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ABSTRACT

In this research, the electrolysis of sea water is carricd out for the produc-
tion of hydrogen. Natural as well as synthetic sca water with a concentration of
0.14 - 2 times that of sea water is electrolyzed. A modificd Hoffman clectrolysis
cell is used. Both electric energy (DC) and solar energy are used to electrolyze

the water .

A number of parameters arc investigated including current density, volt-
age,and quantity of clectricity in the range of : 25 - 126 mA/ ¢m’ , 6 - 20 V, and
500 - 1500 C respectively . Their cffects on the cell performance are studied and

reported as follows.

Hydrogen is produced at a current efficicncy of 99% . Its production is cur-
rent density dependent, and increases with the salinity (T.D.S) for a given volt-
age. Precipitates consisting mainly of Mg(OH),, arc formed at the cathode and
tﬁcir rate of formation is found to be proportional to T.D.S. Samples of the pre-

cipitate are analyzed and results are reported.

Chlorine on the other hand, results at the anode. Typical molar ratios for
hydrogen,chlorine and oxygen obtained for sea water in the range of 500 - 1500
C arc:- H,/ Total Cl,is 1.2 - 1.4, H, [ (CL, in gas phasc) is 7 - 215, CL,/ O, is 3 -

4.6. Similar results for other salinities are reported in the text.
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CHAPTER ONE
INTRODUCTION



CHAPTER ONE

INTRODUCTION

Hydrogen is a clean fuel which is easily transported and stored. It has the
highest gravimetric energy density of all known fuels (c.g. hydrogen has 142 kJ/g
compared to 56 kJ/g for methane)

Alkaline water clectrolysis is the technology in present practice for large-
scale clectrolytic 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 possible to reach
improved cell efficiency and high current densitiecs. Many advanced concepts
relatingAto various aspects of electrolytic hydrogen production are reported in

the literature.

The alkalinc water electrolysis uses fresh water with low salt content, and
hence additional treatment and desalination systems add to the cost of hydrogen
produced. Figure 1.1 shows two established technologics of clectrolysis, the alka-
line water electrolysis and the brine electrolysis. In the former hydrogen is the-
main product while in the latter caustic soda and chlorinc arc the primary prod-
ucts and hydrogen is a by-product. The ccll for fresh water electrolysis is known

as H, / O, cell while for saturated brine electrolysis, it is an H, / Cl, cell. Hydro-

gen/oxygen is produced in the ratio of 2:1 in the former cell, while hydrogen/
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chlorine is produced in the molar ratio of 1:1 in the latter as shown in Figure

1.2.

The salinity range between 3000 ppm and 300,000 ppm is still a potential
area of reseach. This range is found in sea water which is the most abundant

source of hydrogen.

This investigation cosiders electrolysis of natural and synthetic sea waters in

the range of 0.5 - 7 % TDS with the following main objcctives :

(i) To review the literature on hydrogen production by the elcctrolysis of fresh

and saline waters.

(ii) To study the effect of salinity, voltage, current, and quantity of electricity on
hydrogen production in modified Hoffman cell.

(iii) To study the effect of the above parameters on chlorine evolution.

(iv) To evaluate the ccll performance with respect to the precipitate formed on
the cathode.
A comparison of alkaline water electrolysis, brine clectrolysis and sea water clec-

trolysis is shown in Table 1.1 .

Onc of the most promising applications of the current as well as future elec-
trolyzer technologies is to use solar photovoltaic to generate the power needed
for electrolysis. Solar energy was simulated in this work by a DC power supply
operated at different conditions of voltage and current. In addition to few runs

carried out using solar energy input.
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Table 1.1 Fresh and saline water electrolysis

at a glance
Technology Conventional Brine Sea Water
Fresh Water Electrolysis Electrolysis
Electrolysis
Development Commercial Large | Commercial Large Very Small
Stage Scale Units Scale Units Laboratory Scale
Cell Voltage, V 1.84-225 3.0-45 >2.1
Decomposition 1.47 2.31 18-22
Voltage, V ’
Current 130 -250 150 - 200 kA/day 25-126
(mA/cm2) (mA/cm2)
Temperature, °c 70-90 60-70 23-25
Cathode nickel, steel stainless | Ti coated with Pt Pt
steel
Anode Ni graphite,Ti Pt
Cell Type Hy/On Hy/Cla H2/(Cl2/O2)
Electrolyte 25-35 % KOH NaCl sea water + drops
of HCl
Salinity Level 200 - 400 ppm 35% w 3.4% w
Chlorine Current - 95-97% 75-82%
Efficiency
Main Product(s) Ha Cl2, NaOH Hy
By Product(s) 0] Ha Cl2, NaOCl
Major Advantage | Proventechnology | Proven technology Low cost
Simple
Disadvantage -Low efficiency Low efficiency Within lab. scale
-Low current density
-High production cost
-Corrosive electrolyte




Previous problems associated with chlorine analysis by iodometry (end point
detection with thiosulfate) and usual difficulties encountered with gas sampling
for a GC were avoided by the use of ascorbic acid (vitamin C) for the oxidation/
reduction reaction between ascorbic acid and iodine as explained in chapter

three.

Hydrogen and chlorine production rates at different conditions of voltage
and current densities as well as precipitate formation are discussed in chapter

four.

Conclusions drawn from this study and recommendations for further work

are detailed in chapter five .
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CHAPTER TWO
LITERATURE SURVEY
2.1 INTRODUCTION

Hydrogen is an important raw material for the synthesis of chemical com-
pounds, for processing mineral oil , and is an essential fuel for space transporta-

tion . Hydrogen has the highest gravimetric cnergy density of all known fuels .

Experiencc has shown that hydrogen gas will not present any problems of
transportation, distribution, and utilization as a source of thermal energy. As a
motor vehicle fuel, whether as gas at room temperatures or liquid stored at cryo-
genic temperatures, hydrogen has the characteristics which make it meet all the
normal transportation fuel requirements. For the most part it is free from pollu-

tants, with the exception of NO, .

Other fuels have no particular safety advantages if compared with hydro-
gen. Hydrogen is neither toxic nor radioactive , and thus will not be the cause of
any long-term damages . But hydrogen / oxidizer mixturcs have a relatively wide
ignition range; it only require a small amount of energy to ignite, and tend to
propagate rapidly, especially in enclosed rooms. Because hydrogen has high dif-
fusivity in air, and lighter in weight inflammable mixtures dilute rapidly or burn

out quickly.



2.2 THERMODYNAMICS OF WATER DECOMPOSITION

The process of water decomposition by electrolysis is the reverse process of
hydrogen combustion. Therefore, the theoretical amount of cnergy required per
unit mole of hydrogen produccd is the same as the heat of combustion . Each
hydrogen moleculc is formed by the addition of two electrons to two hydrogen
ions in solution, so that a direct relation exists between the current passed ( the
electron flow rate) and the rate of hydrogen production (Faraday’s Law) .
Deviations from Faraday’s law are characterized by the clectric-current effi-

ciency of the cell.
2.2.1 Effect of Temperature on The Electrochemical Production of Hydrogen

for HO®) - H,+ %02 at 25°C

AG®=-56.69 keal/mol
AH = 68.32 kcal/mol

AS°=139.13 kcal/mol K

E° (latm) = 1.229V

In eclectrolysis, only the free encrgy of reaction, AG, can be interchanged
with electrical energy at constant tempcrature and pressurc. The quantity of
clectric charge corresponding to the molar quantities indicated in the balanced
chemical equation is nF, where n is the number of electrons transferred per mol-
ecule and F is the Faraday value. If this quantity of clectrical charge is trans-

ported through a potential difference of E volts, the amount of work required is



given by nFE. Because this electrical change does not involve mechanical work

and is carried out isothermally, the change in Gibbs free energy is given by :
AG = —-nFE (2-1)

where E is the potential difference, or voltage, which is by convention is taken
as positive. If AG is negative for a spontaneous cell reaction and E is taken as
positive for a spontaneously discharging cell, there results a negative sign in
Eqn. 2-1. The frce-enérgy-change voltage, E, or “reversible voltage” for water
clectrolysis is calculated, by substituting AG°® = — 56.69 kcal/mol, in Egn.

2-1.The value of the reversible voltage, E°, is then 1.23 V.

The entropy change for an electrolytic-cell reaction may be calculated from

the temperature cocfficient of the electromotive force as follows :

Substitute this relation into Eqn. 2-1

aF (%)P =AS ' (2-2)

The temperature cocfficient of the standard reversible potential is given

by :

EN _ o
(6_T 0.25 mV/°C



Hence, as the temperature rises, the voltage which must be applied to a cell
to overcome the thermodynamically necessary energy is reduced. The enthalpy

change for the cell reaction is given by :

AH = AG + TAS (2-3)
and substituting for the values of AG and AS using equations (2-1) and (2-2) to

obtain :

AH = -nFE + nFT (%r'i (2-4)
P

Eqn. 2-4 shows that the difference between the free-encrgy change and the total-
energy change (enthalpy) is equal to the cntropy change in the process. The
entropy change is an irreversibility (i.e. loss). In a hypothetical reversible pro-
cess AS=0 then AG= AH, and the voltage corresponding to the enthalpy
change of 68.32 kcal/mol is calculatéd from Eqn. 2-1, as 1.47 V at 25°C. Under
thesc hypothetical conditions, hydrogen is produced entirely by using electricity,
and there is no thermal energy transfer between the system and the surround-

ing. This voltage is called the “thermoneutral potential”®.

In practical cells, there is usually a voltage drop which is greatcr than the
difference between the free-energy voltage and the enthalpy voltage. In other
words, practical cells usually operate at voltaggs greater than 1.47 V and liber-
ate heat. The heat required to supply the cnergy for this reaction is therefore
provided by some of the above liberated heat, and practical cells do not absorb

heat from their surroundings. If a 100% efficient cell could be operated at a

10



voltage below 1.47 V, it would act as a refrigerator, drawing heat from its sur-
roundings to make up the deficit in the energy input. There seems to be little
chance of developing clectrolytic cells that operate so close to the ideal that they
do, in fact, act as refrigerators. However, there scems to be a reasonable chance
of obtaining cell operation at 1.47 V, which would represent an apparent 100%
conversion of electrical energy to the fuel value of hydrogen. If such a cell perf-
romance can be achieved an apparent efficiency of 100% is demonstrated. This
would still represent an electrochemical efficiency of only 83%. It is curious,
therefore, that a practical device could probably be produced that operates at an
apparent cfficiency of 100% without violating the basic laws of thcrmodynam-
ics. This operation voltage of 1.47 V is a good target to aim for in the devclop-

ment of advanced electrolytic cells®

As shown in Figure 2.1 The reversible voltage varies inversely with the
temperature of the solution, i.e. raising the tempcrature lowers the voitage at
which water can be decomposed. This factor works in favor of the clectrolysis
cells becausc at higher temperatures the clectrode reaction proceeds faster, with
less losses , while the required energy input is less. This is in contrast to fuel
cells; their available energy output falls as the temperaturc is raised. The ther-

moncutral voltage , on the other hand, varies only slightly with temperature

from 1.47 V at 25°C to 1.50 V at 340°C . This is shown in Figurc 2.1

11
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2.2.2 Effect of Pressure on Decomposition Voltage

In considering the theoretical aspects of the effect of pressure on electrolysis,
the effect of pressure on the decomposition voltage and on the cfficiency of the
cell must be studied first. During electrolysis,the frce-energy change can be

written as :
dG= —SdT + VdP (2-5)

If this is applied at constant temperature , the partial derivative form of Eqn.

