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Abstract: Electrolysis is one of the acknowledged means of generating chemical products from their native state. This is
true for hydrogen production from water. The use of saline water (sea water in particular) as a feedstock for producing
hydrogen by electrolysis is examined in this paper. Little consideration is given however, to the availability and the quality of the raw material used in the production of hydrogen; that is water. Under normal conditions of operation, the electrolysis cell behaves to produce H2/Cl2 rather than H2/O2.
Experimental results are presented for the electrolysis of a wide range of saline water (0.5-7.0% TDS) and interpretations
are given for two main cell-operating-characteristics. These are: rate of hydrogen production and chlorine evaluation.
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INTRODUCTION: WATER A FEEDSTOCK FOR
HYDROGEN PRODUCTION
Solar energy provides electricity via photovoltaic cells.
Sunlight reaching the land surface of our planet can produce
the equivalence of 1,600 times the total energy consumption
of the world; the amount of solar energy derived from the
sun's radiation on just one square kilometer is about 4,000
megawatts, enough to light a small town [1, 2]. To produce
hydrogen from seawater as a target product, an electrolysis
production procedure can take three main routes:
a)

Electrolysis to give hydrogen, oxygen and alkalis;

b)

Electrolysis to give hydrogen, oxygen, chlorine and
alkalis;

c)

Electrolysis to give hydrogen and sodium hypochlorite (NaClO).

fresh water needed for human life. But still, part of this fraction is underground water. This is illustrated in Fig. (1) [4].
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Fig. (1). Global water resources (Source: Reference [4]).

Scientists, in studying hydrogen energy systems [3], have
considered practically all facets of investigations starting
from transitions to hydrogen, storage, distribution and ending with its conversation and utilization.

When we consider water as the raw material for hydrogen production, it would be an obvious advantage to utilize
these abundant saline water resources for electrolysis, rather
than using fresh water.

Little consideration is given however, to the availability
and the quality of the raw material used in the production of
hydrogen; that is water. It is true that water is predominating
in our globe as manifested by the fact that about 75% of its
surface is covered with water. Unfortunately, most of this
water is saline water and has to be desalted prior to hydrogen
production.

STATE OF THE ART

Water resources available for mankind are distributed
between the atmosphere (water vapor), the hydrosphere (water of oceans and rivers), and the lithosphere (water in land
aquifers and underground water). About 99% of the sum of
the total water available including oceans, rivers, lakes, underground,…etc., is either salty water or locked up in ice in
polar regions. The remaining fraction (1%) contributes the
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Alkaline water electrolysis is the technology used in present practice for large-scale electrolytic hydrogen production. Low efficiency, low current density and a lack of
proper scale-up practice are the primary drawbacks of the
present technology. Significant improvements have been
made, making it possible to reach improved cell efficiencies
and higher current densities. Many advanced concepts relating to various aspects of electrolytic hydrogen production are
reported in the literature.
Alkaline water electrolysis uses fresh water with low salt
content, and hence additional treatment and desalination systems add to the cost of hydrogen produced. Fig. (2) shows
two established technologies of electrolysis, alkaline water
electrolysis and brine electrolysis.
In the former, hydrogen is the main product, while in the
later, caustic soda and chlorine are the primary products and
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Fig. (2). Established technology of electrolysis.
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hydrogen is a by-product. The cell for fresh water electrolysis is known as the H2/O2 cell, while for saturated brine electrolysis, it is described as the H2/Cl2 cell for caustic soda
production. Hydrogen/oxygen is produced in the ratio of 2:1
in the former cell, while hydrogen/chlorine is produced in
the molar ratio of 1:1 in the latter, as shown in the Fig. (3).
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Fig. (3). Established technology of electrolysis vs. salinity.

