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ABSTRACT

Hydrogen production is of growing interest as a low-carbon alternative fuel. However,
most of the hydrogen is still produced from fossil fuels. In contrast, brine electrolysis
offers a promising route to produce hydrogen and other valuable byproducts. However,
the conventional method for producing acid and base simultaneously using bipolar-
membrane electrodialysis (BMED), consumes significant energy and has a complexed
configuration. Additionally, it is important to suppress chlorine evolution and produce
HCI instead in brine electrolysis. This study investigates the performance and
economic viability of three different brine electrolysis systems: direct electrosynthesis
(DE) without a bipolar-membrane, anion exchange membrane (AEM), and cation
exchange membrane (CEM) systems, using a new Manganese-Molybdenum coated
titanium electrode that suppresses Clo. Results show that the DE-MnMo/Ti electrode
system produced 0.005 mol of H>, 0.0041 mol of Oz, 0.37 M NaOH, and 0.2 M HCI.
Compared to pure water electrolysis, brine electrolysis offers higher economic
potential due to the production of value-added products such as Oz, NaOH and HCL.
Using the DE-MnMo/Ti electrode system and brine, the revenue generated per year is
4 times higher than that of alkaline electrolysis using pure water. Additionally, a life
cycle assessment (LCA) is conducted to evaluate the environmental impacts of the
DE-MnMo/Ti system. The LCA analysis showed that the DE-MnMo/Ti system can
reduce greenhouse gas emissions, energy use, and water usage. Therefore, this study
highlights the potential for brine electrolysis with the DE-MnMo/Ti electrode system
as an economically viable and environmentally sustainable route for producing

hydrogen and high value co-products such as NaOH, HCIl, and Oa.
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CHAPTER 1

Introduction to Brine Electrolysis for Sustainable Hydrogen Production

The global energy industry is moving away from the reliance on fossil fuels towards
cleaner, carbon-free alternatives, with a goal of achieving carbon Net-Zero by 2050.!
In this context, utilizing hydrogen and renewable energy is one of the most effective
ways to mitigate greenhouse gas emissions and corresponding global warming.
Despite being widely regarded as clean sources of energy, renewable energy sources
such as solar, wind, and hydro power face an issue of intermittency.? This means that
the output of energy can fluctuate depending on factors such as weather conditions and

seasonal changes, resulting in an inconsistency with energy demand.

To address this issue, energy storage systems are essential to preserve the surplus
electricity generated during periods of excess wind or solar energy and release it when
needed. However, conventional batteries can only store energy for a limited period,
typically one to five days,® which heavily impede its application in industry with a
large scale. In contrast, hydrogen can serve as an ideal energy carrier because it has
the potential for longer-term storage, even at a seasonal scale.’ This approach will
enhance the stability and adaptability of the power system and aid in achieving low
carbon H» conversions. Furthermore, hydrogen can be a low-carbon alternative fuel in
various industries, including transportation (such as trucks and aircraft), commerce,
industry, and housing, where decarbonization is challenging.* Thus, green hydrogen
produced through water splitting with renewable energy sources is widely considered

a crucial component in the transition to clean energy.



In recent years, there has been a growing interest in the use of hydrogen as a clean and
renewable energy source, as it has the potential to replace fossil fuels and reduce
greenhouse gas emissions. However, the production of hydrogen is still mainly
dependent on fossil fuels, which undermines its environmental benefits. One

promising solution to this challenge is the use of brine.

Due to the growing scarcity of water resources in many parts of the world and the
increasing demand for fresh water, desalination technologies have become more
popular. This has been driven by population growth, urbanization, and
industrialization, resulting in a rise in global demand for desalinated water.> However,
one of the major challenges associated with desalination is the disposal of the brine
byproduct generated during the process. Brine is a concentrated salt solution that
remains after desalination, and it contains high levels of salt and other metals.® The
high salinity of the brine can be harmful to marine life, and it often contains other

contaminants.’

From this perspective, rather than disposing of brine into the ocean, there is a need to
produce valuable products using electrolysis.® This study aims to conduct experiments
on brine electrolysis by designing an anode that limits the evolution of chlorine gas
and assessing its production output (H2, O», base, and acid), energy consumption, and
economic viability. Specifically, the study will focus on a process that involves
coupling brine with direct electrosynthesis (DE), using an anion exchange membrane

(AEM) and cation exchange membrane (CEM) electrolysis.



1.1 Brines for electrochemical H; production

The increasing demand for fresh water, coupled with the growing scarcity of water
resources in many regions of the world, has led to an increased interest in
desalination technologies. Desalination is seen as a potential solution to address the
water crisis in arid and water-stressed regions, especially in coastal areas where
seawater is abundant. The global demand for desalinated water has been steadily
increasing in recent years, driven by population growth, industrialization, and
urbanization. Current estimates indicate that 40% of the world's population is
experiencing acute water scarcity, which is expected to increase to 60% by 2025.°
Additionally, approximately 4 billion people, or 66% of the global population,

currently face severe water scarcity for at least one month per year.!

One of the biggest challenges associated with desalination is the disposal of the brine
byproduct generated during the process. Brine is the highly concentrated salt solution
that remains after the desalination process, containing high levels of salt and other
metals.® As shown in Figure 1, brine is generated through the desalination of
seawater, as shown in left side.® The bottom quadrant illustrates that salt brines are
created both through the desalination of brackish groundwater and via salt mining.
Finally, the top-right quadrant of the figure shows that brine is also produced as a by-

product of effluent-treated industrial wastewater.®

Disposing of brine is a major environmental concern, as it can have a negative impact

on marine ecosystems if not properly treated and discharged. Brine disposal can also



pose a significant economic challenge, as the cost of disposing of brine can be high,
especially in areas with limited space or poor infrastructure. The challenge of brine
disposal is becoming increasingly urgent as desalination plants continue to proliferate
around the world. According to the International Desalination Association, the global
desalination capacity reached 95 million cubic meters per day in 2019,!! and this is
expected to grow to double by 2030. This growth in desalination capacity will also
lead to an increase in the amount of brine generated, exacerbating the brine disposal

problem.

To address the brine problem, there have been efforts to develop new technologies
and strategies for brine disposal and management. One approach is to use innovative
treatment methods, such as membrane-based technologies, to extract valuable
minerals from brine and reduce its volume. Another approach is to explore alternative
uses for brine, such as in aquaculture or agriculture, which can help to offset the cost
of brine disposal and reduce the environmental impact of brine discharge. In this
thesis, approaches to convert low-value brines to H> and multiple co-products such as

NaOH and HCI using electricity will be developed.
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Figure 1. Schematic illustration of different sources of brine for the DE-BMED
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process.

1.1.1 Global State of Desalination

According to Figure 2 (a), there are 15,906 operational desalination plants
worldwide, with a total capacity of approximately 95.37 million m?/day (34.81
billion m?/year), which accounts for 81% and 93% of the total number and capacity
of all desalination plants ever constructed, respectively.!! Early desalination plants
predominantly utilized thermal technologies and were in water-scarce regions,
especially in the Middle East where oil reserves were abundant.!' Prior to the 1980s,
thermal technologies such as multi-stage flash (MSF) and multi-effect distillation
(MED) dominated the desalination industry, accounting for 84% of global
desalinated water production.!! However, the rise of membrane technologies,

particularly reverse osmosis (RO), gradually shifted the dominance away from



thermal technologies.!' In 2000, the production volumes of desalinated water using
thermal technologies (primarily MSF) and RO were nearly equal at 11.6 million
m>/day and 11.4 million m*/day, respectively, accounting for 93% of the total volume
of desalinated water produced, as shown in Figure 2 (b).!' Since 2000, RO plants
have experienced an exponential increase in both number and capacity, whereas
thermal technologies have only experienced marginal growth, as depicted in Figure 2
(b).!! Currently, the production of desalinated water using RO stands at 65.5 million

m?>/day, accounting for 69% of the total volume of desalinated water produced.!!
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Figure 2. Trends in global desalination by (a) number and capacity of total and
operational desalination facilities and (b) operational capacity by desalination
technology.'!



As illustrated in Figure 3, desalination facilities with a capacity of over 1,000 m*/day
are distributed across various regions, including Europe, North Africa, the Middle East,
the United States, China, and Australia. However, South America and Africa have
relatively fewer desalination facilities, which are primarily designed to produce
desalinated water for the industrial sector.!! Desalination plants are mainly located on
or near coastlines, and coastal plants tend to be larger than inland plants.!! Plants that
produce municipal water are found worldwide, but they are particularly prevalent in
the Middle East and North Africa.!! In contrast, a larger proportion of desalination
plants producing non-municipal water are located in North America, Western Europe,
and East Asia and the Pacific.!! These plants primarily generate water for industrial
and power applications, which also make up a substantial portion of the market share,

as shown in Figure 3.!!
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Figure 3. Global distribution of operational desalination facilities and capacities
(>1000 m?/day) by sector user of produced water.'!



