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Resistance Measurements 18 
 19 
For the membrane electric resistance measurements, the membrane was placed in a cubic cell 20 
with a cylindrical chamber containing either 0.6 M or 1 M NaCl (Figure S1 and Figure S2). Two 21 
Ag/AgCl reference electrodes were placed on either side of the membrane and inside tubing 22 
connected to Luggin capillaries. The anode and cathode were both Pt/Ti mesh electrodes placed 23 
at either end of the cylindrical chamber, 10 cm apart. A potentiostat was used to apply low 24 
current densities (0.07 to 3 mA/cm2) to the cell, and the reference electrodes measured the 25 
potential drop across the membrane.  The second hole next to the one holding the reference 26 
electrode is used to facilitate removal of the liquid following an experiment.  27 
 28 

 29 

Figure S2. Schematic of cubic cell with cylindrical chamber used for membrane 
electric resistance measurements. The apparatus is not drawn to scale. 

Figure S2. Schematic of cubic cell with cylindrical chamber used for membrane 
electric resistance measurements. The size of each component is not to scale. 
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 30 

EC-Lab software recorded the potential drop between the reference electrodes at each applied 31 
current (Figure S3 and Figure S4). The results were linear, confirming that the current densities 32 
applied were in the ohmic region of a polarization curve, and the energy requirement to facilitate 33 
the desired current density is solely dictated by the ohmic contributions of the cell. From this 34 
data, the resistance between the reference electrodes can be extracted as the proportionality 35 
constant between the potential vs. current plots.  36 

37 

Figure S2. Photograph of apparatus used for membrane resistance measurements 



 4 

 38 
In the ohmic region, potential (U) in units of V, is linearly related to the current (I) in units of A, 39 
and the slope of the line is the resistance (R) in units of Ω. Therefore, the total resistances of the 40 
membrane + solution, 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚+𝑠𝑠𝑠𝑠𝑠𝑠, in units of Ω is the following for the three pieces of RO1 (BW) 41 
membrane: 42 
 43 

RO1 (BW) – 1: 5.28 Ω 44 
RO1 (BW) – 2: 5.29 Ω 45 
RO1 (BW) – 3: 5.25 Ω  46 

 47 
To find the area resistance, multiply the resistances by the exposed area of the membrane, 7.55 48 
cm2: 49 
 50 

RO1 (BW) – 1: (5.28 Ω)(7.55 cm2) = 39.86 Ω cm2 51 
RO1 (BW) – 2: (5.29 Ω)(7.55 cm2) = 39.94 Ω cm2 52 
RO1 (BW) – 3: (5.25 Ω)(7. 55 cm2) = 39.64 Ω cm2 53 

 54 
55 

Figure S3. Potential versus current data for 3 pieces of RO1 (BW) membrane cut from a larger flat sheet 
membrane. 
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The solution resistances Rsol are the following: 56 
 57 

Solution – 1: 4.44 Ω cm2 58 
Solution – 2: 4.50 Ω cm2 59 

 60 
The area resistances are the following: 61 
 62 

Solution – 1: (4.44 Ω)(7.55 cm2) = 33.52 Ω cm2 63 
Solution – 2: (4.50 Ω)(7.55 cm2) = 33.98 Ω cm2 64 

 65 
Average Rmem+sol: 39.81 Ω cm2 66 
Average Rsol: 33.75 Ω cm2 67 

 68 
The membrane resistance is calculated as: 69 
 70 

𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚+𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠 = 39.81 Ω cm2 − 33.75 Ω cm2 = 6.06 Ω cm2 71 
 72 
 73 
Total Thickness Measurements: 74 
 75 
The total thicknesses of three RO membranes, one NF membrane, and one FO membrane were 76 
measured using an outside micrometer (Mitutoyo Kawasaki, Japan) (Figure S5). When the 77 
membrane total thickness was compared to electric resistance, there was no significant 78 
correlation between the two (R2 = 0.06).  79 
 80 
 81 

Figure S4. Potential vs. current data for 1M NaCl solution between reference electrodes. 
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  82 

Figure S5. Total thickness measured using an outside micrometer. 