2-5 w.r.t P is given by :
-+ - L=V, -V (2-6)

where G, , G, , V, , and V, are Gibbs free energies and volumes of the reac-

tants and products, respectively. This equation may be written as :

=p = AV 2-7)
where AV is the change in volume during reaction. Substituting for the value of
AG using Eqn. 2-1, we get :-

aE = —_4__v_. -

P nF (2-8)
Assuming that the volume of the liquid water is small compared with that of
gascous products, and further assuming the volumes of these gases obey the per-

fect gas law

13



PV = ZRT (2-9)

where Z = number of moles

Eqn. 2-10 is obtained

(2-10)

dE:(ZRT_d_P N (ZRTilj_

nF P 0, nF P ",

Integrating the above equation between ambient conditions (25°C , 1 atm) and

the operating pressure, gives :

0.052 0.058
4

E, =E° + 5 log P H2~l- log P i, -1

Since P"2=P02 during electrolysis,equation (2-11) is simplificd to the form :

E, = E°+ 0.0435 logP  (Pinatm) (2-12)

P
Thus, raising the pressure of operation of a water electrolyzer rcsulfs in a theo-
retical increase in the decomposition voltage of 43 mV for every tenfold increase
in pressure. The energy required to provide this additional Vo]tage is exactly
equal to the potential energy contained in the high-pressure hydrogen. In prac:
tice, electrolyzer cells have higher efficiencies at atmospheric pressure. The main
reason is that at high pressure the gas bubbles evolved are less and provide less
hindrance to passage of ionic current across the cell. The energy requirements
of a practical cell are always greater than the minimum .theoretical energy

requirements described above.

14



Efficiency losses occur because of
(a) the resistance of the electrolyte itsclf.
(b) changes in the voltage of the electrodes due to concentration polarization.

(c) voltage gradients set up at the electrode-clectrolyte interface itself due to
the slowness of the electrode reactions.
There are also small losses in the electronic conduction of current through the

metal parts of the cell.

Because a practical cell operates at a higher voltage than the theoretical
value of 1.23 V (at room temperature and pressure), the difference between the
actual applied voltage and the theoretical voltage is commonly called overvol-
tage. The changé in voltage at individual electrodes is often called polarization,
and the terms overpotential and polarization are used synonymously. The_volt-
age efficiency of the cell can be determined by comparing the actual operating
voltage with the theoretical voltage at the operating conditions. The operating
voltage of a cell varies according to the current that is passed through it. Just as
in an ohmic resistance, increasing the current results in an increase in voltage.
If the operating voltage of the cell is plotted against the current per unit area of
electrode, commonly termed the current density, a characteristic curve, called a
polarization curve, is obtained. This curve is considered to be a vital parameter
in the design of an electrolyzer system because it shows the relationship between

voltage efficiency and the current density for the rate of hydrogen production (a

15



typical polarogram is shown in chapter 4. Clearly, by doubling the rate of cur-
rent density, and thus doubling the hydrogen-production ratc, the cffective capi-
tal cost of the cell is halved, although efficiency is penalized. The polarization

curve can be used to show a trade-off between capital cost and efficiency in

determining an optimum operation point® .

In practical cells, high current efficiencies, approaching 100%, are usually
achieved because there is usually no other path for the current to take. When
multiple cells are connected together in serics and use a common electrolyte,
some current can short-circuit from one end of the cell stack to the other
through the electrolyte feed channels. This only occurs with certain cell designs
and results in a slight loss of current efficiency. Another source of efficiency loss
is the recombination of hydrogen and oxygen because they dissolve to some
cxtent in the electrolyte and crossover into the separator. This loss bccomes
more pronounced when cells are operated at high pressures because of the
increase in solubility. In practical low-pressure cells current efficiencics in excess
of 98% are usually obtained. The energy cfficiency, or power efficiency, of a
cell is, therefore, largely dependent upon the voltage losses or polarization of the
cell, which remains the most important characteristic in determining the energy

requircments for the practical electrolytic cell.
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2.3 BASIC DESIGNS OF ELECTROLYZER CELLS
2.3.1 Types of Electrolyzer Cells

Water electrolyzers are generally classified according to two constructional
techniques : tank-type ( conventional ) electrolyzers and filter press (bipblar)

electrolyzers.

A single tank-type cell usually contains a number of electrodes, and all elec-
trodes of the same polarity are connected in parallel, as shown in Figure 2.2 ,

Tank-type electrolyzer is usually operated at low voltage ( 1.9 - 2.5 V DC) and

high current densities ( 0.5 - 1.0 A cm™ ) . There are two major advantages to
tank type electrolyzers: '

(i) Relatively few parts are required to build a tank-type electrolyzer,
and those parts that are needed are relatively inexpensive. Because of
this feature,tank-type electrolyzers tend to optimize at a lower ther-
mal efficiency than do more sophisticated electrolyzer structures.
Therefore tank-type electrolyzers are usually selected when electric-
power costs are at their lowest.

(ii) Individual cells may be isolated for repair or replaced simply by short-
circuiting the two adjacent cells with a bus bar. ’fhis feature allows_
maintenance to be carried out with a minimum of downtime for the
entire plant.

The major disadvantages of tank-type electrolyzers are :

17



$20

L\ cell voltage = 2V X number of-cells =,'

Fig, 2.2 Schematic diagram of a unipolar (tank — type)
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electrolyzer
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(a) Their inability to operate at high temperatures because of heat losses
from the large surface areas.

(b) Their requirements for more floor space than other types of electro-
lyzers.

(¢) The difficulty of designing the tanks to operate at high pressures

On the other, hand bipolar electrolyzers use stacks so that the positive elec-
trode of one cell is directly connected to the negative electrode of the next. An
assembly of cells has superficial resemblance to a filter press because the electro-
lyte is manifolded to flow through each cell in parallel while gases exit lines are
similarly manifolded through the stack (see Figure 2.3). In practice, filter-press-
type cells are usually constructed with separate electrodes in each cell that are
electrically connected through a solid metal separator plate that serves to keep
the hydrogen cavity of one cell separate from the oxygen cavity of the next. The
major advantages of filter-press-type elcctrolyzers arc that

(i))They take up less floor space than the tank-type design.
(ii) They are more amenable to operation at high pressures.
The major disadvantages are:
(a) They require a much closer tolerance in construction because of seal-
ing problems.
(b) They are more difficult to maintain because if one cell fails, the entire
battery has to be dismantled and production of hydrogen stopped.
Filter press electrolyzers usually preéent higher capital costs per unit area than

tank-type cells, and, to compensate for this, thcy are opcrated at higher current
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Fig, 2.3 Filter-press (bipolar) cell construction(4)
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densities” .
Cells that use a solid-polymer electrolyte (SPE) are usually constructed on the
filter press-type design. They do not require electrolyte circulation because the
electrolyte is immobilized in the form of an ion-exchange resin. The advantages
of the solid-polymer type cell are :
(i)The electrolyte membrane or diaphragm can be made very thin,allowing
high conductivity without risk of gas crossover,

(ii) The electrolyte is immobilized and cannot be leached out of the cell.

The disadvantages of the SPE cell are:
(2) The electrolyte costs more than the conventional alkaline solutions.
(b)The electrolyte is corrosive and requires more expensive metal compo-
nents to be used in the cell.

For these reasons, SPE cells are usually operated at somewhat higher current

densities than cells that use a liquid alkaline electrolyte.

One of the new approaches in electrolyzers design uses conventional aqueous
alkaline electrolyte, but incorporates closely spaced, catalytic, porous electrodes
and a thin asbestos paper separator. Another uses a solid-polymer acid type ion-
exchange electrolyte; while the third one employes a solid-oxide ceramic electro-

lyte.

2.3.2. Innovations in Alkaline Water Electrolysis Technology

Zero-Gap Cell Geometry
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The “Zero-Gap” electrode arrangement used in modern water electrolyzers
generally requires perforated electrodes pressed onto the diaphragm from both
sides, a technology first introduced more than 20 years ago in the Lurgi
Electrolyzer™. In a zero-gap electrode arrangement, the gases evolve mostly on
the electrode’s back side i.e. the gas bubbles are collected on the side away from
the diaphragm. Figure 2.4 demonstrates the principle of the zero-gap cell geom-
etry. It also illustrates the fact that while the diameter of the mesh or perfo-
rated plate’s holes should be as small as possible, they should match the average
bubble size of the evolved gases to avoid the bubbles clogging the holes. For the

cathode, a useful hole diameter is about 0.5 mm; because of the larger diameter

of oxygen bubbles®? it is about Imm for the anode®.
2.4 MATERIALS USED IN THE ELECTROLYSIS PROCESS

The most important materials used in the eclectrolysis process are the dia-
phragms,the electrolytes,and the clectrodes.The following is an updated review

on each of these materials.
2.4.1 Diaphragms

In order to maintain separation between the hydrogen generated at the
cathode and the gases evolved at the adjacent anode, a diaphragm is inserted
between the two clectrodes. The diaphragm must be stable in caustic alkali solu-
tion and must minimize diffusion of the product gases without impeding ionic

conductivity to prevent the passage of gas bubbles. The diaphragm must consist
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of small pores, the capillary pressure of which is greater than the maximum dif-
ferential pressure applied across the cell. A woven asbestos cloth, artificial fiber
cloth, rubber cloth or metallic net is usually employed as a diaphragm material.
The most popular diaphragm is a bag or skirt of asbestos which is in some

instances reinforced by cotton or wire. Under proper conditions, a diaphragm

will last in excess of 20 years®. New diaphragms, made of composite materials,
have better properties than the old. A comparison of separator materials is

given by Casper®.

