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Wafer Chemistry and Properties for lon Removal by Wafer

Enhanced Electrodeionization

Thang Ho, Anju Kurup, Tyler Davis, and Jamie Hestekin
Ralph E. Martin Department of Chemical Engineering, University of Arkansas,

Fayetteville, AR, USA

Electrodeionization is a widely used technology to produce
ultrapure water for various applications such as cooling towers,
water reclamation for micro-fabrication, and pharmaceuticals.
Wafer Enhanced- Electrodeionization (WE-EDI) is a technology
which immobilizes resins into wafers allowing for a significant
expansion in applications due to a decrease in internal and external
channeling and leakage. Although WE-EDI allows for a wide
variety of applications in low concentration and selective ion
removal, there have been few studies on the effects of various pro-
cessing variables on WE-EDI performance. This paper investigates
the effects of different variables in wafer performance including
porosity, capacity, permeability, and ion exchange bead type.
Experimental data and predictive modeling shows that thickness
and capacity have little effect on the ability of the wafer to enhance
cation transport while the ratio of anion exchange to cation
exchange resin, the amount of polymer used to bind the resins,
and selectivity of the resin beads have a much greater effect. From
the experimental and modeling results, it is recommended that the
bead chemistry, especially the equilibrium constant K, should be
the main consideration for specific ion removal applications.

Keywords clectrodeionization (EDI); ion selective removal; ion
transport modeling

INTRODUCTION

Ion removal, such as sodium and potassium, is of great
interest to the juice and dairy industry because it has the
potential to produce higher quality products (1-4). There
are two major technologies that have been widely used
for ion removal—ion exchange and electrodialysis. ITon
exchange operates on the principle of ion selective beads,
both cation and anion, operating to remove ions. These
beads are contained in ion exchange resin columns which
are widely used in juice de-acidification (1,5-10). The
advantage of ion exchange is that it is easy and inexpensive
to implement on a production scale (5). However, there are
several disadvantages that affect the cost of the product.
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The ion exchange process requires large volumes of
chemicals and water in order to regenerate the beads before
processing. For instance, a whey demineralization process
using ion exchange generates almost six volumes of waste-
water per one volume of whey (11).

Electrodialysis (ED) is an electrochemical separation
process that uses cationic and anionic ion exchange mem-
branes to remove ions from solution. Cationic membranes
allow only cations (Nat, K", Ca®", etc.) to diffuse
through, while anionic membranes allow only anions
(OH™, SO4>", CI, etc.) to diffuse through. The driving
force for the separation in ED is the current that is applied
across the membrane stack. ED consists of cation and
anion exchange membranes in different compartments:
feed/diluate compartment where ions are removed, the
concentrate compartment where ions are transported to,
and the rinse compartments (ER) to keep the electrodes
clean and prevent chemicals from building up and corrod-
ing the electrodes as shown in Fig. 1. ED has been widely
used in food processing and desalination applications
(4,14-21). ED is more economical to use than ion exchange
since it reduces both the volume of chemicals and the
amount of water used (17,20). Although it is easy to con-
trol the quality of the product with ED, seclective ion
removal remains dictated by the choice of membrane.

Electrodeionization (EDI) combines the selective
removal of ion exchange with the continuous processing
of ED. EDI is a modification of ED in which the
ion-exchange resin is packed into the diluate or feed com-
partment in order to enhance the transport of ions across
the membrane. Just like the ED system, EDI consists of
cation and anion exchange membranes arranged in a parti-
cular order to form different compartments. The feed/dil-
uate compartment is packed with cation and anion
exchange resins. The concentrate compartment is where
the ions are collected as a result of transport through the
ion exchange beads. Two rinse compartments (ER) help
to keep chemicals from building up and corroding the elec-
trodes. EDI was first used by Walters et al. in cleaning
radioactive waste from contaminated water (22), and has
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FIG. 1. Schematic of an electrodialysis system.

become a popular technique in the production of high
purity water. The major applications of EDI are in the
removal of ions at low concentrations (23-27) and the
separation of weakly-ionized impurities (28-32). With
the promise of ion selective removal, EDI has been widely
studied in order to improve its performance. For instance,
there have been many studies on flow rates, current, and
voltage effects on the performance of EDI (23,24,33,34).