Figure S6. Total thickness plotted against membrane resistance. 
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Membrane Water Flux using Manufacturer’s Specification Sheets 83 
 84 
To better understand the differences between the reverse osmosis membranes we selected for 85 
further studies, we used manufacture’s published data to learn about the membrane performance 86 
in filtration experiments (Table S1). We calculated the permeate fluxes in LMH using the 87 
published gallons per day (gpd) of permeate and membrane active area [1-3] (Table S2).  88 
 89 
Table S1. Reported gallons per day of permeate, membrane active area, and NaCl rejection for three RO 90 
membranes studied. Using this data, the permeate flux was calcuated for each membrane in LMH. 91 

Membrane Reported 
gallons per 
day (gpd) 

Reported 
Membrane 
Active Area 
(ft2) 

Calculated 
Flux (gfd) 

Calculated 
Flux 
(LMH) 

Reported 
Rejection 

RO1 (ACM5, 
Trisep) 

800 26 30.8 52.3 98.5% 

RO2 (BW-
XLE, DuPont) 

14,000 440 31.8 54.1 99.0% 

RO3 (SWC4, 
Hydranautics) 

5,200 370 14.1 23.9 99.8% 

 92 
The following is an example of how we used the published data to calculate the permeate flux in 93 
LMH: 94 
 95 
RO1 (ACM5, Trisep): 96 
 97 
GFD = 800 gpd / 26 ft2 = 30.8 gfd 98 
LMH = 30.8 gfd * 1.7 (LMH/gfd) = 52.3 LMH 99 
 100 
The results are summarized as follows: 101 
 102 
Table S2. Flux in LMH and NaCl rejection of three RO membranes used in electrochemical and hydraulic 103 
studies in this work. 104 

Membrane Permeate Flux (LMH) Rejection 
RO1 (ACM5, Trisep) 52.3 98.5% 
RO2 (BW-XLE, DuPont) 54.1 99.0% 
RO3 (SWC4, Hydranautics) 23.9 99.8% 

 105 
 106 
Water Electrolyzer Experiments 107 
 108 
During electrolysis, protons generated at the anode and hydroxide ions generated at the cathode 109 
will cause large pH gradients across the reactor. After electrolyzing saltwater for two hours in the 110 
zero-gap flow cell using each of the three RO membranes, one NF membrane, and one FO 111 
membranes, the pH was measured in the anolyte and catholyte. (Figure S7).  112 
 113 
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 114 

Ion Crossover Experiments 115 
 116 
After electrolyzing saltwater in the cubic cell with a cylindrical chamber for 1 hour using each of 117 
the selected membranes (3 RO, 1 NF, 1 FO), the pH was measured in the anolyte and catholyte. 118 
The same large pH gradients observed in the zero-gap flow cell (Figure S7) were observed in the 119 
cubic cell with a cylindrical chamber (Figure S8).  120 
 121 

Figure S7. Anolyte and Catholyte pH after 2 hours of electrolysis with a saltwater (NaCl, 1 M) catholyte and 
contained catholyte (NaClO4, 1 M) in a zero-gap flow cell. The pH was measured with a SevenMulti dual pH 
and conductivity meter (Mettler Toledo, Switzerland). 

Figure S8. Anolyte and Catholyte pH after 1 hour of electrolysis with a saltwater (NaCl, 1 M) catholyte 
and contained anolyte (NaClO4, 1 M) in a cubic reactor. The pH was measured with a SevenMulti dual pH 
and conductivity meter (Mettler Toledo, Switzerland). 
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 122 
Calculating Fraction of Charge Carried by Water Ions (H+ and OH-) 123 
 124 
Ions carry charge in the direction of the potential gradient to maintain a set current density. The 125 
moles of ions required to carry a constant current density of 20 mA/cm2 can be calculated, which 126 
is shown below. The fraction of charge carried by salt ions can be determined from the ion 127 
crossover data collected during electrolysis in the cylindrical chamber. Sodium and chloride ions 128 
are transported in the direction of the electric field, so they contribute to the 20 mA/cm2 current 129 
density between the anode and cathode. Potassium and perchlorate transport across the 130 
membrane due to diffusion only, moving in the opposite direction of the potential gradient. 131 
Therefore, more ions must be transported in the direction of the potential gradient to counteract 132 
the loss of charge transfer due to potassium and perchlorate crossover.  133 
 134 
The moles of charge carried by protons or hydroxide ions can be deduced by comparing the 135 
moles of ions which must be transported across the membrane to maintain a current density of 20 136 
mA/cm2 to the amount of salt ions which crossed over the membrane in the direction of the 137 
potential gradient. Knowing the fraction of charge which was carried across each membrane by 138 
protons and hydroxide ions will give insight into the selective ion transport of each membrane.  139 
 140 
For a current density of 20 mA/cm2, the moles of charge transferred to carry the current for one 141 
hour is:  142 
 143 