2.4.2 Electrolytes

In general, an aqueous solution of caustic potash or soda is used as the elec-
trolyte for water electrolysis. At equal concentrations, the conductivity of caustic
potash solutions is higher than that of caustic soda solution. The solubility of
carbon dioxide, which contaminates the electrolyte and decreases its conductiv-
ity, is lower in caustic potash solution than in caustic soda solution. The conduc-
tivity lowering by absorbing the same amount of carbon dioxide is also smaller
in the former. The highest conductivitics are observed at the strengths of about
30% of caustic potash and about 20% of caustic soda. Though the conductivity
of the electrolyte and the energy efficiency of water electrolysis increase as the
temperature increases, the present clay water electrolysis cells are usually oper-
ated at 60 - 80°C for the caustic potash cell and at 50 - 70°C for the caustic soda
cell, respectively, in order to reduce the consumption of electrolyzer matqrials.
High purity water must be used to preserve the clectrolysis cell operating char-

acteristics.
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2.4.3 Electrodes

Electrodes must have the following characteristics :

(i) good electronic conductors.

(ii) suitable catalytic surface for the discharge of hydrogen or hydroxyl

ions.

(iii) provide a large area interface between the catalyst and the electrolyte.

(iv) provide adequate sites for the nucleation of gas bubbles

(v) provide a reasonable mean.s for the detachment of gas bubbles so that
they may scparate themselves from the electrolyte at the operating

voltage of the cell.

The form of the electrodes varies considerably from one cell design to
another. Large surface areas are obtained by the use of sintered structurcs,
finned bodies, screens, perforated plates, and flat plates with electrochemically
roughened surfaces. In the alkaline cells, nickel is thec most commonly used cata-
lytic surface. Rather than making electrodes out of solid nickel, nickel-plated

mild steal is often used.A study on the performance of different nickel-plate

metals made by deGiz{'®. The application of precious-metal catalysts, such as
platinum, assists the electrode processes considerably and allows them to pro-
ceed more rapidly than on nickel. In the case of the polymeric acid clectrolyte,
electrodes must be made of more chemically resistant materials than nickel or
steel. Tantalum and gold have been used, while the precious metals themselves,

platinum, rhoduum, iridium, etc. , are usually considcred necessary as catalysts.
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When platinum is used, a large surface arca can be obtained by the use of so-

called platinum black, a finely divided powder of platinum metal particles.

2.5 EFFICIENCIES OF WATER ELECTROLYSIS
2.5.1 Voltage Efficiency

In aqueous solution of caustic potash or soda, the reversible voltage of water

electrolysis E_is a direct function of the potential difference between the anode

and the cathode and the logarithm of the ratio of P, ,, and P°§20 . The reversi-
ble voltage of water electrolysis E_is then expressed by :
RT Pio :
E=(E -E) - In 2 (2-13a)
r a < ZF Po
H,0

where

E, = reversible voltage

E, and E, = anode and cathode potentials respectively
This equation shows that E_ increases with increasing the concentration of caus-
tic alkali. Actually neither hydrogen nor oxygen is evolved at E_, and an over-

voltage is required to produce hydrogen and oxygen at a finite rate. Overvol-
tages are mainly evaluated as a function of current and temperature. The total

overvoltage is a sum of activation or charge transfer overvoltage, n, , concentra-

tion (or diffusion or mass transfer) overvoltage, n_, and resistance (or ohmic)

c?

overvoltage n_. Hence:
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n=m, +a, +n (2-13b)
(i) Activation Overvoltage

The activation energy, required to promote the electrochemical reaction,

appears as a voltage increase over E_. This is known as activation overvoltage,
M, . As an electrochemical reaction rate is given by the current,the following
relation (Butler - Volmer equation is established between w, and current

density® :

i=i_(exp (anFn_ /RT)—exp{-(1—a)nFn, /RT}) (2-14)

where

10

exchange current density (current at m, = 0),

a = transfer coefficient (considered as constant),

i_ is in direct proportion to the densities of effective areas and active sites and

the activities of electrode reaction substances It increases exponcntially with
increasing temperature and decreasing activation energy for the electrode reac-

tion.
(it) Concentration Overvoltage

Due to mass transfer limitations of negatively charged ions produced at the

cathode, the electrode potential will be more negative than E_ at the cathodc and
more positive than E, at the anode and the voltage required to electrolyze water

is thus larger than E, — E_. This voltage increase is called concentration overvol-
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tage, N, which is expressed as'”

n, = Xl [—1—} (2-15)

nF i -1
where i, is the limiting current density. The electrolyte should preferably be

stirred or circulated to reduce concentration overvoltage.
(iii) Resistance Overvoltage

The ohmic drop in voltage occurred between the working electrodes is

known as resistance overvoltage, 1. It is expressed as®

n,=I1*R (2-16)
where R_ is the electrical resistance of the electrodes and the electrolyte materials

to used.

Hence,the actual voltage, V, , required for electrolysis is given by (Figure

2.5):

SV, =V +1, (2-17)
In case of platinum electrodes, it is found that the minimum voltage which must

be applied-before gas bubbles appear-is close to 1.7.
The voltage efficiency, E,, is expressed by:
E, =V /V, (2-18)

2.5.2 Current Efficiency
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Fig. 2.5 The voltage components in a two compartment
electrochemical reactor
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In general, the current efficiency of electrolysis , E, , is given by

E = Actual Amount of useful Product
i Theoretical Amount of Product Equivalent To Electricity Used

(2-19)

In order to make E, large, it is necessary to reduce the formation of by-products

and other side reactions. The value of E, is generally high in water electrolysis.
2.5.3 Energy efficiency

Energy efficiency of electrolysis, E_, is given by :

E = E E (2-20)

The energy consumption U is represented by

U=V, ** (2-21)
where t is the time of electrolysis.

The amount of production at the clectrode, m, is expressed as

m=0*I*t*E (2-22)
where 0 is the electrochemical equivalent ( 0 =0.037607 g /Ah for hydrogen). A

highly efficient cell would require 3.245 kWh of clectrical energy, for each Im’
hydrogen (at S.T.P) of this 3.245 kwh, 2.693 kWh has to be applied as electrical

energy and the remainder supplied as heat. For most industrial electrolyzers, 4.2

to 4.9 kwh is required to produce 1 m* hydrogen

2.6 INDUSTRIAL WATER ELECTROLYSIS
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All research programs in the area of the water electrolysis share two main
objectives!'":
()To improve energy efficiency, of converting electricity to hydrogen,and

(ii)To reduce the product cost.

During the last decade, the research objective was to achieve consumption of

less than 4.5 kWh m™. The adopted approach was improvements in water elec-
trolysis, and much lower energy consumption via vapor phase electrolysis using
the thermodynamic and kinetic advantages associated with high temperature
operations. Justification for continued efforts to develop cost-effective high-
temperature electolyzers was emphasized by trade-off analysis and techno-eco-
nomic analysis of water vapor electrolysis cells operating at 1000°C and inte-
grated into process design involving electrical and thermal energy derived from
coal. Recent estimates of production costs of hydrogen by the ncwly developed
methods are double the steam-reforming costs, half the cost of the conventional
water electrolysis and cost-comparable to the coal gasification process®” . One of
the most important factors in the water clectrolysis is to optimize electrocatalysts
which are primarily Ni and Co based compositions. While several coatings have
been developed exhibiting electrocatalytic activity, an understanding of the
kinetics on high surface area composites is lacking and should be examined in
detail to be in a position to predict and develop cost-cffective catalysts''”. Path-
ways involved in oxygen evolution reaction are more complex than those pro-

(12,13)

posed for the hydrogen evolution reaction'~ “since discharge of O, occurs on
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oxide covered on non-metallic surfaces. In the last decade, a number of mixed

transition metal oxide catalysts-especially spinels and perovskites of Ni, Co and/
or Fe were examined'*'? . Of these,Ni Co,0, and Li-doped Co,0, appear

promising . Oxygen evolution on these oxides appear to involve formation and
subsequent decomposition to higher oxide, and good correlation between the
redox oxide couple and the minimum potential for O, evolution has been estab-
lished. Never-the-less, oxygen overpotential is still high and identification of
pathways, and relationship of the kinetics to the electronic and steric propertics
requires deep studices to realize an understanding of the proposcd interaction of

reactants and absorbed intermediates with oxide surfaccs.
2.7 SEA WATER ELECTROLYSIS (SWE)

As far as the electrolysis of sea water, as a source of hydrogen,is concerned,
two options exist for performance of this electrolysis. The first option is, to sub-
ject the water to total desalination to remove all dissolved salts and produce
essentially distilled water. This distilled water can then be subjected to elec-

trolysis, in conventional, alkaline-electrolyte electrolysis cells.

The disadvantages of this approach arc the additional capital cost of water
treatment and desalination system, and the environmental problems arising form
the nced to dispose the residual salts removed during desalination. The advan-
tages arc the ability to use developed technology, for the dircct electrolysis of

fresh water.
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The second option, is to design an electrolyzer system capable of utilizing
sea water for direct electrolysis. It is probable that these systems would operate
at a low power density and clectrolyze only a small portion of the water in con-
tact with clectrodes. The disadvantage are many: new technology must be devel-
oped to solve the probable corrosion and contamination problems and the
evolvement of undesirable electrochemical products such as chlorine. The advan-
tages are possible lower capital cost and natural elimination of the waste brine
which is only slightly enriched with salts. It mz'@ly also be possible to recover eco-
nomically significant quantities of the metals present in sea water that are less

active electrochemically than hydrogen such as : sliver, gold, mercury,

magnesium® and copper® .

Solar collectors utilizing direct solar radiation, ocean thermal gradient and
other sources of renewable energy such as wind make sea water, and its direct
clectrolysis, as the most convenient source of hydrogen on a very large scale.

This goes along with the new concept of hydrogen economy"#** |

2.7.1 Theory of SWE

By applying the Nernst equation to standard electrode potentials it can be
seen that oxygen evolution is actually the thermodynamically favoured anodic
reaction, occurring sigﬁiﬁcantly less anodic than chlorine in neutral seawater.
Such a superficial analysis is highly misleading. Howcver, two major factors are

responsible for the evolution of chlorine at practical opcrating conditions.

33



First, in unbuffered solutions, such as seawater, both oxygen and chlorine

evolution cause the solution adjacent to the surface of the anode to become

acidic. This is obvious for the case of oxygen evolution which generates H* as

follows :
2H,0 - 0, + 4H" +4¢”

Any chlorine generated at the anode undergoes immediate hydrolysis which also

generates H' as follows:

Cl, + H,O—»HCIO + CI” +H*
HCIO-CIO™ + H'
2CI" — Cl, + 2¢”

As the anode becomes more acidic, the thermodynamic voltage for oxygen
evolution becomes more anodic, a trend favoring chlorine cvolution which is
independent of pH. As power is first applied to an anode, the theoretical voltage

for oxygen ecvolution will thereforec become more anodic according to the

equation'’

RT

RT
= 1. + —
1.23 ~

) F

=

o log (a” D+ log PO2 (2-23)

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 prima-
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rily on conditions of flow rate and current density. Bennett'® showed experi-
mentally that the effective anode pH - under practical conditions of electrolysis -
is about pH 1 - pH 2, and even when the effective anode pH becomes very low,
oxygen evolution is thermodynamically preferred to chlorine evolution because
cquilibrium potentials of oxygen evolution are lower than those of chlorine (sce
Figure 2.6), by about 200 mV. This analysis is incomplete, however, since ther-
modynamic voltages are valid only at zero current flow. The second factor
which then inhibits the evolution of oxygen is its well-known high overpotential
at practical current densities. The difficulty of cvolving oxygen relative to chlo-
rine is illustrated by a comparison of their cxchange current densitics which- is
an indicator of the ability of an electrode to catalyze a given electrochemical

reaction. The ratio of exchange current densitics for chlorine and oxygen evolu-

tion on most anode materials is very high™®

1
iqz = 1*10°= 14107 (2-24)

O,
02

which is a measure of the ease of evolving chlorine relative to oxygen .

