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ABSTRACT

Since the inland disposal of large volumes of desalination concentrate is environmentally
and financially impractical, a high-recovery desalination design is required to reduce
concentrate volume. In practical applications, recovery is limited by scale formation from
minimally soluble salts, which acids and antiscalant compounds can inhibit only temporar-
ily. Therefore, the risk of scale formation, which is governed by the system’s electrochemical
behavior, determines the high-recovery potential of desalination technologies. In this
research, high recovery was investigated using a pilot-scale electrodialysis reversal (EDR)
system and natural feedwaters from a deep aquifer at the Brackish Groundwater National
Desalination Research Facility in Alamogordo, NM. Experiments were performed to identify
the maximum permissible CaSO4 saturation levels during long-term, continuous operation
with antiscalant dosing. The results indicated that EDR has enormous potential for treating
CaSO4-rich inland brackish waters and that EDR may not be severely limited by the risk of
scale formation in the hydrodynamic/concentration boundary layer. Long-term operation
saturation indices were achieved, which were significantly greater than previously pub-
lished values, and the system’s eventual failure point provides insight into the hypothesized
operating conditions. Therefore, the obtained results for high-recovery inland brackish water
EDR determined the highest permissible CaSO4 saturation index during long-term,
continuous system operation.

Keywords: Electrodialysis reversal; High recovery; Calcium sulfate; Saturation index;
Antiscalant

1. Introduction

Fueled by rapid population growth, much of the
southwestern United States is experiencing an
increased demand on its limited freshwater supply.
Consequently, the region is looking toward its

extensive brackish water resources to address this
issue. In Texas, there are approximately 2.7 billion
acre-feet of brackish groundwater [1,2], and in New
Mexico, it is estimated that 75% of the groundwater is
too saline for most uses without desalination [3]. With
both states experiencing severe drought and water
shortages, these large volumes of once-ignored saline
water could provide the much-needed relief to*Corresponding author.
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existing freshwater supplies [4]. Although inland
brackish water desalination has the potential to create
“new” water resources in these arid regions, imple-
mentation is hindered by the relatively high cost of
treating brackish waters—specifically, the costs associ-
ated with concentrate management [5].

Since the inland disposal of large volumes of
concentrate is both environmentally and financially
impractical, a high-recovery desalination system is
required to reduce the volume of concentrate [6–8]. In
practical applications, the recovery is limited by the
potential for scale formation, which occurs as
minimally soluble salts accumulate in the concentrate
stream [1,9–13] and foul system components as they
precipitate and cause scaling. Precipitation can be
inhibited by the addition of acid or antiscalant
compounds, but not indefinitely [14]. Phosphonate
antiscalants are widely used in water treatment for-
mulations as scale and corrosion inhibitors and have
been used to effectively inhibit gypsum precipitation
in many water treatment systems [15].

The ultimate recovery potential of a desalination
technology is determined by the system’s electro-
chemical behavior, which can either reduce or aug-
ment the risk of precipitation and scale formation. Of
particular importance is the effect of the system’s
boundary layers, in the regions adjacent to the mem-
brane surfaces. The combined presence of the
hydrodynamic boundary layer, caused by viscous
forces, and the concentration boundary layer, caused
by mass transfer rates through the membranes, create
a situation where the most saline volume of water is
moving at a very low velocity. This hydrody-
namic/concentration boundary layer is where the
precipitation risk is greatest, effectively limiting the
recovery potential of desalination technologies. For
this reason, electrodialysis reversal (EDR) systems
employ a periodic polarity reversal feature and turbu-
lence-promoting spacers: periodic polarity reverse
effectively zeroes the elapsed residence time, and the
turbulence-promoting spacers disrupt the hydrody-
namic boundary layer and promote mixing.