Researchers have also studied how different ion
exchange membranes affect the performance of an EDI
system. For example, Grabowski et al. studied the effect
of anion exchange membrane permselectivity in ultrapure
water production using bipolar membranes in two different
EDI configurations (35). Both stacks contained separated
beds of cation and anion exchange beads with a bipolar
membrane separating the beds. In the first configuration,
Grabowski et al. separated the diluate and concentrate
compartment by an anion exchange membrane. The
second configuration has a protective compartment filled
with anion exchange beads between the diluate and concen-
trate compartments. The results showed that the first con-
figuration could not produce ultra pure water (0.055uS/
cm) due to the incomplete permselectivity of anion
exchange membranes while the second configuration was
able to successfully produce ultra pure water. Moon et al.
studied the transport of lithium ions in a nanocomposite
membrane EDI system (36). They reported that for low
lithium ion concentration (~5mg/L) removal, the power
consumption was decreased by 40% while switching from
a polymeric membrane to a nanocomposite membrane
EDI system. However, most of these studies were evaluat-
ing ultra-pure water production and how EDI performs in
low ion concentrations. There are few if any studies of ion
removal in high concentrations and ion selective removal
with EDI.

Although there are major advantages over ED, there are
also several disadvantages with EDI. First of all, the leak-
age of ions from compartment to compartment is a major
problem (32,37). When the leakage occurs within the EDI
system, ions begin to migrate from one compartment to
another by convection instead of by diffusion, making it
difficult to achieve the target separation. For instance, in
ultrapure water production in semiconductor plants, it is

difficult to produce the specified qualities when leakage
occurs, especially in the presence of weak ions (29). Since
the resin is packed loosely between two membranes, it is
difficult to have a perfect seal between compartments to
prevent leakage. Another disadvantage of EDI systems is
the uneven flow distribution in the feed compartment
where the ion exchange resins are packed (21). Because of
loosely packed ion exchange resin, flow channels are
created that decrease the efficiency. Researchers have
experimented to eliminate these two problems by using
different stack configurations such as spiral-wound con-
figurations (29) or by immobilizing the resin using mag-
netic fields (38). Menzal et al. used the spiral-wound
configuration in which the resins were tightly packed
between the two membranes to eliminate the leakage of sol-
ution within the EDI system. By charging the cathode,
anode, and ion exchange resins, Lacher et al. were able
to immobilize the resins and prevent the packed bed from
moving when the solution was processed through the sys-
tem. This eliminated flow channel formation. These tech-
nologies were able to eliminate one of the disadvantages
of conventional EDI but not both. Moreover, in order to
implement these technologies, it is necessary to have a
new system specifically designed rather than modifying
one of the existing systems.

Wafer Enhanced-Electrodeionization (WE-EDI) was
proposed for organic acid removal by Arora et al. in
2007 (39). They used a polymer as the binding agent in
order to bind the ion exchange resins together into a wafer
(39). The wafer is a mixture of cation exchange resins,
anion exchange resins, and elastomeric binder. The wafer
was inserted between two membranes as the spacer instead
of the loosely packed ion exchange resin found in a conven-
tional EDI system (39-41). WE-EDI helps prevent uneven
flow distribution and ion leakage between the compart-
ments. Because of the reduction in leakage, WE-EDI can
be used for more selective product separations.

With the combination of ion exchange resins and ED,
WE-EDI has potential applications in ion selective
removal. However, there are few studies that have taken
place concerning ion selective removal using EDI or
WE-EDI. This study examines how different wafer compo-
sitions—polyethylene, sugar, cation—anion resins ratio
and thicknesses (1-2 mm) affect the transport between dif-
ferent ions, especially for potassium (~2000 mg/L) and cal-
cium (~1500mg/L). Moreover, with an in-depth study of
wafer characteristics, this paper addresses how different
wafer compositions affect the capacity, porosity, and per-
meability of the wafer. Further, parameters have been
obtained for the mathematical modeling of the WE-EDI
system for single ion removal. This study creates a foun-
dation for a multi-component model and optimizes several
parameters that affect the transport of ions in a WE-EDI
system.
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EXPERIMENTAL SET-UP
Chemicals and Equipment

Sucrose, low density polyethylene, potassium chloride,
sodium chloride, and calcium chloride were obtained from
VWR. The cationic and anionic ion exchange resins used
were Amberlite IRA-400 and Amberlite IR-120 plus,
respectively. Both of these resins were obtained from
Aldrich. A Carver Model 3851 Pneumatic Press was used
for synthesis of the wafer. The ED stack consists of a
Micro Flow Cell (Electrocell, Amherst, NY) which has a
PTFE frame, stainless steel electrodes, and a filtration area
of approximately 0.001 m? per cell pair. Cationic 5B mem-
brane and Anionic ACS membrane from Tokuyama,
Japan were used for EDI studies.