As far as using saline water as a feedstock for producing
hydrogen, it would be an obvious advantage if this water
could be electrolyzed in a cell that behaves as a H2/O2 one.
Under normal conditions of sea water electrolysis, however,
mass transfer limitations and reaction kinetics combine to
make the cell products H2 /Cl2.
A comparison among the well established electrolysis
processes of alkaline water and brine vs. sea water electrolysis
is compiled in Table 1. The only commercial application for
saline water electrolysis has been reported for the cases of
reducing fouling in process cooling water, and for treating
and sterilizing water used for secondary recovery in oil
fields. In these cases, the anodic product (chlorine) was of
immediate interest to provide what is known as the “on-site
hypochlorite” application.
THEORITICAL BACKGROUND
In the electrolysis of sea water as a source of hydrogen,
two options exist for the performance of the electrolysis
process [5]. The first option is to subject the water to total
desalination to remove all dissolved salts and produce essentially distilled water. This distilled water can then be subjected to electrolysis, alkaline- electrolyte and electrolysis is
cells.

The disadvantages of this approach are additional capital
cost of water treatment and desalination system, and the environmental problems arising from the need to dispose the
residual salts removed during desalination. The advantages
are the ability to use developed technology for the direct
electrolysis of fresh water.
The second option is to design an electrolyze system capable of utilizing sea water for direct electrolysis. It is probable that these systems would operate at a low power density
and electrolyze only a small portion of the water in contact
with electrodes. The disadvantages are many; new technology must be developed to solve the probable corrosion and
contamination problems and the evolution of undesirable
electrochemical products such as chlorine. The advantages
are possible lower capital cost and natural elimination of the
waste brine which is only slightly enriched with salts. It may
also be possible to recover economically significant quantities of the metals present in sea water, in particular magnesium in a form of magnesium hydroxide.
It is towards this objective that the current research is
directed to consider saline water in the range of 0.5-7% TDS
(total dissolved solids) to be electrolyzed for hydrogen production. Abundant indigenous reserves are represented by
underground water, sea water and rejects from water desalination MSF plants.
The two main factors contributing to the evolution of
chlorine gas as the main anodic product rather than oxygen
are reported to be as follows:
(1)

First, in un-buffered solution cause the solutions such
as sea water, both oxygen and chlorine evolution
which generates H+ as follows:

2H 2O  O2 + 4H + + 4e
Any chlorine generated at the anode undergoes immediate hydrolysis which also generates H+ as follows:

Cl2 + H 2O  HClO + Cl  + H +

HClO  ClO  + H +
2Cl   Cl2 + 2e
As the anode becomes more acidic, the thermodynamic
voltage for oxygen evolution becomes more anodic, a trend
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Alkaline and Saline Water Electrolysis at a Glance
Technology

Conventional Alkaline Electrolysis

Brine Electrolysis

Sea Water Electrolysis

Development sage

Commercial large scale units

Commercial large scale units

Small laboratory scale

Cell voltage (V)

1.84-2.25

3.0-4.5

>2.1

1.47

2.31

2.1

130-250

---

25-130

Temperature ( C)

70-90

60-70

23-25

Cathode

Nickel, steel, stainless steel

Ti coated with Pt

Pt

Anode

Ni

---

Pt

Cell type

H2/O2

H2/Cl2

H2/(Cl2/O2 )

Electrolyte

25-35% KOH

NaCl

Sea water + drops of HCl

Salinity level

200-400 ppm

35%

3.4%

Chlorine current efficiency

---

95-97%

75-82%

Main product(s)

H2

Cl2,NaOH

H2

By-product(s)

O2

H2

Cl2, NaOCl

Major advantages

Proven technology simple

Proven technology

Low cost

Disadvantages

Low efficiency Low current density
Low production cost Corrosive
electrolyte

Low efficiency

Within laboratory scale

Decomposition voltage(V)
-2

Current density ( mA cm )
o

favoring chlorine evolution which is independent of pH. As
power is first applied to an anode, the theoretical voltage for
oxygen evolution will therefore become more anodic according to equation (1):

(

)

RT
RT
log aH + +
log PO2
F
4F

(1)

chlorine

1.2
E(V)

EO2 = 1.23 +

The second factor which then inhibits the evolution of
oxygen is its well-known high over potential at practical current densities. Bennett [6] showed experimentally that the effective anode pH – under practical
conditions of electrolysis - is about pH 1-2, and even
when the effective anode pH becomes very low, oxygen evolution is thermodynamically preferred to chlorine evolution because the equilibrium potential of
oxygen evolution are lower than those of chlorine (as
shown in Fig. 4), by about 200 mV.