In previous studies, EDR has achieved high
recoveries during brackish water desalination [14,16]
and has been used to increase the recovery of reverse
osmosis (RO) concentrate [1,14,17]. EDR shows
promise as a viable treatment process for brackish
groundwaters and brackish water reverse osmosis
(BWRO) concentrate for two primary reasons: (1) The
periodic polarity reversal allows the system to operate
at higher recoveries, and (2) EDR is more robust than
RO with respect to scale-prone salts, turbidity, silica,
and biological growth [14,18]. Due to these features,
EDR has proven capable of achieving higher

recoveries than other existing desalination technolo-
gies, but the system characteristics have not been fully
quantified. For this reason, this research seeks to iden-
tify the high-recovery potential of a commercial-scale
EDR system. Given that previous studies were
performed with either laboratory-scale equipment
[1,14] or non-optimal antiscalants [16,17,19,20], shown
in Table 1, it is predicted that the use of pilot-scale
components and a CaSO4-specific antiscalant will
result in recoveries higher than those previously
reported.

For brackish water desalination, high-recovery
methods must address the relative prevalence and low
solubility of calcium sulfate dihydrate (CaSO4·2H20)
and calcium carbonate (CaCO3), which restrict the
recovery potential for many inland feedwaters
[11,25,26], as seen in Table 2.

Given that CaCO3 precipitation can be controlled
by pH adjustment and/or antiscalant addition,
CaSO4·2H20 (gypsum) scaling is considered the more
important concern for high-recovery operation.

As mentioned before, due to the limitations that
minimally soluble salts impose on the recovery of
desalination processes such as EDR, and given the
high cost of brine disposal in inland desalination
plants, investigating the possible limits of the recovery
rate and pushing those limits can significantly reduce
the total cost of water produced by inland desalination
plants. As a caveat, it is worth mentioning that,
despite EDR’s high recovery rates, the EDR process is
limited not only by scaling problems, but also by high
energy consumption, especially for brackish waters
with high salinities. In a separate study, the research-
ers compared the specific energy consumption of
pilot-scale EDR and RO processes, and their results
confirmed that the energy consumption of EDR is sig-
nificantly affected by the level of salinity at different
operating conditions [27].

In this study, high-recovery desalination was
researched using a pilot-scale EDR system, natural
feedwater, and the maximum tolerable CaSO4 satura-
tion levels in continuous and long-term experiments
with antiscalant dosing.

To achieve high recovery rates in EDR systems, it
is necessary to recycle the concentrate stream, combin-
ing it with makeup water and feeding it into the stack
as the inlet concentrate. Although the concentrate
recycle ratio can be increased to high values, recovery
is limited by a potential scaling problem that arises
from the presence of less soluble salts in the concen-
trate stream: During EDR operation, ions removed
from the dilute stream build up in the concentrate
stream, and ion concentration increases still further
with the input from the concentrate recycle stream.
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Therefore, the ions can easily reach the supersatura-
tion state, causing scaling from some salts, such as
CaSO4. In high-recovery EDR operation, CaSO4 scaling
is considered a serious problem. Consequently, to
improve the recovery of EDR systems, it is highly
important to conduct pilot-scale experiments that
identify the highest possible CaSO4 supersaturation
index and antiscalant dosage for long-term EDR
operation.

In practical applications, there is no theoretical
method for quantifying the optimal antiscalant dose
[31]. The complex process of heterogeneous nucleation
of brackish waters and the specific hydrody-
namic/electrochemical behavior of the system must be
better understood before fundamental relationships
can be developed. Manufacturers do supply a

recommended dose, based on experience and labora-
tory testing, but this dose may or may not be optimal
for a specific application in the field. To precisely
determine appropriate dosing, more extensive experi-
mentation is necessary.