Experimental Procedure
Wafer Characterization

Experiments were carried out to investigate the effects of
polyethylene and sucrose on the wafer’s porosity, capacity,
and permeability. A standard wafer consisted of polyethyl-
ene, sucrose/sugar, cation exchange resin, and anion
exchange resin. Sugar and polyethylene were varied to
make seven different kinds of wafers. The wafers were con-
structed using a pneumatic press set at 237°F and a press-
ure of 10,000 psi for 90 minutes followed by air cooling for
15 minutes after the wafers were formed. The high pressure
helps to bind the mixture together while the high tempera-
ture helps to melt the polyethylene without melting the
sugar. Polyethylene keeps the resins intact while sugar cre-
ates the porosity in the wafer. The heating time of 90 min-
utes allows polyethylene to melt completely while the air
cooling for 15 minutes helps to solidify polyethylene to cre-
ate a stable structure within the wafer. After sugar removal,
the wafer contained a hydrophilic region (ion exchange
beads) and hydrophobic region (polyethylene) which helps
the wafer to perform as the ion transport enhancer. SEM
images of a similar wafer, reported in Arora et al. (39),
show polyethylene attached to the sides of beads showing
these regions. Each wafer was cut into two 5cm x 5cm
pieces and soaked overnight in deionized water to remove
sugar. The porosity of a wafer is created when the sugar
is removed. The dried wafers (taken out of water after
soaking) were submerged in solutions of known potassium
chloride concentrations for 12 hours. For each step, the
concentration of potassium ion and weight of wafers were
recorded using ion selective electrodes from Mettler
Toledo. These measurements were obtained in order to cal-
culate the capacity of the wafer. The capacity of the wafer
is the amount of ion uptake per gram of beads.

The wafer’s permeability was measured by using a home
built flow-through column. The experimental setup is
shown in Fig. 2. Water is pumped from a water tank
to the column with a constant flow rate of 15ml/min.

75 cm

I Y

- - Wafer

A==

Pump 30 cm

s
gV

-
FIG. 2. Home-built wafer permeability experimental system.

Water Tank

The wafer is inserted in the middle of the column while
the flow rate is kept constant, and the pressure is calculated
based on the height of the water in the column. The press-
ure of the column is calculated as the product of the water
density, the height of the column, and the gravity constant.

The ion exchange selective equilibrium coefficient, K,
was determined by using different concentrations of single
ion solutions. In this experiment, four different concentra-
tions of potassium were prepared in the range between 100
to 2000mg/L. A volume of 150ml of each solution was
added into a jar and then 3 mg of cationic exchange beads
was then added to the each jar and left in solution for 24
hours. The pH and concentrations of the ion was measured
before and after the experimentation. The same procedure
was repeated to measure the ion exchange selective equilib-
rium coefficient, K, for sodium ion.

Ion Selective Removal using WE-EDI

The WE-EDI system was operated in a batch mode with
flow rates in all chambers set to 150 ml/min (2.5ml/sec).
The concentration of the rinse solution was 0.3 M Na,SO,
for a single component experiment (a standard rinse
concentration in industry) and 0.3M NaCl for multi-
component experiments in order to prevent calcium pre-
cipitation. Solutions with the same starting concentration
were used in diluate and concentrate chambers for each
experimental set up. For single ion removal, a solution
with a concentration of ~2000mg/L K* (as KCl) was
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used. For two component experiments, a solution
with a concentration of ~1500mg/L K* (as KCl) and
~1500 mg/L Ca®" (as CaCl,) was used. The concentrations
of potassium and calcium ions were chosen to correspond
to be near their concentration in juice and milk. The vol-
ume of the diluate, concentrate, and rinses were 150 ml
each. The experiments were operated at a constant current
of 0.04 A for 8 hours while the voltage started at 4V and
increased up to 8V as the solution became more dilute
and the membrane fouled. Samples (2ml) were drawn
every hour for the first two hours and every two hours
thereafter. Experimental results were corrected for the
change in total volume as samples were taken. Samples
were diluted ten-fold and sent for analysis of ion profile
at the University of Arkansas Poultry Science Department
using Inductively Coupled Mass Spectrometry (ICP-MS).
Prior to actual sample analysis, standards were used to test
the accuracy of the ICP-MS method. Over a variety of
concentrations (50-2500mg/L), the ICP-MS method of
Poultry Science Department was within a 3% margin
of error based on variations in multiple samples. The cur-
rent and voltage were recorded at the same time as the sam-
ples were collected. For these sets of experiments, the ratio
of cation: anion resins were varied from 0:100% to 100%:0
with 25% increments. Also, the thicknesses of the wafers
were varied from ~1 mm to ~2 mm. The effects of different
ion exchange ratios and thicknesses of the wafers were then
evaluated in both single component (potassium) and multi-
component (potassium and calcium) systems.