1.1.2 Brine Production

The efficiency of water recovery during desalination depends on the type of
technology used and the quality of the feedwater.!! Thus, it is important to consider
both factors when estimating brine production. Table 1 shows the water recovery
ratios for various feedwater-technology combinations. The recovery ratio increases as
feedwater quality improves (i.e., salinity decreases). Pure water (PW) has the highest
recovery ratio, whereas brine (BR) has the lowest. The type of feedwater used also
plays a significant role in determining the recovery ratio associated with a particular
technology.!! For instance, sea water-reverse osmosis (SW-RO) has a substantially
lower recovery ratio (0.42) than brackish-reverse osmosis (0.65) and river- reverse
osmosis (0.85). Similarly, brackish-nanofiltration (0.83) is more efficient than sea
water-nanofiltration (0.69). Different desalination technologies are also associated
with different recovery ratios, with thermal technologies (e.g., MSF, MED) typically
having lower ratios than membrane technologies (e.g., reverse osmosis, nanofiltration).
MSF has a recovery ratio that is approximately half that of RO across all feedwater
types. Additionally, the water recovery ratio of other membrane technologies such as
nanofiltration (NF), electrodialysis (ED), electrodeionization (EDI), and
electrodialysis reversal (EDR) is substantially higher than that of RO for all feedwater
types.!!

Table 1. Recovery ratios of various combinations of feedwater and technologies for
producing desalinated water.!!

Feedwater type Technology
yp RO MSF MED NF ED EDI EDR Other
Seawater (SW) 042 022 025 069 086 090 0.40



Brackish (BW) 065 033 034 083 09 097 090 0.60

River (RW) 0.81 035 086 090 097 096 0.60
Pure (PW)* 0.86  0.35 0.89 090 097 096 0.60
Brine (BR) 0.19 0.09 0.12 0.85 0.40
Wastewater (WW)" 065 033 034 083 090 097 0.60

2 PW refers to water of a high base quality (low salinity), but that is desalinated
primarily for industrial applications requiring very low salinity water (e.g., food
processing, pharmaceutical manufacturing).

® WW refers to reject water from municipal and industrial sources undergoing
desalination in specific WW desalination facilities.

Brine is the highly concentrated saltwater solution that is generated as a byproduct of
desalination operations. The global brine production rate of 141.5 million m?/day, or
51.7 billion m?®/year, is approximately 50% greater than the total volume of desalinated
water produced globally (Table 2).!! The majority of brine production occurs in the
Middle East and North Africa, which accounts for 70.3% of global brine production,
with a daily brine production of almost 100 million m3.!" This indicates that
desalination plants in this region operate at a very low average water recovery ratio of
0.25, meaning that a significant amount of feedwater is being discharged as brine.!! In
other regions, including East Asia and Pacific, Western Europe, and North America,
brine production is lower than the amount of desalinated water produced, indicating
that recovery ratios are generally high. In case of North America, an average recovery
ratio is 0.75.!' In other geographical regions, brine production is approximately
equivalent to desalinated water production, with a recovery ratio of 0.5.!!

Table 2. Global brine production and distribution by region, income level and sector
use.!!

Brine production
(million m*/day) (%)

Global 141.5 100
Geographic region



Middle East & North Africa 99.4 70.3

East Asia & Pacific 14.9 10.5
North America 5.6 39
Western Europe 8.4 5.9
Latin America & Caribbean 5.6 39
Southern Asia 3.7 2.6
Eastern Europe & Central Asia 2.5 1.8
Sub-Saharan Africa 1.5 1.0
Income level
High 110.2 77.9
Upper middle 20.7 14.6
Lower middle 10.5 7.4
Low 0.03 0.0
Sector use
Municipal 106.5 75.2
Industry 274 19.3
Power stations 5.8 4.1
Irrigation 1.1 0.8
Military 0.5 0.3
Other 0.3 0.2

The location of brine production facilities impacts the viability of various methods for

its disposal.!?

Desalination plants near coastlines often release untreated brine into
saline water bodies such as oceans and seas.!? The majority of countries producing
large amounts of brine (>1 million m*/day) in coastal areas are located in the Middle
East and North Africa (e.g., UAE, Saudi Arabia), South-East Asia (China, India), the
USA, and Australia (Figure 4 (a)). The volume of brine produced in many of these
countries, particularly in the Middle East, greatly exceeds 1 million m?/day, with the

four largest brine producers in the region (UAE, Saudi Arabia, Qatar, Kuwait)

accounting for 72.2 million m3/day within 10 km of the coastline.!!

Although disposal of brines in saline surface water bodies raises environmental
concerns, this method is cost-effective.!> However, inland desalination plants, which

produce a smaller but significant amount of brine, often do not have this option

10



available. Approximately 22 million m?/day of brine is produced over a distance of
more than 50 km from the nearest coastline. Despite the large volume of inland brine
produced, very few economically viable and environmentally safe options exist for
managing it.!? Inland brine production is a significant issue in 64 countries across the
globe, with brine production exceeding 10,000 m*/day (Figure 4 (b)). While coastal
brine production is primarily concentrated in the Middle East, inland brine production
is a problem in other areas such as China (3.82 million m?/day), the USA (2.42 million

m?/day), and Spain (1.01 million m?/day).!!

<10km from coastline
_ Brine Production million m*/day

| ] <001

[ Joot-025

B 025-05

s

—R

>50km from coastline

_ Brine Production million m*/day
| <001

[Joot1-02s
B 025-05
.
—E

Figure 4. Volume of brine produced per country at a distance of a) <10 km and b) >50
km from the coastline.!!
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1.2 Brine Electrolysis System

Recently, there has been a growing interest in the use of electrochemical methods to
produce hydrogen from brine, as well as base and acid. A variety of cell configurations
are developed to improve performances, including bipolar-membrane electrodialysis
(BMED), direct electrosynthesis (DE), anion exchange membrane (AEM), and cation
exchange membrane (CEM) systems. More features of each configuration are detailed

described as follows. (Figure 5)

a , b .
t it
0, ' H, ozT (8 l'fz
+ +
H +
H + -
CL+ Ze' Cr
+ 4
OH*—| .
0,+ 4H* + 4ol 4 -4 20H-+H, 0L,
H +
+ NaOH | [ 0,+4H* + 4e
200 | N 21,0+ 26 2H,0 +2¢-
- 4 2H20 Na
o Stainless Steel
A
4 o 0.05M HCI 0.86M 0.05M NaOH
NaCl
H |- +H
BP  AEM CEM  BP CEM
c ‘ d .
0, &\cnz ! HT 0,&Cl, ' H[
Na*
Cly+2¢- Cl,+ Ze-
20H-+ H, 20H+ H,
2Cr .
0, +4H" + de 0, + 4H* +4¢
2H,0 +2e¢ 2H,0 + 2¢
2H,0 21-120
Pt Stainless Steel Stainless Steel
0.05M HCI 0.86M NaCl 0.86M NaCl 0.05M NaOH

AEM

Figure 5. Schematic drawings of brine electrolysis systems. (a) Bipolar membrane
electrodialysis (BMED) (b) Direct electrosynthesis (DE) (c) Anion exchange
membrane electrolysis (AEM) (d) Cation exchange membrane electrolysis (CEM).
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1.2.1 Bipolar-Membrane Electrodialysis (BMED)

One approach that has been explored is the use of Bipolar-Membrane Electrodialysis
(BMED), which utilizes four membranes. A bipolar membrane consists of two layers,
namely an anion exchange layer and a cation exchange layer (Figure 5 (a)). This setup
enhances the separation of water into protons and hydroxide ions. Furthermore, the
anion-exchange layer of the bipolar membrane is designed to selectively allow the
transport of anions, such as chloride ions, across the membrane. However, the cation-
exchange layer is designed to prevent the transport of anions such as chloride ions. As
a result, the formation of chlorine gas in the anode can be prevented (as shown in
Figure 5 (a)). Equation (1) indicates that oxygen gas is produced at the anode as a
result of suppression of chlorine oxidation reaction. Meanwhile, Equation (2)
demonstrates that two electrons are transferred to the proton at the cathode, resulting
in H> production. The electrolysis of water produces protons and hydroxide ions
according to Equation (3). Additionally, NaOH and HCI can be produced by the
reaction between NaCl and water, as shown in Equation (4). Although this
configuration can suppress chlorine gas production, some problems have not been
addressed to support large-scale industrial applications, such as materials, operating

costs, and complex design.?

Anode: H,0 — %02 + 2H* + 2e” ()
Cathode: 2H,0 + 2e™ — H, + 20H™ 2)
BP: 2H,0 — 2H* + 20H" 3)
Overall: 2NaCl + 2H,0—> 2HCI + 2NaOH (1.23V @ 25°C) (4)
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1.2.2 Direct Electrosynthesis (DE)

In contrast to BMED, Direct Electrosynthesis (DE) utilizes only cation and anion
membranes, resulting in a simplified configuration with lower energy consumption®
(Figure 5 (b)). However, when brine electrolysis is applied, Cl; is generated along
with O at the anode (Equation 5, side reaction). The corrosivity and toxicity of Cl,
makes DE system unsuitable for practical use. Moreover, the anode materials currently
available tend to promote chlorine evolution instead of O».® These challenges motivate
the development of anodes that inhibit Cl; production. In this context, the relevant

reactions are discussed below.

Equation (5) illustrates the water splitting reaction at the anode to produce O, as well
as protons. In the presence of an electric field, Cl" ions migrate to the anode chamber
and react with the formed protons, resulting in HCI production. H> and hydroxide ions
are produced at the cathode (Equation 6). The hydroxide ions then react with Na* ions

to form NaOH (Equation 7).

