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Abstract
Reverse osmosis (RO) is the most widely used desalination technology for treating brackish
water prior to irrigation. RO, however, removes both monovalent ions (Na+ , Cl− ) detrimental to crops and divalent ions (Ca2+ , Mg2+ , SO2−
4 ) that are beneficial. These beneficial
ions must then be reintroduced to the desalinated water by adding fertilizer or mixing with
nutrient-rich brackish water that typically contains excess levels of monovalent ions. Unlike
RO, monovalent selective electrodialysis reversal (MSED-R) removes monovalent ions, while
retaining divalent ions. This paper evaluates whether Neosepta ion exchange membranes,
originally manufactured to concentrate seawater for salt production, show sufficient monovalent selectivity in the brackish salinity range to be suitable for use in greenhouse agriculture.
Using an MSED-R experimental set-up, 16 brackish groundwater compositions are tested to
determine membrane parameters, including limiting current, membrane resistance, membrane
permeability, and membrane selectivity. Across compositions, the Neosepta membranes show
monovalent selectivity for sodium relative to calcium and magnesium and for chloride relative
to sulfate. The membrane selectivities are used to calculate MSED-R fertilizer savings relative to RO for brackish groundwaters across the U.S. Regions in which brackish groundwaters
contain greater than the target nutrient concentrations for crop growth, or show potential for
MSED-R adoption, are also identified.
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Nomenclature
Roman Symbols
Am

Membrane area, m

C

Concentration, mol·m−3

D

Diffusion coefficient, m2 ·s−1

E

Donnan potential, V

F

Faraday constant, C·mol−1

Fcost

Fertilizer cost, $·m−2 ·ppm−1

h

Channel height, m

i

Current density, A·m−2

I

Current, A

J

Flux, mol·m−2 ·s−1

k

Electrical conductivity, S·m−1

Lj

Membrane ion permeability, m·s−1

Lw

Membrane water permeability, s·m−1

m

Slope

M

Molar mass, mg·mol−1

mj

Ion mass, kg

Ncp

Number of cell pairs

P

Permselectivity

Q

Volume flow rate, m3 ·s−1

r

Solute ratio

r̄

Resistance

ReD

Reynolds number

S

Salinity

Sc

Schmidt number

Sh

Sherwood number

Sppm,div

Final divalent concentration savings, ppm

S%,div

Ion percent reduction savings, %
2

S$,div

Fertilizer cost savings, $·ha−1 ·yr−1

T

Transport number

tcu

Integral counter ion transport number

t

Process time, s

Vel

Electrode potential, V

Vstack

Stack potential, V

w

Concentration, meq·L−1

z

Valence

Greek Symbols
π

Osmotic pressure, bar

σ

Spacer shadow effect

Subscripts
anion

Anion

cation

Cation

c

Concentrate

cu

Counter ion

d

Diluate

div

Divalent

f

Final

j

Ion species

lim

Limiting

m

membrane

mon

Monovalent

o, i

Initial

r

Rinse

s

Salt

w

Water

Superscripts
cp

Cell pair
3

Acronyms
AEM

Anion exchange membrane

BGW

Brackish groundwater

CapEx

Capital expense, $

CEM

Cation exchange membrane

ED

Electrodialysis

MSED-R

Monovalent selective electrodialysis reversal

OpEx

Operating expense, $

RO

Reverse osmosis

TDS

Total dissolved solids, mg·L−1
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1. Introduction
Today, agriculture is by far the thirstiest user of our precious water supplies
[1]. By 2050, a combination of population growth, inefficient agricultural practices, and resource-demanding consumption trends will require roughly double
5

the amount of crops be grown, resulting in a proportionally significant increase
in water usage [2]. How will we provide enough water for food production to
sustain our booming population? Greenhouses can serve as part of the solution.
They can produce more food using less water and land resources [3]. Consequently, greenhouses offer an efficient and sustainable alternative to conventional
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open-air farming. The greenhouse industry, a $22.93 billion dollar industry in
2017 is rapidly growing at an annual rate of 8.92% [4].

Water quality is central to greenhouse operation. Greenhouses often rely on
natural water sources, particularly groundwater, for irrigation. Earth’s ground15

water resources are primarily brackish (0.5 g/kg ≤ S ≤ 5 g/kg). For example,
the volume of brackish groundwater (BGW) (1, 000 ppm ≤ TDS ≤ 10, 000 ppm)
underlying the United States is over 35 times the amount of fresh groundwater
used annually [5]. BGW requires desalination in order to reduce salinity and
remove toxic solutes that reduce crop yields. Consequently, greenhouses have

20

begun to adopt reverse osmosis (RO), the most widely used and least expensive
desalination technology, to treat their source water. While RO yields product
waters low in sodium chloride, the technology also removes calcium, magnesium,
and sulfate, divalent ions that encourage crop growth [6]. These key nutrients
must be reintroduced into the desalinated water through the addition of fer-
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tilizer and/or blending with “divalent rich” brackish water; the latter option
results in undesirable levels of monovalent ions that requires the use of excess
water in order to leach salt from soil. In addition, BGW RO operates at a lower
water recovery of approximately 80% [7] compared to other brackish water desalination technologies.

30

5

An alternative to RO is monovalent selective electrodialysis reversal (MSEDR), a variant of electrodialysis (ED) that shows more promise to align with the
needs of the greenhouse industry. Key advantages offered by MSED-R include
the following:
35

1. MSED-R removes monovalent ions (Na+ , Cl− ) damaging to crops while
keeping divalent ions (Ca2+ , Mg2+ , SO2−
4 ) beneficial for crops in the desalinated water. This selective removal reduces fertilizer requirements and
associated costs.
2. MSED-R can achieve a water recovery of over 90% for brackish solutions

40

[8], increasing water savings and decreasing brine volume for disposal
and/or reuse.
3. The average lifetime of MSED-R membranes exceeds that of RO membranes by 2-3 years [8], due to higher chemical and mechanical stability;
this could provide long-term economic benefits.

