Membrane and Water Treatment, Vol. 14, No. 2 (2023) 55-63
https://doi.org/10.12989/mwt.2023.14.2.055

Cation exchange membrane and anion exchange membrane
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Abstract. In this study, the influence of different IEMs (ion exchange membranes) to performance of the hypochlorite
electrolysis unit with Cl, recovery stream was investigated. More specifically, Nafion 117—a representative cation exchange
membrane (CEM)—and aminated polypheylene oxide (APPO)—an anion exchange membrane (AEM)—were installed in the
hypochlorite electrolysis unit, and the performance and the energy efficiency of the units were evaluated and compared.
Regardless of whether CEM (Nafion 117) or AEM (APPO) was installed, the rate of hypochlorite generation was increased
(by up to 24.3% and 22.2% for Nafion 117 and APPO, respectively) compared with the unit without an IEM. On the other
hand, the power efficiency and the optimum operation condition of hypochlorite production units seem to depend on the
conductivity and stability of the installed IEM. As the result, between Nafion 117 and APPO, higher performance and
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efficiency were achieved with Nafion 117, due to excellent conductivity and stability of the membrane.
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1. Introduction

Hypochlorous acid and other hypochlorites (e.g. sodium
hypochlorite, potassium hypochlorite, etc.) are utilized
frequently as disinfectants and cleaning agents (Severing et
al. 2019, Lantagne 2008, Lu et al. 2021). The outstanding
disinfecting ability of the hypochlorous acid (HOCI) and
sodium hypochlorite (NaOCI) are already well-known
(Mara and Horan 2003, Wilheim et al. 2008), and these
hypochlorites have been frequently utilized to disinfect
wastewater at wastewater treatment plants (Zierof et al.
1998, Twort et al. 2000, Vijayaraghavan et al. 1999).
However, when utilizing hypochlorites in wastewater
treatment plants, safely storing sodium hypochlorite in bulk
amount can become a challenge, since sodium hypochlorite
easily decomposes into chlorine gas in atmospheric
condition, thus, can be hazardous to the worker’s health and
surrounding environment (Piskin and Turkun 1995, Urben
2007, Bommaraju 1995). For this reason, in-situ electrolysis
of NaOCIl is considered as the effective and safe method to
generate  hypochlorites on-site  for disinfection of
wastewater (Vijayaraghavan et al. 1999). In addition, the
method can be considered cost-efficient since generation of
hypochlorites via electrolysis only require brine (sodium
chloride solution) and small amount of electricity
(Vijayaraghavan et al. 2008, Kim et al. 2021).

Despite the advantages that the hypochlorites electrolysis
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process can offer, development of in-situ wastewater
disinfecting units still requires further research because the
current electrolysis cells present some issues related to
production efficiency, controllability, stability during
operation, and generation of harmful by-products (Jung et
al. 2010, Wang et al. 2020). As a method to overcome these
issues, an ion exchange membrane (IEM) may be installed
in the electrolysis cell (Lee et al. 2018). After installation of
an IEM, the electrolysis cell would be divided into two
chambers: a cathodic chamber (at which the cathodic
reaction occur) and an anodic chamber (where the anodic
reaction occur) (Kim et al. 2015, 2021). With the IEM
physically dividing the two chambers, the environment in
which the cathodic reaction and the anodic reaction occur
can be controlled separately. For example, it is possible to
maintain the anodic chamber at low pH, while keeping the
cathodic chamber (and the cathodic reaction) at high pH,
thus, affecting the kinetics of hypochlorite generation.
Depending on the IEM used, it is also possible to
selectively transport cations or anions between the
chambers, which may also become a factor that affects the
hypochlorite electrolysis. For example, CEMs (e.g. Nafion
and SPEEK) selectively transport cations, such as proton
and sodium ions, between two chambers of the electrolysis
cell. Contrarily, AEMs (e.g. APPO) selectively transport
anions such as hydronium (OH") and chlorine ions (CI%). In
addition to inserting an IEM to the electrolysis cell,
installing a chlorine (Cly) recovery stream can help
increasing the performance of the hypochlorite generation
process, especially if an excess amount of chlorine gas is
formed during electrolysis (Kim et al. 2021, Sanchez-
Aldana et al. 2018). Furthermore, the kinetics of formation
of byproducts, such as chlorates and perchlorates, are
known to depend strongly on electrolysis conditions such as
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pH (Levanov and lsaikina 2020, Gordon and Tachiyashiki
1991), and pH controlled environment made with insertion
of the IEM can effectively decrease the byproduct
formation (Jung et al. 2010).

