite of the potential gradient (K+ and ClO4

–) 146 
increase the amount of charge that must be carried by major ions, such that 𝑖𝑖𝑎𝑎 = 𝐹𝐹(|𝐽𝐽𝑁𝑁𝑁𝑁+| +147 
�𝐽𝐽𝑁𝑁𝑁𝑁3−� + |𝐽𝐽𝐻𝐻+| + |𝐽𝐽𝑂𝑂𝑂𝑂−| − �𝐽𝐽𝐶𝐶𝐶𝐶𝐶𝐶4−� − |𝐽𝐽𝐾𝐾+|), with Ji the molar flux of any ion i. After calculating 148 
the flux of charge carried by salt ions, any remaining charge not accounted for was attributed to 149 
water ions. 150 



5 
 

 151 

 152 
Figure 1. (a) Schematic of saltwater electrolysis cell with anodic and cathodic reactions, and ion 153 
transport directions specified; (b) The model breakdown of the two-chamber system into two 154 
ideally mixed domains (bulk anolyte and catholyte) and four 1-D domains (two diffusion 155 
boundary layers adjacent to the membrane and two membrane layers) with distinct mass 156 
transport properties. The system is here not represented to scale. A typical concentration profile 157 
(K+) is represented across the domains Ω, separated by interfaces Γ. 158 
 159 
 160 
 161 
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Modeling ion transport in a batch saltwater electrolysis cell  162 
We constructed a time-dependent, one-dimensional (1-D) numerical model to simulate the 163 
transport of sodium (Na+), nitrate (NO3–), potassium (K+), perchlorate (ClO4–), protons (H+), and 164 
hydroxide (OH–) across a TFC membrane within a batch electrolyzer. This numerical framework 165 
was implemented in COMSOL Multiphysics v. 6.2 software (www.comsol.com, COMSOL AB, 166 
Stockholm, Sweden).  167 
 168 
Geometry. The 1-D concentration and potential gradients were calculated across a system with 169 
interconnected domains, consistent with the geometry of the experimental batch reactor (Figure 170 
1b). Due to vigorous stirring, the anolyte and catholyte (constant) volumes were assumed ideally 171 
mixed, thus represented by one concentration for each ion, ca,i and cc,i - both functions of time. 172 
The Pt/C electrodes were represented as sources of H+ to the anolyte and OH- to the catholyte. 173 
Electrolytes were separated by a TFC membrane situated at a distance L from each electrode. 174 
Time-dependent gradients of concentration ci and potential φ were computed in several layers 175 
forming a series of resistances to mass and charge transfer between the anolyte and catholyte. 176 
Mass transfer boundary layers (concentration boundary layer, CBL) of equal thickness La=Lc 177 
were considered in the electrolyte adjacent to either side of the membrane. The TFC membrane 178 
consisted of a thin active layer facing the catholyte and porous support layer facing the anolyte. 179 
Based on previous studies, the active layer was estimated to be Lm=150 nm thick, and the porous 180 
support layer was Ls=150 µm thick.10, 14, 22  181 
 182 
Ion and charge balances. The time-dependent spatial distribution of ion concentrations ci and 183 
electrolyte potential φ in the four connected layers were computed from material and charge 184 
balances. The time-dependent transport of any ion i of charge zi within the several layers is 185 
represented by Nernst-Planck ion fluxes including diffusion and electromigration.12, 14  186 
 187 

𝜕𝜕𝑐𝑐𝑖𝑖
𝜕𝜕𝜕𝜕
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+ 𝑧𝑧𝑖𝑖 𝑐𝑐𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

 
𝜕𝜕φ
𝜕𝜕𝜕𝜕�

+ 𝑟𝑟𝑖𝑖 [1] 

 188 
A coefficient f was used to modify the magnitude of the diffusion coefficients Di in different 189 
domains. In the mass transfer boundary layers (domains Ωa and Ωc), the diffusion coefficients 190 
were those in water (f = 1). In the membrane support layer (Ωs), where pores are on the micron 191 
scale, 𝑓𝑓 = 𝜀𝜀𝑠𝑠 as an effectiveness factor lumping porosity and tortuosity effects. In the dense 192 
active layer (Ωm), ion transport is also retarded by friction between ions and the membrane 193 
polymer, thus using a smaller factor 𝑓𝑓 = 𝜀𝜀𝑎𝑎 .23 Exact values of these effectiveness or friction 194 
factors remain highly uncertain, therefore, to simplify the model, the same values εs and εa were 195 
assumed for all six ions and fit to our experimental ion transport data. To compute local pH, 196 
water dissociation with equilibrium constant 𝐾𝐾𝑤𝑤 was included in a kinetic way with rate 𝑟𝑟𝐻𝐻+ =197 
𝑟𝑟𝑂𝑂𝐻𝐻− = 𝑘𝑘𝑤𝑤(1 − 𝑐𝑐𝐻𝐻+𝑐𝑐𝑂𝑂𝐻𝐻−/𝐾𝐾𝑤𝑤) where the rate coefficient kw takes an arbitrarily large value to 198 
approximate equilibrium in all domains. There are no reaction rate terms ri for Na+, NO3–, K+ and 199 
ClO4–. 200 
 201 
The electroneutrality at every point x in the system is ensured by a charge balance. In electrolyte 202 
boundary layers and membrane support, the balance is a sum of concentrations ci multiplied by 203 
ion charge 𝑧𝑧𝑖𝑖 (eq. [2a]). In the membrane active layer, the electroneutrality condition includes the 204 
membrane charge density X in molar units, here negatively charged (eq. [2b]). 205 