2. Materials and methods

2.1. Experimental setup

High-recovery research was performed using a
pilot-scale EDR system and natural feedwater from a
deep aquifer at the Brackish Groundwater National
Desalination Research Facility (BGNDRF), in Alam-
ogordo, NM. Experiments were performed to identify
the maximum permissible saturation levels for CaSO4

Table 1
Published maximum saturation index (SI) values for CaSO4

Ca2+

(mg/L)
Mg2+

(mg/L)
Na+

(mg/L)
Cl–

(mg/L)
SO2�

4

(mg/L)
HCO�

3

(mg/L)
SI
(CaSO4)

Antiscalant
(concentration)

Run
(h)

1 RO 680 275 630 1,200 2,410 – 0.99 Flocon 180 (3 ppm) 24
2 RO 760 280 1,152 1,100 2,800 1,342 1.09 Flocon 260 (3 ppm) 24
3 RO 983 604 5,915 2,255 13,532 180 2.99 Flocon 100 (3 ppm) 24
4 EDR 1,440 505 3,000 – 6,130 2,700 2.63 Pretreat Plus Y2 K

(10 ppm)
1,600

5 EDR 2,500 729 – 3,150 8,130 1,525 4.71 None 1.5
6 EDR 3,644 1,022 2,500 5,855 8,600 2,064 6.08 SHMP (11 ppm) 300

Note: (1) [21], (2) [22], (3) [23], (4) [24], (5) [19], (6) [16].

Table 2
Published data on various CaSO4-rich waters for further treatment

Source
Ca2+

(mg/L)
Mg2+

(mg/L)
Na+

(mg/L)
Cl–

(mg/L)
SO2�

4

(mg/L)
HCO�

3

(mg/L)
SiO2

(mg/L)
SI
(CaSO4)

1 RO concentrate 1,165 530 3,273 5,736 2,659 224 105 1.22
2 RO concentrate 519 238 2,170 2,886 2,164 414 N/A 0.65
3 RO concentrate 959 379 2,024 4,817 2,560 – 87 1.12
4 RO concentrate 1,032 318 991 2,823 1,553 576 N/A 0.85
5 Groundwater 576 296 755 954 2,290 210 77 0.83
6 Agricultural drainage

water
461 284 2,780 1,085 6,359 262 N/A 0.87

7 Agricultural drainage
water

350 236 1,250 342 3,700 91.6 23.5 0.76

8 Agricultural drainage
water

625 198 2,820 3,020 4,520 51.2 37.9 1.24

9 Agricultural drainage
water

422 962 9,270 1,910 21,400 146.8 43.2 1.57

10 Seawater 555 1,475 12,000 22,000 2,535 131 – 0.43
11 Well 2, BGNDRF

brackish water
544 357 835 550 3,229 297 22 0.96

Note: (1) [17], (2) [28], (3) [20], (4) [29], (5) [5], (6) [26], (7–9) [23], (10) [30].
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during the long-term, continuous operation of an EDR
system with antiscalant dosing. This objective was
accomplished with a research methodology that uti-
lized laboratory experimentation and off-site water
analysis to systematically and quantitatively analyze
the high-recovery potential of EDR for CaSO4-rich
groundwater. The experiments were performed using
GE Water and Process Technology’s MK-IV-2 EDR
Stack, detailed in Table 3.

The utilized pilot-scale EDR unit, which is shown
schematically in Fig. 1, works as detailed below. First,
the influent source water is split into three streams:
feed in, concentrate makeup, and electrode in (elec-
trode rinse solution). The predominate portion of the
source water enters the dilute flow-paths as the feed
in stream. This water is progressively demineralized
until it exits the stack as product water. A smaller por-
tion of the source water becomes the concentrate
makeup stream, which combines with the concentrate
recycle at the suction end of the concentrate pump
and enters the concentrate flow-paths as the concen-
trate in stream. This stream is progressively concen-
trated until exiting the stack, where a portion goes to
waste as concentrate blow-down and the remainder
enters the concentrate recycle. The last part of the
source water becomes the electrode in stream. This
stream is used to flush the electrode chambers of
gases and precipitates, which are formed as part of
the electrochemical reactions at the surface of the
electrodes. In full-scale EDR, the electrode streams are
recycled after passing through the degasifier.
Although the electrode rinse solution was not recycled

in the utilized pilot-scale system, it was not consid-
ered in the recovery calculations. Therefore, the inlet
stream was assumed to be the summation of product
and concentrate blow-down based on the mass
balance equation of the system.