The voltage range for the decomposition of a H,—Cl, cell is between 1.8 -
2.2 V depending on current density. The H,—Cl, cell begins to function at a
higher applied potential difference than the H,—O, cell. The evolution of Cl,
will replace O, evolution between 1.8 - 2.2 V!V . However, the transport of jons

to the electrode is limited, whereas there is no corrcsponding problem with the
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availability of water. Hence, there will be a potential sufficiently high at which
there will be no increase in evolution rate of Cl,, whereas that of O, will
increase with potential as shown in figure 2.7. A precise calculation of the trans-
port conitrol of chlorine ions will depend (as with the pH at the interface ) upon
a knowledge to the transport conditions, e.g. natural and forced convection®” .
Therefore, electrolysis of seawater at low current density, < ImA/ cm?, will
result in exclusive evolution of oxygen, while operation far in excess of the limit-

ing current for chloride oxidation will favour oxygen evolution. Limiting current
in practical cells ranges from“® 100 - 1000 mA/ cm?, however, an operation at
several thousand cm® would be necessary to achicve high coulombic oxygen effi-

ciency. This is also considered impractical since I.R. heating and power con-

sumption would become unreasonably high at such current densities.

The only major cathodic reaction in seawater is hydrogen evolution.
Although hydrogen evolution occurs at high coulombic efficiency, it also causes
a localized pH change, resulting in a higher cell voltage and causing deposit for-
mation. As the cathode surface becomes more basic during electrolysis, the ther-
modynamic voltage for hydrogen evolution beccomes more cathodic according to
the equation®”

_RT _ RT -
EH2 =5 log (a"_F)cat 5% log P"2 (2-25)
As with the anode reaction, the actual pH of thc solution adjacent to the

cathode, and hence the voltage at which the clectrode operates during electroly-
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sis, is dependent on conditions of flow rate, current density, and temperature.

Effective cathode pH usually ranges from pH 11 - pH 14.

The basic nature of the solution at the cathode surface results in a surface
deposit which is the most troublesome operational problem encountered with
the electrolysis of seawater (see figure 2.8). A chemical precipitation of magne-
sium hydroxide occurs at a pH > 9, and specifically, at 10.7 - 11.0 as reported
by Kirk" and Bennett"**” respectively. Williams®? has carried out direct elec-
trolysis of sea water, using carbon electrodes, and he reported the precipitation
of calcium hydroxide . Magnesium hydroxide adhesion and later growth onto
ncutral surfaces of nickel cathode , was reported by Kirk"” . Magnesium
Hydroxide causes even higher pH at the cathode interface and will eventually
clog the electrode gap. Such deposits cannot be eliminated entirely, but they can
be effectively minimized by high seawater turbulence and. proper choice of cur-

rent density and cathode surface.
2.7.2 Problems of SWE

The effectiveness of utilizing direct solar radiation, ocean thermal gradients
and other sources of renewable energy in producing hydrogen depends primarily

upon solving the problems of SWE.

Ecological requirements, the absence of sufficient chlorine evolution at
SWE, make it necessary to work out ways either of its utilization, or changing

the H,—Cl, cell for H,— O, one.
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Different ways of solving these problems were suggested. Bockris” consid-
ers the possibilities of SWE at a depth of about I km with hydrogen evolution
at about 100 atm and its storage at a depth with simultaneous interaction of
chlorine with alkali and its subsequent release to sea and recaction with water at
the surface platform at 650°C. This, however, raises appreciably the total hydro-

gen cost.
2.7.3 Selectivity of oxygen evolution reaction at SWE

The most promising way for evolution of oxygen rather than chlorine at the
anodc is crcating anodcs sclective in the conditions of clectrolysis of diluted chlo-
ride solutions to oxygen evolution on the basis of using clectrocatalytic
approach, connected with modification of electrode surface. Such electrode may
be created by modification of well-studied oxyde rutenic titanic anodes and

other types of DSA with special manganese dioxide®?” .

‘Oxygen reaction depends rather upon the electrode material, than chlorine
reaction does at low overpotential with different electrode materials. Kinetic
conditions of the reaction, may lead to the changes of curve position from those
shown in Figure (2.6). Thus, in the interval of a pH between 0 - 3, chlorine evo-
lution reaction potential is lower than oxygen evolution rcaction potential. Rela-
tive curve positions of these two reactions also depend upon the densities of
polarizing current, as the speed of overvoltage increase is diffcrent for oxygen

and chlorine evolution reactions .
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As the industrial electrolysis is conducted at high current densities the rela-

tive values of the two exchange current densities, I _ = 1.3*10® and

Oclz

oo, = 6*10"° A/ cm?, are likely to be less important than relative values of the

Tafel slopes.

On the whole,the selectivity of chlorine depends on the clectrolyte composi;
tion and concentration, the temperature, current density, and the electrode
material. At high current densities partial spced of oxygen evolution is less
dependent on electrode material of composition. Most works on selectivity of
chlorine and oxygen reactions are based on the simplicity of controlling the
sclectivity of chlorine reaction with the help of kinetic factors, than that of oxy-

gen reaction.

As mentioned above, oxygen evolution should predominate under the condi-
tions of pH of sea water and in diluted chloride solution (Sce Figure 2.6). Local
acidifying of a near-anode layer and kinctic conditions lcad to predominance of

(28)

chlorine in a wide range of current densitics'™ . Oxygen evolution at high speed

on electrode systems with MnO, covering was pointed out to be possible® .
2.7.4 SWE and Corrosion

To solve problems related to electrolysis of diluted chloride solutions, it is

not only necessary to obtain high electrocatalytic activity and selectivity of elec-

trode materials, but also to study their corrosive behavior. Kondrikov?®” discov-
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ered the great decrease of the corrosive stability of oxide anodes on titanic base
in diluted chloride slolutions at low temperature ( about 0 °C). It was deter-
mined that the period of current decrease to the half of its value from the initial
value, for systems analyzed by Kondrikov at the above conditions, is within the
limits from several to dozens of hours depending on pH of diluted chloride solu-

tions and the nature of oxide covering of anodes.

From the above survey,it is obvious that SWE is not fully developed both in
theoretical and technological aspects® compared to alkalinc water electrolysis.
The effect of different salinity (NaCl concentration), cell overvoltage, current
density levels on hydrogen production rate and cfficiency of hydrogen produced

in SWE are important for any future study of the scawater hydrogen economy.
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CHAPTER THREE

EXPERIMENTAL

In this chapter, the apparatus, and materials used, and the experimental

technique are described. The chapter is divided into six sections:
3.1 The Apparatus.
3.2 Experimental Technique.
3.3 Assesment of Chlorine content.
3.4 Cathode Precipitate Analysis.
3.5 Assesment of The Decomposition Voltage.

3.6 Application of Solar Energy.
The total number of experiments carried out were 109 taking 4 - 10 hours per
run. The parameters investigated and their ranges and levels are given in Table

3.1.
3.1 THE APPARATUS
The apparatus is composed of:

1) Hoffman electrolysis cell.
2) Power supply
3‘) Solar panel
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Table 3.1 Experimental design.

Parameter Description No. of
Levels
Salinity Eight solutions
of 14 %- 200% sea
water concentration
and one solution
of natural sea
water 9
Voltage 6 -20V 6
Current Density 25 - 126 mA/cm 6
Quantity of Electricity 500 - 1500 C 3
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and the following equipments and instruments were used :
1) Atomic Absorption (AA)
2) Ion Coupled Plasma (ICP)-Atomic Emmision Spectroscopy (AES)
3) lon chromatography
4) Mercury Dropping Electrode (MDE)
5) Digital voltmeter
6) Digital ammeter
7) pH meter (Fisher Model 805)

8) Resistances
3.2 EXPERIMENTAL TECHNIQUE

Electrolysis of synthetic sea water, prepared in the laboratory, and natural
sea water (from EL—Khobar beach on the Arabian Gulf) was carried out in a
200 ml electrolysis apparatus which uses the basic Hoffman arrangement as
shown in Figure (3.1a). The cell has two vertical graduated gas collecting tubes
with stopcocks at the top, joined by a bridgec tube at the bottom which is con-
nected to a reservoir. The apparatus was manufactured by Sargent-Welch Scien-
tific Co. (S-29125). One of the glass stopcocks was changed by teflon to avoid
the escape of chlorine received at the anode. Gases produced at the cathode and
the anode were collected by the displaccment of saline water. Platinum planar
electrodes (1.90 cm * 0.40 cm * 0.01 cm thickness) were used and held in the
lower ends of the gas collecting tubes by means of rubber stoppers which fit
closely into the tapered lower ends of the tubcs. Each collecting tube was gradu-

ated downward from the 0 to 60 ml in increment of 0.2 ml.
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The energy input to the cell is a DC current obtained from a power supply
which is connected to an AC source. The power supply is a Farnell type (Model
LT 30-2) and could be operated as a potentiostat by shifting to the Constant
Voltage (CV) mode and connecting the electrolysis ccll directly to the power
supply, or as a galvanostat by shifting to the Constant Current (CI) mode and
connecting a resistance R_ calculated from

R = 1

s 1L

max

where IL . is the maximum load current. See Figure (3.1b).

The solutions used were prepared using deionized water. Sea water was sim-
ulated (Synthetic Sea Water) by NaCl and MgCl, . Solutions 1 - 4 contain NaCl
only and 5 - 8 (NaCl + MgCl,), (Table 3.2). The concentrations of the syn-
thetic sea water (5 to 8) are referred to in the text by the Total Dissolved Solids
(TDS) of 62.70, 31.35, 15.67, and 4.48 g/L and represent 2,1,0.5,0.14 times the
concentration of synthetic sea water (solution 6). This simulated composition of
sca water was chosen to cover the range from desalination rejects to brackish
water . Natural sea water was analysed for cations and anions. Cations were
determined by ICP-AES, Gold and Silver by AA, and anions by lon Chroma-
tography. The results are given in Table 3.3 .The pH of the natural sea water

was reduced to 6.1 by addition of HCI.