45

4. MSED-R experiences less membrane fouling or scaling than RO due to its
process reversal.
Although the technology has been around since the 1960s, MSED-R has not
been commercially used for brackish water desalination. Rather, it has been
used to concentrate sodium chloride from seawater for salt production in Japan

50

[9]. As a result, the MSED-R membranes on the market are designed for higher
salinities than brackish water. The monovalent selectivity of MSED-R membranes has been investigated for seawater and concentrated seawater salinities
in the literature [10, 11, 12]. To our knowledge, only two studies [6, 13] investigate the selectivity of commercially available MSED-R membranes for brackish

55

water salinities. Jiang et al. concluded that, for one BGW composition from the
Kay Bailey Hutchinson Desalination Plant in El Paso, Texas, the monovalent
selectivity of the CR67 membrane (Suez Water Technologies & Solutions) was
greatly improved by the addition of a polyethyleneimine coating layer; in both
cases, however, the cation exchange membranes show divalent selectivity. Cohen

60

et al. concluded that, for one BGW composition from Mashabei Sadeh, Israel,
6

CSO/ASV membranes (Asahi Glass) demonstrate some monovalent selectivity,
removing approximately 0.8 calcium and 0.6 magnesium per sodium ion, while
Neosepta CMS/ACS membranes (Astom Corporation) demonstrate divalent selectivity. Because BGW composition varies greatly with location [14], multiple
65

brackish feedwaters should be tested to fully characterize MSED-R membrane
performance and potential in greenhouses.
This paper investigates the selectivity of Neosepta CMS/ACS membranes for
monovalent ions in the brackish salinity range and estimates the achievable
savings in fertilizer costs. First, we run experiments on 16 brackish ground-

70

water compositions to determine membrane selectivity, membrane resistance,
membrane permeability, and limiting current density. Based on these experiments, an MSED-R model for multi-ion transport is developed. Then, we
explore trends in membrane selectivity as a function of brackish groundwater
composition, both total dissolved solids (TDS) and ionic composition. Lastly,

75

the experimentally-determined membrane selectivities are used to evaluate the
nutrient and fertilizer cost savings of MSED-R relative to RO for 6,000 nutrientrich BGWs across the U.S. We show the geographic distribution of these BGWs
in order to identify regions with MSED-R potential1 .

2. Methods
80

MSED-R separates a feed stream into a product stream and a concentrate
stream. The system contains two types of monovalent selective ion-exchange
membranes in order of alternating charge between two electrodes. The cation
exchange membrane (CEM) allows for the passage of monovalent cations while
rejecting divalent cations and all anions. The anion exchange membrane (AEM)

85

allows for the passage of monovalent anions while rejecting divalent anions and
1 Groundwater

composition trends in the U.S. can be extended to BGW samples elsewhere

in the world. The U.S. BGW data used from the U.S. Geological Survey groundwater dataset
[15] contains diverse water types.

7

all cations. Spacers are placed between the membranes, as well as the membranes and electrodes. When a potential difference is applied across the electrodes, ion transport through the membrane is induced, with anions and cations
migrating towards the anode and cathode, respectively.
90

Figure 1 illustrates the ion transport in an MSED-R system with two membranes (number of membrane pairs in an MSED-R system is much larger). In
agriculture applications, the source groundwater containing calcium, magnesium, sulfate, sodium and chloride, among other ions, acts as the feed water
95

to the MSED-R system. Calcium, magnesium, and sulfate, which are divalent
ions, are beneficial for crops, while sodium and chloride, which are monovalent
ions, are harmful to crops. Net salt and water transport from the diluate to the
concentrate (see Figure 1) yield a product stream, high in nutrients and low in
salinity, used for crop growth and a concentrate stream, high in sodium chloride,

100

for reuse after treatment or disposal. Net salt and water transport across the
membrane in each compartment of the MSED-R stack can be written as:

105

Js,j =

cp
Ts,j
i
− Lj (Cj,c,m − Cj,d,m )
zF

(1)

Jw =

Twcp i
+ Lw (πj,c,m − πj,d,m )
F

(2)

where J is flux in mol·m−2 ·s−1 , s denotes salt, w denotes water, T is a transport
number, F is Faraday’s constant, L is the membrane permeability in m·s−1 for
the salts and in s·m−1 for the water, z is the ion valence, c denotes concentrate,
d denotes diluate, m is membrane, C is a concentration in mol·m−3 , and Am is
the membrane area in m2 . The subscript j corresponds to an ion species in the
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groundwater that migrates across the series of ion exchange membranes. The
applied current density i depends on Donnan potentials and ohmic resistances
for the membranes, diluate, and concentrate. The first and second terms on the
right-hand side of Equation 1 capture ion migration and ion diffusion, respec-

8

tively. The first and second terms on the right hand side of Equation 2 capture
115

electro-osmosis and diffusion of water, respectively.

Figure 1: A simplified MSED-R stack comprising two electrodes, a CEM, and a AEM

with groundwater as the feed water (modified from [16]). An applied voltage across
the electrodes yields from the groundwater a concentrate stream for disposal and a
high nutrient, low NaCl diluate stream for crop use. Magnesium, not shown here, will
exhibit the same behaviour as calcium.

Based on these equations, the following membrane parameters will be experimentally determined in order to characterize MSED-R membranes in the brack120

ish water salinity range: membrane resistance and limiting current density;
membrane salt and water permeabilities; ion transport numbers and membrane
selectivity. A model using some of these experimentally determined parameters
as inputs has been developed. The model is detailed further in later sections.

9
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2.1. Experimental set-up
The MSED-R experimental set-up (Figure 2)) uses a PCCell ED200 stack
that contains 10 cell pairs of Neosepta membranes (total active membrane area
of 0.43 m2 )2 , 20 spacers of 0.5 mm thickness and 2 end spacers in the electrode
streams of 1 mm thickness. Diluate, concentrate, and electrode rinse circuits are

130

in a batch configuration. Diluate, concentrate, and electrode rinse containers
can hold up to 1 L, 4 L, and 4 L, respectively, of solution. Simulated groundwater containing sodium, calcium, magnesium, chloride, and sulfate serves as
feedwater in the diluate and concentrate tanks. Sodium sulfate (0.2 M) is used
as the electrode rinse to stabilize pH. Centrifugal pumps (Iwaki, model MD-55R

135

(T)) circulate the three streams, and valved-rotameters regulate the constant
flowrate of 95 LPH. The flow channel height is 0.5 mm. The power supply
(GW-INSTEK GPR-60600) applies a voltage to induce ion transport and separation across the stack. Feed and product water quality is measured using an
inductively coupled plasma optical emission spectrometer. A heat exchanger

140

regulates the concentrate temperature, with the stack effectively serving as a
second heat exchanger that regulates the diluate temperature. All tests are
conducted at 25◦ C.
2 We

cut a 1 m2 sheet of Neosepta membrane into individual membranes with 207 cm2 of

active area in accordance with the PCCell ED200 stack requirements. Membranes are always
stored in water to prevent dry out.

10

Figure 2: MSED-R set-up consisting of a diluate, concentrate, and rinse circuit feeding an
ED200 stack (modified from [17]).