http://www.comsol.com/


7 
 

�𝑧𝑧𝑖𝑖𝑐𝑐𝑖𝑖 = 0
𝑖𝑖

  [2a] 

−𝑋𝑋 + �𝑧𝑧𝑖𝑖𝑐𝑐𝑖𝑖
𝑖𝑖

= 0  
[2b] 

 206 
In every experiment, the membrane active layer faced the catholyte. Because the catholyte pH 207 
rapidly becomes highly alkaline (pH~13) during electrolysis under these test conditions in 208 
previous studies 8, the carboxylic groups on the polyamide will be deprotonated, fully 209 
functionalizing the active layer. The negative active layer charge density was set to X=400 mM 210 
to be consistent with the highly alkaline operating conditions.24 The differential-algebraic system 211 
of equations contains six ion balances (eq. [1]) and one charge balance (eq. [2]) in all domains, 212 
and - after assigning boundary and initial conditions - allows computing the 6 concentrations ci 213 
and one electrolyte potential φ. 214 
 215 
Boundary conditions.  On the bulk anolyte and catholyte boundaries (Γa and Γc), concentrations 216 
ca,i and cc,i were set. These bulk concentrations result from solving a system of differential 217 
equations in the batch system in time with constant volume (eq. [3]). 218 
 219 

𝑑𝑑𝑐𝑐𝑎𝑎,𝑖𝑖

𝑑𝑑𝑑𝑑
=
𝐴𝐴
𝑉𝑉
�𝐽𝐽𝑎𝑎,𝑖𝑖 − 𝐽𝐽𝑖𝑖� + 𝑟𝑟𝑖𝑖 ,         

𝑑𝑑𝑐𝑐𝑐𝑐,𝑖𝑖

𝑑𝑑𝑑𝑑
=
𝐴𝐴
𝑉𝑉
�𝐽𝐽𝑐𝑐,𝑖𝑖 + 𝐽𝐽𝑖𝑖� + 𝑟𝑟𝑖𝑖 [3] 