In this study, the influence of the selective ion transport
to an in-situ hypochlorite electrolysis of brine with Cl;
recovery stream was investigated. By inserting Nafion 117
as a representative CEM and APPO as an AEM, the
selective ion transport between the anode and the cathode of
the electrolysis cell was achieved, which consequently
enhanced the hypochlorite generation rate and efficiency of
the electrolysis cell. For further investigation, the ion
conductivities of Nafion 117 and APPO membranes
saturated in NaCl solution was measured, and then the rates
of hypochlorite generation of the electrolysis cell with and
without IEMs before and after installation of Cl, recovery
stream were compared. Notably, the performance of the
hypochlorite generation system enhanced when either IEM
was installed in the electrolysis cell if Cl, recovery stream
was present, which indicates both CEM and AEM can
effectively induce the hypochlorite generation with aid of
Cl, recovery.

2. Experimental methods
2.1 Materials

As IEMs installed in the electrolysis cell, Nafion 117
membranes purchased from Chemours and APPO
membranes provided by Siontech (Republic of Korea) were
used as CEM and AEM, respectively. For electrolysis
experiments, 200 g L™ brine solution produced with
ultra-pure deionized water generated using AguaMax™
Water Purification System (Younglin Instrument, Korea)
and sodium chloride (Samchun Chemicals, Korea) was
used.

2.2 Membrane characterizations and ion conductivity
measurements

For characterization of Nafion 117 membranes and
APPO membranes, Fourier transform infrared spectroscopy
(FT-IR, Alpha-P; Bruker) in attenuated total reflectance
(ATR) mode was utilized. The IR spectra were obtained at
wavenumbers between 400 cm™ and 4000 cm™ with scan
rate of 4 cm™? s,

lon conductivities of the membranes were measured
using an electrochemical workstation (Zive MP1 Multi-
channel Workstation; Zive Lab) via ac-impedance
spectroscopy. All ac-impedance spectroscopy measurements
were conducted from 1 MHz to 100 mHz with applied
ac-potential of 50 mV. The measurements were performed
at room temperature under two different conditions: after
submerging in deionized water for more than 12 h (similar
to 100% RH condition) and after fully saturating under 200
g L'* NaCl solution.

2.3 Hypochlorite generation

Hypochlorites were generated through electrolysis
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Fig. 1 Schematic description of the electrolysis cell for
hypochlorite generation

process with Cl, recovery stream. The detailed schematic of
the electrolysis cell is shown in Fig. 1.

The electrolysis cell consists of a stainless steel based
Dimensionally Stable Anode (DSA) provided by Techwin
(South Korea) as the anode, and SUS316L mesh purchased
from ATX as the cathode. The anode and cathode were
set-up in the electrolysis cell with 0.4 cm between the
electrodes, and the IEM was installed at the middle. The
brine solution was fed into the electrolysis cell at
concentration of 200 g L' with flow rate of 50 mL min™.,
The flow rate of the inlet was controlled using a Model
7519-06 mechanical pump from Masterflex. For electrolysis
process, the electric currents were supplied at 100, 200,
300, and 400 mA cm using a power supply. As the result
of the electrolysis process, chlorine gas (Cl.), hypochlorous
acid (HOCI), and sodium hypochlorite (NaOCI) were
generated. The excess chlorine gas was collected in vapor
phase and bubbled through the outflow from the cathodic
chamber. The product stream of the hypochlorite generation
system was collected for 100 mins. The concentration of the
product stream was measured by titration. The titration was
performed using 0.2 M sodium thiosulfate (NazS;0s)
solution with the mixture of potassium iodide, acetic acid,
and aqueous starch solution as the indicator. The total
amount of HOCI and NaOCI produced and concentration of
the hypochlorite ions in the product stream were calculated
using Equation 1 and 2, respectively:

mmoles of Hypochlorites (mmol) (1)
= Vya,s,0,(mL) X 0.1

Conc. Hypochlorites (mM)
_ mmoles of Hypochlorites (mmol) (2)

B Vsample (L)

where Vyg,s,0, IS the volume of 0.2 M NaS,0s used for
titration in mL and Vgpmpe is the volume of the product
used for titration in liter (Wilson 1935).