2.2. Brackish groundwaters analyzed
In the present analysis, we define brackish groundwater (BGW) as contain145

ing 500 - 10,000 ppm of total dissolved solids (TDS). To evaluate the impact
of ionic composition on MSED-R membrane performance, we analyze multiple
BGWs containing various cation and anion solute ratios, defined as3 :

rcation =

CCa2+ + CMg2+
CNa+ + CCa2+ + CMg2+

(3)

CSO4 2−
CCl− + CSO4 2−

(4)

ranion =

150

BGW compositions tested in the MSED-R experiments are selected based on
BGW samples in the U.S. Geological Survey (USGS) major-ions dataset [15]
(see Appendix). The dataset contains 28,000 U.S. BGW samples with complete
3 We

define solute ratio in terms of Cj (mg/L), rather than wj (meq/L), in order to develop

transport number fits as a function of measured ion concentrations Cj . For BGWs considered
in this study, the correlation coefficient of solute ratio calculated using Cj and wj is equal to
1 for cations and anions. Consequently, observed trends as a function of solute ratio will be
the same using either concentration basis.

11

composition data, not diverging from electroneutrality by more than 5%. Approximately 91% of the USGS samples contain between 500 - 3,000 ppm TDS.
155

Table A.10 contains 16 BGW solutions with different rcation , ranion , and TDS
values analyzed in this study. The “Cohen” composition corresponds to the
BGW composition used in the Cohen et al. study [6], the only prior work on
upgrading BGW quality for agriculture using MSED-R.

Table 1: BGW compositions analyzed in the MSED-R experiments. Compositions with TDS
of 1,500 - 10,000 ppm were tested at approximately 1,500; 3,000; 5,000; and 10,000 ppm. See
Table 3 for exact TDS values.
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Label

rcation

rCa2+

rMg2+

ranion

TDS (ppm)

Comp. 1

0.40

0.32

0.08

0.40

1,500-10,000

Comp. 2

0.60

0.46

0.14

0.14

1,500-10,000

Comp. 3

0.21

0.13

0.09

0.64

1,500-10,000

Comp. 4

0.39

0.31

0.08

0.57

3000

Comp. 5

0.40

0.33

0.07

0.21

3000

Cohen

0.24

0.14

0.08

0.30

2588

2.3. Membrane resistance and limiting current density
The MSED-R stack can be represented as the sum of ohmic terms r̄, Donnan
potentials EAEM and ECEM , and an electrode potential Vel :
h

i


r̄d
r̄c 
Vstack = i Ncp 2r̄m +
+
+ r̄m + 2r̄r +Ncp EAEM +ECEM +Vel (5)
σ
σ
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where Ncp is number of cell pairs, r denotes the rinse solution, and σ denotes
the spacer shadow effect (see Appendix). The circuit resistances can be written
as the ratio of flow channel height h to electrical conductivity k:

12

r̄ =

170

h
k

(6)

To determine membrane resistance and limiting current density, we conduct
current-voltage tests at constant diluate and concentrate conductivity (kd =
kc = k) for NaCl solutions containing a TDS of 800, 1500, 3000, 5000, and
10,000 ppm and for Comp. 2 BGW solutions containing a TDS of 1500, 3000,
and 5000 ppm. The CEM and AEM resistance, which we assume to be equiva-

175

lent, was evaluated at each conductivity using the slope of a linear fit of Vstack
versus the applied current from Equation 5:

m = (2Ncp + 1)r̄m +

2Ncp h 2hr
+
σk
σkr

(7)

The limiting current density was determined by employing the Cowan and
180

Brown method [18]. The MSED-R stack electrical resistance (∆Vstack /I) was
plotted as a function of the inverse of applied current (1/I) for each conductivity; the minimum point at which the electrical resistance begins to increase
corresponds to the inverse of limiting current (1/Ilim ).
2.4. Membrane diffusion permeability

185

To determine the diffusion permeabilities of the membranes to salt, we conducted tests at zero current (i = 0) with de-ionized water flowing in the diluate
compartment at t = 0. Three tests for each of the four salinities were performed
for Comp. 1, Comp. 2, and Comp. 3 to ensure repeatability. During these
tests, an approximately constant concentrate conductivity was maintained by

190

selecting an initial concentrate solution volume that was four times that of the
diluate. The increase in concentration observed in the diluate compartment
was attributed to osmosis. The change in concentration is halved to account for
transport to both adjacent diluate streams as observed in Equation 8. During
this process, the effects of concentration polarization (CP) are neglected given

13
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the relatively short process run time. The pumps were turned on and data for
diluate conductivity and mass were recorded versus time for a total duration
of 40 - 60 minutes. Based on Equation 1, in which the ion flux is defined a
Jj =

∆mj /Mj
∆tAm ,

the ion permeability can be written as:

Lj =

∆mj /Mj
d
(Cc − ∆C
2 )∆tAm Ncp

(8)

200

where ∆mj is the change in ion mass during a process run time of ∆t, and Mj
is the ion molar mass.
2.5. Transport number and membrane selectivity
Ion transport numbers were determined by running tests at constant current
205

and measuring the mass of ions transported across the membranes in a fixed
amount of time. Three tests were conducted at each set of conditions (16 BGW
solutions: Comp. 1 - Comp. 5 and Cohen at specified salinities) to ensure repeatability. During these tests, simulated BGW served as the feedwater in the
diluate and concentrate circuits. The pumps were turned on, and a constant

210

current was applied across the stack, such that i/ilim does not exceed 0.7, which
is typical of brackish water operation in commercial ED systems [19]. Based on
Equation 1, the ion transport number is defined as:
cp
Ts,j
=

215

∆wj F
i∆tAm Ncp

(9)

where ∆wj is the change in ion concentration in milliequivalents relative to the
initial ion concentration at t = 0. Because we have used the Hittorf method,
the ion diffusion term in Equation 1, which is nearly three orders of magnitude
less than the ion migration term, is neglected. This has been validated even for
high salinity applications by McGovern et al. [17].

220

To quantify the MSED-R membranes’ ability to selectively remove monovalent

14

relative to divalent ions, we define a membrane permselectivity P as the ratio
of the divalent to monovalent transport numbers, normalized by their initial ion
concentrations at t = 0:
225

div
Pmon
≡

Tdiv /wdiv,o
Tmon /wmon,o

(10)

The closer P is to unity, the less the membranes’ monovalent selectivity. Smaller
permselectivities denote better rejection of monovalent ions and allude to a more
efficient MSED-R system.
230

2.6. Transport model
A model for ion and water transport was developed. The model discretizes
the MSED-R stack into differential volumes and uses Equations 1 and 2 to quantify the overall ion and water transport. The model’s purpose is to inform and
direct the experimental approach while simultaneously validating results.
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Figure 3: An MSED-R diagram illustrating conventions for the direction of salt and water
flux across the membrane in each compartment of the stack.