This analysis is incomplete, however since thermodynamic voltages are valid only at zero current flow. The difficulty of evolving oxygen relative to chlorine is illustrated by
a comparison of their exchange current densities which is an
indicator of the ability of an electrode to catalyze a given
electrochemical reaction. The ratio of exchange current densities for chlorine and oxygen evolution on most anode materials is very high in the range of:

0.8
oxygen

0.4

The steady-state pH of the solution adjacent to the anode,
and hence the voltage at which the anode operates during
continuous electrolysis, is dependent primarily on conditions
of flow rate and current density.
(2)

3
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Thermodynamic
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4
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8

12

Fig. (4). Potential – pH diagram (Source: Ref. [5]).

i
i

oCl 2

= 1x103 to 1x107

(2)

oO2

which is a measure of the ease of evolving chlorine relative
to oxygen.
The voltage range for the decomposition of a H2-Cl2 cell
is between 1.8-2.2 V depending on current density. The H2Cl2 cell begins to function at a higher applied potential difference than the H2-O2 cell. The evolution of Cl2 will replace
O2 evolution between 1.8 and 2.2 V [7]. However, the transport of ions to the electrode is limited, whereas there is no
corresponding problem with the availability of water. Hence,
there will be a potential sufficiently high at which there will
be no increase in evolution rate of Cl2, whereas that of O 2
will increase with potential. A precise calculation of the

4 The Open Fuel Cells Journal, 2010, Volume 3

Abdel-Aal et al.
100

Hydrogen production rate (ml/hr)

transport control of chlorine ions will depend (as with the pH
at the interface) upon a knowledge of the transport conditions, e.g., natural and forced convection. Therefore, electrolysis of sea water at low current density < 1 mA cm-2, will
result in exclusive evolution of oxygen, while operation far
in excess of the limiting current for chloride oxidation will
favor oxygen evolution. The limiting current in practical
cells ranges from 100 to 1000 mA cm-2, however, an operation at several thousand. mA cm-2 would be necessary to
achieve high columbic oxygen efficiency. This is also considered impractical since i.r. heating and power consumption
would become unreasonably high at such current densities.
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i. Hydrogen Production
In these experiments, electrolyses of both synthetic sea
water and Arabian Gulf water were carried out using a simple Hoffman electrolysis apparatus. Details of the experimental arrangement are given in reference [10]. Simulated
composition of sea water was chosen to cover the range all
the way from brackish (say 4,000 ppm) to MSF desalination
rejects (say 60,000 ppm). Electrolysis took place under the
conditions of: 6-20 V, 25-126 mA/cm2 and up to 1000 coulombs of electricity.
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Fig. (6). Hydrogen production rate vs. TDS for synthetic sea water
at different current densities.
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Fig. (7). Hydrogen production rate vs. TDS for sea waters at different voltages.
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For the solutions investigated, it was found that the hydrogen production rate was dependent upon the applied current density alone. As can be seen from Fig. (5), the quantity
of hydrogen produced on a platinum electrode of area l.5835
cm2 is 85 ml h-1 for 120 mA cm-2 current density. An efficiency of 99% is obtained for this electrolysis process.

30

TDS (g/L)

Hydrogen production rate (mL/L)

The experimental research findings presented next are
based on the work by the author and co-workers on saline
water electrolysis [8,9]. They are highlighted with emphasis
on the following particular areas:
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PRESENTATION AND ANALYSIS OF EXPERIMENTAL RESULTS
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Fig. (5). Hydrogen production rate vs. current density for all solutions studied in this research.

The same conclusion is reached from Fig. (6), which is a
plot of the hydrogen production rate vs. the TDS at different
current densities.
On the other hand, Fig. (7) shows the relationship between hydrogen production rate and TDS for different voltages applied. Over the range of voltages used in these experiments (6-20V), the hydrogen production increases with
the increase in TDS. This is attributed to the increase in conductivity of the salt, as shown in Fig. (8).