Samples Analysis

For the wafer capacity analysis, the solutions were ana-
lyzed for potassium ions using MultiSeven Mettler Toledo
ion selective electrodes. For the multi-ion solutions, the
samples were analyzed for ion profile by the ICP-MS from
the University of Arkansas, Poultry Science Center.

THEORY

Many different approaches for EDI modeling have been
proposed (42-45). The most fundamentally based of these
models starts with the Nernst-Planck equation. One of
these models, modified from (46) was used for modeling
WE-EDI performance. In this paper, Glueckauf provided
an analytical solution for a mono-valent single component
system. To make the model more flexible for a variety of
systems, Kurup et al. (47) included an approach that
allowed for multi-component systems, multi-valent ions,
and allowed the equations to be solved numerically for
the first time with WE-EDI. The two main mass equations
that were derived were based on ion transport within the
diluate compartment. This model assumes that ions are
transported from the bulk solution into the ion exchange
resins, and that either the cations or anions are limiting.
It is important to note that we have assumed that cation

transport is limiting in this case since Na* and K™ have
conductivities of 50.11 x 10~* and 73.5 x 10~*m?S/equiv
and CI~ has conductivity of 76.1 x 10~*m?>S/equiv (48).
However, if multiple anions of high mobility existed in sol-
ution this model could be adjusted to account for the trans-
port of both ions. Since the model assumes that half the
current goes for transport of cations and half for transport
anions, the nearly equal conductivities make this assump-
tion valid. If a more bulky cation or anion was used, this
would need to be adjusted. It also assumes that ions trans-
fer along the resins to the membrane via electric current.
Further, we assumed that all ion transport happens
through the resin and not the solution. For dilute solutions,
this is a good assumption, and one of the purposes of this
paper was to investigate how well this assumption held
with intermediate concentrations. Thus the two governing
equations developed are:

—a.In(1 —r])—(a—l).n:%b?W (1)
1_714 n;

bWA/f = —aln L+ 1In—t 2

/f l_ne Me ( )

In which, 5, a, and b are three parameters defined by

1=~ a—1)C), 3)
3
D 3o
b:r_2'2(l—ﬁoc) )

Equations (1) and (2) are solved simultaneously to
describe the WE-EDI unit with correlations back to the
tank Eq. (48).

o AW e
C=0Co— (% Cox) (6)

Equations (1), (2), and (6) were solved simultaneously
using FORTRAN 90 with ISML library. For more infor-
mation of the detailed solution procedure of these
equations, please see the paper of Kurup et al. (47)

RESULTS AND DISCUSSION
Wafer Characterization: Porosity, Capacity, and
Permeability

The porosity is important in a wafer because it indicates
how much flow can take place through the wafer, along
with the permeability. The porosity (&) was determined by
the ratio of void volume to the total volume of the wafer
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(V). The total volume was calculated using the product of
the area of the wafer (S5cm x 5cm) and its thickness
(2mm £ 0.03). The void volume was calculated using the
total volume and then subtracting the volume of each
component, creating the structure of the wafer from the
summation of the ratio of the mass of each component
(m;) over the density of each component (p;). In these cal-
culations, sugar was not considered to be part of the
wafer’s structure since it is removed from the wafer by
soaking under water. Thus the porosity is defined as:

Vw - ,% 7
&= Vw ( )

Capacity is an important characteristic in a wafer
because it indicates how much enhancement of diffusion
the wafer can make. The capacity was defined as the
amount of ion uptake in milli-equivalent per gram of resin
in a wafer. The wafer capacity was calculated using the
concentration difference of ion absorbed (potassium)
before (Cy) and after (Cy) soaking, multiplied by the vol-
ume of the solution (V) over the total mass of cationic resin
(Myesing) Within the wafer:

(Co — Cf)* V

Myesins

Capacity = (8)

The permeability was calculated by using D’Arcy’s law
(48), in which the permeability (k) is a function of the fluid
flow rate through the wafer (Q), the pressure difference
(AP), the fluid viscosity (u), and the contact area (A):

Q. n

1 AP ©)

Considering these three parameters, it is important to
point out the range of the experiments conducted.
The sugar in these experiments was used to create porosity