1
Anode: H,0 — 502 + 2H* + 2e” (5)

Side reaction at anode: CI~ + 2e™— Cl,

Cathode: 2H,0 + 2e™ — H, + 20H™ (6)

Overall: 2NaCl + 2H,0— 2HCl + 2NaOH (2.06V @ 25°C) (7)
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1.2.3 Anion and Cation Exchange Membrane System (AEM&CEM)
As shown in Figures 5 (¢) & 5 (d), The Anion Exchange Membrane (AEM) and

Cation Exchange Membrane (CEM) systems both use only one membrane, as
compared to the two used in Direct Electrosynthesis (DE). In the AEM system, NaCl
solution is placed in the cathode chamber using the anion exchange membrane and the
anion Cl anion is transported to the anode chamber to produce HCI, as shown in
Equations (8) and (9). In the cathode chamber, OH" ions are created through water
splitting and combine with Na" ions to produce NaOH, as seen in Equations (10) and
(11). Similarly, the CEM system uses a cation exchange membrane to produce HCI
and NaOH, following the same principle as the AEM system. Like the aforementioned

DE system, both the AEM and CEM systems simultaneously produce O> and Cl, at

the anode.

Anode: 2H,0 — 0, + 4H* + 4e~ (8)
4H* + 4Cl- — 4HCI 9)

Cathode: 2H,0 + 2e™ — H, + 20H™ (10)
20H™ + 2Na* — 2NaOH (11)

Table 3. Selected electrochemical studies for the production of bases and acids

Feed Current Current Max.Base Max. Acid Energy Suppressin. Produced
System concentrat density efficiency concentration Concentration consumption lpp s H, Ref
™M) (mA/cm?) (%) ™M) ™M) (kWh/kg) ? (Mol)
Yes
NaCl Acid 20 . . (Anode: Ti This
DE 086 90 Base 36 NaOH 0.37 HC10.2 NaOH 3.6 coated with 0.005 work
MnMo)
NaCl Acid 11 No This
DE 0.86 90 Base 28 NaOH 0.63 HC10.25 NaOH 2.2 (Anode: Pt) 0.017 work
Yes
. Acid 65 . ’ (Anode: Ti ’
DE NaCl 0.6 25 Base 88 NaOH 0.22 HC10.29 n.a coated with n.a 13
MnMo)
DE &SO“ 10 na KOH (-) H,S04 (-) na na na 14
BMED NaCll 100 n.a NaOH 3.65 HCI (-) NaOH 22.6 - n.a 15
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Acid

BMED vaste 40 352 NaOH 1.56 H2804 0.97 NaOH 3.98 - na 16

water Base
50.2

BMED NaCl0.5 50 41-59 NaOH 3.4 HCl12.3 11\1‘5{?1}{; - na 17
BMED NaCll 100 na NaOH 3.6 HC13.3 HCl143.5 - na 18
BMED NaCll3 3.67V 50-53 NaOH 1.75 HC1 1.75 na - na 19

NaCl NaOH
BMED 17-3.4 30-40 55-58 NaOH 2 HC12 17-3.6 - na 20
Mem Sea No
Brane ca v n.a NaOH HCl n.a (Platinized carb n.a 21

water
less foam electrod

As shown in Table 3, most of the research has been concentrated on BMED, with little
information available on hydrogen production. The focus of BMED studies has been
on enhancing the concentration of acid and base for commercial purposes or reducing
energy consumption. Some of the methods proposed include increasing the
concentration of NaOH through the addition of an evaporation process'> and
determining the optimal volume ratio of acid, base, and salt used'’. However, there
have been limited studies on Direct Electrosynthesis (DE) to prevent the generation of
Clz. In 2016, Lin and co-workers successfully inhibited Cl> generation by using a
Mn0.84M00.1600.23 coated titanium electrode in DE, but the resulting NaOH
concentration was low, and energy consumption data were not provided.!®> Recently,
Zhu and co-workers produced KOH and H>SO4 using DE, but NaCl solution was not
utilized.'* Additionally, in 2022, Palash and co-workers successfully produced NaOH
and HCI without the use of a membrane and generated MgOH, which can be used as
a feedstock for cement production using NaOH. However, there is no information
available on the concentration of NaOH, HCI, and H; produced, or whether the

formation of Cl» was inhibited.?!
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In this study, an electrochemical approach is developed for the continuous production
of H», Oz, NaOH, and HCI from brine. This approach utilizes three systems: direct
electrosynthesis (DE), anion exchange membrane (AEM), and cation exchange
membrane (CEM) systems. DE is an energy-efficient technique that reduces energy
consumption by reducing the number of membranes from four to two compared to
bipolar-membrane electrodialysis (BMED).® AEM and CEM systems utilize anion and
cation exchange membranes, respectively, to produce H>, Oz, NaOH, and HCI, with a
simplified configuration by reducing the number of membranes from two to one
compared to DE. It is worth noting that manganese-molybdenum oxide coated
titanium anode was developed for selective oxygen evolution in brine electrolysis,
which helps to inhibit chlorine gas production during the electrolysis process. Also,
the feasibility and economics of brine management potential using DE, AEM, and
CEM systems are discussed. Finally, a life cycle analysis (LCA) was conducted to

evaluate the environmental impacts of the DE-MnMo/Ti system.
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CHAPTER 2

EXPERIMENTAL APPROACH FOR PRODUCING Hz, ACIDS, AND BASES
VIA BRINE ELECTROLYSIS
In this section, the experimental approach for producing H>, HCI, and NaOH via brine

electrolysis are discussed.

2.1 Materials used in brine electrolysis studies

The synthetic brines used in this study were prepared using sodium chloride (NaCl, >
99%, Sigma-Aldrich). Acid and base adjustments were made using hydrochloric acid
(HCI1, 12.1 N, Fisher chemical) and sodium hydroxide (NaOH, Lab grade, Fisher
bioreagents). The catalysts were synthesized using manganese sulfate (MnSO4, > 98%,
Chemworld), sodium molybdate dihydrate (NaxMo0O42H>0, > 99.5%, Sigma-Aldrich),
ascorbic acid (CsHsOs, 100%, Cole-Parmer), and potassium iodide (KI, >99%, Sigma-
Aldrich). Deionized water (18.2 MQ-cm, Millipore) was used throughout the

experiments.

2.2 Experimental Approach

Experimental studies are conducted to investigate the feasibility of co-producing O,
H», HCI, and NaOH using DE, AEM, and CEM systems using a model brine solution
with a concentration of 0.86 M NaCl. Figure 6 is a schematic representation of this
experimental approach. Alternating Pt and MnMo/Ti anode electrodes were tested on
three systems. The cell used a batch system, with anolyte consisting of HCI solution
(0.05 M, 50 ml), catholyte consisting of NaOH solution (0.05 M, 50 ml), and the
middle solution consisting of NaCl solution (0.86 M, 50 ml). The aqueous solutions

were injected into the chamber using a peristaltic pump. 50 ml of the solution was
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injected each time. During the experiment, a current density of 90 mA/cm? was

applied using a galvanostat for 5 hours.

a ‘ b . ¢ .
0,&Cl, ! H 0,&ClL ! 1-||, OT a, ! 1-||,
CI INat
. cr
ChL+2e Ch+2e Cly + 2e-
20H+ H, 20H+ H, ) 20H+H,
2Cr - 2C1 2Cr -
0, +4H* + 4e 0, +4H* +4e D,+ 4H* + de
2H,0 + 2¢- 2H,0 + 2¢- ) 2H,0 + 2¢-
2H,0 Na 2H,0 2H,0
Pt Stainless Steel Pt Stainless Steel Pt Stainless Steel
0.05M HCI 0.86M 0.05M NaOH 0.05M HCI 0.86M NaCl 0.86M NaCl 0.05M NaOH
NaCl
AEM CEM AEM CEM
d , e . f .
L r F
0|z l'fz 0[2 I Tz 0, k H,
Cl Nat
0, + 4H* + de 20H + H, 20H-+H, 20H+ H,

2H,0

MnMo/Ti

2H,0 +2¢

Stainless Steel
0.05M NaOH

2H,0 + 2¢

Stainless Steel

MnMo/Ti

2H,0 +2¢-

Stainless Steel

0.05M HCI

0.86M NaCl 0.05M NaOH

0.05M HC1

0.86M NaCl

Cr
Na*
0.86M
NaCl
CEM

Figure 6. Schematic overview of the experimental setup. (a) Direct electrosynthesis
(DE) using Pt anode, (b) Anion exchange membrane electrolysis (AEM) using Pt
anode, (c¢) Cation exchange membrane electrolysis (CEM) using Pt anode, (d) Direct
electrosynthesis (DE) using MnMo/Ti anode, (e¢) Anion exchange membrane
electrolysis (AEM) using MnMo/Ti anode, and (f) Cation exchange membrane
electrolysis (CEM) using MnMo/Ti anode.

AEM

AEM CEM

2.3 Electrochemical Cell for Brine Electrolysis

A customized electrochemical cell was designed for brine electrolysis. The design of
this cell is shown in Figure 7. The cell has two end plates and three compartments
with outer dimensions of 10 x 10 X 2 cm, totaling a volume of 72 cm?. It was built
using a 3D printer with polyethylene material that can withstand both acidic and basic

conditions. The anode compartment has openings for the anode, gas outlet, and
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reference electrode. The cathode compartment has openings for the cathode (made of

stainless steel, 26 X 24 mm) and a gas outlet. The cell also has six gaskets made of

EPDM rubber with a thickness of 1.6mm, and the dimension of each gasket is 10 X 10

cm. Two gaskets are placed between the anode compartment and the middle
compartment to secure the Anion Exchange Membrane (Fumasep FAM) and prevent
hydrogen and oxygen gas from leaking. The size of the used Anion Exchange
Memebrane (AEM) and Cation Exchange Membrane (CEM, Nafion 117) is 10 X 10 cm.
The two end plates provide support to the three compartments, and 12 holes (diameter

5 mm) are made to join the 5 compartments. 12 clamping bolts are also inserted.

