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• A synthetic BWRO concentrate of
7890 mg/L was successfully desalinated
by electrodialysis to increase system re-
covery.

• At greater velocities, sulfate was sepa-
rated more slowly than chloride.

• The polarization parameter was shown
as a function of removal ratio, ranging
from 2.0 to 3.6 A m−2 meq−1 L.

• At 1 V/cell-pair, the polarization param-
eter was slightly sensitive to Reynolds
number.
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The objective of this research was to investigate the sensitivity of electrodialysis performance to variations in hy-
draulic flow when treating brackish water reverse osmosis (BWRO) concentrate waste. A synthetic BWRO con-
centrate from Arizona of 7890 mg/L total dissolved solids was prepared with poly-phosphonate antiscalants,
and desalinatedwith a laboratory-scale electrodialyzerwith 10 cell-pairs and a transfer area of 64 cm2 permem-
brane. Flow, pressure, conductivity, temperature, and pH were measured continuously, and periodic process
samples were analyzed by ion chromatography and inductively coupled plasma-optical emission spectrometry
for anion and cation concentrations, respectively. The BWRO concentrate was successfully treated with a stack
voltage application of 1.0 V/cell-pair and current densities less than 280 A/m2 for salinity removal ratios up to
99% (without precipitation). The superficial velocities were controlled in a range of 1.2 to 4.8 cm/s, which
corresponded to Reynolds numbers of 10 to 40. This paper shows the polarization parameter (ranging from
2.0 to 3.6 A/m2 per meq/L) as a function of Reynolds number and removal ratio, and, at maximum sensitivity,
the polarization parameter was proportional to Reynolds number raised to the 0.132 power.
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1. Introduction

1.1. Goals and objectives

One of the most common membrane desalination methods is re-
verse osmosis (RO), but a major drawback of RO systems for inland
desalination applications is limited recovery because of the scaling po-
tential of sparingly soluble salts in the concentrate waste [1]. Typically,
management of this waste in inland desalination systems is economi-
cally and environmentally expensive. The goal of this research was to
improve the understanding and feasibility of high-recovery brackish
water desalination. Electrodialysis (ED) is a desalination process that
is robust with respect to fouling and mineral scaling; ED generally
requires minimal pretreatment (e.g., 10 μm cartridge filtration) and
can tolerate a feed turbidity up to 2 NTU [2]. This robustness is due to
(a) the passive flow of water through the ED stack (i.e., water is not fil-
tered through the membranes); (b) electrical polarity reversal (which
alternates concentrate and diluate cells); (c) periodical clean-in-place
(CIP) removal of fouling and scalingmaterials; and (d) the ability to dis-
assemble the ED stack and physically scrub or rinse deposited materials
from themembranes and spacers [2]. For brackish andmildly salinewa-
ters, ED can operate with a lower specific energy consumption than
thermal processes such as membrane distillation, multi-effect distilla-
tion, and multi-stage flash.

This researchwas designed to evaluate the performance of ED treat-
ment of brackish water reverse osmosis (BWRO) waste to increase
overall system water recovery, as illustrated in Fig. 1. More specifically,
the objectives of this research were to (1) experimentally quantify the
efficacy and efficiency of electrodialysis separation of supersaturated
synthetic BWRO concentrates, and (2) evaluate the performance sensi-
tivities to hydraulic, electrical, and chemical variables. The purpose of
these papers is to communicate a thorough evaluation of electrodialysis
treatment of RO concentrate, and the first of these papers is focused on
quantifying the effects of solution velocity on treatment efficacy and ef-
ficiency. (The second [3] and third [4] papers focus on electrical and
chemical effects, respectively.)

1.2. Theoretical background

Consider a single concentrate and diluate cell-pair, from one cation
exchangemembrane (CEM) to the next CEM in an ED stack, as illustrat-
ed in Fig. 2 (inter-membrane spacers not shown). The hydraulic behav-
ior is often approximated as one-dimensional, with velocity variations
along the x-dimension. The hydraulic effect of the spacer may be ap-
proximated as a well-mixed bulk flow with a no-slip boundary condi-
tion at the membrane surfaces, which causes diffusion boundary
layers, of thickness δ, with negligible mixing.