60

when it was removed by soaking in water. The polyethylene
serves as a binder for holding the beads together. The total
ratio for all of components in the wafer was 7.1 when poly-
ethylene is held at 1. For example, the ratio of polyethyl-
ene: sugar: cation exchange resins: anion exchange resins
in one of the wafers was 1:1.5:2.3:2.3 which give a sum of
7.1. As the ratio of polyethylene to total wafer (7.1) drops
below 0.8, the wafer began to fall apart and becomes unvi-
able for further experimentation. The same observation
was made as the ratio of sugar to total wafer (7.1) increased
above 1.2. Moreover, when the ratio of polyethylene to
total wafer was above 1.4, a great deal of pressure drop
was required since polyethylene blocks the void volume
of the wafer. The same phenomenon was also observed
as the ratio of sugar to total wafer dropped below 0.8.
Therefore, the permeability and porosity measurements
were conducted in the range of 0.8 to 1.4 of polyethylene
to total wafer and the range of 0.8 to 1.2 of sugar to total
wafer. The results of sugar and polyethylene on porosity
and permeability are shown in Figs. 3 and 4, respectively.
As the ratio of polyethylene to total wafer increased,
while the amount of cation and anion exchange resins
remains constant, the porosity and permeability of the
wafer decreased. The main reason was that polyethylene
began to block the flow channels as well as cover the resin
so that the resin could not make as much contact with the
solution. As the ratio of sugar to total wafer increased,
the porosity and permeability of the wafer increased due
to the increased sugar creating more or larger pores.
Figure 5 shows the capacity as a function of the ratio of
polyethylene/sugar to total wafer. The capacity of the
wafer is the amount of ions taken up (meq/g) of resin in
the wafer. The capacity of the loose resins is the maximum
capacity that wafer can have without any site blockage
from polyethylene binding. Thus, the maximum capacity
of a wafer is dictated by the capacity of loose resin which
is 0.051 mg K /mg resin for the anion exchange resin used
(1.3 meq/g resin, experimentally determined). As shown in

55
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FIG. 3. The effects of polyethylene and sugar on wafer porosity.
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FIG. 4. The effects of polyethylene and sugar on wafer permeability.

the figure, the ratio of polyethylene to the total wafer
had the biggest effect on the ion exchange capacity of
the wafer. This is because polyethylene, although a binder,
is nonconductive and the more polyethylene present in the
wafer, the more sites that are blocked from ion exchange
capacity.

Decreasing the ratio of polyethylene to total wafer
increases the wafer’s ability to enhance transport since
the wafer porosity, permeability, and capacity all increase.
However, the consequence of increased transport is the dif-
ficulty to consistently produce wafers with uniform charac-
teristics. Thus, they ultimately fall apart at the ratio less
than 0.8 polyethylene. It was necessary to consider both
stability and performance in order to optimize the wafer.
In this paper, the ratio of 2.3:2.3:1:1.5 for cation exchange
resin, anion exchange resin, polyethylene, and sugar,
respectively was chosen to perform the rest of the exper-
imentation in single ion removal and multi ions removal.
This was the ratio 1 for polyethylene and 1.5 for sugar in
Figs. 3-5. It was found that this “magic ratio” gave the
best combination of performance and stability in the
wafers we tested.

lon Removal with Different Cation: Anion Exchange
Resin Ratio and Thickness
Modeling Single Ion Removal with Standard Conditions

The model used was developed by Kurup et al. (46) for
single and multi-component transport. The parameters used
are given in Table 1. These parameters are either obtained
from the literature or determined from experiments.

The diffusion coefficients for potassium and sodium ions
in the solid phase (D) were approximated by using 0.15
times the liquid phase diffusion coefficients as estimated
by (49). The average radius of the resin particles were
obtained from the mesh size of the particles used (16-60
mesh size), which correlated to an average radius of
0.04 cm (r) using a standard mesh chart (48). The thickness
of the wafer (W) was experimentally measured using a
caliper. Beta (f8) is the fraction of total ion-exchange resin
surface area accessible for exchange of ions. Beta was
calculated by the ratio of the capacity of the wafer
(0.041mg K*/mg resins or 1.05meq/g resins) to the
capacity of the loose resins (0.051mg K*/mg resins or
1.30 meq/g resins) obtaining the value of 0.8. Lambda (1)
is the equivalent conductance of ions. 1; represents the

1.2
€ Ratio 1:1.5:2.3:2.3
[7]

et \\4—;

&’ 1.1 — __{
o — -
g F
g J \
>
S 0.9 Sugar Varied
g_ . Polyethylene Varied
[
o

0.8

0.6 0.8 1 1.2 14 1.6 1.8

Ratio of Polyethylene or Sugar/ Total Wafer (7.1)

FIG. 5. The effects of polyethylene and sugar on wafer capacity.
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TABLE 1
Modeling parameters for potassium and sodium ion
removal with wafer enhanced electrodeionization