During the high-recovery experiments, GE’s
Hypersperse MDC-706 antiscalant was dosed to the
concentrate stream of the EDR system to prevent the
precipitation of low-solubility salts. This antiscalant is
a proprietary blend that is meant to target CaSO4

scaling. Among the numerous available antiscalants,
the reason for using this antiscalant was the manufac-
turer’s recommendation that it be used for waters with
very high levels of CaSO4.

2.2. Experimental design

The experiments were performed to identify the
maximum permissible CaSO4 saturation levels during
the long-term, continuous operation of an EDR
system, since the precipitation of CaSO4 limits high
recovery in the desalination of numerous inland
brackish feedwaters. A total of 3 high-recovery experi-
ments were performed at varying SI(CaSO4) levels
(8–10) and at varying antiscalant doses (48–64 ppm
dosed to concentrate). The experiments were con-
ducted using brackish groundwater from BGNDRF’s
sulfate-rich Well 2, whose characteristics are shown in
row 11 of Table 2. The feedwater was desalted in each
experiment to produce approximately 28.4 L/min of
product water and 1.9–2.3 L/min of concentrate
blow-down. Each experiment utilized the same stack

Table 3
EDR stack specifications

Type GE MkIV 2

EDR stack
Electrical stages 2
Cell pairs 40 cell pairs/stage

Ion-exchange membranes
Heavy cation-exchange GE CR67-HMR
Cation-exchange GE CR67-LLMR
Anion-exchange GE AR204-SZRA
Membrane dimensions 114 × 60 × 0.6 (cm)
Spacer model Mk-IV
Effective membrane area 0.3 m2/membrane

Operating conditions
Product flow 21.2–28.4 L/min
Concentrate blow-down flow 1.9–2.6 L/min
Electrode flow 11.4 L/min
Voltage 240 V/stage
Current 45 A/stage
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construction, but different operating conditions to
achieve the desired SI(CaSO4) levels. The experiments
were set to run for at least 100 h each, though hydrau-
lic scaling and equipment malfunctions led to a few
shutdowns. Between experiments, the system hydrau-
lics were thoroughly washed by a low-pH clean-
in-place operation, and the membranes were bathed
and scrubbed in low-pH water.

The experiments were designed to outperform the
SI(CaSO4) limits previously established for EDR and
RO operation as shown in Table 1. After determining
the desired SI(CaSO4) value for each experiment, the
optimal antiscalant dose of the EDR concentrate in
stream was determined using GE Betz’s antiscalant
dosing software, “ARGO Analyzer 2.2.” This software
is designed specifically for RO and determines dosing
concentrations for the RO feed. The relationship
between the predicted dose to the RO feed and the
equivalent dose to the EDR concentrate in stream was
determined according the simple relationship between
recovery and feed concentration in RO systems as
shown in Eq. (1), which assumes 100% rejection of
antiscalant.

CC ¼ CF
1

1� R

� �
(1)

where CC is the appropriate antiscalant dose to the
EDR concentrate in stream (mg/L), CF is the predicted
antiscalant dose to the RO feed stream given by
ARGO Analyzer (mg/L), and R is the system recovery
determined by the ratio of the product flow rate to the
feed flow rate. Although the software was designed

for RO systems, it gave a best estimate for the dosing
concentrations. The recommended concentration
increased with increasing SI(CaSO4) levels. The dosing
rate of the antiscalant was calculated based on the
polarity reversal period. Therefore, the antiscalant
dosing was adjusted to attain the desired level of
antiscalant at the end of the polarity reversal period
when the SI(CaSO4) reached the proposed level.

For the chosen SI(CaSO4) values, GE EDR predic-
tive software, WATSYS, was used to estimate the
required conductivity, calcium ion concentration, and
the sulfate ion concentration of the concentrate stream.
With this information, a process of data collection and
on-site analysis was begun to tune in the appropriate
set-points for the EDR system. The optimal experi-
mental voltage setting, polarity reversal period, and
concentrate blow-down flow rate were all determined
by an iterative method of trial and error to arrive, at
the end of the polarity reversal period, at a conductiv-
ity which was well-correlated with the desired SI
(CaSO4) value. To ensure stable operation at the
desired SI(CaSO4) value, on-site analyses of calcium
hardness and sulfate concentration were routinely
performed through the use of HACH analytical tests
on samples collected at the end of the polarity reversal
period.