𝑛𝑛𝑡𝑡 =
𝐼𝐼 𝑡𝑡 𝐴𝐴𝑒𝑒
𝐹𝐹

=
�20 mA

cm2� (3600 s)(1.68 cm2)

(96485 C
mol)

= 1.25 mmol charge equivalents 144 

 145 
The moles of charge carried by salt ions over 1 hour can be subtracted from the total moles of 146 
charge transferred to determine the moles carried by water ions (H+ + OH–). Water loss during 1 147 
hour of electrolysis at 20 mA/cm2 is negligible, so the volume in the anolyte and catholyte is 148 
considered constant, 31 mL [4].  The following ion crossover concentrations are average 149 
concentrations. 150 
 151 
The contribution of salt ion and water ions to charge transfer, and the fraction of charge carrier 152 
that is water ions is calculated the following way for each membrane: 153 
 154 
RO1 (BW): 155 
 156 

Moles of Na+ in Catholyte: 𝑛𝑛𝑁𝑁𝑁𝑁+ = (4.42 mM)( 31 mL) = 0.14 mmole charge equiv. 157 
Moles of ClO4

- in Catholyte: 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶4− = (0.47 mM)(31 mL) = 0.01 mmole charge equiv. 158 
Moles of K+ in Anolyte: 𝑛𝑛𝐾𝐾+ = (0.59 mM)(31 mL) = 0.02 mmole charge equiv. 159 
Moles of Cl- in Anolyte: 𝑛𝑛𝐶𝐶𝐶𝐶− = (22.99 mM)(31 mL) = 0.71 mmole charge equiv. 160 

 161 
Net salt ion charge contribution towards current density:  162 
 163 

𝑛𝑛𝑠𝑠 = 𝑛𝑛𝑁𝑁𝑁𝑁+ + 𝑛𝑛𝐶𝐶𝐶𝐶− − 𝑛𝑛𝐾𝐾+ − 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶4− = 0.14 + 0.71 − 0.02 − 0.01 = 0.82 mmole 164 
 165 
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Moles of charge carried by water ions: 166 
 167 

𝑛𝑛𝑤𝑤 = 𝑛𝑛𝑡𝑡 − 𝑛𝑛𝑠𝑠 = 1.25 − 0.82 = 0.43 mmole charge equiv. 168 
 169 
Fraction of charge carried by water ions (transport number): 170 
 171 

𝑡𝑡𝐻𝐻+ =
0.43 mmole
1.25 mmole

= 0.34 172 

 173 
RO2 (BW): 174 
 175 

Moles of Na+ in Catholyte: 𝑛𝑛𝑁𝑁𝑁𝑁+ = (5.30 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.16 mmole charge equiv. 176 
Moles of ClO4

- in Catholyte: 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶4− = (0.36 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.01 mmole charge equiv. 177 
Moles of K+ in Anolyte: 𝑛𝑛𝐾𝐾+ = (0 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0 mmole charge equiv. 178 
Moles of Cl- in Anolyte: 𝑛𝑛𝐶𝐶𝐶𝐶− = (20.95 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.65 mmole charge equiv. 179 

 180 
Net salt ion charge contributing towards current density:  181 
 182 

𝑛𝑛𝑠𝑠 = 𝑛𝑛𝑁𝑁𝑁𝑁+ + 𝑛𝑛𝐶𝐶𝐶𝐶− − 𝑛𝑛𝐾𝐾+ − 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶4− = 0.16 + 0.65 − 0 − 0.01 = 0.8 mmole 183 
 184 
Charge carried by water ions: 185 
 186 

𝑛𝑛𝑤𝑤 = 𝑛𝑛𝑡𝑡 − 𝑛𝑛𝑠𝑠 = 1.25 − 0.8 = 0.45 mmole charge equiv. 187 
 188 
Fraction of charge carried by water ions (transport number): 189 
 190 

𝑡𝑡𝐻𝐻+ =
0.45 mmole
1.25 mmole

= 0.36 191 

 192 
RO3 (SW): 193 
 194 

Moles of Na+ in Catholyte: 𝑛𝑛𝑁𝑁𝑁𝑁+ = (9.81 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.30 mmole charge equiv. 195 
Moles of ClO4