The stagnant film model is used to quantify concentration polarization in the
diluate and concentrate compartments. The stagnant film model has shown
alignment with experiments even for high salinity applications, justifying its
usage in the brackish salinity range. Equation 11 represents the mathematical
240

relation used to calculate the concentration boundary layer.

15


∆Cj =

Tcu − tcu,j
Dj



i
zF



2h
Sh


(11)

where ∆Cj is the difference in concentration between the bulk flow and membrane surface for species j. The concentration boundary layer is symmetric on
245

both sides of the ion exchange membranes to conserve mass. Tcu is the counter
ion transport number determined from experiments and tcu,j is the integral
counter ion transport number. Dj is the diffusion coefficient of species j in water, h is the channel height in MSED-R stack, and Sh is the Sherwood number.
The empirical relation adopted by McGovern et al. for the MSED-R setup was
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used to determine the Sherwood number [20]:
0.33
Sh = 0.37Re0.5
D Sc

(12)

where ReD is the Reynolds number based on the hydraulic diameter of the
MSED-R stack and Sc is the Schmidt number. ReD in the MSED-R set-up is
255

approximately equal to 37, which falls in the ReD range (25-50) required for
Equation 12 to be valid.

The value for tcu,j commonly used in the literature is 0.5 for NaCl solutions
[20]. Since this paper tests multi-ion solutions the integral counter-ion trans260

port number is calculated for each ion species using Equation 13.
zj Dj Cj
tcu,j = PNi
i=1 zi Di Ci

(13)

where Cj is the equivalent concentration of ion species j, and i iterates through
all cations or anions present within the solution.

16
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3. Results
This section includes experimental and modelling results for membrane resistance, limiting current density, membrane permeability, ion transport numbers,
and membrane selectivity for monovalent ions for various NaCl and BGW solutions. These results are representative of a bench-scale setup. Because system
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parameters may vary with scale4 , pilot studies in greenhouses are necessary to
fully characterize MSED systems for real-world applications.
3.1. Membrane resistance and limiting current density
Because BGW composition varies greatly with location, the membrane resistance and limiting current density will not, in practice, be characterized for

275

every BGW feedwater to an MSED-R system. Therefore, we determine these
parameters for NaCl solutions with BGW salinities. These NaCl results are
equivalent to a lower bound on membrane resistance and limiting current density of any BGW solution. Consequently, they serve as a useful benchmark for
multi-ionic solution behavior.

280

3.1.1. Membrane resistance
Membrane resistance is typically evaluated at standard conditions, i.e., in 0.5
M (29 g/kg) NaCl solution [21]. However, this resistance value is insufficient for
agriculture applications in which source water contains less than 10 g/kg [14].
Therefore, we determine Neosepta membrane resistance for 0.8 g/kg - 35 g/kg

285

NaCl solutions. Consistent with the literature [21, 22], we find that membrane
resistance increases significantly as salinity decreases (see Figure 4); a possible
drawback of using MSED-R in the BGW range is resistive losses in the stack [23].

4 System

parameters that impact the desalination process may vary with scale for a variety

of reasons, including differences in transport characteristics (e.g., salt absorption by the membranes), experimental operating conditions (e.g., flowrate, membrane area, tank volume), and
system configurations (e.g., batch versus continuous).

17

Figure 4: CEM and AEM resistance of Neosepta membranes for NaCl solutions containing
different TDS. Values obtained match those in the literature (rm = 1.8 − 3.8 Ω-cm2 ) [6].

3.1.2. Limiting current density
290

Operating at an applied current near or above the limiting current can impede the performance of MSED-R membranes. Consequently, it is important to
quantify the limiting current in order to optimize MSED-R system performance.
Figure 5 shows the linear dependence of limiting current density on sodium concentration for NaCl and Comp. 2 solutions. Groundwater has a higher current
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density than NaCl solutions due to the presence of other cations, in addition to
sodium, that carry the current. In multi-ionic groundwater solutions, monovalent selective CEMs first deplete sodium from the boundary layer adjacent to
the membrane before depleting divalent ions. Therefore, the limiting current is
no longer a function of only sodium concentration. Figure 6 reflects the trade-off

300

between monovalent selectivity and applied current density. Monovalent selectivity decreases, i.e., permselectivity increases, when the system operates at a
current above the limiting current density.

18

Figure 5: Limiting current density as a function of sodium concentration in the diluate for
various dilutions of sodium chloride solution and Comp. 2.

Figure 6: Membrane permselectivity as a function of the ratio of applied current to limiting
current for a 3000 ppm BGW solution (Comp. 2). Once the limiting current density is surpassed (i/ilim > 1), the permselectivity no longer linearly increases with current, reflecting
decreased membrane performance.

3.2. Membrane diffusion permeability
305

The ion permeabilities for Ca2+ , Mg2+ , Na+ , Cl− , and SO2−
were experi4
mentally determined for various dilutions of Comp. 1, Comp. 2, and Comp. 3.

19

They were the same order of magnitude across all compositions and salinities.
Table 2 includes these average values and standard deviations; the standard
deviations are large, because the permeability measurements are based on small
310

changes in diluate concentration. Permeability values of the monovalent ions
are the same order of magnitude as those of regular ED Neosepta membranes
[17]. As expected, the divalent ions are less permeable than the monovalent ions
as a result of the monovalent selectivity of the membranes.

Table 2: Ion permeabilities Lj average and standard deviation for various BGW dilutions.
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Lj,average (m/s)

Lj,stdev. (m/s)

Na+

3.1 × 10−8

1.4 × 10−8

Ca2+

4.7 × 10−9

1.0 × 10−9

Mg2+

3.5 × 10−9

1.8 × 10−9

Cl−

3.1 × 10−8

1.4 × 10−8

SO2−
4

6.7 × 10−9

1.5 × 10−9

3.3. Membrane selectivity
We consider 16 BGW compositions in our selectivity analysis, due to significant variations in BGW ionic composition with location. In contrast to the
Cohen et al. study, Neosepta CEMs and AEMs show selectivity towards monovalent ions in the brackish salinity range. A key finding is that small divalent

320

transport alone does not correspond to increased monovalent selectivity, for it
is the relative divalent to monovalent transport that determines overall selectivity. We explore trends in ion transport and selectivity as a function of time in a
given experiment, with a comparison to our multi-ion transport model. We also
investigate the relationship between selectivity and composition (BGW salin-
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ity, solute ratio) across experiments. Counter-ion (i.e., an ion with an electric
charge opposite to the membrane) and co-ion (i.e., an ion with the same electric
20

charge as the membrane) solute ratio effects on counter-ion permselectivity are
considered. Selectivity appears to be insensitive to BGW salinity and may be
sensitive to counter-ion solute ratio.
330