2.3. Analytical methods

EDR system conditions were continuously moni-
tored to ensure stable operation. The monitored condi-
tions were the following: hydraulic flow rates, stack
voltage and current, pH, temperature, the electrical

Source
Water Concentrate In

Concentrate 
Make-up

Concentrate 
Recycle

Product

Concentrate Blowdown

Feed In

Electrode In

Electrode Waste

stage&1&

stage&2&

Fig. 1. Schematic of EDR system.
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conductivity of each process stream, and the specific
ion composition of selected experimental samples.

Water samples were also collected throughout the
long-term experiments to be analyzed for dissolved
species. On-site tests of calcium hardness and sulfate
concentrations were routinely performed during the
experiments to determine the appropriate set-points
and to ensure that the system operation was consis-
tent. Dissolved calcium measurements were obtained
through a standard EDTA titration, using HACH
analytical procedures. Dissolved sulfate was measured
through spectrophotometry, according to the HACH
SulfaVer 4 Method. For broad species analysis, other
samples were periodically collected and analyzed for
sodium, potassium, magnesium, calcium, strontium,
barium, fluoride, chloride, bicarbonate, nitrate, sulfate,
silica, and total organic carbon. During each experi-
ment, water samples were always collected within the
final minute of the polarity reversal period, in order to
allow enough time for the performance characteristics
to stabilize. Before the samples were shipped to the
Woodlands facility for composition analysis, they were
diluted 10× with deionized water to prevent salt
precipitation during transportation.

The saturation index of calcium sulfate was
calculated through Eq. (2):

SIðCaSO4Þ ¼
c�2 Ca2þ

� �
SO2�

4

� �
Ksp

(2)

where γ±, Ca2þ
� �

; SO2�
4

� �
, and Ksp are the mean ionic

conductivity, concentration of calcium, concentration
of sulfate, and thermodynamic solubility product,
respectively. The mean ionic conductivity coefficient
for the electrolyte was calculated using Eq. (3) as
follows:

ln c� ¼ v�1ðvX ln cX þ vY ln cYÞ (3)

where v ¼ vX þ vYð Þ denotes the total number of mole-
cules or ions given by one mole of electrolyte and γX
and γY are cation and anion activity coefficients,
respectively. For estimating activity coefficients, the
Pitzer model [32] was applied in this research due to
its broad applicability and its ability to predict SI levels
for salinities up to 6 M [33], which covers the range of
the examined experimental conditions (<1.0 M).

3. Results and discussion

Three separate long-term experiments were per-
formed to identify the maximum permissible SI

(CaSO4) level for continuous EDR operation. The
experimental conditions for each experiment are listed
in Table 4; the SI(CaSO4) value was increased sequen-
tially with each experiment. An analysis of the sys-
tem’s operating conditions and the chemistry of the
water samples is presented for each experiment.

3.1. Experimental results

3.1.1. Experiment #1

The first experiment was performed to establish a
baseline for further high-recovery testing. The experi-
ment was set to operate at SI(CaSO4) = 8. This value is
higher than any published experiment and well out-
side the manufacturer’s recommendations. The experi-
mental operating conditions were determined by
iteratively adjusting the voltage, flow rate, and polar-
ity reversal period to reach the desired SI(CaSO4)
value at the end of the polarity reversal period. The
antiscalant dose of 48 ppm, which was added to the
concentrate stream, was determined using GE’s antis-
calant dosing software, ARGO Analyzer, although the
program indicated that this SI(CaSO4) value was too
great for safe operation. The experiment was continu-
ously operated at the conditions detailed in Table 4 in
the column for Experiment #1.