 220 
A source flux accounts for H+ production at anode, equal with the flux of OH- produced at the 221 
cathode, 𝐽𝐽𝑎𝑎,𝐻𝐻+ = 𝐽𝐽𝑐𝑐,𝑂𝑂𝑂𝑂− = 𝑖𝑖𝑎𝑎/𝐹𝐹 while no other ions are interacting with the electrodes, thus 222 
𝐽𝐽𝑎𝑎,𝑖𝑖 = 0 for all other ions. Another total flux 𝐽𝐽𝑖𝑖, (i.e., diffusion + migration), is exchanged with 223 
the corresponding boundary layers for all ions. Kinetic rates 𝑟𝑟𝐻𝐻+ = 𝑟𝑟𝑂𝑂𝐻𝐻− were included for H+ 224 
and OH– according to water dissociation, while ri = 0 for other ions. The electrode and membrane 225 
areas both have an area of A, and electrolyte volume is V, so the ratio A/V=1/L, where L is the 226 
distance between the electrode and CBL (electrode-CBL). The electrode-CBL distance is the 227 
difference between the electrode-membrane distance (3.7 cm), which is measured, and the CBL 228 
length (0.02 cm), which is estimated based on the literature.25 Because the CBL thickness is two 229 
orders of magnitude less than the electrode-CBL distance, and therefore negligible, the electrode-230 
membrane distance is defined as L = 3.7 cm. The current density was fixed at the anode 231 
boundary Γa as ia =10 mA cm–2, and the electrolyte potential was fixed at the cathode boundary 232 
Γc as φ = 0 V (as reference potential).  233 
 234 
Internal boundary conditions have to be assigned too. On the interface connecting the membrane 235 
support with the anolyte Γas, continuity of potential and ion current, as well as concentrations and 236 
fluxes for all ions hold. On the active layer interfaces (Γsm and Γcm) however, partition conditions 237 
were set for concentrations and potential to influence ion permeance into the active layer, while 238 
ion fluxes and current must remain continuous. The concentration of ion i inside the membrane 239 
cm,i is related to its concentration outside in the water cw,i by 𝑐𝑐𝑚𝑚,𝑖𝑖 = 𝑐𝑐𝑤𝑤,𝑖𝑖𝐾𝐾𝑖𝑖. The partition 240 
coefficient Ki is the result of different effects, but we included Donnan partitioning as a function 241 
of the potential difference inside/outside the membrane, Φ𝐷𝐷,𝑖𝑖 = exp  (− 𝑧𝑧𝑖𝑖𝐹𝐹∆φ /𝑅𝑅𝑅𝑅) , and a 242 
lumped coefficient Φi for other effects (e.g., steric, dielectric), so that 𝐾𝐾𝑖𝑖 = Φ𝑖𝑖Φ𝐷𝐷,𝑖𝑖  .12, 14 243 
Additionally, Φi was set to be the same value for all ions to simplify the number of fitting 244 
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parameters. By eliminating differences in size-based partitioning between the ions, we can 245 
analyze the importance of using these individual partitioning coefficients to describe selective 246 
ion transport across the TFC membranes in an induced electric field.  247 
  248 
Initial Conditions. The initial electrolyte concentrations used for model calibration were 600 mM 249 
of NaClO4 in the anolyte and 600 mM of KNO3 in the catholyte with an initial pH of 5.7. Thus, 250 
for example, the initial values were 𝑐𝑐0,𝑁𝑁𝑁𝑁+ = 𝑐𝑐0,𝐶𝐶𝐶𝐶𝐶𝐶4− = 600 mM, 𝑐𝑐0,𝐾𝐾+ = 𝑐𝑐0,𝑁𝑁𝑁𝑁3− = 0, 𝑐𝑐0,𝐻𝐻+ =251 
10−pH, 𝑐𝑐0,𝑂𝑂𝑂𝑂− = 𝐾𝐾w

𝑐𝑐0,H+
  for concentrations on the anolyte boundary Γa and domains Ωa and Ωs. 252 

Accordingly, 𝑐𝑐0,𝑁𝑁𝑁𝑁+ = 𝑐𝑐0,𝐶𝐶𝐶𝐶𝐶𝐶4− = 0, 𝑐𝑐0,𝐾𝐾+ = 𝑐𝑐0,𝑁𝑁𝑁𝑁3− = 600 mM for Γc and Ωc. A zero initial 253 
electrolyte potential was set everywhere. 254 
 255 
Model parameters. Values for the model parameters were obtained from literature for: diffusion 256 
coefficients26-29, membrane layer thicknesses22, 23, partitioning for H+ and OH–24, and membrane 257 
charge density16, 24, while boundary layer thicknesses was estimated from correlations and 258 
literature.25 Operational parameters (initial concentrations, pH, current density) were measured. 259 
The diffusion effectiveness for the active (𝜀𝜀𝑎𝑎) and support (𝜀𝜀𝑠𝑠) membrane layers, and a single 260 
partition coefficient for all salt ions (Φi) were the three parameters used to fit the solution friction 261 
model to ion transport data (Table 1). 262 
 263 
Model solution and validation. The model was solved for a 2 h period with an ultra-fine mesh in 264 
the membrane layers (20 nm in active layer, 0.5 µm in the support), and a fine mesh in the CBL 265 
(10 µm). The model was fit using the experimental transport data obtained during electrolysis 266 
with 600 mM electrolytes and a set constant current density of 10 mA cm–2. To verify the model 267 
capability in predicting ion transport at different electrolyzer conditions, the set current density 268 
and initial electrolyte concentrations were changed according to new experimental conditions: (i) 269 
ia increased to 14 mA cm–2; (ii) initial electrolyte concentrations increased to 800 and 1000 mM 270 
in both electrolytes (ia=10 mA cm–2); (iii) at ia=14 mA cm–2, the electrolyte concentrations of 271 
600, 800 and 1000 mM. In all cases, the initial pH was kept constant at 5.7.  272 
  273 
Sensitivity analysis. A sensitivity analysis was conducted on some parameters taken from 274 
literature to determine whether deviations from these assumptions significantly influence ion 275 
crossover. The CBL thickness was varied from 50-300 µm, membrane backbone thickness from 276 
100-150 µm, active layer thickness from 100-150 nm, and the membrane charge from 0-600 277 
mM, all based on reasonable ranges from literature. 23, 25, 30.  278 
 279 
  280 
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Table 1. Model parameters, base case values. 281 
 282 