Anode chamber Middle chamber

Reference Anode Outlet Cathode Outlet
Electrode (0,&Cly) (Hy)
—_ —_
e é & % &
O O (@) O O O O O
Outlet
—_
O O O O
O O O
M fl Anolyte M gl Catholyte
O O O O O O O O
Anode Cathode
chamber chamber

Figure 7. Customized cell for brine electrolysis. This cell is composed of three
chambers and two end plates.
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2.4 Fabrication of Manganese-Molybdenum Oxide Anode

An anodic deposition strategy was utilized to fabricate MnMo coated titanium anode.
In detail, a mixture of 0.4M MnSO4 and 0.003M Na,MoOQO4 was used as the electrolyte.
The anode was made of titanium with dimensions of 10 X 10 X Imm, while the
cathode was made of platinum with dimensions of 15 X 15 X Imm. A constant current
density of 60mA/cm? was applied at a temperature of 90°C for 1 hour.??> By employing
H-type cells, a suitable separation is ensured between the anode and the cathode.
When a potential is applied, manganese and molybdenum ions migrate towards the

anode, enabling their deposition onto the titanium surface.

After the reaction, the manganese and molybdenum were found to have been
anodically deposited on the titanium surface. The morphology of the materials was
studied using Scanning Electron Microscopy (SEM), specifically using the Zeiss LEO
1550 FESEM instrument. Scanning electron microscopy (SEM) images (Figure 8 (a)
and 8 (b)) show the formation of titanium and MnMo coated titanium. Also, energy
dispersive X-ray spectroscopy (EDS) mappings shows a strong signal of Mn and Mo

(Figure 8 (¢)).
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a) Titanium SEM image

b) MnMo coated titanium SEM image
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Figure 8. SEM images of (a) Titanium matrix and (b) MnMo coated titanium
(MnMo/Ti). (c) The corresponding EDS spectrum of MnMo/Ti.

2.5 Analysis of the products from brine electrolysis
2.5.1 Determination of HCIl and NaOH Concentrations

The concentrations of HCl and NaOH were determined by titration using solutions of
0.5M HCI and 0.5M NaOH. The volume of hydrogen produced at the cathode was

measured using a gas flow meter (OMEGA FMA1808A).
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2.5.2 Determination of Cl, Concentrations

The concentration of Cl> produced in the anode was measured through iodometric
titration. The gas produced in the anode was passed through a solution of KI with a
concentration of 25g/500 ml, and as per Equation (12), the chlorine gas reacted with I
to produce I, (Figure 9 (a)). As Cl, reacts with KI solution, the transparent KI solution
changes to a reddish brown (Figure 9 (b)). The concentration of 1> is determined
through iodometric titration using ascorbic acid (C¢HgOs, 0.0008M) and starch as the
indicator (Equation 13). When the titration reaches the endpoint, the ascorbic acid
turns from transparent to purple, indicating that the I> has been fully reacted (Figure
10). The concentration of I» can be calculated using Equation (14). With the
concentration of I> known, the concentration of Cl, can also be calculated. The volume
of Cl> can be determined by the volume of KI solution (500ml) used in the experiment.
Note that the concentration of Clz is below 10 ppm, the iodometric titration method

may not be reliable. In this case, a measurement kit is used for chlorine measurement

instead (chemworld QCTK1120-Z).

Cl, + 21~ - 2C~ + 1, (12)%
CeHgOg + I, —> CoHOg + 217 + 2H* (13)2
Mascorbic acid X Vascorbic acid = Mlodine X VIodine (14)
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Figure 9. (a) Experimental setup of Cl, and O; gas production and quantification. (b)
Color evolution of KI solution with increasing Cl, gas.

Figure 10. Ascorbic acid titration for calculating I, concentration quantification.

2.5.3 Oxygen Evolution Efficiency

In the experiments involving the production of chlorine gas and oxygen gas via
electrolysis, it is assumed that all of the generated electrons are utilized in the
production of these gases on the anode side. The amount of Cl, produced can be

determined using iodometric titration, which also enables the calculation of the
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number of electrons utilized in its production. Oxygen evolution efficiency is

calculated according to Equations (15) and (16). The results are summarized in Table 4.

0, Evolution efficiency = 1 — Cl, Evolution efficiency (15)

Consumed e~ for Cl,
Total Coulomb
Produced Cl, [mol] x 2

- Total Coulomb

Cl, Evolution efficiency =

(16)

Table 4. Calculated oxygen evolution efficiencies using various electrodes and

membrane configurations.

Cl Evolution O; Evolution

Anode System Total fé)]u lomb [rii)zl] Efficiency Efficiency

[“o] [“o]
Pt DE 3,647 0.0031 16.6 83.4
Pt AEM 3,647 0.0026 14.0 86.0
Pt CEM 3,647 0.0083 44.0 56.0
MnMo/Ti DE 1,621 0.0002 1.8 98.2
MnMo/Ti AEM 1,621 0.0002 1.8 98.2
MnMo/Ti CEM 1,621 0.0001 0.9 99.1

2.5.4 Theoretical H> Volume

The theoretical H> volume is calculated using the van der Waals relationship shown

below (Equation 17).
an?
P+W X[V—nb] x 1000 = nx R X T (17)

P: Pressure (bar)

- a: Hydrogen van der waals constant (m®-bar-mol?)
- b: Hydrogen van der waals constant (m*-mol')

- n: Mol of H; (mol)

- V:Hz volume (L)

- R: Gas constant (L-bar-K-!-mol!)

- T: Temperature (K)
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1) Determination of H> volume using Pt as the electrode

Table 5. H, volume calculation when Pt is used as an electrode

Pressure [bar] 1.01325
a [m®bar-mol?] 0.24646
b [m*mol ] 0.026665
R [L-bar-K'mol™] 0.0821
Temperature [K] 294 Room temperature
Supplied Coulomb [C] 3,647
Mol of € [mol] 0.038 Mol of e- = C/F * F=96,500
Theoretical Mol of H; [n] 0.0189 | 0,038 mol & supplied.
(2 mol of electron for 1mol of H»)
0.24646 x 0.01892
1.01325 + X [V —0.0189 x 0.026665] x 1000

V2
= 0.0189 x 0.0821 x 294

~V=0.51L

2) Determination of Hz volume using MnMo/Ti as the electrode

Table 6. H, volume calculation when MnMo/Ti is used as an electrode

Pressure [bar] 1.01325

a [m®bar-mol?] 0.24646

b [m*mol ] 0.026665

R [L-bar-K'mol™] 0.0821

Temperature [K] 294

Supplied Coulomb [C] 1,621

Mol of ¢ [mol] 0.017 Mol of e- = C/F * F=96,500
Theoretical mol of Ha [n] 0.0084 ?éolizg?le?;sgf)ﬂlg' Imol of Hy)

0.24646 x 0.00842
1.01325 + 2 X [V —0.0084 x 0.026665] x 1000

= 0.0084 x 0.0821 x 294

~V=0.22L
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2.5.5 Theoretical Energy Consumption for NaOH Production

The amount of energy consumed for producing 1 g of NaOH production is calculated

using Equation (18) below.

Energy consumption [Wh] U[v] % Q]c]
NaOH [g] " Nyaon[mol] X M x 3600
U[v] X ne_ X F (18)
Naon[mol] x M[=2-] x 3600

- U: Potential

- F: Faraday’s constant (96500C/mol)

- M: Molar mass
1) Energy consumption for BMED scenario
2 mol of electrons are used to produce 2 mol of NaOH, and the potential is 1.23V.