The system conditions were monitored throughout
the experiment, and data points were collected daily.
The system conditions showed no signs of perfor-
mance decline throughout the experiment.

The chemical compositions of the feed, product,
and concentrate streams for the first experiment are
given in Table 5. The water analyses showed that an
average SI(CaSO4) value of 8.16 was achieved at the
end of polarity reversal periods in the concentrate
stream during 330 h of continuous operation with
48 ppm antiscalant dosing.

3.1.2. Experiment #2

Experiment #2 was set up to target an SI(CaSO4)
value of 9 ppm at the end of the polarity reversal
period. This experiment was continuously operated
for 138 h at the conditions detailed in Table 4 in the
column for Experiment #2. The system showed no
signs of performance decline throughout the
experimental run.

The chemical compositions of the feed, product,
and concentrate streams for Experiment #2 are given
in Table 6. The water analyses show that an average
SI(CaSO4) value of 8.79 was achieved at the end of
polarity reversal periods in the concentrate stream
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during 138 h of continuous operation with 54 ppm
antiscalant dosing.

In this experiment, the maximum SI(CaSO4) value
of 13.20 is significantly higher than the average and
may point to system instability. However, this value is
close to 3 standard deviations away from the average
SI(CaSO4) value, and the sample corresponding to this
maximum value was consistently high in all of the
reported ionic concentrations. Since the operating
conditions were very stable throughout the run, it is
logical to assume that this measurement value was
primarily due to a sampling error and was not a result
of system performance.

The system’s overall stable operation was con-
firmed by monitoring for a constant electric voltage

and current, and through a visual inspection of the
stack, which showed that no scaling had occurred.
The experiment was determined to be successfully
operated at an average SI(CaSO4) of 8.79 and a maxi-
mum value of 13.201 at the end of the polarity reversal
period, with no signs of scaling or performance
decline.

3.1.3. Experiment #3

Experiment #3 was the only experiment to
encounter catastrophic scaling, which occurred in the

Table 4
Average daily operating conditions for all experiments

Experiment 1 2 3

Conductivity (μS/cm) Feed 6,508 6,313 6,613
Product 4,553 4,521 4,355
Concentrate 21,110 20,580 25,000

Electrical (V, A) Stage 1 voltage (V) 34.4 24.2 29.4
Stage 1 current (A) 36.1 21.5 31.6
Stage 2 voltage (V) <3 17.9 15.6
Stage 2 current (A) 0 15.6 13.4

Flow rate (L/min) Product 28.5 28.4 28.8
Blow-down 2.4 2.6 1.9

Temperature (˚C) All streams 23.6 22.7 26.1
Antiscalant (mg/L) Concentrate in stream 48 54 62
Run time (h) 330 138 8

Table 5
Water composition for Experiment #1

Concentration (mg/L)

Feed (n = 8) Product (n = 8) Concentrate (n = 16)

Min Ave Max Min Ave Max Min Ave Max

Ca2+ 500 548 576 254 282 350 2,988 3,442 4,360
Mg2+ 326 360 379 179 199 237 1,667 1,938 2,355
Na+ 793 841 909 648 713 853 1,930 2,201 2,860
Cl– 523 549 577 367 397 411 1,780 1,893 2,220
SO2�

4 2,900 3,231 3,600 1,770 2,014 2,210 14,300 16,388 20,900
HCO�

3 295 297 298 262 265 272 366 544 634
NO�

3 34 36 37 19 20 24 111 138 370
SiO2 21 22 25 21 23 29 20 24 37
pH 7.3 7.5 7.6 7.2 7.4 7.5 6.6 6.9 7.1
Conductivity (μS/cm) 6,540 6,573 6,660 4,490 4,614 4,710 20,300 21,063 22,800
TDS (mg/L) 5,409 5,898 6,303 3,653 3,922 4,225 24,491 26,653 32,858
Temperature (˚C) 23.0 23.6 24.1 23.0 23.6 24.1 23.0 23.6 24.2
SI(CaSO4) 0.86 0.97 1.07 0.41 0.45 0.53 7.34 8.16 9.97

Note: n = number of samples analyzed.