Parameter Description Value Unit Source/Notes 
Geometry 

L Distance electrode-membrane  3.7 cm measured 

𝐿𝐿𝑎𝑎, 𝐿𝐿𝑐𝑐 Concentration boundary layer 
thickness 200 µm 25 

𝐿𝐿𝑠𝑠 Support layer thickness 150 µm 23 
𝐿𝐿𝑚𝑚 Active layer thickness 150 nm 22 

Mass transport 
𝐷𝐷𝑖𝑖 Diffusion coefficients in water    m2 s-1 20 °C 

  𝑁𝑁𝑎𝑎+  1.3 × 10-9  26 
  𝑁𝑁𝑂𝑂3−  1.7 × 10-9  27 

  𝐾𝐾+  2.0 × 10-9  26 

  𝐶𝐶𝐶𝐶𝑂𝑂4−  1.8 × 10-9  28 

  𝐻𝐻+  9.3 × 10-9  29 
  𝑂𝑂𝑂𝑂−  5.3 × 10-9  26 

ε𝑎𝑎 Membrane active layer 
diffusion effectiveness factor 0.001 - fitted 

ε𝑠𝑠 
Membrane support layer 
diffusion effectiveness factor 0.015 - fitted 

Φ𝑖𝑖 
Steric and dielectric 
partitioning  -  

  𝑁𝑁𝑎𝑎+, 𝑁𝑁𝑂𝑂3−, 𝐾𝐾+,𝐶𝐶𝐶𝐶𝑂𝑂4−    0.25  fitted 
  𝐻𝐻+,  𝑂𝑂𝑂𝑂−  1  16 

𝑋𝑋 Membrane negative charge 
density 400 mM 24 

Aqueous equilibria 
𝐾𝐾𝑤𝑤 Water equilibrium constant 1 × 10-14 mol2 L-2  

𝑘𝑘𝑤𝑤 Water association rate constant 1× 10-4 mol m-3 s-1 
arbitrary value 
ensuring near 
equilibrium 

Operation 
𝑖𝑖𝑎𝑎 Applied current density 10 mA cm-2 measured 

𝑐𝑐0,𝑎𝑎, 𝑐𝑐0,𝑐𝑐 
Initial concentrations anolyte 
(NaClO4) / catholyte (KNO3) 600 mM measured 

𝑝𝑝𝑝𝑝0 Initial pH in anolyte / catholyte 5.7 - measured 
Others 

𝑇𝑇 Temperature 293.15 K measured 
𝑅𝑅 Gas constant 8.3145 J mol-1 K-1  
𝐹𝐹 Faraday constant 96485 C mol-1  

 283 
  284 
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 285 
RESULTS AND DISCUSSION 286 
Ion crossover used as baseline data  287 
At the set current density of 10 mA cm–2 a relatively large electrolyte potential gradient 288 
developed across the reactor, which promoted the transport of Na+ across the membrane into the 289 
catholyte and NO3– into the anolyte. In contrast, the transport of K+ and ClO4– across the 290 
membrane was minimal, due to their diffusion in the direction opposite to the applied electric 291 
field. As a result, the final experimentally measured concentrations of Na+ (63.5 ± 3.9 mM) and 292 
NO3– (59.6 ± 1.6 mM) were two orders of magnitude higher than the final concentrations of K+ 293 
(0.4 ± 0.2 mM) and ClO4– (0.2 ± 0. 01 mM) after 2 hours of operation. The anolyte chamber 294 
rapidly became acidic due to H+ generation by the OER, with a final pH of 0.9, and the pH in the 295 
catholyte chamber rapidly became basic due to OH– generation by the HER, with a final pH of 296 
13.3. 297 
 298 
Model calibration 299 
The model was calibrated using three fitting parameters (𝜀𝜀𝑎𝑎, 𝜀𝜀𝑠𝑠,Φ) and the other model 300 
parameters (Table 1) based on the ion crossover measured at the set current density of 10 mA 301 
cm–2 and electrolyte conditions of 600 mM. The fitted non-dimensional parameters were: 302 
𝜀𝜀𝑎𝑎 = 0.001, the active layer transport effectiveness factor, 𝜀𝜀𝑠𝑠 = 0.015 the support layer 303 
effectiveness factor (clumping both polysulfone support and polyester backbone), and Φ = 0.25 304 