3.3.1. Permselectivity for 16 BGW compositions
The Neosepta CEMs and AEMs demonstrate promising monovalent permselectivity for 16 BGW compositions, with a maximum standard deviation of
20%. Calcium permselectivity across all compositions is 0.26 ± 0.03. This corresponds to an overall removal of 3.6-4.6 times more sodium than calcium across

335

the CEMs. Magnesium permselectivity across all compositions is 0.15 ± 0.03,
corresponding to a 5.7-8.7 times reduction of sodium relative to magnesium.
Magnesium selectivity is greater than that of calcium, due to differences in their
hydration energies. In order to cross the membranes, the ions must partially
or completely shed their hydration shell. Magnesium has a larger hydration
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energy (1904 kJ/mol) and thus lower removal rate than calcium (1592 kJ/mol)
[24]. Sulfate permselectivity across all compositions is 0.17 ± 0.03, representing
a removal of 4.8-7.7 times more chloride ions than sulfate ions. Table 3 shows
permselectivities for each BGW composition.
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Table 3: Calcium, magnesium, and sodium permselectivity for 16 BGW compositions. The
first two columns indicate BGW composition.

TDS (ppm)

Ca
PNa

Mg
PNa

SO4
PCl

1542

0.27 ± 0.02

0.15 ± 0.01

0.22 ± 0.01

2687

0.23 ± 0.01

0.13 ± 0.02

0.15 ± 0.01

4190

0.28 ± 0.02

0.14 ± 0.01

0.10 ± 0.01

10810

0.26 ± 0.02

0.13 ± 0.01

0.14 ± 0.01

1380

0.25 ± 0.02

0.10 ± 0.02

0.13 ± 0.01

2014

0.23 ± 0.01

0.14 ± 0.02

0.17 ± 0.02

3013

0.22 ± 0.02

0.11 ± 0.01

0.11 ± 0.01

4643

0.20 ± 0.02

0.11 ± 0.02

0.14 ± 0.008

10660

0.27 ± 0.02

0.18 ± 0.01

0.20 ± 0.01

1391

0.29 ± 0.03

0.20 ± 0.01

0.24 ± 0.005

2813

0.27 ± 0.01

0.16 ± 0.01

0.23 ± 0.009

4668

0.29 ± 0.03

0.14 ± 0.006

0.19 ± 0.01

10771

0.24 ± 0.01

0.17 ± 0.02

0.12 ± 0.01

Comp. 4

2819

0.27 ± 0.02

0.17 ± 0.01

0.23 ± 0.004

Comp. 5

3177

0.25 ± 0.02

0.14 ± 0.03

0.13 ± 0.01

Cohen

2588

0.27 ± 0.01

0.16 ± 0.02

0.16 ± 0.02

Solute ratio

Comp. 1

Comp. 2

Comp. 3
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3.3.2. Comparison to prior literature
To our knowledge, Cohen et al. has conducted the only previous measurements on upgrading groundwater quality for irrigation using MSED-R Neosepta
membranes [6]. They tested these membranes on Mashabei BGW (see Table
4) to determine monovalent permselectivity. Their results do not report experi-
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mental error, so it is unclear whether one or multiple trials were run. The study
found that Neosepta CEMs are divalent selective, removing more calcium and
magnesium than sodium during the desalination process. We conducted five
trials using the same MSED-R stack (PCCell ED200), membranes (Neosepta),
22

and feedwater (Table A.10) as in the Cohen study.
355

Our results indicate that the Neosepta CEMs are monovalent selective, showing
“notable separation” according to the benchmark provided by Cohen et al.5 .
We find a calcium permselectivity of 0.28 ± 0.03, compared to Cohen’s 1.7, and
magnesium permselectivity of 0.18 ± 0.02, compared to Cohen’s 1.5. Table 4
360

shows a more detailed comparison of results. Exchanges with the membrane
manufacturer also suggest that undamaged Neosepta membranes will always be
monovalent selective [25]. Our findings for other compositions further corroborate the monovalent selectivity of Neosepta CEMs.

Table 4: Comparison of our MSED-R ion reductions to those of Cohen, with Mashabei BGW
composition as feedwater.
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Cohen feedwater

Our feedwater

Cohen ion

Our ion

(ppm)

(ppm)

reductions (%)

reductions (%)

Na+

730

725 ± 60

48

65 ± 3.6

Ca2+

135

134 ± 6.2

80

19 ± 2.8

Mg2+

80

81 ± 4.9

70

11 ± 1.3

Cl−

1150

1158 ± 81

73

64 ± 3.4

SO2−
4

500

490 ± 18

3

11 ± 1.2

3.3.3. Trends in desalination process time: experiments and model
Throughout the course of an experiment, we observe consistent trends in
normalized concentration drop and membrane selectivity across BGW compo5 According

to Cohen, “notable separation” corresponds to a removal ratio for Na+ , Ca2+ ,

Mg2+ of 52%, 44%, and 24%. According to our permselectivity definition, these values correspond to a calcium selectivity of 0.85 and a magnesium selectivity of 0.46.
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sitions. Figure 7 shows a representative experiment of Comp. 1 containing a
TDS of 3,000 ppm. The normalized concentrations of Ca2+ , Mg2+ , and Na+
370

and membrane selectivity for monovalent ions linearly decrease with process
time (see Section 3.1 for reasoning). In other words, the membrane selectivity
worsens with decreasing diluate salinity, matching trends in the literature [6].
Because the initial concentration ratio is the same for a given experiment, the
trend in membrane selectivity with time also represents that of transport num-
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ber ratio, i.e., divalent relative to monovalent transport number. The transport
number ratio depends solely on the change in ion concentration over process time
because the other parameters in the equation for transport number (Equation 9)
are the same in a given experiment. Consequently, the transport number ratio,
and thus membrane selectivity, should linearly vary with time. The MSED-R
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model developed matches the experimental trends in normalized concentration
drop within 8% error, as shown in Figure 8.
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(a)

(b)
Figure 7: (a) Normalized cation concentration and (b) membrane permselectivity as a function
of desalination process time for a 3000 ppm BGW solution.
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(a)

(b)