1This value is uncertain, as it may have resulted from sam-
pling error.
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hydraulic system. Within nine hours of start-up, the
system automatically shut down due to low pressure
in the concentrate recycle loop. No samples were
collected for water analysis, due to the unexpected
scaling event, and the experimental SI(CaSO4) value
was estimated as explained below.

The estimated chemical composition of the concen-
trate streams in Experiment #3 is given in Table 7.
This estimate is based on two different methods: (1) a
water-sample analysis collected in a previous experi-
ment at a conductivity of 24,500 μS/cm and (2) linear
interpolation of “Ionic Concentrations vs. Conductiv-
ity” from all the previous data. These estimates were
in close agreement with the analysis of the previous
experiment’s 24,500 μS/cm sample estimating SI
(CaSO4) = 10.56 and linear interpolation estimating SI
(CaSO4) = 10.34.

The estimated water analyses show that an average
SI(CaSO4) value of 10.34–10.56 was achieved at the
end of polarity reversal periods in the concentrate
stream during the 8 h of operation, with 62 ppm antis-
calant dosing.

This experiment was determined to be the point of
failure for the system. However, the visual inspection
of the stack revealed that no scaling had occurred on
the membrane surfaces. An inspection of the system
hydraulics, however, revealed the cause of the sys-
tem’s automatic shutdown: The entirety of the hydrau-
lic system was coated in approximately 0.3 cm of solid
white precipitate, which had disabled the concentrate
pump. The precipitate was not reactive to numerous
HCl baths. Based on previous experience and
the feedwater chemistry, it was determined that

calcium sulfate had precipitated, either homo- or
heterogeneously.

Overall, the results indicate that EDR has enor-
mous potential for treating calcium sulfate-rich inland
brackish waters. The outcome of the second experi-
ment was particularly promising, with the system
successfully operating at an average SI(CaSO4) of 8.79
and a maximum value of 13.202 at the end of the
polarity reversal period. Such operation could signifi-
cantly reduce the volume of concentrate produced

Table 6
Water composition for Experiment #2

Concentration (mg/L)

Feed (n = 6) Product (n = 6) Concentrate (n = 12)

Min Avg Max Min Avg Max Min Avg Max

Ca2+ 500 509 516 209 248 267 3,080 3,734 4,960
Mg2+ 328 335 343 161 188 201 1,699 2,078 2,892
Na+ 757 777 789 631 661 691 1,790 2,028 2,730
Cl– 535 539 545 229 366 413 1,760 1,923 2,040
SO2�

4 2,780 2,905 3,000 1,520 1,722 1,860 13,100 16,108 23,300
HCO�

3 300 301 303 266 271 275 305 525 671
NO�

3 34 35 35 21 22 24 118 127 132
SiO2 22 22 23 23 23 23 23 24 31
pH 6.8 6.9 7.0 6.7 6.8 6.9 5.8 6.3 6.7
Conductivity (μS/cm) 6,300 6,313 6,330 4,520 4,560 4,590 20,200 22,140 29,100
TDS (mg/L) 5,275 5,436 5,553 3,207 3,507 3,744 22,079 26,637 36,785
Temperature (˚C) 22.2 22.8 23.4 22.2 22.8 23.4 22.2 22.7 23.5
SI(CaSO4) 0.83 0.87 0.88 0.30 0.37 0.41 6.84 8.79 13.20

Note: n = number of samples.

Table 7
Water composition for Experiment #3

Concentration (mg/L)

Concentrate

(1) (2)

Ca2+ 4,200 4,154
Mg2+ 2,330 2,326
Na+ 2,390 2,461
Cl– 2,490 2,241
SO2�

4 19,200 18,850
HCO�

3 720 609
NO�

3 152 153
SiO2 22 28
pH – –
Conductivity (μS/cm) 25,000 25,000
TDS (mg/L) 31,600 30,925
Temperature (˚C) 23.0 23
SI 10.56 10.34

2This value is somewhat uncertain, as it may have resulted
from sampling error.
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from brackish feedwaters and RO concentrate. When
operating at an SI(CaSO4) of 8.79 in the concentrate
stream, recoveries greater than 90% could be achieved
when treating feedwaters that are already saturated
with calcium sulfate, like many of the waters listed in
Table 2.