1

Anode: H,0 — 502 + 2H*" + 2e” (1)
Cathode: 2H,0 + 2e™ — H, + 20H™ (2)
BP: 2H,0 — 2H* + 20H~ (3)
2NaCl + 2H,0— 2HCI + 2NaOH (1.23V @ 25°C) (19)%

Energy consumption [Wh] U[v]xQlc] _ U[v]xne_xF _
NaOH [g] - nNaog[mol]xMx3600 - nNaog[mol]xMx3600

1.23X2X96500 Wh
—=0.82—
2x40%3600 g
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2) Energy consumption for DE scenario

1
Anode: H,0 — 502 + 2H* + 2e” (5)

Side reactoin at anode: CI~ + 2e™— Cl,

Cathode: 2H,0 + 2e™ — H, + 20H™ (6)
2NaCl + 2H,0— 2HCI + 2NaOH (2.06V @ 25°C) (20)%
Energy consumption [Wh] U[v]xQlc] _ U[v]xne_xF _

NaOH [g] - nNaog[mol]xMx3600 - nNaog[mol]xMx3600 -

2.06X2x96500__

Wh
1.38—
2x40%3600 g

3) Energy consumption for AEM scenario

2NaCl + 2H,0—> 2HCl + 2NaOH (2.06V @ 25°C) (20)
Energy consumption [Wh] U[v]xQlc] _ U[v]xne_xF _
NaOH [g] - nNaog[mol]xMx3600 - nNaog[mol]xMx3600 -

2.06X2x96500 Wh
—=1.38—
2x40%3600 g

4) Energy consumption for CEM scenario

2NaCl + 2H,0— 2HCl + 2NaOH (2.06V @ 25°C) (20)
Energy consumption [Wh] U[v]xQlc] _ U[v]xne_xF _
NaOH [g] - nNaog[mol]xMx3600 - nNaog[mol]xMx3600 -
2.06><2><96SOO:1.38W_h
2X40%x3600 g
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2.5.6 Determination of the Current Efficiency of Base and Acid Production

The current efficiencies of base and acid productions are calculated by Equation (21).

zF (Vi — coVp)
X

100 21
NIt @

n[%] =

- Z: lonic charge (1)

- F: Faraday’s constant (96500C/mol)

- ¢¢ Acid and base concentrations at 5 hours
- co: Acid and base concentrations at 0

- V: Acid and base solution volume (0.05L)

- N: The number of cell units (N=3)

I: Current (A)

t: Experiment time (s, 5 hours)

Table 7. Current efficiencies for electrochemical of base and acid generation

. Total Base Acid
Brine Coulomb

Electrolysis Ct Co N Ct Co N
IxtCl [M]  [M] [%] [M] [M] [%]

DE-Pt 3,647 0.68 0.05 28 0.3 0.05 11

AEM-Pt 3,647 0.68 0 30 0.22 0.05 7

CEM-Pt 3,647 0.71 0.05 29 0.05 0 2
DE-MnMo/Ti 1,621 0.42 0.05 36 0.25 0.05 20
AEM-MnMo/Ti 1,621 0.29 0 29 0.22 0.05 17

CEM-MnMo/Ti 1,621 0.36 0.05 31 0.04 0 4
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CHAPTER 3

CONTRASTING THE INFLUENCE OF ELECTRODES AND VARIOUS
ELECTROCHEMICAL CELL CONFIGURATIONS ON THE CO-RECOVERY
OF H, Oz, HCI, AND NaOH WITH Cl, SUPPRESSION
In this section, the influence of various electrodes (e.g., Pt and MnMo/Ti) and various
electrochemical cell configurations (e.g., DE, AEM, and CEM) on the co-recovery of
Ha, Oz, HCI, and NaOH is investigated. One of the key challenges in brine electrolysis

is Cly evolution. In the sections below, we discuss approaches to suppress Cl»

evolution.

3.1 Chlorine Evolution Reaction (CER) During Brine Electrolysis

Chlorine evolution reaction (CER) is likely to occur simultaneously with oxygen
evolution reaction (OER) during brine electrolysis due to the presence of chloride ions
in brines (Equation 22 and 23). Although CER requires a higher potential than OER
from a thermodynamic perspective, CER is kinetically more favorable than OER. This
is because CER requires two electrons per mol of Cl,, while O requires four

electrons.?

2CI" > Cl, + 2e~ E, =136V (22)
2H,0 - 0, + 4H* + 4e~ E, = 1.23V (23)
The selectivity of the anode material is essential in brine electrolysis for inhibiting the
production of Clz. A reported study by Matsu in 2002 demonstrated that a manganese-
molybdenum-tungsten oxide anode can suppress Cl, formation.’? A recent study

reported that MnOx overlayers can effectively block the diffusion of Cl~ ions,

resulting in CER suppression. This study also revealed that MnOx did not participate
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in the OER but acted as a CI- diffusion barrier.?® In this study, a MnMo coated titanium
anode is elaborately fabricated and used in all electrochemical studies. Furthermore, a
comparative analysis is conducted to evaluate the impact of Direct Electrosynthesis
(DE) on the evolution of Cl; and O in contrast to Cation Exchange Membrane (CEM)
and Anion Exchange Membrane (AEM) systems.

Table 8 presents the Cl, and O ratios generated at the anode for each scenario. When
Pt is used as the anode material, the Cl» to O ratio is approximately 3:7 for both DE
and AEM, while the ratio increases to 6:4 for CEM, indicating higher Cl, evolution.
Moreover, in the case of Pt-CEM, 0.0264 mol of chloride ions remain in the anode
chamber after the reaction, implying that about 40% of all chloride ions are used to
produce Cl gas.

Table 8. Calculated production of Cl> and O gases at the anode

Anode Syste Cl, 0O Ratioof  TotalCI' Cl'inCl,  Residual CI

m [mol] [mol]  Cl;and O [mol] [mol] [mol]
Pt DE 0.0031  0.0079 1:25 0.046 0.0063 0.0392
Pt AEM 0.0026  0.0081 1:3.1 0.046 0.0053 0.0402
Pt CEM 0.0083  0.0053 1: 0.6 0.043 0.0166 0.0264
MnMo/Ti DE 0.00015  0.0041 1:26.9 0.046 0.0003 0.0452
MnMo/Ti AEM  0.00015 0.0041 1:27.2 0.046 0.0003 0.0452
MnMo/Ti CEM 0.00008  0.0042 1:52.7 0.043 0.0002 0.0428

3.2 NaOH and HCI Production under Different Scenarios

The yields of NaOH and HCl were examined in various electrode and membrane

configurations.
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Normalization of the data is essential due to the variation in the total charge supplied
to the platinum (Pt) and MnMo/Ti electrodes. The total charge supplied to the Pt
electrode is 3647C, while for the MnMo/Ti electrode, it is 1621C. Consequently, it
becomes apparent that the Pt cases exhibit higher base production (Figure 11 (a)). To
ensure data comparability, normalization of the NaOH concentrations is necessary.
Upon normalizing the NaOH concentrations, it is observed that the Pt and MnMo/Ti
cases demonstrate comparable values. However, it is noteworthy that the DE-

MnMo/Ti configuration yields the highest NaOH production (Figure 11 (b)).
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Figure 11. Comparison of NaOH concentration at Pt and MnMo/Ti anodes in different
electrolysis systems (a) Concentration of NaOH produced at the Pt and MnMo/Ti
anodes in Direct Electrolysis (DE), Anion Exchange Membrane Electrolysis (AEM)
and Cation Exchange Membrane Electrolysis (CEM) systems (b) Normalized
concentration of NaOH produced at the Pt and MnMo/Ti anodes in Direct Electrolysis
(DE), Anion Exchange Membrane Electrolysis (AEM) and Cation Exchange
Membrane Electrolysis (CEM) systems.

However, the overall concentrations of HCI are all lower than those of NaOH. As
displayed in Figure 12 (a), the concentrations of produced HCI are in the range of

0.04M to 0.25M, which is significantly lower than the range of 0.31M to 0.63M
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(NaOH). These results are due to the back diffusion phenomenon, wherein the proton
produced in the anode chamber moves to the middle chamber. This phenomenon
occurs when there is a gradient of proton concentration across the anion exchange
membrane, causing some protons to be transported back across the membrane to the

side with lower proton concentration.?’

Also, to ensure data comparability, normalization of the HCI concentrations is crucial.
The graph illustrating the normalized HCI concentrations reveals that the DE-
MnMo/Ti configuration yields the highest concentration of HCl among the tested
cases (Figure 12 (b)). However, the CEM system produced the lowest amount of HCI,
regardless of the type of anode used. This phenomenon can be explained by the fact
that the CEM anolyte is composed of NaCl at a concentration of 0.86M, which results
in a higher initial concentration of Cl- when compared to the DE and AEM systems
(with a CI" concentration of 0.05M). As a result, a significant amount of chlorine gas is

generated, which in turn reduces the amount of HCI produced.
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Figure 12. Comparison of HCI concentration at Pt and MnMo/Ti anodes in different
electrolysis systems (a) Concentration of HCI produced at the Pt and MnMo/Ti anodes
in Direct Electrolysis (DE), Anion Exchange Membrane Electrolysis (AEM) and
Cation Exchange Membrane Electrolysis (CEM) systems (b) Normalized
concentration of HCI produced at the Pt and MnMo/Ti anodes in Direct Electrolysis
(DE), Anion Exchange Membrane Electrolysis (AEM) and Cation Exchange

Membrane Electrolysis (CEM) systems.
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3.3 H; Production under Different Scenarios

All brine electrolysis experiments were conducted with a current density of 90mA/cm?
for 5 hours. For the Pt cases, the anode surface area was 2.25 ¢cm?, and total charge of
3,647 C was supplied for each test. In the MnMo/Ti case, the anode area was 1 cm?,
and 1,621 C was supplied. Hydrogen production is influenced by the number of
electrons passing through the cathode. Therefore, the theoretically calculated hydrogen
production is 0.51 L for the Pt cases and 0.22 L for the MnMo/Ti cases (Figure 13
(a)). To establish a baseline, an electrolysis experiment with pure water electrolysis
experiment was carried out without membranes with 0.2 M H>SO4 and a volume of
150 ml. At the end of the electrolysis, 0.4 L of H> was obtained in the end of

electrolysis, which is close to the theoretical maximum.

