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Abstract. In this study, high concentrations of cadmium-containing wastewater were treated by electrodialysis (ED) with a
channel stack. The limiting current density (LCD), cadmium removal efficiency, and current efficiency were investigated
under each experimental condition according to the Reynolds number (Re), membrane area, and pH. With the increase in the
film area to 111, 333, 555, and 777 cm? at Re (109.1), LCDs decreased to 408.11, 44.45, 35.32, and 13.64 A/m?, respectively.
The highest cadmium removal efficiency (99.6%) and current efficiency were obtained for the membrane area of 111 and 777
cm?, respectively. Under changing Re in the pH range of 1 to 4, Re and LCD were proportional under the same pH condition,
and pH and LCD tended to be inversely proportional under the same Re condition. Cadmium removal rate was the best at the
pH range 3 - 4. It has been found that ED with channeled stacks can be successfully applied to treat wastewater containing

high concentrations of cadmium.
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1. Introduction

Zinc is not only an alloying element necessary for the
plating of steel products, die-casting alloys, brass, etc., but
is also a very important constituent material in primary
batteries (Sohn 2019). However, the zinc smelting business
environment is becoming increasingly difficult due to
sluggish global economic growth, stringent environmental
regulations, steady rise in energy costs, and the global
supply chain crisis (Park et al. 2019, Yun 2015). The ores
used in the zinc smelting process are mainly zinc blend,
sphalerite, ZnS, etc., and sulfide ore is used as the main ore.
In addition to zinc, raw ores contain copper, indium, iron,
cadmium, silver, and sulfur dioxide, and are discharged as
wastewater or residues, causing serious environmental
pollution to the air, water, and soil and damaging
biodiversity (Park et al. 2019).

In general, wastewater from zinc smelters contains high
concentrations of heavy metals such as cadmium and is
treated through traditional physicochemical treatments such
as coagulation, sedimentation, and filtration (YYuan and Shi
et al. 2009). These physicochemical treatment processes
require large areas and use many chemicals as flocculants,
and heavy metals discharged as sludge cannot be recovered
(Benvenuti et al. 2014, Min et al. 2019). In contrast,
membrane separation-based wastewater treatment technology
requires minimum site area and use of chemicals through
facility integration. In addition, heavy metals can be
recovered from wastewater treatment processes in
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conjunction with zinc production or evaporation/extraction
processes (Kim et al. 2022, Min et al. 2021c, Purkayasthha
et al. 2014, Walker et al. 2014).

Electrodialysis (ED) is a membrane separation
technology that alternately arranges an anion exchange
membrane (AEM) and a cation exchange membrane (CEM)
and applies an electric current to separate a solution with
both low (diluent) and high (concentrate) concentration of
ions. It has the advantage of not needing chemicals and
minimum land area requirements. However, ED requires a
significant amount of energy. To effectively use an ED
treatment system, methods that can maximize energy
efficiency must be applied (Gurreri et al. 2014, Min et al.
2021a, Walker et al. 2014).

The ion separation efficiency in electrodialysis depends
on the physicochemical properties of metal ions as well as
the characteristics of the applied ion exchange membrane
and operating conditions (Cararescu et al. 2012). Selective
ion separation using an ion exchange membrane is affected
by the ion selectivity and dependence inherent in the ion
exchange membrane and the concentration of metal ions to
be removed. The ion removal efficiency is affected by the
electrical properties due to the composition ratio of ions
according to the influent characteristics and the potential
difference in addition to the hydraulic properties such as the
apparent surface velocity. Therefore, to achieve the required
quality of wastewater treated using ED, optimal operating
factors must be determined (Min et al. 2019).