However, it is important to note that the conduc-
tivity of the product water in each experiment is still
very high. Since potable water has conductivity less
than 800 μS/cm, the product water from these experi-
ments would require additional treatment. Not only
does this mean that the achieved experimental
recovery ratios cannot be determined simply by using
the feed and product flow rates, but it also introduces
an element of uncertainty about the general applicabil-
ity of the system’s hydrodynamic/electrochemical
conditions.

In scenarios where a greater degree of desalination
would be required for the production of potable
water, it is likely that the hydrodynamic/electrochemi-
cal behavior of the system would become increasingly
unfavorable as the degree of desalination is increased.
This would result from the combined presence of the
hydrodynamic boundary layer, caused by viscous
forces, and the concentration boundary layer, caused
by mass transfer rates through the membranes. As the
degree of desalination is increased within the stack,
precipitation is more likely within the hydrody-
namic/concentration boundary layer, where the most
saline volume of solution is moving at the lowest
velocity. Although the residence time of the system
would remain approximately the same, the induction
time of scaling salts would decrease due to their
relatively high concentrations at the membrane
surface. For the system to remain operational, the
antiscalant would be required to inhibit precipitation
to a greater degree, which is further complicated by
the tendency of the hydrodynamic boundary layer to
hinder mixing.

With all this in mind, the results from Experiment
#3 are particularly interesting. The catastrophic
failure encountered during this experiment can pro-
vide some interesting insight into the hydrody-
namic/electrochemical behavior of the system. As
indicated in the results, the scaling event thoroughly
disabled the concentrate recycle hydraulic system,
but did not lead to membrane precipitation. In light
of the analysis on the combined presence of hydrau-
lic and concentration boundary layers, the result of
Experiment #3 may indicate that the hydrody-
namic/electrochemical potential of the EDR stack is
greater than that of the hydraulic pipes carrying the
concentrate stream. As both the EDR stack and

the concentrate recycle hydraulic pipes experience
the same water chemistry, there is some evidence
that the turbulence-promoting spacers are effectively
disrupting the laminar boundary layer next to the
membrane surfaces, while in the tubes, the only
source of turbulence is fluid velocity. This argument
is further strengthened by considering the concentra-
tion gradient that is present within the EDR system
due to mass transfer through the membranes, but
absent from the hydraulic pipes.

The efficiency of the turbulence-promoting spacers
may allow the system to operate at even higher SI
(CaSO4) values, and possibly at higher degrees of salt
removal. The system has demonstrated a very high
potential for treating CaSO4-rich brackish groundwa-
ters and could lead to significant reductions in the cost
of inland desalination.

4. Conclusion

In order to reduce the prohibitively high cost of
inland desalination, there has been a surge of
interest in emerging technologies and techniques for
recovery enhancement and concentrate minimization.
EDR has been identified for its enormous potential
as a high-recovery desalination technology, due to
its favorable hydrodynamic/electrochemical behavior
and polarity reversal feature. The objective of this
research was to investigate the performance limita-
tions of pilot-scale EDR for treating calcium sulfate-
rich brackish groundwaters, using an advanced
antiscalant.

This research was based on the hypothesis that
EDR could effectively treat brackish groundwaters
with high calcium sulfate concentrations, demonstrat-
ing EDR’s high-recovery potential for inland
brackish water desalination. Through weeks of con-
tinuous testing, the hypothesis was confirmed. The
pilot-scale EDR system demonstrated the ability to
safely and efficiently treat a feedwater that was
nearly saturated with calcium sulfate. The highest
average SI(CaSO4) value achieved during long-term
operation, 8.79, is significantly higher than any
previously published value for an RO system and
demonstrates the high-recovery potential of EDR
technology.
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