Additionally, normalizing the hydrogen volume is essential for accurate comparison.
Upon normalization, it becomes evident that the theoretical hydrogen volume for both
the Pt and MnMo electrodes is similar, as depicted in Figure 13 (b). The calculated
efficiencies of hydrogen production at the Pt anode range from 79% to 81% with the
normalized value. The highest levels of H» evolution were obtained from the DE
system at the Pt anode (81%), followed by the CEM, and with the AEM system
producing the smallest quantity of hydrogen. In contrast, the hydrogen production
efficiencies of MnMo/Ti anode were found to be in the range of 35% to 54% with the
normalized value, which was much lower than those of Pt anode. Compared to
systems using CEM and AEM, DE systems exhibited the best performance (54%)
using MnMo/Ti anode. The low efficiency of H> production at MnMo/Ti can be

caused by the degradation of electrodes during operation. The degraded electrodes can
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significantly damage their reactivity to the desired reaction and lead to a decrease in
Faradaic efficiency. In some scenarios involving electrode degradation, it was found
that the MnMo/Ti coating on the surface of the titanium electrode had detached and

settled to the bottom of the cell.
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Figure 13. Comparison of hydrogen volume at Pt and MnMo/Ti anodes in different
electrolysis systems (a) Hydrogen volume produced at the Pt and MnMo/Ti anodes for
Direct Electrolysis (DE), Anion Exchange Membrane Electrolysis (AEM) and Cation
Exchange Membrane Electrolysis (CEM) system (b) Normalized hydrogen volume
produced at the Pt and MnMo/Ti anodes for Direct Electrolysis (DE), Anion Exchange
Membrane Electrolysis (AEM) and Cation Exchange Membrane Electrolysis (CEM)
systems.

3.4 Oxygen Evolution Efficiency under Different Scenarios

In the experiments involving the production of chlorine gas and oxygen gas at the
anode side via electrolysis, it is assumed that all the generated electrons are utilized in
the production of these gases. The oxygen evolution efficiency was examined to
evaluate the effectiveness of Cl, suppression, as it competes with the CER. As
displayed in Figure 14, the highest oxygen evolution efficiency of 98.1% was
observed in the CEM-MnMo/Ti system, while both the DE and AEM systems showed
similar results at around 96%. However, the oxygen evolution efficiency was lower in
the Pt case compared to MnMo/Ti, with the highest oxygen evolution efficiency
observed in the order of AEM, DE, and CEM. These results show that CEM-Pt
produced the highest proportion of Cl,. Thus, all these results indicate that MnMo/Ti

anode can effectively suppress CER.
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Figure 14. Efficiencies of oxygen evolution at the Pt and MnMo/Ti anodes for Direct
Electrolysis (DE), Anion Exchange Membrane Electrolysis (AEM) and Cation
Exchange Membrane Electrolysis (CEM) systems.

3.5 Energy Consumption under Various Catalysts and Membrane Scenarios

Energy consumption for brine electrolysis scenarios were determined for various
scenarios. Table 9 shows that the DE system has the lowest energy consumption of
2.8 Wh when using a Pt electrode. Nevertheless, the AEM and CEM systems have
similar energy consumptions of 2.8 Wh and 3.2 Wh, respectively, indicating that
having fewer membranes does not necessarily result in lower energy consumption
compared to DE. When using MnMo/Ti electrodes, a higher voltage is required to

achieve the same current density, resulting in a higher energy consumption. The result
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shows that the MnMo/Ti electrode consumes slightly more energy than the Pt
electrode, due to its smaller electrode surface area of 1 cm? compared to 2.25 cm? for
Pt. To facilitate a comprehensive comparison among the different experimental
conditions, the energy consumption values were normalized with respect to the
produced NaOH. This normalization approach ensures a fair assessment of energy
efficiency. The results indicate that the utilization of MnMo/Ti electrodes led to higher
energy consumption compared to Pt electrodes. Notably, the DE system demonstrated
the lowest energy consumption among the MnMo/Ti scenarios.

Table 9. Energy consumption for brine electrolysis using Pt and MnMo/Ti electrodes

in various configurations including Direct Electrolysis (DE), Cation Exchange
Membrane (CEM), and Anion Exchange Membrane (AEM).

HCI

NaOH

. . System Normalized
Average Current Concentration  Concentration Energy
Anode System Potential ~ Density — - — - . .
[mA/cm?] Initial Final Initial Final Consumption Consumption
M]  [M]  [M] [M] [Wh] [kWh/kgnaon]
Pt Base 2.6 90 - - - - 2.6 n.a
Pt DE 2.7 90 005 0.3 005 068 2.8 22
Pt AEM 28 90 005 022 - 0.68 2.8 2.1
Pt CEM 32 90 ; 0.05 005 071 32 2.4
%?MO DE 59 90 0.05 025 005 042 27 3.6
%?MO AEM 7.0 90 005 022 - 029 3.1 53
MaMo ™ cpm 58 90 - 004 005 036 26 42

/Ti

The DE system has a great potential to improve energy efficiency and, as a result, save
energy. As shown in Figure 15, when using Pt as the anode, the DE system consumes
less energy consumption (2.2 kWh) to produce 1 kg NaOH compared to BMED
(3.6kWh). However, when MnMo/Ti is used as the anode in DE system, the same

energy consumption as BMED is required due to the overall decrease in reactivity.
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These results suggest the need for developing novel anode materials to reduce the
energy consumption of the DE system. Anode materials should be elaborately

constructed to favor OER reactions over CER reactions to achieve this goal.**

Moreover, the energy consumption of AEM and CEM was as high as that of the DE
system, even though they used fewer membranes than DE or BMED. This observation
explained by the fact that AEM and CEM use NaCl solution as the catholyte and
anolyte respectively. The initial pH of a NaCl solution is between 6 and 7.3, but it
changes to base in AEM and acid in CEM as the reaction progresses. These changes in
pH lead to a higher energy consumption. During brine electrolysis, the HER and OER
are the main reactions, and their rates and thermodynamic potentials are pH dependent.
The HER reaction is favored at low pH, while the OER reaction is favored at high
pH.3 If the pH of the electrolyte changes significantly during the electrolysis process,
the relative rates of the HER and OER reactions can shift, leading to an imbalance in
the production of hydrogen and oxygen gases. This change can result in a lower

Faradaic efficiency and higher energy consumption.
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Figure 15. Comparison of theoretical and experimental energy consumption for
NaOH production using Bipolar-Membrane Electrodialysis (BMED), Direct
Electrolysis (DE), Anion Exchange Membrane Electrolysis (AEM) and Cation
Exchange Membrane Electrolysis (CEM) systems. Experimental energy consumption
for BMED was determined by Reig et al?’. Theoretical estimates for DE, AEM and
CEM are based on voltages, and they are reported by Kumar et al**,
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CHAPTER 4

ASSESSMENT OF THE ECONOMIC POTENTIAL OF BRINE

ELECTROLYSIS FOR CO-PRODUCING H3, Oz, HCl1 AND NaOH

In this study, the economic potential of co-producing Hz, Oz, HCI and NaOH via direct
electrolysis is contrasted with CEM and AEM as discussed in detail in the following

sections.

4.1 Cost of Producing Hydrogen
Hydrogen production costs vary based on the types of electrolysis (e.g., DE, AEM,

and CEM) and electrodes used. Figure 16 illustrates the cost of producing hydrogen
per kilogram. Conventional hydrogen production method is steam methane reforming
(SMR) using natural gas. The cost is USD 1.3/kg. In case of water electrolysis,
alkaline electrolysis has the lowest cost at USD 2/kg, followed by proton exchange
membrane electrolyzer (PEM) at USD 2.8/kg. The cost of anion exchange membrane
electrolyzer (AEM) and solid oxide electrolyzer cell (SOEC) is higher at USD 19.8/kg
and USD 7.7/kg respectively, as these technologies are not as mature and have a
shorter lifetime (AEM has a lifetime of 0.6 years and SOEC has a lifetime of 2.3
years). In the case of brine electrolysis, the cost per kilogram of hydrogen varies based
on the type of electrode used. With the use of a Pt electrode, the costs are USD 5.7/kg,
USD 6.4/kg, USD 6.8/kg for DE, AEM, and CEM respectively. Although the cost is
higher compared to freshwater electrolysis, it is worth noting that the brine electrolysis
system also produces valuable by-products such as NaOH and HCI These by-products

can help offset the costs associated with hydrogen production. When using MnMo/Ti
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electrodes, the cost increases significantly to USD 8.3/kg, USD 12.1/kg, and USD
12.7/kg for DE, AEM, and CEM respectively. This is due to the degradation of
MnMo/Ti electrodes, which results in the higher energy consumption required to

produce the desired products.
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Figure 16. Comparison of H> production costs assuming 1MW electrolyzer. Capital
costs for Steam Methane Reforming (SMR), Alkaline Electrolysis (Alk), Proton
Exchange Membrane Electrolysis (PEM), Anion Exchange Membrane Electrolysis
(AEM), Solid Oxide Electrolyzer Cell (SOEC) are reported in published literature.?’
Costs for Direct Electrolysis (DE), Anion Exchange Membrane Electrolysis (AEM)
and Cation Exchange Membrane Electrolysis (CEM) using Pt and MnMo/Ti anodes
are estimated based on results conducted in this study. Assumptions underlying these
calculations are noted in Table 10-11.
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Hydrogen production cost can be calculated by Equation (24) and assumptions in Table 10.