Fig. (8). Conductivity of synthetic and natural sea waters.

Similarly, the rate of hydrogen production increases ohmically (follows Ohm's law) with the increase in voltage for
natural and synthetic seawater. However, the rate of increase
at low values of voltage, say 6-8 V, is rather slow, since the
production rate is dependent on the current density. At
higher voltages (l0 V and above), the initial conductivity is
no longer affecting the current density and the solution behaves like a resistance, with lower resistance at high TDS;
hence, the increase in salinity level gives a proportional increase in the hydrogen productivity.
Using such values of the current density in this investigation led to the evolution of chlorine, both in the gas and liq-
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Fig. (9). Total chlorine evolved vs. current density for sea water for different coulombs.

ii. Chlorine Evolution and Determination
As explained before, chlorine is a major anode gas product in the electrolysis of saline water containing chlorides
[11, 12]. It evolves as a result of the reactions:

2NaCl + 2e = 2Na + Cl 
2Na + 2HOH = 2NaOH + H 2 
2Cl



= Cl2  + 2e

(3)
(4)

In reporting the evolution of chlorine during the electrolysis of saline water, distinction is made between chlorine
evolved in the gas phase, in the liquid phase and total chlorine.
1. Total Chlorine Evolved
The total chlorine evolved. due to the passage of 1000 c
of electricity is determined by adding the chlorine in the gas
phase to the" available chlorine" in the liquid phase. The
term "available chlorine" includes all free chlorine, hypochlorite and chlorite. The determination of either chlorine in
the gas phase or available chlorine was achieved by the use
of ascorbic acid.
a. Effect of Current Density on Total Chlorine
The effects of quantity of electricity as well as current
density on chlorine evolved during sea water electrolysis are
shown in Fig. (9).
It shows that the amount of chlorine evolved is proportional to the quantity of electricity applied and independent
of current density for the range of current density and electricity quantity used in this experiment. Dotted lines represent the theoretical amounts of chlorine evolved as if the
current passed was used totally for the production of chlorine
(i.e. assuming a H2-Cl2 cell). The difference between the
theoretical and the experimental curves corresponds to the
oxygen evolved. Fig. (l0) shows that chlorine evolution is
independent of current density and that total chlorine ClT, in

mmol, is related to the quantity of electricity Q in coulombs
by the relation:
ClT: 0.51913 + 7.37913 x 10-3 Q
for the range (26.3-37.89) mA cm-2,
12

Total chlorine evolved (mm ol)

uid phase [10]. Cells with almost chlorine-free anode gas are
theoretically possible to operate, but at a low current density
(less than 1 mA cm-2), a value too low to be of practical significance.
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Fig. (10). Total chlorine evolved vs. quantity of electricity for sea
water at different densities.

b. Effect of Voltage on Total Chlorine
Four different concentrations of synthetic sea water
(NaCl + MgCl2) in addition to natural sea water (Cl = 743.52
mmol-1) are presented by their chloride concentration in Fig.
(11).
The total amounts of chlorine produced at different voltages (6-15 V) are shown in the figure. In all cases, a quantity
of electricity of 1000 C was passed. The total amount of
chline ClT and chloride concentration C (in mmol-1) are related by the equation:
ClT= 3.0918 + 3.8090 log C .
At low chloride levels (< 600 mmol-1), the amount of
total chlorine evolved is low in the range 6-15 V, but it increases with the increase in the chloride content of the solution. This is explained as follows: at low chloride levels, the
increase in chloride concentration results in a direct increase
in solution conductivity as shown earlier (conductivity =
1.4235 + 8.3304 log TDS). This results in an increased cur-
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rent density for operation at the same voltage. At high chloride concentrations (> 600 mmol 1-1), the effect on conductivity is insignificant and the total chlorine evolved, is more
or less the same, independent of the chloride concentrations,
except for the case of 15 V which shows an increase as compared with other voltages applied.
9
Q = 1000 C

3.0

7
6
5

y = -3.0918 + 3.8090 *

4

Chloime in gas phase (mmol)