Potassium Sodium

D 1.957 x 10> cm?/sec 1.334 x 10> cm?/sec
r 0.04 cm

W 0.2cm

B 0.8

o 0.6

A 11.43 x 10> m?/V /sec 7.79 x 107> m?/V /sec
s 54.396 x 107> m?/V /sec

K 2.02 0.59

2J.A 0.04A

A 10 cm?

f 2.5ml/sec

equivalent conductance of potassium or sodium ion
while /3 represents the equivalent conductance of hydrogen
ion (50). The ion-exchange equilibrium selective coefficient
(K) was obtained from the ratio of total cation concen-
tration exchanged to the total hydrogen concentration
migrated into the solution. The coefficient K of potassium
ion or sodium ion is the average of multiple values of K in
a range from 100 mg/L to 2000 mg/L ion concentration as
discussed on the previous experimental procedure. If a
more accurate determination was required, K could be var-
ied as a function of concentration. The operating electrical
current of the EDI stack was 0.04 Amps. The assumption
was that half of the current is utilized to transport cations
and the rest of the current is used to transport anions. The
current density (J, Amps/cm?) is equal to half of the oper-
ating current divided by the contact area (A). The contact
area (A) is the membrane area given we are using only one
cell pair. The flow rate of the diluate stream (f) was 150 ml/
minute which was 2.5 ml/sec.

The modeling and experimental results for potassium
and sodium ion removal are shown in Fig. 6. It is impor-
tant to point out that both of these simulations were run
with no adjustable parameters and were not based on prior
EDI experiments. Given that these experiments ran for
over 500 minutes the model fits the experimental data very
well. Thus, it was determined that the model was valid over
the concentration range we tested and was used to look at
other variables effects on WE-EDI performance.

Single Ion Removal: Variation of Wafer Parameters

After the detailed wafer study, it was desirable to see if
changes in wafer parameters led to different ion removal
rates in WE-EDI. Therefore, the removal of potassium ions
with different cation: anion exchange ratios were studied.
The computational models were performed in parallel with
the experimentation in order to validate both experimental
data and numerical modeling. The results for potassium
removal with different cation: anion exchange resin ratio
is shown in Fig. 7. The results show that when the ratio
of cation: anion exchange resins were increased, the
removal rate of potassium increased slightly. For instance,
after 4 hours of operation, the potassium ion concentration
in the diluate/feed compartment is 30% + 3% of the orig-
inal potassium ion concentration for the 0% cation
exchange resin wafer. For the same operating time, the pot-
assium ion remaining is 20% =+ 2.5% of the original potass-
ium ion concentration for 100% cation exchange resin
wafer. This small but significant difference in data pre-
dicted by the model which shows that as the concentration
of the cation exchange resin goes to zero the transport of
ions goes to that of ED. Thus with the system where cation
exchange is limiting, a wafer with 100% cation exchange
resin is optimal or the point where anion exchange becomes
limiting.

It was also of interest to examine how different wafer
thicknesses would affect the removal rate of ions in a

120
12 : : : ‘ |
® Experimental results
- 1.00 ® Experimental results
! —Modd prediction | ——Model prediction
Zos Z 030 R
[ 3 3
S 06 \ g 060 N""'.\s
g b4 q —
& S}
S P, 3 040 )
3 . o}
9] 5]
02 h 0.20
\ .
0 1 0.00
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (min) Time (min)
(@ (b)

FIG. 6. Comparison in single ion removal between modeling and experimentation for (a) potassium and (b) sodium.
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FIG. 7. Potassium ion removal with different cation and anion exchange resin ratios.

WE-EDI system. Experiments were carried out with four
different wafers thicknesses: 1.02mm, 1.27 mm, 1.78 mm,
and 2.03mm using the same procedure as the previous
experiment. The potassium ion concentration was
~2000mg/L for the diluate chamber. The predicted mod-
els were performed with different wafer thicknesses: 1.02
and 2.03mm. The experiment and model prediction are