steric/dielectric partitioning factor for all salt ions. Model agreement was based on the fit 305 
between the experimental data for the transport of the main charge carriers across the TFC 306 
membrane and the model prediction during the initial 120 minutes of electrolysis (Figure 2a). 307 
Initial fitting parameters were selected based on previous modeling of ion transport across 308 
polyamide layers14, and adjustments were made to these parameters to obtain a better fit. The 309 
model was optimized with root mean square error values of 6.1 mM for Na+ and 6.4 mM for 310 
NO3–. Additional membrane characterization and minimization of fitting parameters could be 311 
done in the future to further refine the fitting parameters by using a larger set of data for 312 
calibrating these models. 313 
 314 
Model simulation using the parameters in Table 1 showed good agreement with the ion crossover 315 
results, with only slight deviations between the model and experimental data despite the use of a 316 
limited number of fitting parameters. The agreement of the model and experimental results 317 
indicated that the electric field was the dominant factor in driving the major salt ions across the 318 
PA active layer. Using the fit model, the diffusion and migration fluxes in and around the 319 
membrane could be broken down into their individual components (Figures S4a and S4b). While 320 
diffusion flux was higher inside the active layer, the migration flux dominated the major ion 321 
transport in their initial compartments and across most of the backbone. This fit of the major salt 322 
ions for balancing charge (Na+ and NO3–) was possible without having to include individual size-323 
based partition coefficients or friction factors for individual ions.  324 
 325 
A sensitivity analysis of the active layer thickness Lm, support layer thickness Ls, and boundary 326 
layer thickness, La and Lc indicated that changing these parameters between the upper and lower 327 
bounds of a reasonable range for each value based on the literature revealed that there were only 328 
very small changes in ion transport (Figure S5, S6, and S7). The largest change for the main 329 
charge carriers (Na+, NO3–) was due to varying the active layer thickness. Increasing the active 330 
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layer from 100 nm to 200 nm increased Na+ ion crossover by 6.7% (from 63.8 mM to 68.1 mM) 331 
and decreased NO3– crossover by 10%) (from 75.1 mM to 67.2 mM). In comparison, changing 332 
the backbone thickness from 100 µm to 250 µm caused a 3.8% change in Na+ crossover and a 333 
4.4% change in NO3– crossover, while changing the boundary layer thickness from 50 µm to 300 334 
µm caused a 1.2% change in Na+ and a 1.8% change in NO3–.  335 