To improve the energy efficiency of ED, it is necessary
to reduce local resistance to mass transfer. In ED, at any
point along the direction of fluid flow, ions are transported
through an electrochemical potential gradient, resulting in
entropy generation that lowers energy efficiency. This can
be improved through better selection of ion exchange
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Table 1 Characteristics of synthetic wastewater for each experimental condition

JoME:

Zinc refinery wastewater pH 1 pH 2 pH 3 pH 4
pH 33%0.1 1.07x0.1 19+0.2 29+0.2 41+0.1
Conductivity (mS/cm) 5.92 +0.15 12.58 + 0.89 8.20 £ 1.40 6.20 + 1.00 5.30+£1.00
Cd?*(mg/L) 85.0+ 3.6 96.4 £ 4.3 89.6 £ 13.5 106.0+ 4.7 111.2+3.7
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Fig. 1 Schematic diagram of the experimental equipment

membranes and stack structures with thinner channels.
Under the same flow rate conditions, the larger the system
size, the larger the area of the ion exchange membrane, so it
can be operated at lower current densities. Lower current
densities reduce the energy required for mass transfer
because the irreversibility due to the movement of ions
decreases when the thermodynamic state is closer to
equilibrium (Chehayeb et al. 2017, Min et al. 2022c¢).

The diffusion transport of ions is closely related to the
membrane flow rate, however, because the membrane flow
rate is proportional to the energy consumption, it has been
operated while minimizing it. The stack geometry is
fabricated to flow in one direction to avoid hydrostatic
pressure differences as well as linear streamlines (Gurreri et
al. 2012, Min et al. 2021b, Tedesco et al. 2012). However,
if the stack is improved to have a serpentine path and the
flow rate narrows down in the direction of the stack outlet
such that the flow rate increases as it reaches the outlet, a
faster flow rate can be provided at the same energy
consumption. The ion removal efficiency can be improved
by applying a higher voltage (or current) at a high flow rate
(Min et al. 2021b).

Previous studies have focused on the effects of solution
concentration and feed flow rates using brine or wastewater
(Chao and Liang 2008, Daniilidis et al. 2014, Kingsbury et
al. 2017, Tedesco et al. 2016, Tufa et al. 2014). However,
the stacks used in various experiments have different
geometries, making it difficult to support decisions
regarding the optimal supply flow rate to ensure the
maintenance costs and maximum current efficiency. ED
performance evaluation according to the Reynolds number
(Re) is one of the methods that can support economic
decision making because it considers fluid properties such
as system geometry, density, and viscosity (Ortiz-Martinez
et al. 2020).

The purpose of this study was to derive the optimal
operating factors using ED with a channeled stack to
efficiently remove cadmium from zinc smelter wastewater.
For this purpose, (a) the limiting current density (LCD),
cadmium removal efficiency, and energy efficiency with
respect to film area were investigated, and (b) the cadmium
removal efficiency with respect to pH and Re was studied.

2. Materials and methods
2.1 Wastewater

Synthetic wastewater was prepared and tested to treat
wastewater from a zinc smelter containing cadmium. The
concentration of cadmium in the zinc smelter wastewater
was 78.8 - 92.6 mg/L (85.0 mg/L), the electrical conductivity
was 5.45 - 7.20 mS/cm (5.92 mS/cm), and the pH was 3.00
- 3.38 (3.31). Table 1 lists the properties of the synthetic
wastewater prepared under each set of experimental
conditions. Cadmium sulfate hydrate (3CdSO4-8H0,
98.0%, Samchun Pure Chemical Co., Ltd., Korea) was used
as the cadmium source. HCI (1 N, Samchun Pure Chemical
Co., Ltd., Korea) was used for the pH adjustment.

2.2 Electrodialysis setup

The The ED equipment used in this experiment was a
diluate tank, concentrate tank, electrode rinse tank made of
PVC, supply pumps, flow meters, pH/EC meters, power
supplies, and data acquisition devices, as shown in Fig. 1
@.

The capacity of each tank of the ED device was 0.5 L,
the maximum supply flow rate of the circulation pump
(P-F257H-SCV-96, Yusung Pumptech, Korea) was 43
L/min, and the power supply unit (EX50-36, ODA
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Table 2 Main properties of the ion exchange membrane

Type Cationic (Neosepta CMX)

Thickness (mm)
Burst strength (MPa)
Electric resistance (Q cm?)
lon exchange capacity (meg/g)

Anionic (Neosepta AMX)
0.17 0.14
>40 >25
3.0 2.4
15-18 14-17

Technologies, Korea) could supply a maximum voltage of
50 V and a maximum current of 36 A. Samsan K.com-96pH
(Samsankorea, Ltd., Korea) was used as the pH meter.
SUNTEX EX-410 (Sechang Instruments, Korea) and
FC-110 (Flos Korea, Korea) were used for electrical
conductivity and flow meter, respectively.