Solutions 1-8 and natural sea water werc electrolyzed under potentiostat and

galvanostat conditions in the range of 6-20 V and 25.3-126.3 mA/ cm? up to
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Table 3.3 Composition of natural sea water

Element Concentration (mg/L)
Na 14240
Mg 1607
C1 26360
Ca 548.1
K 518.2
SO 3658
Al 0.85
Ag < 0.02
Au < 0.02
Hg < 0.05
Br 99.3
F <1.0
I 0.05
TOTAL 34217
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1000 C of electricity as well as 500 C and 1500 C for natural sea water. The vol-
umes of hydrogen produced at the cathode and other gases at the anode as well
as the variation in current for constant voltage and variation in voltage for con-

stant current were obiained.
3.3 ASSESMENT OF CHLORINE CONTENT

Chlorine is a major anode-gas product in the clectrolysis of saline water con-
taining chlorides. In this research iodometry and ascorbinometric titrations are

coupled for the analysis of chlorine.

L-Ascorbic Acid was used for the determination of chlorine in gas phase,

chlorine, hypochlorite, and chlorite in the liquid phase. The acid was dried
under vacuum at 50° C®" and the 0.1 N solution was prepared using deionized
water and stored ncar 0°C after addition of 4 ml of formic Acid and 0.1 g of
Na,EDTA per litre to retard atmospheric oxidation® . The acid was standard-

ized against 0.1 N standard iodine solution. Erdey®” showed that the error of

the determination of 15-150 mg chlorine is less than +0.5%.

For the determination of chlorine in thc gas phase the following procedure

was followed :

(i) The anode-gas was passed through a 50 g/L KI solution where chlorine
will react immediately and an equivalent amount of iodine is liberated as
follows :

ClL, +2I" -2CI" + I,
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(ii) Titration with Ascorbic Acid (.01 N) follows immediately and ascorbic
acid reacts smoothly and instantaneously with iodine, leading to the forma-
tion of dehydroascorbic acid, iodide ions, hydrogen ions being liberatd:
CHO + 1, - CHO,+ 21" + 2H"
The media is always acidic and the end point for the oxidation/reduction reac-
tion between ascorbic acid and iodine is visually detected on a white background

by the disappearance of the iodine color (more precisely, of triodine ions),

clearly (1ml of acid = 0.3545 mg Cl).

For the determination of chlorine, hypochlorite and chlorite (available chlo-

rinc) in the liquid phase the following procedure® was followed.
(i) 5 g of KI were added to liquid phase after electrolysis.
(i) The pH of the solution was recorded.

(iii) 15 ml of 10% H,SO, was added to a 50 ml of this solution.

(iv) After 10 minutes the solution was titrated with, 0.01 N Ascorbic Acid.

Hypochlorites react with KI in an acidic medium as follows:

OCI” + 1" + 2H* — CI" + 1/21, + H,0

Iodine can then be titrated with ascorbic acid .
The Acid should always be added after the addition of KI.

The chlorites react as follows:
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ClO, + 1" + 4H" - CI" + 1)21, + 2H,0
This reaction is slow and the time span after the addition of H,SO, is for the

completion of the chlorite reaction.

I ml of 0.1 N ascorbic acid is equivalent to 3.545 mg of chlorine (CI) avail-

able in the form of free chlorine, hypochlorite or chlorite.
3.4 CATHODE PRECIPITATE ANALYSIS

At the end of each experiment run the cathode was dricd, and the precipi-
tatc was dissolved in a 10 ml of I M HCI, and precipitates {rom solutions 5-8

and natural sea water were analyzed by AA. for Mg and Ca .
3.5 ASSESMENT OF THE DECOMPOSITION VOLTAGE

The determination of the decomposition voltage of saline water was carried
through polarography. Polarography is a class of voltammetry in which .the
working electrode is a dropping mercury electrode (DME) . A typical polaro-
graphic cell is shown in Figure 3.2 . The reference clectrode is Ag/AgCl elec-

trode (standard electrode potential is 0.2224V) .

In principle, any microelectrode could be used for the working electrode,but
the DME has a number of disadvantages over the others :

1) Mercury has a high hydrogen overpotential .

2) The surface is continually renewable and so it docs not beccome contami-

nated or changed by the deposited metal .

3) The surface area is also renewable .
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Polarograms for solutions 1-8 and natural sea water were obtained in a mer-
cury dropping electrode Analyzer (type EG&G- PAR model 384 B SMDE DC

mode) after calibration with a standard 2.5 ppm Cd** in buffer acetate with 4.5
pH value. Ag/AgCl was used as a reference electrode. The following procedure

was followed in obtaining the polarograms:
(i) Initial pH values of samples were obtaincd.

(ii) Ten ml of each sample was decaerated for 240 seconds with N, gas at

room temperature (22° C) .
(iii) Simulataneous runs of the DME wcre made.

(iv) Automatic potential scanning at 200 mV/min and 10 minutes were
required to obtain the polarogram, exclusive of the time for ‘deaeration .

3.6 APPLICATION OF SOLAR ENERGY

Natural sea water was then electrolyzed using solar energy using a solar
photovoltaic panel manufactured by Solec Inc. (Model S-4319) with an effective
surface area of 0.439 m’. These tests werc performed during the second half of
Nov. 1991. Solar output and hydrogen production rates were recorded on hourly

basis. The circuit diagram is as shown in Figure (3.3), where R is a resistance
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CHAPTER FOUR
RESULTS AND DISCUSSIONS

In this chapter the most important expcrimental findings are reported and
discussed. This includes hydrogen production, chlorinc in gas and liquid phase,

hydrogen to chlorine ratio,and magnesium adhered precipitate.
4.1 HYDROGEN PRODUCTION

Hydrogen production rate for NaCl solutions as well as synthetic and natu-

ral seawaters was mcasured at different current densitics and voltages.

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
figurc 4.1, the hydrogen produced on a platinium clectrode of 1.5835 cm? area is
85 (mL/hr)/ for 120 mA/ cm’ change in current density. By Eqn. 2-22 an effi-
ciency of 99% is obtained for this clcctrolysis process. Other calculations are
given in Appendix-A . From figurc 4.1 the hydrogen production rate, HPR, in
mL/hr and current density, i, in mA/ cm? are rlated by the equation :

HPR = -0.20832 + 0.72361
The same conclusion is reached from figure 4.2, which is a plot for the hydrogen

production rate versus the total dissolved solid (TDS) at diffecrent current densi-

ties.
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On the other hand, figure 4.3 shows the relationship between hydrogen pro-
duction rate and TDS for different voltages applicd. Over the range of voltages
used in these experiments (6 - 20 V), the hydrogen production increases with the
increase in TDS. This is attributed to the incrcase in conductivity of the salts.
On the other hand, this rate, increases ohmically (follows ohm’s law) with the
increase in voltage for natural and synthetic sea waters. However, the rate of
increase at low values of voltage, say 6 - 8 V, is rather slow, since the produc-
tion rate is dependent on the current density. At higher voltages, (10 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 productiv-
ity. Hydrogen Production Rate (HPR) and TDS are correlated in the form

HPR = a + b TDS

Values of a and b are given, for different voltages, in Table 4.1.
4.2 CHLORINE EVOLUTION

Chlorine is a major anode-gas product in the clectrolysis of saline water con-

taining chlorides. The first work done by Williams®™ on the direct electrolysis of
sea water reported the use of a GC in analyzing the chlorine content of the
anode-gas. Inaccuracies resulting from the use of the GC in chlorine analysis
arise from the fact that chlorine is heavicr than oxygen and tends to be at the
bottom of the gas phase which makes thc homogenity of the sample taken for

analysis very weak.AThis is added to the usual difficulties associated with gas
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Table 4.1 Correlation of hydrogen production and TDS

HPR = a + b TDS

Voltage, V a b Regression
coefficient R
6 3.1266 0.35921 0.964
8 3.4531 0.69669 0.952
10 3.8251 0.95703 0.986
12 6.6669 1.2102 0.962
15 8.4566 1.5582 0.924
20 7.0285 2.5703 0.989
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sampling. Bennet"® reported the use of iodometry followed by titrations with
thiosulfate. The end point detection using starch is one of the difficulties.
Reproducability of chlorine evolved is within 7%.

4.2.1 CHLORINE IN GAS PHASE

a) Effect of Current Density

Figure 4.4 shows results of natural sea water electrolysis.' Chlorine is
evolved in the gas phase at differcnt current densitics and for different quanti-

ties of electricity namely 500 C, 1000 C, and 1500 C.

For 500 C thec anodec product gas is almost chlorine free regardless of the

current density (38-126 mA/ cm?) . This is mainly due to the absorption of chlo-
rine evolved in the liquid phase. At intermediate values of electricity passed
(1000 C), the behavior is almost the same and about 0.25 mmol chlorine was
produced in the cell. This is attributed to the enrichment of the anolayte with
chlorine evolved, especially in a poor mixing ccll. At higher quantities of electric-
ity, the performance of the cell changes to be a current-density-dependent, with

the following main features :

At low current densities (< 60 mA/cm?) chlorine evolved at 1500 C is 1.25
mmol which is approximately 5 times that of 1000 C while a factor of 1.5 is
cxpected if it is proportional to quantity of clectricity. This is mainly duc to the
fact that the anolyte is approaching saturation, if not saturated with chlorinc.
Further increase in the current density decrcascs the amount cvolved in the gas

phase significantly because of the enhancement in the absorption rate of chlo-
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rine in liquid phase due to the increase in chlorine cvolution rate. Once again,
the saturation of liquid phase allows chlorine to appear in the gas phase and

higher current densities (> 100 mA/cm?®) will give higher amount of chlorine in

the gas phase.

From the above discussion we conclude that chlorine evolution in the gas
phase depends on both current density as well as quantity of electricity.
Williams® reported an increase of chlorine in gas phase with the increase in
voltage (i.e. increased current density) but nothing was mentioned about the
time duration of the electrolysis, and electrolysis continues till certain volume of
gas, enough for analysis, is produced. Accordingly, he concluded that chlorine
quantities increase with the increase in current density. Present result show that
this is subject to whether time duration electrolysis is enough for the liquid
phase to approach saturation for that cell design. Cells with almost chlorine-free
anode-gas for sca water clectrolysis are possible depending on quantity of elec-

tricity and cell design.
Similar results were obtained for NaCl and were shown in Appendix-B.
b) Effect of Chloride Concentration

Figure 4.5 shows the chlorine cvolved in the gas phase for different levels of

choride concentration (79.6 - 1113 mmol/L) at different voltages (6-20 V).