3. Results and discussion
3.1 Description of the designed process
The effect of different IEMs to the hypochlorite

electrolysis process with Cl, recovery stream (Fig. 2) was
investigated in this study.
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Fig. 2 Schematic flow diagram of the hypochlorite
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Fig. 3 Schematics describing the electrolysis reactions that
occur without IEM (top), with CEM (bottom left), and
with AEM (bottom right)

As described in Fig. 2, the brine solution was fed into
the electrolysis cell with or without an IEM. When an IEM
is installed, the electrolysis cell is physically divided into
two chambers: the anodic chamber at which oxidation of CI-
ion occur, and the cathodic chamber where H,O molecules
reduces to form OH- ions. Without a membrane, the
electrolysis process follows a two-step reaction.

2H,0 — 4H* + 0, + 4e” (1-al)

2Cl1" - Cly + 2e~ (1-a2)

2H,0 + 2e~ — H, + 20H" (I-c1)
2Na* +20H™ + Cl,

- NaOCl + H,0 + Na* + Cl™ (11-1)

H,0 + Cl, > HOCl + H* + Cl~ (1n-2)

The first step involves oxidation of hydrogen in water
molecules (I-al) and CI- ions (I-a2) to form H* ions, oxygen

gas (O2), and Cl, at the surface of anode of the electrolysis
unit, and reduction of hydrogen in water molecules (I-c1) to
form hydrogen gas (H2) and hydronium ions (OH) at the
surface of the cathode. The Reaction Step | is closely
followed by the Reaction Step Il, which consists of
formation of NaOCI (II-1) and HOCI (11-2) from
spontaneous reactions between Cl, molecules and NaOH or
H20. In the Cl, recovery stream, O; is also present, but an
additional separation process was not necessary because of
~3 orders of magnitude lower solubility of O, in water at
ambient condition. From reaction IlI-1 and I1-2, we can
easily suspect that formation of NaOCI, which involves OH"
as a reactant, is favored at a basic environment, while
formation of HOCI would be favored at a relatively acidic
environment. As expected, it is reported in previous studies
that the formation of NaOCI is highly favored at pH above
9, and HOCI is favored at pH below 6 (Kim et al. 2021,
Ryu et al. 2018).

Consequently, formation of NaOCl would be greatly
suppressed after installation of a CEM (middle of Fig. 3).
Due to the physical separation created by the installed
CEM, OH- ions formed via Reaction I-C1 cannot gain
access to Cl, molecules, which are formed at the surface of
anode; thus, NaOCI formation is disfavored. Simultaneously,
because of the physical division, the anodic chamber of the
electrolysis cell is maintained at an acidic condition
(typically pH ~ 3) during operation. For these reasons,
formation of HOCI is enhanced for the electrolysis unit
installed with CEM, while excess amount of unreacted Cl,
is also generated (due to suppressed Reaction [-C1).
However, the unreacted Cl2 can easily be collected in vapor
phase, which can be bubbled through the outlet stream of
the cathodic chamber at pH ~ 10 to further generate NaOCI.
Similarly, when AEM is installed in the electrolysis cell
(right of Fig. 3), the anode and cathode of the electrolysis
cell is physically divided. However, unlike the case of
CEM, OH-" is transferred from the cathodic chamber to the
anodic chamber; thus, the pH difference between two
chambers can be mediated. The effect of the pH mediation
can depend on the anion conductivity of the membrane,
applied electric field to the membrane, and the gradient of
the OH concentration between two chambers.
Theoretically, the mediated pH difference between two
chambers can influence the performance of the hypochlorite
generation unit. In this study, the effects of installed CEM
and AEM to the performance of the hypochlorites
electrolysis unit are investigated using Nafion 117, a
representative cation exchange membrane, and aminated
polyphenylene oxide (APPO), which is an anion exchange
membrane.