(c)
Figure 8: Normalized cation concentration as a function of desalination process time for BGW
containing (a) 1500 ppm, (b) 3000 ppm, and (c) 5000 ppm, with a comparison to the MSED-R
model.
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3.3.4. Trends in counter-ion solute ratio at fixed TDS
This section investigates trends in transport number and monovalent se385

lectivity as a function of counter-ion solute ratio for 6 different compositions
(Table A.10) at a fixed TDS of 2861 ± 199 ppm. All cation plots contain four
data points representing composition; an average value is taken for Comp. 1,
Comp. 4 and Comp. 5, which have the same cation, but different anion, solute
ratios (rcation = 0.39 ± 0.0036).
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Figure 9 illustrates the linear relationship (r2 > 0.85 for all plots) between ion
transport number and solute ratio. The divalent transport number increases
with solute ratio, while the monovalent transport number decreases with solute
ratio, for both cations and anions. A higher solute ratio corresponds to a higher
395

concentration of divalent ions relative to monovalent ions. Therefore, a given
monovalent ion must compete with more divalent ions to be transported across
the membranes. This competition reduces the amount of monovalent transport
and increases the amount of divalent transport.
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Cation and anion permselectivities P , based on ion transport numbers, show
a linear relationship with cation and anion solute ratio, respectively (see Figure 10(a) and 10(b)). However, cation permselectivity decreases with cation
solute ratio, while anion permselectivity increases with anion solute ratio. The
difference in trends appears to result from differences in the rate of change in
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transport number ratio with solute ratio of cations compared to anions. Figure
10(c) shows that the cation transport number ratio varies with r, while the anion
transport number ratio varies with r2 . Because the initial concentration ratio is
proportional to r, trends in transport number ratio match those in membrane
selectivity. Consequently, the cation permselectivity is proportional to A −
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B
r,

where A and B are constants and B < A < 1. As rcation increases, permselectivity decreases. The anion permselectivity is proportional to Dr, where D < 1.
Consequently, as ranion increases, anion permselectivity increases. The errors
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in membrane selectivity as a function of solute ratio overlap, indicating that
membrane selectivity may be sensitive to solute ratio.
415
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(a)

(b)

(c)
Figure 9: (a) Divalent cation and (b) sodium transport numbers as a function of cation solute
ratio for BGWs containing a TDS of 3000 ppm. (c) Anion transport numbers as a function
of anion solute ratio for BGWs containing a TDS of 3000 ppm.
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(a)

(b)

(c)
Figure 10: (a) CEM selectivity, (b) AEM selectivity, and (c) ratio of divalent to monovalent transport number for CEMs and AEMs, as a function of cation and anion solute ratio,
respectively, for BGWs containing a TDS of 3000 ppm.

30

3.3.5. Trends in co-ion solute ratio at fixed TDS
This section discusses the impact of co-ions on counter-ion permselectivity,
based on the data in Table 3. Comp. 1 (ranion = 0.40), Comp. 4 (ranion = 0.61)
and Comp. 5 (ranion = 0.21) have different anion solute ratios and the same
420

cation solute ratio. At a fixed TDS (2894 ± 254), there appear to be no trends
in anion solute ratio with calcium or magnesium permselectivity. The correlation coefficient between anion solute ratio and calcium permselectivity is 0.52.
The average calcium permselectivity is 0.25 ± 0.02, (8% standard deviation),
reflecting the lack of variation in permselectivity despite differences in sulfate
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concentration. Comp. 3 (rcation = 0.21) and Comp. 4 (rcation = 0.39) have
different cation solute ratios and anion solute ratios that differ by 5%. At a
fixed TDS (2913 ± 141), their anion permselectivities are equivalent, suggesting that cation concentration differences do not notably influence these values.
Additional BGWs with the same counter-ion and different co-ion solute ratios

430

should be investigated to conclusively determine the effect of co-ions on counterion permselectivity.
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3.3.6. Trends in TDS at fixed solute ratio
We investigate trends in transport number and monovalent selectivity as a
435

function of initial BGW salinity at fixed solute ratio. Four salinities in the 1,000
ppm - 10,000 ppm range are analyzed, though the majority of BGW samples
from the U.S. Geological Survey (USGS) dataset contain a TDS of 500 ppm 3,000 ppm [14]. Figure 11 illustrates the cation and anion transport numbers as
a function of initial BGW salinity for three compositions (Comp. 1, Comp. 2,
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and Comp. 3). There appear to be no trends in transport number as a function
of salinity. The error bars for a given ion overlap with one another, further reflecting the little variation in transport number across salinities. Consequently,
no trends in permselectivity, which solely depend on transport numbers at a
fixed solute ratio, are observed with initial salinity (see Figure 12). The absence

445

of transport number trends may result from the fact that the brackish salinity
range is relatively small compared to ED transport number fits in the literature,
which often range from BGW salinities to 200,000 ppm [17].
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 11: Cation transport numbers on a logarithmic scale as a function of TDS for (a)
Comp. 1, (c) Comp. 2, and (e) Comp. 3. Anion transport numbers on a logarithmic scale as
a function of TDS for (b) Comp. 1, (d) Comp. 2, and (f) Comp. 3.

t
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(a)

(b)

(c)
Figure 12: Membrane selectivity as a function of TDS for (a) Comp. 1, (b) Comp. 2, and (c)
Comp. 3.
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4. Implications of work
450

Our conducted experiments have proven that the Neosepta membranes are
monovalent selective. Consequently, MSED-R is able to preserve divalent ions
already present in the source water, which are typically added as fertilizer after
using RO. This section aims to provide a first-order approximation of MSEDR fertilizer savings relative to RO for U.S. groundwaters containing sufficient
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nutrient concentrations. Groundwater data is acquired from the 2017 USGS
major-ions groundwater dataset [15]. It contains 28,000 brackish groundwater
samples with complete composition data, not diverging from electroneutrality
by more than 5%. These samples are not uniformly distributed by location (see
Appendix) and tend to be biased in favor of freshwater and shallow resources.
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Particularly high densities of groundwater samples occur in the Dakotas, Texas,
Central Valley in California and southeastern Kansas.

Fertilizer is composed of the most essential macronutrients for crop growth:
phosphate, nitrate, potassium, calcium, magnesium, and sulfate. Water-soluble
465

salts used to achieve desired ion concentrations in fertilizer can vary in amount
and composition, depending on soil composition, crop, and other factors. Common salts in fertilizer are gypsum, epsom, potassium chloride and/or sulfate,
ammonium nitrate and/or sodium nitrate, and ammonium phosphate. Gypsum
and epsom, which add calcium and magnesium, respectively, are cost-efficient
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and maintain pH without varying the composition of other nutrients. The addition of 3.06 × 10−4 kg of gypsum to 1 m2 of soil results in a 110 ppm increase
in calcium [26]. The addition of 4.09×10−4 kg of epsom to 1 m2 of soil results
in a 50 ppm increase in magnesium [27]. Based on gypsum and epsom prices on
Amazon [28, 29], the costs of adding calcium and magnesium to soil in green-
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houses are calculated (see Table 5). Unlike calcium and magnesium, sulfate is
added by multiple salts (eg. gypsum, epsom, potassium sulfate). Consequently,
this analysis only considers calcium and magnesium in fertilizer savings; the
MSED-R cation savings represent a lower bound on total possible nutrient sav-
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ings from cations and sulfate.
480

Table 5: Fertilizer cost Fcost,div to add one ppm of divalent ions to one m2 of a greenhouse.