For chloride concentration of < 600 (mmol/L) chlorine gas quantities are

independent of concentration, but dependent on voltage with higher evolution
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experienced at low voltages i.e. low current densities. However, increased volt-

age resulted in a lower chlorine evolution in gas phasc.

For chloride concentration > 600 (mmol/L) chlorine evolved is absorbed in
the liquid phase and low voltages (6 & 8) resuited in a drop of approximately

50% due to the increase in chloride level, while at other voltages it fluctuates.

At 6 V and high concentrations (1113 mmol/L) of chloride the current den-
sity (33 mA/cm?) is low to enhance chlorine absorption in the liquid phase while
that of 8V (62 mA/cm?) resulted in suppression of chlorine in liquid phase. The
extreme case of 20 V resulted in a significant increase in chlorine in gas phase
for the whole range of ClI- >600 (mmol/L) and this is a direct result of high

rates of chlorine evolution and saturation in liquid phase.
4.2.2 TOTAL CHLORINE EVOLVED

Total chlorine ecvolved due to the passage of 1000 C of clectricity is deter-
mined by adding the chlorine in the gas phase to the “available chlorine” in the
liquid phase. The term “available chlorine” includes all free chlorine, hypochlor-
ite, and chlorite. The determination of cither Chlorine in gas phasc or available

chlorine was achieved by the use of ascorbic acid.
a) Effect of Current Density on Total Chlorine from Sea Water

The effects of quantity of electricity as well as current density on chlorine

evolved during sea water electrolysis arc shown in figure 4.6. It shows that the
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amount of chlorine evolved is proportional to the quantity of electricity applied
and independent of current density for the range of current density and cou-
lombs used in this experiment. Dotted Lines represent the theoretical amounts
of chlorine evolved as if the current passed is used totally for the production of
chlorine alone (i.e. assuming H, — Cl, cell ). The difference between the theoret-
ical and the experimental corresponds to the oxygen cvolved. Figure 4.7 shows
that chlorine evolution is independent of current density, and total chlorine Cl;

,in. mmol, is related to quantity of electricity Q, in coulombs by th relation :
CL, = 0.51913 + 7.37913*10°° Q
for the range 37.89 - 26.3 mA/cm?®. Figurc 4.8a shows that total chlorine pro-

duction is independent of current density as well as the chloride level for C1I° >

600 (mmol/L). It is a function of the quantity of elcctricity passed.
b) Effect of Voltage on Total Chlorine from Sca Waters

Four different concentrations of synthetic sca water ( NaCl + MgCl,) in
addition to natural sea water (Cl”~ = 743.52mmol/L) are presentcd by their
chloride concentration in figure 4.8b. 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 chlorine Cl,. and chloride
concentration C (in mmol/L) are related by the equation

CL, = -3.0918 + 3.8090 log C
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At low chloride levels ( <600 mmol/L) the amount of total chlorine evolved
is low in the range of (6-15 V), but it increases with the increasc 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 slolution conduc-
tivity as shown in figure 4.9 ( Cond. = 1.4235 + 8.3304 log TDS ). This
results in an increased current density for operation at the same voltage. At
high chloride concentrations (> 600 mrﬁol/L), the effect on conductivity is insig-
nificant and total chlorine evolved is more or less the same, independent of the
chloride concentrations, except for the case of 15 V which shows an incrcase as

compared to other voltages applied.
4.3 HYDROGEN TO CHLORINE RATIO

The total volume of hydrogen produced was mecasured experimentally and

the number of moles of hydrogen was calculated by:

PV=ZnRT

where Z, the compressibility factor for hydrogen taken equal to unity at 23° C

and 1 atm.

The number of moles of chlorine in gas phase or total chlorine on the other
hand, was calculated using titration with ascorbic acid as described in chapter 3.
It was shown in section 4.1 that, the amount of hydrogen produced is indepen-
dent of the current density or the voltage for a certain quantity of electricity

applied. The ratio of hydrogen to chlorine in gas phase (R1) for 1000 C of elec-
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tricity is defined accordingly as a constan divided by the amount of chlorine in
gas phase. This ratio Rl varies with the amount of chlorinc in gas phase.The
ratio of hydrogen to total chlorine (mol/mol) is a measure of the extent of Cl,/O,
evolution and it is a function of the current density, chloride concentration, and

coulombs of electricity passed.
4.3.1 Hydrogen to Total Chlorine

Total chlorine is defined as the total amount of chlorine evolved at the
anode, which includes chlorine in gas phase, and chlorine available in the liquid

phasc in the form of free-chlorine, hypochlorites,and chlorites. The ratio of H, to

total Cl, is referred to as R2.

In figure 4.10, the change in R2 for 1000 C with current density is shown

for sca water. The value of R2 ranges form 1.22 - 1.4 depending on current den-

sity with the highest ratio at the lowest current density (25.26 mA/cm?).

In figure 4.11 ( curve b ) the ratio R2 dccreases at low current densities
since the total chlorine evolved is low due to the cvolution of oxygen which is
favorable at low current density as cxplained by Bockris” . However, for low
chloride levels (278.3 mmol/L), curve a, chlorine cvolved is low and hence the
ratio R2 is higher than for the case of 556 mmol/L. The best explanation for the
sharp increase at 100 mA/ cm’ is that chloride ions are limited by mass transfer
and hence chlorine evolved is lowered. The quantity of oxygen cvolved with

chlorine could be calculated from the coulombs used for production of oxygen
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(see Appendix-A for similar calculations) and Cl1,/O, (mol/mol) ratio is 4.6. The
ratio R2 increased to 1.58 (approximately). This ratio should be constant if
hydrogen and chlorine increase proportionaly with quantity of electricity.
Although this is the case for hydrogen since there is no other competing reaction
at the cathode and no problem with the availability of water, the case is differ-
ent for the anode, wherc chlorine and oxygen compete and the availability of
Cl™ ions is limited by the transfer from the bulk of the solution” to the anode.
For these reasons, continuing the electrolysis process results in a higher hydro-

gen to chlorine ratio, and this explains the value of 1.32 at 1000 C and 1500 C.

Figure 4.12 shows the effect of change of concentration on R2 for different
voltages for 1000 C. At concentrations < 600 (mmol/L) therc is a sharp
decrease of R2 with increasing Cl~ level, while at CI~ > 600 (mmol/L) the cffect
of concentration is insignificant since these concentrations arc high enough to
avail CI™ ions at the anode. The behavior of R2 with chloride level is an expo-
nential decay. The ratio R2 and chloride concentration (mmol/L) are related by
the cquation :

R2 = 5.762 — l1log C
4.3.2 Hydrogen to Chlorine in Gas Phasc

The effect of current density as well as quantity of electricity on hydrogen to
chlorinc ratiio in gas phase R1 in sea water clectrolysis is shown in figure 4.13.
The ratio R1 is related to the quantity of clectricity, Q, by the relation :

R1 = 922.99-289.921log Q .
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of electricity for sea water at different current densities
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At low quantities of electricity (500 C) the chlorine in the gas phase is low com-
pared to that evolved at 1500 C for reasons mentioned in section 4.2.1 above,
and this explains the behavior of R1 with current density for different quantities

of electricity which is shown in figure (4.14) .

The effect of chloride concentration on R1 at different current densities is

shown in figure 4.15 for natural and synthetic sea waters. At low current density
(25.63 mA/ cm?) R1 is approxihately 35 and is concentration independent. At
50.52 (mA/ cm?) R1 ranges from 50 - 70 with high values at low chloride levels
since chlorine evolved is low, but for 88.41 (mA/ cm?) RI increases for
C17( 800 mmol/L ) and drops sharply after that, and this bchavior is due to var-

iations of chlorine evolved in gas phase with current density. A summary of cor-

relations obtained in the previous sections is given in Table 4.2.
4.4 CHLORINE EFFICIENCY

The quantity of clectricity passed (either 500, 1000 or 1500 C) was moni-

tered by measuring the current and time knowing that:
l t
Q=A{fitdt. - (4-1)
0

where

Q =quantity of electricity passed, over a period of time,t in coulombs
i=current passing through the cell, A/cm’

A = elcctrode surface area, cm’
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Table 4.2 Modeling and correlations

Description Correlation Range of Correlation
Applicability | Coefficient, R2
Hydrogen HPR =- 0.20832 + 0.7236 i i: 25-126 0.999
production rate
Total chlorine i) Clt =-3.0918 +3.8090log C | C:79.6 - 1113.2 i) 0.921
. Voltage: 6-15V
ii) Clt = 0.51913 + 0.00737913 Q Q: 500-1500C ii) 0.997

Hydrogen to R1=92299 - 28992 log Q Q: 500 -1500C 0.959
chlorine in gas
phase, R1
Hydrogen to R2 =5.0762 - 1.3111og C C:. 79.6 - 11132 0.882
total chlorine,R2
Conductivity Cond. = 1.4235 + 8.3304 log TDS | TDS : 448 - 62.7 0.971

HPR Hydrogen Production Rate, (mL/hr)

i  Current density, (mA/cm2)

Cit Total chlorine (mmol)
C  Chloride level (mmol/L)

Q  Quantity of electricity, (C)

R1 Ratio of hydrogen to chlorine in gas phase, (mol/mol)

R2 Ratio of hydrogen to total chlorine , (mol/mol)

TDS Total Dissolved Solids, (g/L)

Cond. Conductivity, (mS/cm)
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The current efficicncy is then given by

Vi (C, — C,)nF
Ajit dt
0

E=

<

(4-2)

where

Vi, = Volume of the reactor
C, and C, are the initial and final concentrations of chlorine in the cell.
The value of V( C, — C,) n F for chlorine if total chlorine cvolved as frce chio-

rine, chlorite and hypochlorite was easily dectermined by iodometric titrations
using ascorbic acid. Chlorine current efficicncy decreases mainly (oxygen evolu-

tion) due to the anodic discharge of hydroxile ions,

2(OH)” - 2H" + O,+ 4e¢ (4-3)
This reaction competes with andodic chlorine evolution.In addition, '
a small incfficiency can result from the chemical reaction

2ClIO” - 0,+ 201, (4-9)
There are, however, several competing reactions which contributes to cell ineffi-
ciencics.(oxygen evolution) . Chlorate may be formed by ecither anodic oxidation

of hypochlorite,

6ClIO” +3H,0—->2CIO +4ClI" + 6H"'+ 3/20, + 6e (4-5)

or by the chemical reaction between hypochlorite ion and hypochloric acid,

2HCIO + ClO—» ClO; +2Cl + 2H" (4-6)
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Both of these reactions have been studied extensively®®*® because they are
significant in the electrolytic production of chlorate. The chemical chlorate for-
mation equation (4-6) proceeds very slowly at room temperature and a basic pH
value. This reaction is, therefore, insignificant because cells do not operate over
40° C, and normally equilibrate near pH 10 for solutions in the range of chloride
level studied (14-200%) of sea water chloride level), as shown in section 4.6

below.