3.2 Characterization and properties of Nafion 117 and
APPO membranes

The results of the Fourier transform infrared
spectroscopy (FT-IR) and the chemical structure of the
Nafion 117 and APPO membranes are shown in Fig. 4 and
Fig. 5.

Fig. 4 consists of the IR spectrum obtained for Nafion
117 with its chemical structure in the inset. In Fig. 4, a
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broad peak corresponding to stretching of O-H bonds near
3440 cm, peaks related to asymmetric and symmetric
stretching of S=O bonds near 1310 cm™ and 1050 cm™,
respectively, peaks corresponding to stretching and bending

of C-F bonds at 1210 cm™* and 1140 cm™, and a peak from
stretching of C-O-C at 975 cm™ were observed. This
spectrum is similar to the previously reported IR spectra of
Nafion 117 membranes (Ryu et al. 2018). The IR spectrum
of APPO is shown in Fig. 5, from which an IR spectrum
similar to polyphenylene oxide (PPO) was observed.
Similar to the reported IR spectrum of PPO, a broad peak
corresponding to stretching of O-H near 3400 cm™, a set of
peaks related to stretching of C-H bonds near 2930 cm™,
peaks corresponding to stretching of C=C bonds at 1610
cm* and 1465 cm, and peaks corresponding to stretching
of C-O bonds near 1305 cm™ and 1180 cm™ were observed
(Hari Gopi et al. 2014). However, in contrast to the IR
spectrum of PPO, an additional small peak corresponding to
stretching of C-N* was observed at 1690 cm™ from Fig. 5,
which confirms the existence of the anion conducting
functional group (C-N*) of APPO membranes (Arges et al.
2015).

The ion conductivities of Nafion 117 and APPO were
measured using ac-impedance spectroscopy, and the results
were plotted in Nyquist fashion as shown in Fig. 6 and Fig.
7, respectively. The measurement was performed using a
membrane conductivity cell (MCC). The results can also be
plotted as Bode plots (Fig. 8) as well, which shows the
frequency dependent impedance and phase angle.

Fig. 6a and 6b consist of Nyquist plots obtained from
the impedance measurement of Nafion 117 after saturation
under deionized water and NaCl solution at room
temperature. When saturated under deionized water, only
proton conducts through Nafion 117; thus, the conductivity
(88.0 mS cm™) observed is mainly from conduction of
proton through Nafion 117. The measured proton
conductivity of Nafion 117 is similar to previously reported
values (Ryu et al. 2018, Ko et al. 2018, Sone et al. 1996).
After saturating with the brine solution, both proton and
sodium ion (Na*) transfer through the membrane. Since Na*
ions are heavier compared to proton, the effective mobility
of Na* ion would be smaller; therefore, the conductivity of
the Nafion 117 membrane was decreased to 38.7 mS cm™,
As the evidence of the difference in effective mobility, the
characteristic frequency of Nafion 117 saturated with NaCl
(Fig. 8b) was smaller than Nafion 117 saturated with
deionized water (Fig. 8a). Similar trend can be observed
from APPO membrane. When hydrated with deionized
water, the APPO membrane (as an AEM) conducts OH"
ions, while APPO saturated in the brine solution would
transfer both OH" and CI- ions (Palaty and Bendova 2010).
Thus, the ion conductivity decreased from 15.9 mS cm™ to
8.72 mS cm* upon introduction of NaCl (Fig. 7). However,
even though decrease in conductivities were observed, the
decreases are less than an order of magnitude. Likewise,
similar characteristic frequencies were observed for H,O
and NaCl saturated APPO, which can be explained by
similar effective mass between OH- ions and CI ions (Fig.
8c and 8d). For both CEM and AEM installed electrolysis
cell, if the conductivity of the membrane is high enough, the
difference in pH between two chambers of the cell would be
mediated. To investigate the influence of these membranes,
the electrolysis processes aided by CEM and AEM need to
be studied in more detail.
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3.3 Hypochlorite electrolysis with Nafion 117 and
APPO (without Cl, recovery)