Ion

Fcost,div ($·m−2 ·ppm−1 )

Ca2+

2.69 x 10−3

Mg2+

1.71 x 10−3

Although the desired product water for irrigation is crop-specific, our goal is
to determine a first-order approximation of MSED-R savings independent of
crop. Consequently, we define samples with potential for MSED-R treatment as
containing calcium (Ca > 150 ppm), magnesium (Mg > 50 ppm), and/or sul485

fate (SO4 > 50ppm) concentrations greater than the target levels for irrigation
water at large (see Table 6). Of the 28,000 brackish groundwater samples, 5069
samples contain sufficient calcium, magnesium and sulfate; 5161 samples contain sufficient calcium and magnesium; 6726 samples contain sufficient calcium;
and 8453 samples contain sufficient magnesium. Figure 13 shows groundwa-
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ters that contain enough calcium and magnesium, in addition to sulfate, that
MSED-R can preserve in the water. These groundwaters exist in all areas for
which groundwater data is available, including in agriculture regions such as
the Central Valley in California and parts of the Dakotas, Texas, Iowa, and
Oklahoma.
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Table 6: Water quality recommendations for agriculture [30, 31].

Figure

13:

Ca2+ , Mg2+

Map
and/or

of

SO42−

Ion

Concentration (ppm)

Ca2+

80-150

Mg2+

30-50

Na+

Low as possible

SO2−
4

> 50

Cl−

> 20

BGW

samples

containing

specified

concentrations

of

from USGS dataset, overlaid on map of percent of acres

farmed in a given county (modified from [32]). Each dot corresponds to a BGW sample. The
grayer a county, the more farmland is present.

The groundwater samples containing sufficient levels of calcium and magnesium
serve as the feedwater to the MSED-R system for which savings are determined.
The calcium permselectivity (error of 11.5%) and magnesium permselectivity
(error of 20%) from Section 3.3 are used to characterize the MSED-R mem500

branes. The final concentration of calcium, the dominant ion in fertilizer cost
37

savings, is set to 150 ppm for all groundwaters. Equation 8 is then used to
calculate the unknown final sodium and magnesium concentrations. RO final
concentrations, which serve as the baseline of comparison to MSED-R, are determined from the feedwater composition and ion percent reductions in Table
505

7. We ensure that the final sodium concentration remains below 100 ppm [33].
Based on these values, MSED-R savings in ion percent reductions S%,div (%),
final ion concentrations Sppm,div (ppm), and fertilizer cost S$,div ($·ha−1 ·yr−1 )6
relative to RO are determined (see Table 8):

S%,div = 100

(Cdiv,i − Cdiv,f |RO ) − (Cdiv,i − Cdiv,f |M SED−R )
Cdiv,i

(14)

S%,div
Cdiv,i
100

(15)

Sppm,div =

S$,div = (Sppm,div )(Fcost,div )
Table 7: Typical RO ion percent reductions for BGW: 100

6 We

Ion

Ion reduction (%)

Ca2+

90

Mg2+

99

Na+

97

SO2−
4

99

Cl−

98

assume that there is only one growing season per year.
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(16)
Cdiv,i −Cdiv,f |RO
Cdiv,i

[6].

Table 8: MSED-R savings in ion percent reductions, final ion concentrations and fertilizer cost
Ca and P M g (avg., +stdev.,
relative to RO for CCa,f =150 ppm and 9 different cases of PN
a
Na

−stdev.).

Ca
PNa,

510

avg.

Mg
PNa,

avg.

S%,Ca

S%,Mg

Sppm,Ca

Sppm,Mg

S$,Ca

S$,Mg

S$,Ca+Mg

avg.

avg.

75

90

132

81

$3563

$1379

$4942

avg.

+stdev.

75

89

132

79

$3563

$1352

$4915

avg.

−stdev.

75

92

132

82

$3563

$1406

$4969

+stdev.

avg.

73

90

132

81

$3553

$1390

$4944

+stdev.

+stdev.

73

89

132

80

$3553

$1364

$4917

+stdev.

−stdev.

73

92

132

83

$3553

$1417

$4970

−stdev.

avg.

77

91

133.

80

$3575

$1373

$4948

−stdev.

+stdev.

77

89

133

79

$3575

$1347

$4922

−stdev.

−stdev.

77

92

133

82

$3575

$1400

$4975

Figure 14 shows the geographic distribution of fertilizer cost savings S$,Ca+Mg
Ca
for a representative case from Table 8 (PNa,

Mg
avg. , PNa, avg. ).

Similar to Figure

13, these savings exist in groundwater samples across the U.S. that overlap
with agriculture regions, highlighting the potential for MSED-R adoption. If
MSED-R is to replace RO, a commodity product with lower capital and annual
515

operating costs, its savings must offset differences in these technologies’ costs
within a specified payback period. Interviews we conducted with greenhouses
indicate a payback period of two years on their investments. Farm size is a key
indicator in determining the payback period. MSED-R savings linearly increase
with farm size; capital and operating costs also increase with farm size, although
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changes in these costs decrease with farm size. These two trends suggest that
larger farms would benefit more from MSED-R and are better initial adopters
of this technology.

39

Figure 14: Map of total fertilizer cost savings for cations in BGW samples from the USGS
dataset. Each dot corresponds to a BGW sample.

We consider the RO7 and MSED-R8 capital and operating costs for a 10
hectare farm treating groundwater containing 850 ppm of TDS [33]. Each
525

hectare under greenhouse cultivation is assumed to require a desalination system with a capacity of 60 m3 /day operated without supervision for 12 hr/day
annually at a 90% capacity factor. We consider the average annual fertilizer savings as $4,920/ha and water savings for the recovery values of 90% for MSED-R
and 80% for RO. The total cost of each desalination technology after one year

530

of operation is then calculated as:

Net cost (year one) = CapEx

7 These

r(1 + r)n
+ OpEx − savings
(1 + r)n − 1

(17)

values were determined using a brackish RO membrane element cost of $550 per

element [33]. An RO membrane lifetime of 4 years was also assumed [33].
8 These values were determined using a membrane cost of $200/m2 , based on newer MSEDR membrane costs which range between $150/m2 to $250/m2 [33]. A conservative MSED-R
membrane lifetime of 7 years was assumed [33].