Cost for electrolyzer [USD]
Estimated H, production during lifetime [kg]

Capital cost [%] X 1000kW

Produced electricity [kWh]/Electricity efficiency [ll{giHh] (24)
2

Capital cost [%] X 1000kW

(1000kW x 8760 % X Capacity factor X Lifetimeyr [yr])/Electricity efficiency [li{g—V\I/-Ih]
2

Table 10. Assumptions for economic evaluation of various electrolysis pathways

Electrolyzer capacity [Mw] 1
Alkaline, PEM, 1,000%,1,400%, Water
29 28 :
Capital cost AEM, SOEC 931, 2000 electrolysis
[USD/kW] .
DE, AEM, CEM 1,400, 1,400, 1,400 ~ Drine
electrolysis
Alkaline, PEM, 6.9%, 7.4, Water
AEM, SOEC 0.6%,2.3% electrolysis
Lifetime [yr] .
DE, AEM, CEM 7,77 Brine
electrolysis
Capacity factor [%] 65 -
H, sales price [USD/kg] 6.7 On Dec 22 in US
O; sales price [USD/kg] 0.04°!
NaOH sales price [USD/kg] 0.46 2017 in US
HCl sales price [USD/kg] 0.11 2017 in US
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Table 11. Electrical efficiency for H; production

Types of electrolysis Electrical efficiency H, production cost
[kWh/kg H»] [USD/kg]
Steam methane reforming - 1.3
Alkaline 78 8 2.0
Water PEM 93 % 2.8
electrolysis AEM 69 28 19.8
SOEC 50 % 7.7
DE-Pt 162 (experiment data) 5.7
AEM-Pt 183 (experiment data) 6.4
Brine CEM-Pt 194 (experiment data) 6.8
electrolysis DE-MnMo/Ti 235 (experiment data) 8.3
AEM-MnMo/Ti | 344 (experiment data) 12.1
CEM-MnMo/Ti | 362 (experiment data) 12.7

4.2 Estimated Cost and Revenue for Various Routes to Produce H;

The techno-economic feasibility of brine electrolysis can be improved by the co-
production of base and acid. As shown in Figure 17, the economic feasibility can be
significantly improved through the sale of by-products such as O>, NaOH and HCI.
This improvement is primarily caused by the coproduction of NaOH, which accounts
for the majority of the additional revenue generated. In fact, even in the MnMo/Ti
case, which has high energy consumption, it exhibits much better economic feasibility
than Alkaline and PEM when using freshwater. Using DE-MnMo/Ti electrode and
brine, the revenue generated per year is 4 times higher than that of alkaline electrolysis
using pure water. This change can be attributed to the co-production of value-added

products such as NaOH and HCI.
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Figure 17. Estimated revenue and costs for using electrolysis routes assuming that
IMW electrolyzer is used. Assumptions underlying this calculation are noted in Table
12-15.

The cost estimate for one year can be determined using Equation (25), based on the
assumptions from Table 13. The results are presented in Table 12.

Estimated cost

— H, producti t[USD]XH ducti [kg]
o = H, productioncos e , production o

. usD Produced electricity [kWh] = . kWh 2
= H, productioncost [k_g] X ( or /Electricity efficiency [kg 0 1 ( 5)
2

1000kW x 8760% X Capacity factor

=H ducti t[USD] Electricity effici kWh
= — x —
, production cos kg (: /Electricity efficiency [kg 2])

yr
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Table 12. Estimated costs for producing H> via water and brine electrolysis when a 1
MW electrolyzer is operated for a year.

Types of electrolysis H; production cost H; production Total cost
[USD/kg] [kg/yr] [USD/yr]
Steam methane reforming 1.3 % 146,000 16,600
Alkaline 2.0 73,000 146,000
Water PEM 2.8 68,602 188,677
electrolysis | AEM 19.8 82,522 1,631,112
SOEC 7.7 113,880 876,000
DE-Pt 5.7 (experiment data) 35,148 200,000
AEM-Pt 6.4 (experiment data) 31,115 200,000
Brine CEM-Pt 6.8 (experiment data) 29,351 200,000
electrolysis | DE-MnMo/Ti 8.3 (experiment data) 24,207 200,000
AEM-MnMo/Ti | 12.1 (experiment data) 16,575 200,000
CEM-MnMo/Ti | 12.7 (experiment data) 15,730 200,000

The estimated revenue for one year can be calculated using Equation (26) and

assumptions in Table 12, which requires the yields of Hz, O, NaOH, and HCI

produced when operating a IMW electrolyzer. The production of H can be calculated

using hydrogen electrical efficiency in Table 13. Based on the ratios in Table 14, it is

possible to predict the yields of Hz, O, NaOH, and HCIl produced by a IMW

electrolyzer (Table 15).

Estimated revenue  H, revenue + NaOH revenue + HCl revenue

yr

yr

(26)

Table 13. Electrical efficiencies and associated costs for H production via water and

brine electrolysis

Types of electrolysis

Electrical efficiency

H, production cost

[kWh/kg H,] [USD/kg]

Steam methane reforming - 1.3

Alkaline 78 %8 2.0
Water PEM 937 2.8
electrolysis AEM 6928 19.8

SOEC 502 7.7
Brine DE-Pt 162 (experiment data) 5.7
electrolysis AEM-Pt 183 (experiment data) 6.4
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CEM-Pt 194 (experiment data) 6.8
DE-MnMo 235 (experiment data) 8.3
AEM-MnMo 344 (experiment data) 12.1
CEM-MnMo 362 (experiment data) 12.7

Table 14. Estimated yields of H> and byproducts. Results are based on experimental
data.

Bri Experiment Data Expected weight
rine

electrolysis H, 0O NaOH  HCI H, 0O NaOH  HCI

[mol]  [mol]  [mol] [mol] | [kg] [kg] [ke] [ke]

DE-Pt 0.017  0.0079 0.031 0.013 |1 15 73 28
AEM-Pt 0.0154 0.0081 0.034 0.009 |1 15 88 21
CEM-Pt 0.0166 0.0053 0.033  0.003 |1 10 79 7
DE

“MnMo/Ti 0.011  0.009 0.041 0.023 |1 17 144 73
AEM

“MnMo/Ti 0.009 0.009 0.034 0.020 |1 17 150 82
CEM

“MnMo/Ti 0.007  0.009 0.036 0.005 |1 18 200 23

Table 15. Estimated yields and revenue of H» and byproducts (e.g., O2, NaOH, and
HCI) using a IMW electrolyzer is operated for a year.

Production Expected revenue
Types of electrolysis Ha 0: NaOH HCl Ha 0 NaOH HCI
[kg/yr] [ke/yr] [keg/yr] [kg/yr] [USD/yr]  [USD/yr] [USD/yr] [USD/yr]
Steam methane reforming 146,000 - - - 984,916
Alkaline 73,000 . . . 492,458
Water PEM 68,602 . . . 462,792
electrolysis |\ gy 82,522 . . . 556,692
SOEC 113,880 - . . 768,234
DE-Pt 35,148 520250 2,561,555 979,154 | 237,109 20,890 1,189,842 109,910
AEM-Pt 31115 474,024 27745447 662,433 209,900 18,961 1275260 74,358
Brine CEM-Pt 29,351 292,577 2,331,901 193,234 197,999 11,703 1,083,168 21,690
electrolysis | DE .| 124207 420,006 3,482,827 1,763,700 | 163,300 16,800 1,617,773 197,975
-MnMo/Ti
AEM 16,575 287,582 2.484,087 13585575 | 111,813 11,503 1,153,859 152,500
-MnMo/Ti
CEM 15,730 279,576 3,143,249 358,141 106,112 11,183 1,460,039 40,201
-MnMo/Ti
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These analyses demonstrate that DE with Pt and MnMo/Ti electrodes can be
economically competitive with other approaches to produce H> when the value

occurred from co-product generation is considered.
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CHAPTER 5

ASSESSMENT OF THE LIFE CYCLE IMPACTS OF BRINE
ELECTROLYSIS FOR CO-PRODUCING H2, 02, HCl, and NaOH

The life cycle impacts of co-producing Hz, Oz, HCI, and NaOH via brine electrolysis
using the experimental analyses presented in the previous chapters are discussed in

this section.

5.1 Life Cycle Assessment of Brine-DE-MnMo/Ti Process

This study aims to determine the environmental impact of the process of generating
higher concentrations of hydrochloric acid, sodium hydroxide, oxygen and hydrogen
from brine. To achieve this objective, the Life Cycle Assessment (LCA) framework
will be used to evaluate the environmental impacts in three life cycle impact categories:
energy usage, carbon footprint, and water usage. Through this evaluation, a deeper
understanding of the impacts will be gained, providing valuable insights for decision-

making and identifying opportunities for future improvements.

5.1.1 Scope

The scope of this LCA will be limited to the process of generating higher
concentrations of hydrochloric acid, sodium hydroxide, oxygen and hydrogen from
brine. This means that the raw material extraction and end-of-life components of the
system will not be the primary components of emphasis in this study. Specifically, the
LCA analysis will focus solely on the DE MnMo/Ti system, as depicted in Figure 18.
The system boundaries for this analysis will be defined as the exterior of the processes,
including the membrane, anode-cathode, and electrochemical cell tank, as shown in

Figure 18. Moreover, the LCA results compare the environmental impact of the DE-
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MnMo/Ti systems with the production of 1 metric ton of hydrochloric acid using
traditional methods. This comparison enables a comprehensive assessment of the
environmental implications associated with the investigated system of interest in

relation to the conventional approaches.