 336 
The change in the average concentrations of H+ and OH– in the two chambers based on pH over 337 
time was in good agreement with the model predictions (Figure 2c). Using the measured and 338 
modeled ion transport data, the fraction of current carried across the TFC membrane by each ion 339 
was calculated to compare the relative importance of salt versus water ion transport in 340 
maintaining the set current density (Figure 2d). Salt ions initially carried most of the charge 341 
across the membrane in these tests, but the fraction of charge carried by water ions substantially 342 
increased over time. A concentration profile of the salt ions across the CBLs, backbone, and 343 
active layer is presented in the SI, as well as the potential profile across the system (Figure S3a 344 

Figure 2. (a) Salt ion transport across the TFC membrane over 120 minutes of electrolysis in the 
catholyte (Cat) and anolyte (An). (b) Concentration of K+ and ClO4– transported across the 
membrane. Note the different scales of the y-axis on figures a and b. (c) Bulk pH in the anolyte 
and catholyte during electrolysis. (d) The fraction of charge carried across the TFC membrane by 
major salt ions (Na+ and NO3–) and water ions. (e) the bulk concentration of ClO4–, Na+, and H+ 
calculated via electroneutrality with the ion crossover data and projected by the model. (f) Bulk 
concentration of K+, NO3–, and OH– in the catholyte during electrolysis. 
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and Figure S3c). The concentration profile of Na+ across the system is plotted at several time 345 
positions to demonstrate how transport changes over time in the SI (Figure S3d) 346 
 347 
While the experimental results and the model produced good agreement in the concentrations of 348 
H+ based on pHs (0.9 for the anolyte, and 13.2 for the catholyte according to the model), the final 349 
concentrations of H+ in the anolyte and OH– were more noticeably different when compared on a 350 
linear scale. By using the ion transport data, the linear concentration of water ions in the bulk 351 
solutions could be calculated according to electroneutrality. The concentration of H+ in the 352 
anolyte increased from essentially zero (0.002 mM) at the initial neutral pH to 122 mM ± 6 mM 353 
according to experimental data and 141 mM according to the model (Figure 2e). The same 354 
increase in OH– concentration was observed in the catholyte, as H+ and OH– are generated at the 355 
same rate at the electrodes (Figure 2f). These increases in the concentrations of the water ions in 356 
the chambers enabled more current to be carried across the membrane by these ions as their 357 
concentrations approached those of the salt ions. The final fraction of charge carried by water 358 
ions was 33% ± 5% based on the final pH, compared to 47% by the model. K+ and ClO4– 359 
combined accounted for <1 mM of ion transport across the membrane after 120 minutes of 360 
electrolysis (Figure 2d). These ions transport across the membrane in the opposite direction of 361 
the current density in such small concentrations they can be considered minor current 362 
contributors to the system. The ion chromatography methods used were optimized for the 363 
measurement of the major ions in the system rather than the dilute minor ions. Because neither 364 
ion participates in unwanted side reactions at either the anode or cathode (ClO4– is fully oxidized, 365 
and the reduction reaction is not known to compete with hydrogen evolution), differences 366 
between the experimental data and model simulations were not a concern due to the focus on the 367 
transport of chloride or nitration ions.31 Likely better agreement between the model and data 368 
could be obtained by adjusting individual ion parameters, but the goal here was to minimize 369 
fitting parameters needed to reproduce the main characteristics of the system.  370 
 NO3– and Na+ transport across the membrane is limited to what is required to maintain 371 
the set current density, although NO3– permeation in the current configuration is higher than 372 
desired for larger-scale electrolysis. Additional membrane and electrolyzer modifications are 373 
being studied to decrease Cl– permeation to the anode. For example, adding polyamide active 374 
layers to both sides of the TFC membrane successfully reduced Cl– permeation from the 375 
catholyte to the anolyte by 53% during electrolysis with a zero gap electrolyzer.13 Additionally, 376 
the zero-gap electrolyzer configuration enables lower salt ion permeation in comparison to the 377 
batch electrolyzer used here with a membrane-electrode distance of 3.7 cm. The same amount of 378 
total salt ion transport after two hours in the batch electrolyzer occurs after 6 hours in the zero-379 
gap electrolyzer.12 The smaller electrode-membrane distance in the zero-gap configuration 380 
enables a higher percentage of charge to be carried by water ions generated at the electrodes, 381 
while water ions are forced to first migrate across the electrolyte chambers in the batch 382 
configuration.13 383 
 384 
Model validation by changing electrolyte concentrations 385 
The crossover of salt ions predicted by the model was compared to experimental results using 386 
two additional initial electrolyte concentrations of 800 mM and 1000 mM at a set current density 387 
of 10 mA cm–2. When the initial electrolyte concentrations in both chambers were increased to 388 
800 mM and 1000 mM, the model predicted only slightly different amounts of total salt ion 389 
crossover than those measured. For a 67% increase in electrolyte concentration (600 to 1000 390 
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mM) the model predicted an 18% increase in NO3– crossover compared to the observed 17% ± 391 
2% crossover. For Na+ the model predicted 11% crossover, compared to 18% ± 3% measured 392 
(Figure 3).  393 
 394 
The final transport of K+ and ClO4– ions predicted by the model was within 2 mM of the total 395 
crossover measured. The final value of K+ transport predicted for an 800 mM electrolyte was 1.5 396 
mM, which is the same as that obtained in experiments, while the final crossover predicted for 397 
the 1000 mM electrolyte case was 3.8 mM compared to the measurement of 2.6 ± 0.3 mM. The 398 
final transport of ClO4– predicted by the model for the 800 mM electrolyte case was 1.5 mM 399 
compared to a measured value of 0.6 ± 0.3 mM and for the 1000 mM case was 3.7 mM 400 
compared to the measured value of 1.8 ± 0.6 mM. While these are large percentage changes, it is 401 
considered here that a better fit of these minor ions through introducing additional parameters is 402 
not needed because these ions carry little charge across the membrane.  403 
 404 

Increasing the salt concentration resulted in a decrease in the amount of charge carried by water 405 
ions (Figure S8). Water ions accounted for 33 ± 5% of current transport with a 600 mM 406 