shown in Fig. 8. When the model parameters were varied
from 0.05 to S5Smm, we found very little change in the
performance of the wafer. Thus the thinner wafers allow
for more active surface area per volume and maximum per-
formance. The thinnest wafer that could be run is the most
desirable and is about 0.5mm. At the wafer thicknesses
thinner than 0.5 mm, wafer consistency is a big problem.
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FIG. 8. Potassium ion removal with different wafer thickness.
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In earlier experiments of wafer characterization for
porosity, capacity, and permeability, the ratio of polyethyl-
ene to the total wafer was varied from 0.8 to 1.4. Recalling
from Fig. 5, this dropped the ion exchange capacity from
1.05meq/g resin to 0.95meq/g resin. Thus, experiments
were carried out to investigate how the amount of poly-
ethylene actually affected the performance of WE-EDI in
a single component system. The experiments used two
wafers with a ratio of polyethylene to total wafers of 1
and 1.4 in ~2000mg/L potassium ion. The model para-
meters: packing ratio («) and fraction of the total ion
exchange resin surface area accessible for exchange of ions
(p) were calculated from the porosity and the capacity of
the wafer, respectively. Packing ratio (1-porosity) turned
out to be 0.617 and 0.742 for the polyethylene: total wafer
ratio 1 and 1.4, respectively. The fraction f§ was calculated
by the ratio of wafer capacity to the loose resin capacity,
which was 0.81 and 0.67 for the polyethylene: total wafer
ratio of 1 and 1.4, respectively. The experimental and mod-
eling results are shown in Fig. 9. These results showed that
as the ratio of polyethylene to total wafer increased from 1
to 1.4, the removal rate of potassium ion in the WE-EDI
system decreased significantly. For instance, after four
hours of experimental time, the potassium ion concen-
tration remaining in the diluate compartment was
0.33+£0.02 for the ratio of polyethylene to the total wafer
of 1 and 0.55+0.02 for the ratio of polyethylene to total
wafer of 1.4. The modeling results after four hours show
0.39 for polyethylene: total wafer ratio of 1 and 0.54 for
polyethylene: total wafer of 1.4. Although there are some
minor differences in experimental and modeling results,

1.2

both of these results agreed that the more polyethylene that
was present in the wafers, the less the wafer enhanced
transport in WE-EDI. This happens because as the para-
meters show, the capacity of the wafer decreases signifi-
cantly with more polyethylene.

Further, when the capacity of resins was varied from
1.39meq/g resin to 1.97meq/g resin (parametric study),
the predictive model results are shown in Fig. 10.
Figure 10 shows that as the capacity of resins increased
the removal rate of potassium increased. For instance, after
four hours of experimentation, the potassium concen-
tration remaining in the diluate compartment is 40% the
initial potassium concentration for the wafer with ion
exchange capacity of 1.39 meq/g resin while the potassium
concentration remaining in the diluate compartment is 32%
the initial potassium concentration for the wafer with ion
exchange capacity of 1.97mg/g resins. Thus, the wafer
capacity was not a major factor in ion transport.

From Figs. 8-10, a discrepancy between the experi-
mental data and model data during the initial period of
time are caused by the average equilibrium constant (K)
used in the model. In reality, K value varies from high to
low as the concentration of ion decreases. Thus the average
K value in the model is lower than the actual K value at the
initial period of time which caused the model to under pre-
dict in the beginning and over predict at the end. It was not
thought, however, that the discrepancy was significant
enough to justify a K as a function of concentration
although this modification could be made.

Moreover, when the equilibrium constant, K, was varied
from 1 to 10, the predictive model results show a significant

4 Wafer with 1 polyethylene ratio
B Wafer with 1.4 polyethylene ratio
Predicted Model with 1 Polyethylene Ratio

— =Predicted Mode for 1.4 Polyethylene Ratio

-
\ ~
0.4 2o
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300 400 500

Time (Minutes)

FIG. 9. Potassium ion removal with different polyethylene: total wafer ratio.
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FIG. 10. Parametric study of potassium ion removal with different ion exchange resin capacities.

difference as seen in Fig. 11. Figure 11 shows that as the
equilibrium K of the resin increases, the removal rate of
potassium increases significantly. For instance, after four
hours of experimentation, the potassium ion concentration
remaining in the diluate compartment is 48% the initial
potassium concentration for K=1. With the same four
hours of experimentation, the potassium ion concentration

remaining in the diluate compartment is 30% the initial
potassium concentration for K =10. Thus for future wafer
choice, it is recommended that resins with high equilibrium
K be chosen (K =10). With thousands of ion exchange
resins to choose from, this is quite possible in WE-EDI.
For single ion systems, K was the most significant factor
in the rate of transport by WE-EDI.
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FIG. 11. Parametric study of potassium ion removal with different equilibrium constant (K).
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FIG. 12. Potassium (outline) and calcium (filled) ion removal with different cation and anion exchange resin ratios.