Scparate efficiencies for oxygen and chlorine evolution from low chloride
solution is difficult to determine using conventional instrumcntal techniques.
Althoﬁgh individual voltammetry peaks for chloride oxidation can be obtaincd
under certain conditions, the two oxidation reactions usually occur simultanc-
ously with no clear definition between them. For this reason, a batch electroly-
sis is useful where total voltage is plotted against % chlorine current efficicncy
for synthetic and natural seca water (Figure 4.16). Once the Faradaic efficiency
for chlorine is established in raw or synthetic sea water, oxygen evolution can be
assumed to consume the balance of the anodic current® . Results for sea water

at different quantities of electricity werc shown in figure 4.17a.

A comparison of chlorine current efficicncy with the previous work of
Bennet"® is shown in figure 4.17b. Bennet results arc higher than the current
research mainly because of higher current density and circulation of electrolytc
applied by Bennet. The method of chlorinc analysis used by Bennet uscd iodom-

ctry with thiosulfate as the reducing agent, and this could be a source of errors.
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Figure 4.16 Chlorine current efficiency vs.
voltage for synthetic and natural sea waters
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This work considers iodometry with ascorbic acid which has no errors as

explained by Erdey®® . Reproducability was found to be less than 0.5%.

Although chlorine is not a desirable product in the sea water electrolysis,
chlorine efficiency is taken care of since the analysis was done for chlorine

knowing that the balance of current passed is used for the production of oxygen.

Figure 4.17a shows the effect of current density and quantity of electricity
on chlorine efficiency. At low quantity of electricity i.e 500 C the efficiency is
high (82%) and is independent of current density i.c. low oxygen . For the case
of 1000 C and 1500 C the efficiency decreases to 76% for the limitations of the
transfer of Cl~ ions from the bulk of the solution to the electrode,i.e. increase in
oxygen evolution. Figure 4.18 shows the effect of chloride concentratio on chlo-
rine efficiency at different current densities. At chloride levels >500 (mmol/L)
and current densities >50 mA/ cm? the efficiency is independent of chloride
concentration as well as current density, (about 76%), while at low current den-
sity (25.26 mA/ cm?) the efficiency drops since more oxygen is evolved at low
current densities. For the lowest chloride level (278.3 mmol/L) the efficiency is
independent of current density and it is approximately 70%. This decrease is an
evidence that the current density is approaching the diffusion limiting current

for chloride oxidation
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4.5 MAGNESIUM ADHERED PRECIPITATE DURING ELECTROLYSIS

In determining the effect of the operating parameters on the cathodic foul-
ing process during synthetic and natural sea water electrolysis, both individual
and combined contributions have to be considered. The cell design facilitates

scparation of reaction products, but there was no circulation of the electrolyte.

For the range of the current densities (25 - 126 mA/ cm?) used in these
experiments, hydrogen evolution at the cathode obscured the visibility of the
electrode and the adhcred precipitate could not be detected until the electrolysis

was stopped .

A curve of electrolyte conductivity measurements versus total dissolved sol-
ids (TDS) is shown in figure 4.9. Conductivity increases with increasing TDS.
The value of conductivity for natural sea water is approximately equal to that
corrresponding to synthetic sea water. As a result of the asymptotic behavior of
conductivity with TDS, TDS greater than 62.7 g/L (two times normal sea water
TDS) would provide only marginal improvement in electrolyte conductivity.
Correlation of conductivity and TDS is given in Table 4.2. The initial pH val-
ues of thesc solutions were about 6 for all solutions of concentrations greater

than 4.48 g/L., and for 4.48 g/L solution it was 6.34, as shown in figure 4.19 .

Electrolyte concentration have a marked cffect on the formation of insoluble

precipitates as shown in figure 4.20 . The results are for a constant current den-

sities of 25.26, 50.52, and 88.41 mA/ cm?® at 1000 C of clectricity. The mass of
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Figure 4.19 pH vs. chloride concentration for synthetic
and natural sea waters before and after electrolysis

94



Mg Precipitate on electrode (mg)

2.0

1.5+

mA/cm”?2 Q=1000 C
B {=2526
¢ j=88.41
o i=101.04

20 30 40 50 60 70

TDS (g/L)

Figure 4.20 Mg precipitate on cathode vs TDS for synthetic

and natural sea waters at different current densities
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Mg precipitate adhering to the electrode was obtained by dissolving the precipi-

tate in 10 mL of 1 M HCI solution and then Mg concentration was determined
by AA. The same type of precipitate reported by Williams®® ( Mg(OH), and
Ca(OH),) were found. The Mg precipitate increases lincarly with total dis-

solved solids (TDS) in solution .

The composition of the electrolyte also affected the change of pH value dur-
ing electrolysis. It increased from approximatecly pH 6 for the initial values to
approximately pH 9.4 - pH 10.3 for 1000 C as shown in Figure 4.19 The
increase in pH is due to the hydrogen evolution at the cathode as. well as the

scape of chlorine from the solution at the anode . The overall reaction is :
2CI" +2H,0 - H, +Cl, + 20H"

However secondary reactions involving chlorine or the formation of oxygen tend

to lower the pH value by consuming the hydroxide ions (or liberating the hydro-

gen ions in acid solutions) . Three such reactions are” :

6CIO" + 60H™ — 2CIO; +4Cl" + 320, + HO + 6¢

ClL, +20H - CIO™ + Cl' + H,0
40H — O, +2HO +4c

without the loss of chlorine these reactions would neutralize the hydroxide for-

mation at the cathode :
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2H,0 + 2e » H, + 20H"

It is clear from figure 4.19 that the higher initial TDS gives smaller pH increase
after clectrolysis aﬁd this is accounted for by the amount of precipitate forma-
tion from the reactions :

Mg'? + 20H™ — Mg(OH), K, =1.2*10"

Ca*? + 20H™ — Ca(OH), K, =5.5%10°

From the above solubility product values for Mg(OH), and Ca(OH), it is clear
that Mg(OH), is the dominant precipitate. As an identical number of coulombs
were used for each run and the initial pH values were approximately the same
(except for the 4.48 g/L solution), the principal cause for the variation in the

resulting pH values must be the amount of precipitate formed .

The effect of current density on precipitate formation was shown in figure
4.20 for 1000 C at three different concentrations of synthctic and natural sea
waters. For a current density of 50.52 mA/cm? the pfecipitate formed is always
showing higher values for all concentrations comparcd to other current densi-
ties. This is due to high local pH values of the catholyte obtained at low current
density because of the poor circulation of the solution in the cell which is a
favorable condition for homogeneous precipitation® . For higher current densi-
ties the precipitate is lower than the previous case. This is a direct result of the
decrease in the pH of the catholyte due to the increased current density,
increased clectrode scouring with increascd rate of hydrogen evolution at the

cathode surface,and the decrease in the effective diffusion layer
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Figure 4.21 shows the amount of Mg precipitate versus current density for
natural sea water electrolysis at different coulombs of electricity. The higher the
quantity of electricity the higher the precipitate formed which is a direct result
of more time of electrolysis. All curves are showing a rapid decrease in precipi-
tate with increased current density for reasons mentioned above. However,
higher current densities showed an increase in precipitate with the increase in
TDS ,because of the improved mass transfer. The current density affects sev-
eral parameters at once. In the case of increased current density the effect of
improved mass transfer was probably offset by the dccrease in the pH at the

surface .

In order to explain these effects,it is useful to consider the hydroxide concen-
tration gradient. In the bulk, the hydroxide concentration is essentially constant
and the pH < 9, and hence no magnesium hydroxide precipitation occurs. The
increase in hydroxide level is confined to the adjacent layer near the elctrode
surface. Therefore, any increase in the adjacent layer simply increases the
hydroxide concentration gradient. Thus the reaction zone, that is the region
where the pH level is sufficiently high to cause precipitation, is reduced. Since
the precipitation process is slow, then decreasing the adjacent layer will decreasc
the total amount of the reaction, i.e. decrcase Mg precipitate as shown in figure
4.21. The slight increases observed with 1000 C and 1500 C is mainly due to
enhancement in mass transport with increased current density and quantity of
electricity. This type of behavior is often characteristic of a diffusion-controlled

reaction.
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4.6 POLAROGRAMS FOR SALINE WATER

The process of hydrogen liberation has attracted special attention due to its
great practical significance. The overpotential of hydrogen liberation on an elec-
trode is often very large. In most cases it exceeds the magnetude of the electro-
lyte concentration overpotential, as well ais the discharge potentials of ions on
various electrodes.The latter is highly important in many electrochemical

processes®

. In the electrolysis of aqueous electrolytes, hydrogen ions are
present in the solution along with ions of the electrolyte . If there were no
hydrogen overpotentials,hydrogen ions would discharge on the electrode when
an emf is applied . Actually, since this overpotential is large, the process starts
with the discharge of other ions. A noticeable libcration of hydrogen occurs only
when the emf substantially exceeds the discharge potential of other ions. The
discharge of alkali metals ions on a mercury electrode (from a solution contain-

ing alkali metal ions and H" ions), and the large emf necessary for the electro-

lytic decomposition of water is related to this effect.

It should be noted that the over potential required for the discharge of

hydrogen on an electrode is not constant, but is a function of the current den-

sity. It has been found experimentally®® that, at extremely low current densities,
the hydrogen overpotential is a function of current density in accordance with

the relation :

n,; = Const. i , 4-7)
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At high current densities, the hydrogen overpotential is expressed by the Tafel

formula :
ny=a+t oF Ini (4-8)

Figures 4.22a and 4.22b shows the polarogram for natural sea water and
synthetic sea water respectively. The surface area of the mercury drop was cal-
culated from the average drop weight of 15 mercury drops with the assumption

of a spherical shape, and using the density of mercury at 20° C. The average

surface area of the drop was found to be 0.02204 cm?.

The decomposition voltage, E;, was obtained by extrapolating the lincar

part of the graph to the datum line of the plot, and then reading the corre-
sponding E valu The E; was found to be 1.87 V for natural sea water and 1.91
V for synthetic sea water versus Ag/AgCl electrode. The difference is mainly due
to othe elements not catered for in the simulated composition of the synthetic
sea water, and the variations in the pH values. The E;, values for all solutions
studied was found to be in the range of 1.82 - 1.92 V corresponding to pH val-
ues between 5.92 - 7.86 as shown in Table 4.3. Polarograms for other solutions

were shown in Appendix-C.