All stacks of dilution and concentration cells were
channeled with net-like spacers installed to induce zigzag
flow to provide better turbulent flow and reduce
concentration polarization (Fig. 1 (b)). The size of the stack
used in this experiment was 115 mm (W) x 225 mm (H),
the effective area of the ion exchange membrane was 48.5
cm2, and the total length of the channel was 33.9 cm. The
size of the electrodes installed at both ends of the stack was
40 mm (W) x 90 mm (H) x 2 mm (D), and they were made
of a titanium base plated with ruthenium (Ru) and iridium
(Ir) to prevent corrosion.

2.3 Electrodialysis setup

Membrane processes such as ED are intrinsically
affected by concentration polarization, resulting in a
reduced driving force and consequent loss of efficiency.
One way to counteract the negative effects of polarization is
to use a mixing promoter, which generally acts as a spacer
to maintain a fixed distance between the opposing
membranes. Many studies have been conducted on the
characterization of spacer-filled channels, most of which
relate to the effect of spacer geometry on hydrodynamic
function (Al-Sharif et al. 2013, La Cerva et al. 2017,
Shakaib et al. 2012).

In this study, a common overlapping spacer shape
formed by stacking two arrays of cylindrical rods was used.
Among the Neosepta products of ASTOM (Tokyo, Japan)
classified as homogeneous membranes, the ion exchange
membrane used CMX for the cation exchange membrane
and AMX for the anion exchange membrane (Table 2).

2.4 Operation conditions

The experiment was conducted in two steps: in the first
step, to examine the effect of the ion exchange membrane
area on the separation of cadmium, synthetic wastewater
with a cadmium concentration of 110 mg/L was prepared
and tested using a cadmium sulfate hydrate reagent. In the
second step, the cadmium treatment efficiency was studied
with the change in Re while changing the pH from 1to 4. In
all the experiments, the volumes of the diluent, concentrate,
and electrode solution were set to 500 mL. As the
electrolyte solution, 4% (w/w) Na,SO. was used (Ji et al.
2017).

The LCD according to the film area was calculated at
the same Re, and the cadmium removal efficiency and
energy efficiency were investigated. While the Re of the
diluent and concentrate was maintained at 109.1, the area of
the ion exchange membrane was changed to 111, 333, 555,
and 777 cm?. In addition, the voltage was increased from 4
V to 40 V by 2 V, and after stabilizing for 2 min, the current
was measured, and the LCD was calculated using the
correlation between current (A) and current density (A/m2).
After obtaining the LCD in each experiment, it was
operated using a constant voltage method for 30 min to
investigate the cadmium treatment efficiency over time.

In order to examine the separation performance of
cadmium with change in pH and Re, the pH was changed to
1, 2, 3, and 4, and ED was operated with Re 68.2, 81.8,
95.9, 109.1, 122.7, and 136.4, respectively. The total
effective area of the cation and anion exchange membranes
was 555 cm?, and all experiments were repeated.

The ion exchange membrane used in the experiment was
used after being immersed in the solution used for the
experiment at 25 + 1°C for 24 h. At the end of the
experiment, the ion exchange membrane was immersed in a
solution containing 0.36% H,SO4 and 1.22% Na;SO4
(Sigma-Aldrich, Merck KGaA, Germany) for 1 h to remove
the precipitate.

2.5 Analytical methods

In all experiments, electrical conductivity and pH were
measured at 1-minute intervals using instruments installed
in the dilution and concentration tanks. The resistance was
calculated after measuring the voltage and current at
1-minute intervals. Initial concentrations of the diluted and
concentrated sample solutions were measured prior to
experiment. After the start of the test, the diluents and
concentrates were collected every 5 min. The cadmium
concentration in filtered (0.45 pm syringe filter) sample was
measured at 226.5 nm wavelength using inductively
coupled plasma optical emission spectroscopy (ICP-OES,
ICP-6000, Thermo Fisher Scientific Inc., USA) according
to the EN SO 11885:2007 method.