To compare and understand the effect of the different
IEM installed in the electrolysis cell for hypochlorite
generation, the outputs of the electrolysis cells without the
Cl, recovery stream were investigated first (Fig. 9). Fig.
10a-c include the concentration of hypochlorites and the
rate of hypochlorite generation resulted from electrolysis of
200 g L* brine solution without IEM (denoted as No
Membrane), with Nafion 117 membrane, and with APPO
membrane at different electric currents. As apparent from
the comparable hypochlorite concentrations and rates of
production, the amount of hypochlorites generated from the
electrolysis cells with Nafion 117 and APPO were similar
to that of No Membrane at current densities below 300 mA
cm* even with absence of Cl, recovery stream. On the other

hand, the performance of the No Membrane cell was better
than those of electrolysis cells with Nafion 117 and APPO
when operated at 400 mA cm. At 400 mA cm?, the
hypochlorite electrolysis cell without IEM generated 2.011
mol m?2 min? at concentration of 73.0 mM, while
electrolysis cells with Nafion 117 and APPO generated
1.625 and 1.598 mol m2 min?! at 59.0 and 58.0 mM,
respectively.

3.4 Hypochlorite electrolysis with Nafion 117 and
APPO (with Cl, recovery)

During the hypochlorites electrolysis process, Cl»
molecules are generated as the intermediate products, which
remain unreacted depending on the condition at which the
electrolysis was performed. When the unreacted Cl, is
bubbled through a solution containing NaOH, NaOCI can
be generated spontaneously. During the experiment, it was
clear that almost all Cl, molecules were reacted to form
NaOCI via bubbling through NaOH solution since distinct
odor of the Cl, gas could not be sensed any more. The
amounts (in mmol) of hypochlorites generated via each step
of the hypochlorite generation process are included in Fig.
11b and 11c. By electrolysis, significant amount of
hypochlorites between 50 and 220 mmol during 100 mins
of operation. The amount of hypochlorite generated
depended on the electric current applied, while the
difference in hypochlorite generation among electrolysis
cells without an IEM, with Nafion 117, with APPO was not
too significant when considering only the electrolysis
process without Cl, recovery. Contrarily, the amount of
hypochlorites generated from the Cl, recovery stream for
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No Membrane case was negligible small (less than 10
mmol), while considerable amounts of hypochlorites were
generated from the Cl, recovery streams of electrolysis cells
with Nafion 117 and with APPO. In fact, a negligibly small
amount of Cl; molecules seemed to form when the
electrolysis was performed without an IEM in the first place
for all applied electric currents; thus, such a result is
expected. On the other hand, significant amounts of Cl
molecules remained unreacted probably due to low pH
(typically less than 4) in the anodic chamber, which is
unfavorable for NaOCI generation. The amounts of the
unreacted Cl, seemed to depend substantially on the applied
electric current as implied by the strong dependence of the
hypochlorites generated from the Cl, recovery stream on the
applied electric current for both the Nafion 117 and APPO
installed cells.

To efficiently utilize the excess Cl, molecules generated
in an IEM installed electrolysis cell, Cl, recovered from the
anodic chamber of the electrolysis was bubbled through the
high pH outflow of the cathodic chamber as shown in Fig.
12. The schematic in Fig. 12 may become a basis for
designing a high-performance continuous flow reactor
based on IEM aided electrolysis of hypochlorites with Cl,
recovery stream. From the process shown in Fig. 12, the
rates of hypochlorite production shown in Fig. 13a was
acquired. For No Membrane, the total rates of hypochlorite
production were 0.532, 0.993, 1.463, and 2.013 mol m=
mint at 100, 200, 300, and 400 mA cm?, respectively. At
all applied current densities, the total rate of production was
almost solely from electrolysis (blue bar). With Nafion 117,