Figure 3. The experimentally measured and modeled transport of (a) Na+ (b) NO3– (c) K+ and 
(d) ClO4– ions across the membrane during electrolysis with increasing initial anolyte and 
catholyte concentrations. Green text indicates ions moving in the same direction of the potential 
gradient across the membrane (positively charged ions moving towards the negatively charged 
electrode, or negatively charge ions moving towards a positively charged electrode) and red 
text indicates ions moving in the opposite direction of the potential gradient across the 
membrane (positively charged ions moving towards the positively charged electrode and 
negatively charged ions moving towards the negatively charged electrode).  
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electrolyte but decreased to 27 ± 13% with an 800 mM electrolyte and 24 ± 4% with a 1000 mM 407 
electrolyte. Since the current density was the same while the salt concentration was increased, 408 
the ratio of salt ions to water ions in solution increased, resulting in more salt ions carrying 409 
charge across the membrane.  410 
 411 
Impact of current density on ion transport 412 
Increasing the current density will require a corresponding increase in total ion migration across 413 
the membrane. The main charge carrier transport was predicted reasonably well by the model 414 
when the current density was increased from 10 to 14 mA cm–2 with an electrolyte concentration 415 
of 600 mM. The predicted crossover of NO3– into the anolyte after 120 minutes was 90.7 mM 416 
compared to the 78.5 ± 2.2 mM observed, and the predicted crossover of Na+ into the catholyte 417 
was 87.8 mM compared 86.9 ± 1.4 mM (Figure 4a and 4b). Increasing the current density by 418 
40% caused a 33.7% increase in total crossover of main salt ions, as salt ions are the main charge 419 
carriers across the membrane. Additional simulations were done using 800 mM and 1000 mM 420 
electrolytes with similarly good agreement between the model and data (Figure S9 and S10). 421 
Increasing the current density resulted in an increased fraction of charge carried by water ions 422 
and decreased fraction of charge carried by salt ions predicted by the model at the end of 120 423 
minutes of electrolysis (Figure S11). Although the higher current density caused more salt ion 424 
transport, it also resulted in a larger rate of water ions generated at the electrodes. The water ions 425 
are preferable charge carriers across the membrane, so increasing the ratio of water ions to salt 426 
ions in solution caused a higher fraction of charge to be carried by water ions.  427 
 428 
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 The differences in minor ion transport data and model predictions after 120 minutes of 429 
electrolysis were within 0.7 mM for K+ and 0.5 mM for ClO4– with a current density of 14 mA 430 
cm-2 (Figure 4c, 4d). At the higher current density, the model predicted final crossover of 0.02 431 
mM for K+ and 0.05 mM for ClO4–, while K+ was experimentally measured to have 0.7 ± 0.5 432 
mM and ClO4– had 0.4 ± 0.1 mM of total transport. The model predicted that increasing the 433 
current density would decrease the amount of minor ions crossing over the membrane. However, 434 
the experimental trend was the opposite, showing a higher transport of K+ and ClO4– across the 435 

membrane at higher current densities. Determining whether this discrepancy is meaningful or 436 
merely a result of slight inaccuracies in measuring ClO4– and K+ ion crossover is challenging, as 437 
ion chromatography techniques were optimized for the measurement of the major ions in the 438 
system, rather than the dilute minor ions. Additional electrolysis simulations and experiments 439 
done with initial conditions of 800 mM and 1000 mM electrolytes can also be found in the SI 440 
(Figure S7 and S8).  441 
 442 
Relative insignificance of membrane charge and Donnan partitioning on ion crossover 443 
The model was used to predict the impact of membrane charge on ion crossover. Increasing the 444 
membrane charge from –400 to –600 mM was predicted to increase the crossover of Na+ ions by 445 
5% (total of 3.5 mM) and decrease NO3– ion crossover by 9% (6.3 mM) (Figure 5a and Figure 446 
5b). In the absence of a charge on the membrane (0 mM), Na+ was predicted to decrease by 7% 447 

Figure 4. The experimentally measured and modeled transport of (a) Na+ (b) NO3– (c) K+ and 
(d) ClO4– ions across the membrane during electrolysis with increasing current density and 
initial anolyte and catholyte concentrations of 600 mM. Green text indicates ions moving in the 
same direction of the potential gradient and red text indicates ions moving in the opposite 
direction of the potential gradient. 
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(4.4 mM), and NO3– was predicted to increase by 11% (7.7 mM). Making the membrane more 448 
negatively charged should have increased the Donnan partitioning effect, which would have 449 
decreased NO3– crossover, consistent with the model’s predicted decrease of this ion.  450 
 451 
 452 

 453 
Previous studies using Rutherford backscattering spectroscopy and electron impedance 454 
spectrometry have suggested the maximum negative charge of a fully aromatic polyamide 455 
membrane might be somewhere between –400 mM or –600 mM depending on the membrane at 456 
pH values greater than 13.24, 32 Using the COMSOL simulation to sweep the membrane charge 457 
from 0 mM to -600 mM predicted that the ratio of Na+ versus NO3–  transporting across the 458 
membrane changed, although the total major salt ion transport across the membrane remained 459 
relatively constant (141 mM with 0 mM charge and 135 mM with -600 mM charge).  One 460 
potential explanation for the decrease in NO3– crossover is because the negatively charged 461 
membrane resisted the transport of this anion due to increased Donnan partitioning at the 462 
membrane interface. Conversely, more Na+ ions might have been partitioned into the negative 463 
membrane to maintain electroneutrality, resulting in higher flux of Na+ into the catholyte.33 For 464 
the other two ions (K+ and ClO4–) where the direction of the electric field is not driving their 465 
transport across the membrane changing the membrane charge from 0 mM to 600 mM caused 466 
less than a 1 mM change in their overall transport across the membrane. 467 
 468 