Several definitions of Re can be found in the literature,
depending on the choice of length and velocity scales
(Al-Sharif et al. 2013, La Cerva et al. 2017, Koutsou et al.
2015, Saeed et al. 2015, Shakaib et al. 2012). The length
scale can be assumed to be the filament diameter, channel
height, or hydraulic diameter, or it can be assumed that the
hydraulic diameter of the channel is equal to twice the
channel thickness (Gurreri et al. 2016). Re was calculated
using Eq. 1 (Bucs et al. 2015, Cipolliona et al. 2011, Mojab
et al. 2014, Saeed et al. 2015, Shakaib et al. 2012).
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Um dh
v

Re = 1)

where, Un is the volume-averaged velocity along the main
flow direction (m/s), dn is the equivalent hydraulic diameter
of channel (m), and v is the kinematic viscosity (m?%/s) of
the fluid. In a spacer with overlapping filaments with
distance i between the filaments and channel height H, dh
can be calculated using Eq. 2 (Gurreri et al. 2016).
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N T TP

)

where, | is the distance between the filaments (m), H is the
height of the channel (m), and ¢ is the porosity. & was
calculated using Eq. 3 (Gurreri et al. 2016).
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In ED, the metal removal efficiency in the diluate was
calculated using Eq. 4 (Ai et al. 2014).

[Cd], ]

. 0 — _
Removal ef ficiency(%) = 100 [1 [cdl,

(4)
where, Cdy is the initial concentration of metal ions before
the experiment (mg/L) and Cd; is the concentration of metal
ions at the elapsed time of each experiment (mg/L).

Although each stack consists of 5 pairs, since the charge
passes through every pair of cells connected in series, the
current efficiency can be expressed as (Min et al. 2021b)
(Eq. 5):

_ zFQC?
¢= IN

where, { is the current efficiency, | is the total current (A)
applied to the stack, C2 is the concentration (mol)
difference between the feed and product solutions, z is the
valence number of the ion, F is the Faraday constant
(C/mol), Q is the volumetric flow rate (m?/s), and N is the
total number of cell pairs.

Q)

3. Results and discussion
3.1 LCD by ion exchange membrane area

The LCD is the most important factor affecting ED
efficiency. However, it is difficult to determine the LCD
because it varies depending on the channel structure of the
stack and shape of the spacer (La Cerva et al. 2018,
Mengual et al. 2014). LCD can be calculated using the
current-voltage (V-1) curve or the current-current density. In
this study, it was calculated using the current-current
density (Min et al. 2021c).

The correlation between the ion exchange membrane
area and the LCD was investigated at the same influent
concentration. Because the LCD is a current at which the
ion concentration on the surface of the ion exchange
membrane becomes zero, the ion depletion increases as the
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Fig. 2 Experimental LCD with respect to ion exchange
membrane area

electrolyte concentration in the bulk layer increases.
Therefore, it could be seen using the LCD that the slope of
the electric potential and the current changed due to the
dissociation of water on the surface of the ion exchange
membrane. As the area of the ion exchange membrane
increased to 111, 333, 555, and 777 cm? the LCD
decreased to 408.11, 44.45, 35.32, and 13.64 A/m?
respectively, indicating that the areas of the ion exchange
membrane and LCD tended to be inversely proportional.
This is because electrical resistance increased as the spacer
increased due to the increase in the number of ion exchange
membranes. However, since the spacer partially blocked the
current but increased the local current density, it could
contribute to efficient heavy metal treatment even with a
high film area.

3.2 Cadmium removal and current efficiency by ion
exchange membrane area

The highest electrical conductivity removal efficiency
was obtained at the area of 111 cm? of the ion exchange
membrane with the highest LCD. Removal efficiency of
electrical conductivity in the area of 555 cm? was slightly
better than that of 333 cm?, and it was the lowest at the
largest ion exchange membrane area of 777 cm? (Fig. 3).