the total rates of production increased to 0.553, 1.084,
1.819, 2.116 mol m min* at 100, 200, 300, and 400 mA
cm?, respectively. The total rates of production also
increased (0.537, 1.213, 1.658, and 2.190 mol m2 min at
100, 200, 300, and 400 mA cm?, respectively) with APPO
when compared to No Membrane. The increase in the
production rates upon installation of the IEMs was possible
due to hypochlorites generated from the recovered Cl; (red
bar) since considerable portion (up to 28%) of the total rates
of hypochlorite production were from the Cl, recovery step
(as also shown in Fig. 11). As the result of the addition of
IEM and Cl, recovery stream, the rate of hypochlorite
generation was enhanced by up to 24.3% for Nafion 117 at
300 mA cm-2 and by up to 22.2% for APPO membranes at
200 mA cm?2 The observed difference in the optimum
current density of operation between two membranes can be
useful when designing an actual hypochlorite generation
unit. Besides the rate of production, the concentration of
hypochlorites in the product stream also increased upon
installation of IEMs (Fig. 13b). For the case of No
Membrane, the concentrations of the hypochlorites at the
product streams were 19.31, 36.08, 53.09, and 73.09 mM
respectively at 100, 200, 300, and 400 mA cm of applied
current densities. On the other hand, if Nafion 117 was
installed to the electrolysis cell, the hypochlorite
concentration increased to 20.08, 39.34, 66.01, 76.82 mM at
100, 200, 300, and 400 mA cm2, respectively. Similarly,
installing APPO increased the hypochlorite concentration to
19.51, 44.02, 60.18, 79.50 mM (also at 100, 200, 300, and
400 mA cm?, respectively).
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Lastly, the electric power consumed by the hypochlorite
generation systems with No Membrane, Nafion 117, and
APPO are compared in Fig. 14. Consumed electric powers
were calculated using the measured electric potential during
operation of the electrolysis cells. For both the system with
Nafion 117 and APPO, slight increase in consumption of
electric power could be observed; however, the increase is
not significantly large. For example, when operated at 300
mA cm, the power consumed by the electrolysis cell were
1.335, 1.569, and 1.605 W cm for No Membrane, Nafion
117, and APPO, respectively. The unit W cm indicates the
power consumed by the hypochlorite generation cell with
size of 1 cm X 1 cm. When comparing the Nafion 117 and
APPO with each other, the amount of power consumed
were slightly higher for APPO, while the highest increase in
the rate of production was observed for Nafion 117. These
results suggest that hypochlorite generation can be
performed most efficiently with Nafion 117, a
representative cation exchange membrane. For both the
Nafion 117 and APPO cells, the physical division between
the anodic chamber and cathodic chamber was formed
stably in the range of electric potentials that were applied;
therefore, we can assume that the pH difference between
two chambers were established and well-maintained
regardless of the type of membrane installed. Hence, the
increased rates of hypochlorite generation and outflow
concentration could be achieved with both Nafion 117 and
APPO. On the other hand, difference in the energy
efficiency of the cells with Nafion 117 and APPO may be
explained by the difference in the conductivities of two
membranes. Due to low ionic conductivity (or high
resistance) of the APPO membrane, the potential drop
across the membrane would be relatively high; thus, high
electric power loss can be caused by the APPO membrane.
Nevertheless, both the CEM and AEM enhanced the
performance of the hypochlorite generation system, but the
conductivity and stability of the membranes used can
influence the production rate, outflow concentration, and
energy efficiency of the IEM aided hypochlorite electrolysis
systems with Cl, recovery stream.

4. Conclusions

Enhanced rate of production and outflow (product
stream) concentration of the IEM installed hypochlorite
electrolysis process with Cl, recovery stream were achieved
when either CEM (Nafion 117) or AEM (APPO) was
utilized as the IEM. With Nafion 117 (as a CEM), the rate
of production of the electrolysis cell with Cl. recovery
stream increased up to 24.3% at applied current density of
300 mA cm?, while the increase was around 22.2% at 200
mA cm? when APPO was installed as an AEM. Regardless
of whether a CEM is installed or an AEM is installed to the
electrolysis cell, the performances of the hypochlorite
generation systems were increased as long as Cl, recovery
stream was installed; however, the extent of the
performance enhancement and optimum operating
condition depended on the conductivity and stability of the
IEM used in the system. Similarly, the electric power

consumed by the hypochlorite electrolysis also depended on
the performance of IEM, and a slightly higher power
consumption could be observed for the electrolysis cell with
APPO due to its relatively low ionic conductivity, while
more efficient hypochlorite generation was achieved with
Nafion 117 due to its high ionic conductivity.
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