- in Catholyte: 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶4− = (0.44 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.01 mmole charge equiv. 196 
Moles of K+ in Anolyte: 𝑛𝑛𝐾𝐾+ = (0 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0 mmole charge equiv. 197 
Moles of Cl- in Anolyte: 𝑛𝑛𝐶𝐶𝐶𝐶− = (10.46 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.32 mmole charge equiv. 198 

 199 
Net salt ion charge contributing towards current density:  200 
 201 

𝑛𝑛𝑠𝑠 = 𝑛𝑛𝑁𝑁𝑁𝑁+ + 𝑛𝑛𝐶𝐶𝐶𝐶− − 𝑛𝑛𝐾𝐾+ − 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶4− = 0.30 + 0.32 − 0 − 0.01 = 0.61 mmole 202 
 203 
Charge carried by water ions: 204 
 205 

𝑛𝑛𝑤𝑤 = 𝑛𝑛𝑡𝑡 − 𝑛𝑛𝑠𝑠 = 1.25 − 0.61 = 0.64 mmole charge equiv. 206 
 207 
Fraction of charge carried by water ions (transport number): 208 
 209 
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𝑡𝑡𝐻𝐻+ =
0.64 mmole
1.25 mmole

= 0.51 210 

 211 
NF: 212 
 213 

Moles of Na+ in Catholyte: 𝑛𝑛𝑁𝑁𝑁𝑁+ = (27.34 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.85 mmole charge equiv. 214 
Moles of ClO4

- in Catholyte: 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶4− = (4.28 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.13 mmole charge equiv. 215 
Moles of K+ in Anolyte: 𝑛𝑛𝐾𝐾+ = (0.04 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.001 mmole charge equiv. 216 
Moles of Cl- in Anolyte: 𝑛𝑛𝐶𝐶𝐶𝐶− = (6.5 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.20 mmole charge equiv. 217 

 218 
Net salt ion charge contributing towards current density:  219 
 220 

𝑛𝑛𝑠𝑠 = 𝑛𝑛𝑁𝑁𝑁𝑁+ + 𝑛𝑛𝐶𝐶𝐶𝐶− − 𝑛𝑛𝐾𝐾+ − 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶4− = 0.85 + 0.20 − 0.001 − 0.13 = 0.92 mmole 221 
 222 
Charge carried by water ions: 223 
 224 

𝑛𝑛𝑤𝑤 = 𝑛𝑛𝑡𝑡 − 𝑛𝑛𝑠𝑠 = 1.25 − 0.92 = 0.33 mmole charge equiv. 225 
 226 
Fraction of charge carried by water ions (transport number): 227 
 228 

𝑡𝑡𝐻𝐻+ =
0.33 mmole
1.25 mmole

= 0.26 229 

 230 
FO: 231 
 232 

Moles of Na+ in Catholyte: 𝑛𝑛𝑁𝑁𝑁𝑁+ = (49.52 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 1.54 mmole charge equiv. 233 
Moles of ClO4

- in Catholyte: 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶4− = (7.32 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.23 mmole charge equiv. 234 
Moles of K+ in Anolyte: 𝑛𝑛𝐾𝐾+ = (7.52 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.23 mmole charge equiv. 235 
Moles of Cl- in Anolyte: 𝑛𝑛𝐶𝐶𝐶𝐶− = (5.45 𝑚𝑚𝑚𝑚)(31 𝑚𝑚𝑚𝑚) = 0.17 mmole charge equiv. 236 

 237 
Net salt ion charge contributing towards current density:  238 
 239 

𝑛𝑛𝑠𝑠 = 𝑛𝑛𝑁𝑁𝑁𝑁+ + 𝑛𝑛𝐶𝐶𝐶𝐶− − 𝑛𝑛𝐾𝐾+ − 𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶4− = 1.54 + 0.17 − 0.23 − 0.23 = 1.25 mmole 240 
 241 
Charge carried by water ions: 242 
 243 

𝑛𝑛𝑤𝑤 = 𝑛𝑛𝑡𝑡 − 𝑛𝑛𝑠𝑠 = 1.25 − 1.25 = 0 mmole charge equiv. 244 
 245 
Fraction of charge carried by water ions (transport number): 246 
 247 

𝑡𝑡𝐻𝐻+ =
0 mmole

1.25 mmole
= 0 248 

 249 
 250 
 251 
 252 
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