Multi-Ton Removals solutions. The same experimental procedure was followed

In many different juice and dairy systems, multi- as described earlier. The total volume of the diluate com-
component separations such as potassium from calcium, partment was 150ml, the flow rate was 150 ml/min, and
are important. Thus, experiments were carried out with the electrical current was 0.04 Amps. The cation: anion
~130mg/L K" (as KCI) and ~1300 mg/L Ca®" (as CaCl,) exchange resin ratio was varied from 0:100% to 100:0%
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FIG. 13. Potassium (outline) and calcium (filled) ion removal with different wafer thicknesses.
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FIG. 14. Selectivity of calcium/potassium with different cation and anion resin ratios.

with 25% increments. Four wafer thicknesses: 1.02, 1.27,
1.78, and 2.03mm were also tested in these experiments.
The experimental results are shown in Figs. 12 and 13.
Figure 13 shows that there was little change in the
removal rate of either potassium or calcium ions when
the wafers thicknesses were increased from 1.02 to
2.03mm. However, in Fig. 12, the removal rate of calcium
and potassium ions did vary as the ratio of cation to anion
resin was adjusted from 0:100% to 100:0%. For instance,
after four hours of experimentation, the calcium concen-
tration remaining was 60% the initial calcium concen-
tration, and the potassium concentration remaining was
70% the initial potassium concentration for 25%:75%
cation:anion exchange resin wafer. For the same four hours
of experimentation, the calcium concentration remaining
was 40% the initial calcium concentration, and the
potassium concentration remaining was 75% the initial
potassium concentration for 25%:75% cation:anion
exchange resin wafer. The selectivity of calcium ion over
potassium ion in WE-EDI was calculated using Eq. [10]:

Selectivity = (Cca_initial = Cca_finat) * Ck _initial (10)
(Ck initial = Ck_finat) * Cca_initial

where the removal rate of calcium ion was compared with
the removal rate of potassium ion when the ratio of cation
to anion resin was varied. The selectivity versus the per-
centage of cation exchange resin is shown in Fig. 14.
Figure 14 shows that when varying the cation: anion
exchange resin ratio, the selectivity of ion was minimized
at 25% cation exchange resin, although this effect was
found to be minor. Since K is the most significant factor

in single ion removal, future work will center around the
variation of K for the selective removal of ions.

CONCLUSIONS

This study deals with how different wafer properties
affected ion removal in a WE-EDI system. From the wafer
characterization, the effect of sugar and polyethylene were
evaluated in capacity, porosity, and permeability to opti-
mize the ratio of polyethylene and sugar to the total wafer.
The optimized wafer composition was 1 polyethylene: 1.5
sugars: 2.3 cation exchange resin: 2.3 anion exchange resin.
The wafer characterization also provided enough infor-
mation to obtain the packing ratio () and the fraction of
total ion-exchange resin surface area accessible for
exchange ions (f) to use in the mathematical modeling.

This paper also demonstrated that when the cation:
anion exchange resin ratios and the wafer thicknesses were
varied, the removal rate for a single ion system had mini-
mal change. However, increasing the capacity of the resins
did have a significant effect on the removal rate of ions.
Moreover, the single component model was successfully
developed to predict the removal rate for single ion
WE-EDI systems.

From the modeling results, for single ion removal, it is
recommended to use ion exchange resins with high capacity
and high equilibrium constant K for the best ion removal.
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NOMENCLATURE

A Contact area, cm?

C Bulk or liquid phase concentration of counter-ion
species, mg/L

o Counter-ion concentration at the interface
between liquid and resin/solid particle, mg/L

Y, Counter-ion concentration exiting the EDI
system, mg/L

Co Initial concentration in diluate compartment,
mg/L

(Co)w Initial concentration at the wafer surface,
mg/L

Ce Final concentration, mg/L

D Diffusion coefficient of ion in the solid face,
cm?/sec

F Faradays constant, s Amp/mole

f Flow rate, ml/sec

J Current density, Amp/ cm?

K Ton-exchange equilibrium selectivity coefficient

r Radius of resin particle, cm

i Mass of component I, g

Myesins Mass of the resins in wafer, g

N (Buffer volume added)/(fixed diluate volume)

Q Flow rates through the wafer, ml/sec

Si Observed solute passage of component 1

v Volume of solution, ml

Vu Total volume of wafer, cm?

w Width of the cell, cm

X (Initial diluate volume)/(final diluate volume)

AP Change in pressure, N/m?

o Packing ratio

p Fraction of total ion-exchange resin surface
area accessible for exchange of ions

n Current efficiency

ih Current efficiency inlet

Ne Current efficiency outlet

A Equivalent conductance of counter-ion, m?/V /sec

A3 Equivalent conductance of H' ion, m?/V/sec

& Porosity

0i Density of component j, g/cm3

K Permeability, cm?

u Viscosity of liquid, g/cm/sec
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