Application of an electric field (E ¼ − dϕ
dx) creates a gradient in elec-

trochemical potential, which drives ion flux (J), approximated by the
Nernst–Planck equation [5]:

Ji ¼ Ji;D þ Ji;ψ ¼ −Di
dci
dx

− F
RgT

Dizici
dϕ
dx

ð1Þ

Ions are driven by electromigration (anions toward the anode on
the left and cations toward the cathode on the right). Anion exchange

membranes (AEMs) selectively allow the passage of anions, and CEMs
selectively allow the passage of cations. Under steady-state operation,
electroneutrality establishes a concentration gradient (and consequen-
tial diffusive flux) in the diffusion boundary layer (illustrated in
Fig. 2), which supplements the electromigration of selected ions toward
the membranes and counteracts the electromigration of rejected ions
away from the membrane. Thus, in the diluate cells, the salt concentra-
tion decreases from the diluate bulk to the membrane surfaces, and
conversely, in the concentrate cells, the salt concentration increases
from the bulk to the membrane surfaces. The concentration profile in
the x-dimension is often idealized (approximated) as a constant con-
centration within the (well-mixed) bulk regions, and linear concen-
tration gradients in the (stagnant) diffusion boundary layers [6, §4.2].
This gradient in concentration near the membrane surface (dc/dx) is
known as concentration polarization [6–8], and the resulting difference
in concentration across the boundary layer (Δcdbl) is approximately pro-
portional to the current density [9]:

Δcdbl
δ

∝ i ð2Þ

As illustrated in Fig. 2, in the diluate cell, the concentration of ions at
themembrane surface is lower than the bulk concentration, whereas in
the concentrate cell, the concentration of ions at the membrane surface
is higher than the bulk concentration. Both cases are problematic. First,
low ion concentrations at the diluate membrane surfaces can limit the
current density and the rate of desalination within the electrodialyzer.
If the applied voltage (per cell-pair) is sufficiently high, then the concen-
tration of ions at the diluate membrane surfaces may become too low,
and the splitting of water into hydrogen and hydroxide ions may be in-
duced at diluatemembrane surfaces. Second, high ion concentrations at
the concentrate membrane surfaces may exceed the solubility limits of
sparingly soluble salts (such as salts of divalent cations and divalent an-
ions). Precipitation of salts may scale the membrane surface and limit
ionic transport or may accumulate in the spacer and block flow through
the electrodialyzer.

The rate of separation through the boundary layers is the net flux
of electrical charge through each boundary layer, which is equal to the
current density, and at steady state, the current density through each
boundary layer is equal. Thus, the overall mass transfer coefficient (K)
is correlated with the electrical current density [9] (assuming a stable
Coulombic efficiency):

K ∝ i ð3Þ

A dimensionless mass-transfer coefficient (i.e., the Sherwood num-
ber, Sh) can be defined as [10,11]:

Sh ¼ K Lchar
D

ð4Þ

where Lchar is a characteristic length scale, and D is the diffusivity. Thus,
the Sherwood number is a dimensionless representation of the concen-
tration gradient at the membrane surface [11], which is proportional to
the current density:

Sh∝ i ð5Þ

The Sherwood number has been shown to be related to hydraulic
and chemical conditions, characterized by the Reynolds (Re) and
Schmidt (Sc) numbers in the form:

Sh ¼ α0 Re
α1 Scα2 ∝ vα1 ð6Þ

where α0, α1, and α2 are fitting parameters that may be theoretically
approximated and empirically validated; α0 is typically in the range
of 0.6–1.2, and α1 and α2 are approximately 0.3–0.5, depending on
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Fig. 1. Process schematic for recovery of RO concentrate by ED.
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