As the rate of ion transfer through the ion exchange
membrane increases with increase in applied voltage, the
removal rate of ions in the initial stage was fast. However,
the removal rate at 333 cm? area was relatively lower than
that at 555 cm?, which may be due to concentration
polarization caused by the high applied voltage and the
small effective area. In the 333 cm? area, water splitting can
begin quickly because of the high relative ion removal rate
at the beginning of the operation. When the water splitting
rate is higher in CEM than in AEM, the formation of
divalent cation hydroxide, a scale material, is promoted on
the surface of CEM. H* generated by water splitting reduces
the surface charge of the precipitate, which can lead to the
accumulation of scale material and thus intensify fouling
(Andreeva et al. 2018). Therefore, when concentration
polarization occurs in a small area, fouling is promoted, but
if the ion exchange membrane area is small, the effective
area is greatly reduced, so the removal efficiency can be
rapidly reduced. Therefore, the generation of fouling in the
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333 c¢m? area may be the cause of the reduction in the
removal rate. Since the total amount of scale material
generated is the same, this phenomenon will not appear if
the membrane area is increased.

The trend of cadmium removal efficiency was similar to
that of the electrical conductivity. It was the highest at the
ion exchange membrane area of 111 cm?, followed by that
at 555 cm?. The cadmium removal efficiency at the ion
exchange membrane area of 777 cm? was slightly higher
that that at 333 cm?, but the difference was not significant
(Fig. 4). This result is different from that of a previous
study, in which the area of the ion exchange membrane and
the treatment efficiency were proportional (Min. et al.
2021c). This is because this difference can be affected by
the selectivity of the ion exchange membrane, membrane
movement such as water transport by osmosis and
electroosmosis, leakage current, and contamination (Lee
2011). In particular, considering that the selectivity of the
ion exchange membrane largely depends on the salt
concentration of the external solution, this can be attributed
to the difference in the influent.

In all experiments, when the concentration of cadmium
was reduced to 10 mg/L or less, the removal efficiency
dropped sharply, therefore, it is reasonable from an
economic point of view to treat it to an appropriate level.
The total cost of ED is the sum of the initial investment,
energy, and maintenance costs. The initial investment cost
was proportional to the area of the ion exchange membrane,
and the energy cost was linearly proportional to the current
density. However, the energy and investment costs are
inversely proportional. Therefore, to optimize the total cost,
it is necessary to determine the optimal current density. The
optimal current density was determined by measuring the
current efficiency under various experimental conditions. In
the ion exchange membrane areas of 555 cm? and 777 cm?,
the current efficiency gradually decreased as the operating
time elapsed. After 30 min, the current efficiencies were
35.4% at 777 cm? and 29.2% at 555 cm? (Fig. 5). On the
other hand, very low current efficiencies were maintained at
111 cm? (< 5%) and 333 cm? (< 14.7%) of the ion exchange
membrane area, regardless of the operating duration. In ED,
the concentration of the diluate and the diffusion flux are
proportional, therefore, when the operating time is
increased, the diffusion flux decreases as the concentration
of the diluent and the current efficiency decreases
(Bernardes et al. 2016). When the concentration of the
diluent decreases owing to a decrease in the number of pairs
of ion exchange membranes, the current efficiency may
decrease rapidly owing to the high applied voltage.
Considering the current efficiency, an ion exchange
membrane area of 777 cm? was found to be the most
suitable, but considering the cadmium removal efficiency, a
membrane area of 555 cm? was the most suitable.

3.3 Limiting current density (LCD) by Re and pH

Changes in the Re and pressure of a solution cause
significant differences in the solute permeation through the
ion exchange membrane. The effect of Re on the LCD
depends on the salt concentration, which is related to the
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Fig. 7 Change in electrical conductivity with respect to Re and pH

boundary layer thickness. In solutions with high salt
concentrations, the relative importance of the diffusion
boundary layer owing to Re is limited.