40

where r corresponds to an annual interest rate of 8% [34] and n corresponds
to a time period of 15 years, the expected life of RO and MSED-R systems
[33]. The savings are equal to zero for RO. Table 9 shows that MSED-R will
535

pay back greenhouses in less than one year. The total cost of MSED-R is less
than that of RO after one year of operation, when considering fertilizer savings
and the combined savings from fertilizer and water recovery. MSED-R saves
$43,569 annually compared to RO, when considering MSED-R fertilizer and
water savings.
Table 9: MSED-R and RO net costs after one year of operation for a 10 hectare farm, based
on annual capital and operating costs, as well as fertilizer and/or water savings. The MSED-R
net costs are negative due to the fact that the annual savings exceed the total costs. MSED-R
savings relative to RO are equivalent to the difference in their net costs.
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MSED-R

RO

Annual CapEx

$16,835

$13,540

OpEx

$17,799

$10,863

Fertilizer savings

$49,420

-

Net cost (year one)

- $14,786

$24,403

Water savings

$4,380

-

Net cost (year one)

- $19,166

$28,135

5. Conclusions
Neosepta membrane selectivity for monovalent ions was tested for 16 different BGW solutions in order to fully characterize the membranes and their
potential for agricultural use. The following conclusions have been reached:
1. Membrane permeability for monovalent ions and divalent ions is on the
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order of 10−8 m/s and 10−9 m/s, respectively, due to the monovalent
selectivity of the membranes.
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2. The MSED-R model we have developed predicts ion transport within 8%
of experimental data.
3. The CEMs demonstrate for 16 BGW compositions an average calcium
550

selectivity of 0.26 ± 0.03, corresponding to a 3.6-4.6 times reduction of
sodium relative to calcium in the diluate stream, and a magnesium selectivity of 0.15 ± 0.03, corresponding to a 5.7-8.7 times reduction of sodium
relative to magnesium in the diluate stream.
4. The AEMs demonstrate for 16 BGW compositions an average sulfate selec-
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tivity of 0.17 ± 0.03, corresponding to a 4.8-7.7 times reduction of chloride
relative to sulfate in the diluate stream.
5. The average selectivities mentioned in conclusions 6 and 7 have a maximum standard deviation of 20%. This variation may result from differences in BGW ionic composition and appears to not result from differences
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in BGW salinity. Consequently, the selectivity values determined in this
study for 16 diverse BGW compositions can likely be extended to BGWs
across the U.S.
6. The average fertilizer cost savings due to cations ranges from $4915/ha. $4975/ha for 9 different cases of calcium and magnesium selectivity (av-
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erage, +stdev., −stdev.). Farm size is a key indicator in determining the
payback period for greenhouses. For a 10 hectare farm, the average calcium and magnesium selectivities applied to 6000 BGWs across the U.S
yields an average annual fertilizer cost savings of $49,420. This value indicates that the adoption of MSED-R in place of RO will result in less

570

than a one year payback period for greenhouses. A previous study [33]
predicts a lower MSED-R annual fertilizer cost savings of $15,000 for a 10
hectare farm. This difference in savings results from the study’s assumption of 15% cation savings, compared to our experimentally determined
80% cation savings for various groundwater compositions.
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7. MSED-R shows large potential to be used in greenhouses. In addition to
being a cost-effective technology, it is a more sustainable alternative to
RO due to nutrient and water savings.
42

8. A possible drawback of using MSED-R in the BGW salinity range is resistive losses in the stack that increase as salinity decreases.

580

6. Acknolwedgments
The authors would like to thank the National Science Foundation and the
Bureau of Reclamation under Agreement Number R17AC00135 for funding the
research reported in this paper. Additional support was provided by the Centers for Mechanical Engineering Research and Education at MIT and SUSTech

585

(MechERE Centers at MIT and SUSTech).

43

Appendix A. BGW compositions analyzed
Table A.10: BGW compositions analyzed in the MSED-R experiments with TDS in ppm and
ion concentrations in g-eq/L.

Label

TDS

Na+

Ca2+

Mg2+

Cl−

SO2−
4

Comp. 1

1542

14

8.4

3.3

17

8.4

Comp. 1

2687

24

15

5.7

30

15

Comp. 1

4190

38

23

8.9

47

23

Comp. 1

10810

97

59

23

120

59

Comp. 2

1380

8.3

11

5.3

22

2.6

Comp. 2

2014

12

16

7.7

32

3.8

Comp. 2

3013

18

24

12

48

5.6

Comp. 2

4643

28

37

18

74

8.7

Comp. 2

10660

64

85

41

170

20

Comp. 3

1391

16

2.7

3.3

9.5

12

Comp. 3

2813

32

5.4

6.7

19

25

Comp. 3

4667

53

9.0

11

32

42

Comp. 3

10771

123

21

26

74

96

Comp. 4

2819

24

15

5.9

21

24

Comp. 5

3177

30

19

6.2

46

8.9

Cohen

2558

32

6.7

6.7

33
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Appendix B. Spacer shadow effect
The spacer shadow factor σ quantifies the conductance of the diluate and
concentrate channels relative to what the conductance would be were there no
590

spacer. We considered low values of current density (18, 22, and 31 A/m2 )
44

where concentration polarization has negligible effects on the voltage-current
relationship. Figure B.15 plots Vstack versus the inverse conductivity of the
solution for each current density. The spacer shadow factor can be calculated
from the slope of these lines:
595

m=

2Ncp ih
σ

(B.1)

Since σ should be independent of current density, we computed its value as the
average of these three values, giving σ = 0.72 ± 0.09.

Figure B.15

Appendix C. USGS dataset
600

A 1965 USGS report served as the primary source of information on the
U.S. distribution of BGW until USGS published an updated assessment in 2017
[5]. The 2017 USGS study includes a major-ions dataset with over 100,000
groundwater wells and a dissolved solids dataset with over 300,000 groundwater
wells in the U.S. and four of its territories. We use U.S. continental data from
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the USGS major-ions dataset. It contains complete composition data for 28,000
samples in the brackish water range across the U.S. (Figure C.16). All cation
and anion solute ratios lie within one standard deviation of the average ratios
in the USGS BGW samples (Table C.11).
45

Figure C.16

Table C.11: The average, standard deviation, and median of rcation and ranion in the 28,000
BGW samples in the USGS major-ions dataset.

rcation

rCa2+

rMg2+

ranion

Average

0.44

0.32

0.12

0.36

Stdev.

0.31

0.24

0.10

0.33

Median

0.47

0.32

0.11

0.26
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