02 H2
CI-
0, +4H" + 4e 20H -+ H,
2H20> 2H,0 + 2¢
Nat
MnMo/Ti Stainless Steel
0.05M HC1 0.86M 0.05M NaOH
NaCl
AEM CEM

Figure 18. Schematic representation of the Direct Electrolysis (DE) process with
MnMO/Ti electrode.

5.1.2 Life Cycle Inventory

The Life Cycle Inventory Assessment (LCI) for this study comprises two key processes.
The first process involves the formation of the MnMo/Ti electrode, which produces
the MnMo/Ti electrode used in the brine electrolysis process. This process requires
heat, electricity, a titanium anode, and solutions of manganese sulfate and sodium
molybdate. Additionally, platinum is used in the production of the MnMo/Ti electrode,

which can be reused several times. The second process is the brine electrolysis process,
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which produces hydrochloric acid, sodium hydroxide, and hydrogen gas, along with
chlorine gas. This process requires low concentrations of hydrochloric acid and
sodium hydroxide, as well as a sodium chloride solution and a stainless steel cathode,

with electricity being used to drive the reaction.

In this study, two scenarios were evaluated to determine the environmental impacts of
the process: one using market-based energy and the other using solar energy. The Life
Cycle Assessment (LCA) model was created in SimaPro 9.4.0.2 using the IMPACT
World+ Midpoint 1.2 method. Three impact categories were considered in the analysis:
climate change, measured using Global Warming Potentials on a 100-year time frame
(GWP100) in kg COz-equivalents; fossil and nuclear energy use, measured in MJ

deprived; and water scarcity impact, measured in m* world equivalent.

Inputs

Titanium Anode

Qutputs

Platinum Cathode
Recycled Platinum
MnMo Electrode ’
MnSO,4 4@—> (circular)
Na;MoO,4

Wastewater Stream

Electricity

Heat MnMo Electrode

Inputs

Ouputs

Stainless Steel
Y

High Acid Wastewater
HCI
Cg"‘”":‘ma“ Stainless Steel (waste)
NaOH ocess
NaOH (market)

NaCl
Hydrogen Gas (market)

Electricity

Chlorine Gas (market)
v

HCl for
Lithium Brine

Figure 19. Process flow diagram and phase boundary for brine electrolysis system.
The mass balance calculations for this life cycle inventory are based on the production
of 1 kg of hydrochloric acid and are determined using experimental data. These
numbers were then scaled up to 1,000 kg for the Life Cycle Impact Assessment.
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5.1.3 Assumptions and Limitations

In this LCA analysis, certain assumptions and limitations have been made. Firstly, the
recycling of the used MnMo/Ti electrode was not considered, and a new titanium
anode is assumed to be used for each MnMo/Ti electrode formation process. Second,
while the platinum cathode can be recycled several times in this process, it has not
been included in this LCA analysis as it will need to be considered in a full cradle-to-
gate, full life cycle analysis. Additionally, the assumption is made that the stainless
steel used in the process is recycled and sold to the market as scrap. The production of
manganese sulfate and sodium molybdate solutions is assumed for each process, and a
recycling stream has not been considered. Furthermore, the handling of wastewater
from this process has not been included in the analysis. The assumption is made that
sodium hydroxide, hydrogen, oxygen and chlorine are all stored and sold to the market.
It is also important to note that this LCA analysis is conducted on a process that has
been validated at the laboratory scale and does not include sensitivity or risk analysis
for large-scale process deployment. The environmental impacts for the creation and
end-of-life of the functional blocks, such as the AEM membrane and CEM membrane,

will not be utilized in this LCA model.

5.2 Environment Impacts

Life Cycle Assessment (LCA) was used to evaluate the environmental impacts in three
life cycle impact categories: energy usage, carbon footprint, and water usage. The
results, depicted in Figure 20, provide a comparison of the environmental impact
between the DE-Brine system and traditional methods of producing 1 metric ton of

HCIL. Two scenarios were considered: utilizing electricity from the market and
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utilizing solar energy. Even when buying electricity from the market, the
environmental impact is positive. The lab-scale experiments require several materials,
such as stainless steel, MnMo/Ti electrode, low concentrations of HCI, NaOH, brine,
and electricity, all of which have positive effects in terms of carbon footprint, energy
use, and water usage. However, after brine electrolysis, H2, O,, NaOH, HCI, and a
small amount of chlorine gas are produced, and stainless steel is sold as scraps and
recycled. Overall, a net positive environmental impact is noted from these studies. The
DE-Brine system, employing MnMo/Ti electrodes using solar energy, demonstrates
significant environmental benefits. The results indicate a reduction in greenhouse gas
emissions by 920 kg CO; eq, a decrease in energy use by 19,279 MJ, and a decrease in
water usage by 17,175 m?. These findings suggest that the DE-Brine system has the
potential to achieve carbon neutrality or even carbon negativity when powered by

market energy or solar energy.

Regarding energy usage, the presence of sodium hydroxide as a byproduct indicates
that the DE MnMo/Ti system is environmentally friendly in terms of energy use. The
utilization of this system can help mitigate the need for additional sodium hydroxide
production since a substantial amount is already generated as a byproduct.
Furthermore, with regard to water usage, it is crucial to implement effective steel
recycling practices to ensure a net negative impact. Further research on recycling
stainless steel from experiments and handling of wastewater should be considered to
enhance the sustainability of the overall system. Additionally, future Life Cycle

Assessments should employ more rigorous assumptions and methodologies to provide
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a comprehensive evaluation of the system’s environmental impact. In conclusion, the
DE-Brine system utilizing MnMo/Ti electrodes serves as a promising example of how
the adoption of sustainable practices can yield both economic and environmental

benefits.
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Figure 20. Life cycle impacts on greenhouse gas emissions (GHG), energy use and
water usage using MnMo/Ti anode and stainless steel cathode for direct
electrosynthesis (DE) of brine, with a production scale of 1 metric ton of hydrochloric
acid.
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CHAPTER 6

CONCLUSION

The results of this study provide valuable insights into the co-recovery of multiple
value-added products (e.g., H2, O2, NaOH, and HCI) via brine electrolysis using
various configurations including Direct Electrolysis (DE) without bipolar membranes,
Cation Exchange Membranes (CEM), and Anion Exchange Membranes (AEM) using
Pt and MnMo/Ti electrodes. The challenge of suppressing Cl> evolution with Pt
electrodes was effectively addressed through the development of the MnMo/Ti
electrode, which demonstrated superior performance in suppressing Cl> production at
the anode, making it a promising alternative to Pt electrodes. The experimental
findings revealed that the DE-MnMo/Ti configuration exhibited the highest production
of NaOH and HCI when the results were normalized. However, it was observed that
the MnMo electrode experienced degradation, which could contribute to higher energy
consumption. In case of hydrogen production, Pt cases showed better performance
compared to MnMo/Ti cases. When considering the economic potential of MnMo/Ti
electrodes, the cost of hydrogen production is higher due to higher energy penalty, but
the economic feasibility can be improved through the production of NaOH and HCI.
Furthermore, the LCA results show that the DE-brine system using MnMo/Ti
electrodes has a positive impact on the environment by reducing greenhouse gas
emissions by 920 kg CO» eq, energy use by 19,279 M1J, and water usage by 17,175 m?.
In conclusion, the findings of this study demonstrate the potential of brine electrolysis
as a sustainable and cost-effective approach for hydrogen production in addition to the

co-recovery of multiple products (e.g., O2, NaOH, and HCI). This study provides an
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integrated approach to connect experimental studies with detailed TEA and LCA to

assess economic and environmental impacts.
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CHAPTER 7

Future Work

The future work of this research encompasses several important aspects. The primary
focus is to address the issue of degradation observed in the MnMo/Ti electrode during
brine electrolysis. While the MnMo/Ti electrode has demonstrated higher production
of NaOH and HCI compared to other configurations, its degradation raises concerns
about long-term stability and performance. Therefore, it is imperative to investigate
and identify alternative materials that can serve as stable catalysts for suppressing
chlorine evolution while minimizing degradation. The type of anode material that can
be replaced depends on the pH. Researchers have successfully developed anodes
composed of Ti/IrO/MnO, that were doped with Mo, W, and Sn in acidic
environments.*> Additionally, a strategy employed to enhance electrode strength and
prevent degradation involves applying an intermediate layer of iridium dioxide (IrO>)
onto the titanium substrate. In other studies for this purpose, [rOX nanoparticles have
been deposited onto a glassy carbon substrate using electroflocculation, followed by
the electrodeposition of MnOx.3* For medium pH conditions (pH 7-8), Ti/IrO2/MnOx
and Cobalt-phosphate (CoPi) have been employed as alternative anode materials.>* In
high pH conditions (pH 12-14), extensive research is being conducted, with many
studies focusing on the use of nickel-based anodes.** Furthermore, a detailed
investigation into the mechanism of chlorine evolution suppression is necessary.
Analyzing the remaining ions in the anolyte through techniques like Inductively
Coupled Plasma (ICP) analysis or studying the components of particles detached from

the electrode surface can provide valuable insights into the effective suppression of
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chlorine evolution. In summary, the main future work involves identifying stable
anodic materials to suppress Clz evolution and minimize corrosion as a catalysts,
exploring alternative approaches to enhance the MnMo electrode's strength and
durability, investigating the mechanism of chlorine evolution suppression, and
optimizing the DE-Brine system for commercial viability. By addressing these aspects,
significant progress can be made in the field of brine electrolysis and hydrogen

production.
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