However, as the concentration decreased, the relative
importance of the diffusion boundary layer increased
because the mixing intensity increases with an increase in
Re. Using an ion exchange membrane of area of 555 cm?,
the pH and Re were changed to obtain an LCD. The
experiment showed that the LCD was high at pH 1 when
the Re was low, but LCD was highest at pH 2 when the Re
exceeded 100. The LCD at pH 3 was higher than that at pH
4 at the same Re, which was consistent with the hydrogen
ion concentration at a lower pH (Fig. 6). This phenomenon
appears to be due to the cadmium concentration of the
initial dilution water. The cadmium concentration of the
initial dilution water at pH 2 was the lowest in all
conditions and was more than 7% lower than that at pH 1.
The relative importance of the diffusion boundary layer
increases as the concentration decreases because the mixing
strength increases as Re increases. Therefore, this is a result
confirming the relative importance of the diffusion
boundary layer for the concentration.

3.4 Cadmium removal

The electrical conductivity and cadmium removal
efficiency were investigated with respect to the operating

time under each pH condition (Fig. 7). The removal
efficiency of electrical conductivity was slowest at pH 1
and fastest at pH 4. In addition, the electrical conductivity
removal rate at pH 3 was higher than that at pH 2. This
difference may be due to the difference in initial electrical
conductivity. Under the applied pH conditions, Re and
electrical conductivity removal efficiency showed a
proportional relationship.

The Reynolds number and cadmium removal efficiency
exhibited a directly proportional correlation under all
conditions, similar to the electrical conductivity results.
This is contrary to the results of the study that cadmium
exists as ions in a solution with a pH < 7, so it can be
removed through ED, however, there is no difference in the
cadmium removal rate with change in pH under the same
flow rate condition of pH 7 or less (Ali et al. 2014). Fig. 8
shows the cadmium removal efficiency with Re at pH 1 - 4,
similar to the initial pH of cadmium wastewater. Cadmium
removal rate on Re shows almost similar trend for pH 2 - 4
but pH 1 seemed to be distracted as compared to the other
cases. pH 2 - 4 showed an exponential growth and reached
at a plateau (limit) with increase of Re, but pH 1 stayed
almost same and increased slightly. This difference appears
to be due to the cadmium concentration of the initial dilute.
As mentioned above, this shows that the concentration of
cadmium in the initial diluted solution was significantly
affected by the diffusion boundary layer because it was the
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lowest in all conditions at pH 2. When Re increased under
the same pH conditions, the cadmium removal efficiency
also increased, but there was no significant difference under
Re 100 or higher. An increase in Re increased the velocity
perpendicular to the main flow direction in the ion
exchange membrane, resulting in better mixing. However,
there is a limit to the increase in Re owing to the flow rate
that can be supplied because the channels are thin and there
are restrictions to the shape, such as the spacing and
thickness of the spacer. This result is consistent with that of
a report that the porosity of the spacer can be maximized
when it is larger than a Re of 90 in a general overlapping
spacer shape formed by stacking cylindrical rods in two
rows (Gurreri et al. 2016).

4. Conclusions

In this study, ED was used to remove cadmium from
wastewater generated from a Zn smelter. A channeled stack,
which has a tortuous path developed to increase LCD and
prevent concentration polarization and narrows down in the
direction of the outlet, was applied to the ED process. LCD,
cadmium removal efficiency, and energy efficiency
according to the ion exchange membrane area, and
cadmium removal efficiency according to pH and Re were
investigated. The increase in the area of the ion exchange
membrane with respect to the increase in the ion exchange
membrane pair showed an inverse correlation between the
voltage and LCD, owing to the electrical resistance of the
ion exchange membrane and the current blocked by the
spacer. If the area of the ion exchange membrane is
minimized and the applied voltage is increased, the
operating time can be effectively shortened, however, the
current efficiency is low, resulting in poor economic
feasibility. In relation to the efficiency of the current, the
current efficiency decreases as the processing efficiency
increases, because ion transport depends on the supplied
charge, according to Faraday's law. Voltage and LCD
showed a correlation with Re, indicating that Re affected
the thickness of the diffusion boundary layer on the surface
of the ion exchange membrane, suggesting that Re is an
important operating variable for low-salt solution treatment.
When Re was increased under the same pH conditions, the

removal efficiency of cadmium also increased, however,
there was no significant difference under the condition of
Re 100 or higher.
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