Total chlorine evolved (mmol)

8

of the anolyte with chlorine evolved, especially in a poor
mixing cell. At higher quantities of electricity, the performance of the cell changes to be current-density-dependent,
with the following main features: At low current densities (<
60 mA cm-2), the chlorine evolved at 1500 C is 1.25 mmol,
which is approximately 5 times that of 1000 C (a factor of
1.5 is expected if it is proportional to the quantity of electricity). This is mainly due to the fact that the anolyte is approaching saturation, if not saturated, with chlorine.
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Fig. (11). Total chlorine evolved vs. chloride concentration for
synthetic and natural sea waters.

2. Chlorine Efficiency
The quantity of electricity passed (either 500, 1000 or
1500 C) was monitored by measuring the current and time
knowing that:



A



,

it dt

Hydrogen/total chlorine (mol/mol).R2

)

t

Q = 1000 C

3

3. Chlorine in the GAS PHASE
Fig. (12) shows results for natural sea water electrolysis.
Chlorine is evolved in the gas phase at different current densities and for different quantities of electricity, namely 500,
1000 and 1500 C.
For 500 C, the anode product gas is almost chlorine-free,
regardless of the current density (38-126 rnA cm-2). This is
mainly due to the absorption of chlorine evolved in the liquid
phase. At intermediate values of electricity passed (1000 C),
the behavior is almost the same; about 0.25 mmol of chlorine
was produced in the cell. This is attributed to the enrichment

120

140

V
V
V
V
V

=
=
=
=
=

6
8
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12
15

2

1
y = 5.0762 - 1 . 3 111 * l o g x

0

where VR is the volume of the reactor and Ci and Cf are the
initial and final concentrations of chlorine in the cell. The
value of VR (Cf – Ci) nF for chlorine if total chlorine evolved
as free chlorine, chlorite and hypochlorite was easily determined by iodometric titrations using ascorbic acid.

100

For the electrolysis of saline water under investigation,
and for a given operating condition, the ratio of hydrogen
(produced at the cathode) to chlorine (evolved at the anode)
is presented by Fig. (13).
4

(

80

4. Hydrogen to Chlorine Ratio

it dt

VR C f  Ci nF

60

Fig. (12). Chlorine in gas phase vs. current density for sea water for
different coulombs of electricity.

t

The current efficiency is then given by:

40

Current density, i, (mA/cm2)

0

where Q is the quantity of electricity passed (over a period of
time, t) in coulombs, i is the current passing through the cell
in A cm-2, and A is the electrode surface area in cm2.
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Fig. (13). Hydrogen to total chlorine vs. chloride concentration for
synthetic and natural sea water at different voltages.

It shows the effect of changing the chloride concentration
in sea water on the ratio of hydrogen to total chlorine, for
1000 C. At concentrations less than 600 mmol 1-1, there is a
sharp decrease with increase in the chloride level, while at
concentrations greater than 600 mmol 1-1, the effect is insignificant since these concentrations are high enough to avail
of Cl- ions at the anode.
CONCLUSIONS
•

Hydrogen could be produced from abundant sources
of sea water along with solar energy, for countries
where fresh water is scarce.
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•

Ecological requirements, more specifically the absence of sufficient chlorine evolution in sea water
electrolysis (SWE), make it a must to change the
H2/Cl2 cell to a H2/O2 instead.

•

In the electrolysis of chloride solutions with concentrations in the range of 4.48-62.70 gm/lit, a number of
parameters are investigated including: salinity, voltage, current density, and quantity of electricity. The
only major cathodic reaction is hydrogen evolution.

•

•

Transport control of chlorides in saline solutions,
hence Cl evolution, is a function of the current density. Electrolysis of sea water at low current density
(less than 1 mA /cm2) favors oxygen evaluation. Accordingly, increasing the current density much greater
will increase Cl2 evolution until a value is reached at
which limitation in mass transport of chlorides occur.
The current density at this stage is called limiting
C.D., corresponding to a value of 100-1000 mA/cm2.
Once this value is exceeded, Cl2 evolution is suppressed, while O2 is favored.
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