Figure 5. Concentration measured in adjacent chamber of (a) Na+ (b) NO3– (c) K+ and (d) ClO4– 
during electrolysis when the membrane charge is changed between -600 mM and 0 mM. Green 
arrows indicate ions moving in the same direction as the potential gradient, and red arrows 
indicate ions moving in the opposite direction of the potential gradient. 
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These simulation results corroborate with previous experimental ion transport results in a zero-469 
gap electrolyzer which demonstrated that membrane charge could be used to tune the ratio of salt 470 
ions transported but could not be used to increase the total fraction of charge carried by water 471 
ions.13 Recent studies have debated the impact of polyamide membrane charge on water 472 
purification systems using typical reverse osmosis and nanofiltration membranes, suggesting the 473 
RBS and EIS studies might not be capturing the effective membrane charge that exists during 474 
operation in high salinity and pH solutions.34  Whether or not the membrane is truly highly 475 
charged in this electrolyzer set-up with high pH values is unclear based on the simulation results. 476 
The differences in ion transport due to a higher negatively charged membrane versus an 477 
uncharged membrane are small enough to be fixed by slightly changing other fitting parameters. 478 
In comparison to the set current density, which dictated a flux of salt ions across the membrane, 479 
the membrane charge was relatively insignificant in controlling salt ion transport across the 480 
membrane.  481 
 482 
Insights into water ion transport through the TFC membrane 483 
The model was used to predict spatial changes in pH across the membrane, as pH changes within 484 
the two membrane layers would be difficult to measure. The pH data is presented over a general 485 
schematic of the reactor to provide some spatial reference points to make the data easier to 486 
interpret. The pH was indicted to be constant across the concentration boundary layers in the 487 
electrolyte chambers, consistent with the construction of the model to have diffusion coefficients 488 
like those in water, resulting in fast diffusion across these regions (Figure 6).  While there might 489 
be linear concentration gradients across these concentration boundary layers, small changes in 490 
H+ and OH– concentrations on a linear scale do not translate to large pH changes on a log scale. 491 
The pH in the active layer was calculated to be nearly constant at pH=12.6. Thus, the active layer 492 
was highly alkaline, and at this pH all the carboxylic acid groups in the membrane would be 493 
deprotonated, causing the membrane to have a negative charge somewhere between –400 to –494 

600 mM.24 The model predicted a steep pH gradient in the support layer, nearer to the active 495 
layer (cathode side) than the anolyte, where H+ meet OH– and essentially instantaneously 496 
combine in the water association reaction (Figure 6). At higher current densities typically used 497 

Figure 6. pH across model, which includes concentration boundary layers, the membrane 
backbone, and membrane active layer. 
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industrially, this pH gradient would be more difficult to compute because the flux of H+ and OH–498 
through the membrane will be larger, so more water association would be occurring. More 499 
computational power (finer meshes, smaller step sizes, different assumptions, etc.) will be 500 
required for future studies at industrial level current densities but these simulations will provide 501 
necessary insights into salt and water ion transport. 502 

Short term stability tests (5 h) indicated that the polyamide membranes were stable for 503 
the pH conditions in these experiments, and manufacturer spec sheets suggest these membranes 504 
are stable for short periods of time in pH conditions from 1 to 13.35 The purpose of this work is 505 
validating the model during the initial electrolysis period with extreme pH changes, so the long-506 
term stability of the membrane does not impact the results here. Future work could study long 507 
term membrane stability during electrolysis and examine different membrane modifications to 508 
improve stability. 509 
 510 
Implications  511 
In this study, a solution friction transport model was fit to ion transport data across a polyamide 512 
membrane during electrolysis using minimal fitting parameters in the active layer. Specifically, 513 
the same steric and dielectric partition coefficient, as well as friction coefficient, was used for all 514 
salt ions through the membrane. Without accounting for size differences in salt ions other than 515 
their different diffusion coefficients, the fit model was successfully validated against the 516 
transport data of main charge carriers across the membrane when the current density and 517 
electrolyte concentrations were increased. A set current density required a flux of charge across 518 
the membrane, and water ions existed in solution at much lower concentrations than salt ions, so 519 
salt ions consistently carried most of the charge across the membrane. Increasing the membrane 520 
charge changed the ratio of salt ions carrying charge across the membrane but did not decrease 521 
the total amount of salt ions transported. NO3– crossover, which is indicative of Cl– crossover, 522 
can be reduced in saltwater electrolysis by increasing the negative charge of the membrane. 523 
Additionally, salt ion transport is controlled by the set current density, so modifying the 524 
electrolyzer conditions to change the main charge carriers in conjunction with membrane 525 
modifications can decrease Cl– transport further.  526 
 527 
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