If there is no electrolysis, the current should be zero. However, there is a
finite current.This is called the residual current, and have higher values for the
natural sea water. This residual current is due to two factors.The most impor-

tant one is the charging current, required for the charging of the so-called elec-
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Table 4.3 Decomposition voltage of saline

water.
Salt Composition ~Ed, (V) pH
Concentration (vs Ag/AgCl)

(g/L)

3.78 NaCl 1.920 7.86
13.21 NaCl 1.880 6.75
26.42 NaCl 1.885 6.39
52.83 NaCl 1.850 6.29
4.48 NaCl + MgCl» 1.935 6.34
15.67 NaCl + MgCl, 1.910 6.10
31.35 NaCl + MgCly 1.910 6.04
34.22 Sea Water 1.870 7.95
62.70 NaCl + MgCl, 1.820 5.92
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trical double layer at the surface of the mercury clectrode, where the electrode
acts as a capacitor. The other factor contributing to the residual current is the
presence of impurities and this is quite clear for the case of natural sea water as

shown in figure 4.22a.
4.7 USE OF DIRECT SOLAR ENERGY

Natural sea water was electrolyzed using the DC obtained by solar photo-
voltaic cells. The experiment was carried by connecting the electrolytic cell
directly to the solar panel. Solar panel output, i.e. voltage and current, was
measured and obtained as power per unit arca. Details of solar panels were
given in chapter three. Measured values of solar radiation were obtained from

the weather station of the Research Institute for the time of thc experiment.

Figurc 4.23a shows the solar cell output in W/ m? versus solar radiation.
The solar cell output showed a decrease in the morning (9 - 11 a.m.) with the
increase of solar radiation. However in the afternoon hours the solar panel out-
put was slightly increasing with the decrease in solar radiation. This is mainly
due to wind effects. The average wind speed showed an increase in the morning
over the afternoon hours, and reached its highest value for the day at 10
a.m.(4.1 m/s). This cooling effect is due to natural and forced convection, and it
is the reason for the decrease in the output of the solar cell observed in figure
4.23a since solar panel output decrease with the increase in temperature. The

average wind speed during day hours was shown in figure 4.23b .
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The variations of the solar radiation with temperature for the same day was

shown in figure 4.24, and as expected similar behavior was obtained.

The hydrogen production rate was measured on hourly basis and as
expected it follows the increase or the decrease in solar cell output as shown in

figure 4.25.

In practice specific solar generator characteristic should be studied for opti-
mum voltage operation to achieve maximum utilization of power generated at
specific solar radiation and cell temperature . Such characteristic i-V curves are
provided with the cell for different conditions of radiation and temperature, and

conditions for electrolysis will be decided accordingly .
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

During the course of investigation on the eclectrolysis of saline water,and
within the experimental conditions reported on the type of cell used,and the
range of salinity studied; the following are the most important conclusions and

recommendations.
5.1 CONCLUSIONS
The most important conclusions are :
(1) Hydrogen was produced at 99% current cfficiency.

(2) The TDS of saline water used has a dircct impact on the rate of hydrogen
production as observed from previous results. Accordingly a high salinity
water (67.2 g/L) when electrolyzed will give the highest rate of hydrogen
production compared to other salinities under the same voltage. The short-
comings of using this saline water, on the other hand, are the noticeable

formation of precipitates on the cathode.

(3) The total chlorine produced in the cell is reported as a function of current
density and coulombs.This is considercd a novcl experimental achievement.

The relative Cl,/ O, ratios could bc obtained from thc reported chlorine

current efficiencies since the balance accounts for the evolution of oxygen.
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(4)

&)

(6)

Chlorine is produced at current efficiency of 75 - 82 % for sea water. This
is considered to be high, compared to 95 - 97% for brine electrolysis.
Lower concentrations resulted in current cfficiencies as low as 42% for

1000 C due to mass transfer limitations of chloridc ion to the énode.

Chlorine evolution at the anode replaces oxygen cven for chlorides concen-
trations lower than those of sea water. This shows how mass transfer and
kinetics combine to make chlorine evolution the dominant anodic reaction

product.

The amount of Mg(OH), precipitates, which is the most serious corroding

deposit, varies with current density and coulombs of clectricity. Cell opera-

tion at low coulombs (< 500 C) and high current densities (90 - 110 mA/

cm?) resulted in a minimum precipitate on the cathodec.

Sca water, and other types of available saline water, could be a source of

hydrogen fuel for tomorrow’s world.

5.2 RECOMMENDATIONS

(D

)

The following are our recommendations for further work :

The procedure used for the analysis of chlorine has no crrors as explained

by Eredy, and we reccmmend its use for further or similar rescarches.

Further work should investigate the rolc of solution mixing in rcducing

precipitate on the cathode. The mixing acts in two favored directions. The
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3)

4

(5)

(6)

first is to reduce the concentration overpotential duc to concentration gra-
dient in the electrolyte. The second is to reducc thec pH at the cathode. A
pH of the catholyte of less than 9 will prohibit formation of precipitate for-

mation.

Furthermore, cell performance should be studicd at different coulombs and

temperatures in addition to other electrode materials.

The interaction between increased mass transfer, due to increased current
density, and the decrease in pH because of the decreasc in the effective dif-
fusion layer could be studied for other cells to select the optimum condi-

tions for minimizing the precipitate.

The current practice in sea water electrolysis, utilizes chlorine in a form of
hypochlorite for the treatment of sea water used in secondary oil recovery
only and vents hydrogen to the atmosphecre. We rc‘commcnd the electrolyis
of sea water for the production of hydrogen in many parts of the arab

world using solar energy which is abundent as well.

We recommend the use of these results as basis for further work in saline

watcr electrolysis.
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Electrode surface area
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Activity of hydrogen ions

Final concentration of chlorine

Initial concentration of chlorine
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Anodc potential

Cathode potential

Dccomposition voltage

Energy cfficicncy

Theoretical voitage for hydrogen evolution
Current efficicncy

Theoretical voltage for oxygen evolution

. Decomposition voltage at standard conditions

Dccomposition voltage at pressure P
Reversible voltage
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Faraday constant
Gibbs frece cnergy
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HPR  Hydrogen Production Rate
i Current density

L Limiting current density

i Exchange current density

IL Maximum load current

K Solubility product

m Amount of production at the electrode

n Number of electrons transferred per molecule
P Pressure

Q Quantity of electricity passed

R Gas constant

R1 Ratio of hydrogen to chlorine in gas phase
R2 Ratio of hydrogen to total chlorine

Electrical resistance

n

Entropy

P

Time of electrolysis

Temperature

c -

Energy consumption
Volume

Volume of products

Volume of reactants

-

Volume of the rcactor

< < < < <

Actual voltage required for electrolysis

~
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number of moles
Transfer coefficient

Activation overvoltage
Concentration overvoltage
Discharge potential for hydrogen
Total overvoltage

Change in volume

Electrochemical equivalent
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APPENDIX-A
SAMPLE CALCULATIONS

I. HYDROGEN CURRENT EFFICIENCY

m = 0*[**E (2-22)
where 0 is the electrochemical equivalent ( 0 = .037607 g/Ah for H,).
From Fig. 4.1 the slope of the plot of hydrogen prduction rate versus current
density is 85 (mL/hr)/120 mA/ cm?.
The pressure is 1 atm and the temperature is 23° C (296 K).

Then the current efficiency is given by:

m

E = 40

S 1) {3
85 (mL/hr) *2 *1.008(g/mol Hydrogen)

O 037606 g/Ahr)*0.082(atm lit/K mol)*296 K*120(mA/cm?)*1.5835cm?)

=99 %

2. Determination of Chlorine and Oxygen Efficiencies
t
=A [itdt
0

Q = Quantity of electricity, C
A = Area of the electrode i = current density,mA/ cm?

Current efficiency is given by:

V(C, - C)ZF
li — -——Q-—_
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V(C, — C) = moles of chlorine evolved

Total chlorine evolved at 101 mA/ cm? = 274.5 mg Cl
Coulombs of electricity used for chlorine production
=(.2745*96487/35.453 = 747 C

Chlorine efﬁciency‘ = 747/1000 = 74.7 %

Coulombs used for oxygen = 1000 - 747 = 253 C
Oxygen efficiency = 253/1000 = 25.3 %

chlorine / oxygen molar ratio = 747 / 253 =2.95
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APPENDIX-B
EXPERIMENTAL RESULTS FOR NaCl SOLUTIONS



Hydrogen Production Rate (mL/L)

. 4 B s15283g/L)

1604 © S§2(26.42g/L)
{1 © s3u321g/lL)

1404 o $54(3.78 g/L)

180

120

100

80

60

40

20

- r — v '
4 6 8 10 12 14 16 18 20 22
Voltage (V)

Figure B-1 Hydrogen production rate vs.
voltage for NaCl for different concentrations
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NaCl concentration at different current densities
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Figure B-4 Chlorine in gas phase vs. chloride concentration
for NaCl solutions for different current densities
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Figure B-5 Total chlorine evolved vs. chloride
concentration for NaCl solutions at different voltages
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Figure B-6 Total chlorine evolved vs. chloride

concentration for NaCl at different current densities
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Figure B-7 Hydrogen to chlorine in gas phase vs.
chloride concentration for NaCl at different voltages
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Figure B-9 Hydrogen to total chlorine vs. chloride
concentration for NaCl solutions at different voltages
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Figure B-11 Variation of chlorine efficiency with chloride
concentration for NaCl at different current densities
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Table D-3 Raw data for total chlorine
and chlorine in gas phase for sea water

Current Parameter Sea Water

Density

(mA/cm?2) | Measured | 500 C {1500 C
37.89 0.033 1.309
50.52 Clg 0.036 1.374
88.41 0.050 | 0.373
101.04 (mmol) 0.024 | 0.841
126.3 0.039 | 2.117
37.89 4.182 | 11.783
50.52 4319 | 11.737
88.41 CiT 4.288 | 11.349
101.04 4.363 | 11.393
126.3 (mmol) 4.021 | 11.777
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Table D-4 Raw data for synthetic and natural
sea water precipitates (mg)

Current Synthetic sea water Sea water

Density (1000 C)

(mA/cm2)| S5 S6 S7 500 C | 1000 C | 1500 C
25.26 1.750 | 1.029 | 0.650
50.52 0.418 0.933 1.212
88.41 1.053 | 0.608 | 0.326 | 0.184 0.560 0.39
101.04 0.879 | 0.632 | 0.338 | 0.036 0.657 0.694
126.3 0.061 0.735 0.838




Table D-5 Raw data for the solar run on 19/11/91

Day Hours Temp. Radiation | Hydrogen Current
(oC) (Whr/m2)| Produced Density

(mL) (mA/cm?2)

9:00 23.8 535

9:30 0 59.93
10:00 25.0 712 21.4 5§8.54
10:30 41.7 57.59
11:00 27.2 809 62.0 56.27
11:30 81.6 55.76
12:00 28.5 816 100.3 §5.84
12:30 119.0 55.95
13:00 29.1 780 137.7 54.75
13:30 1565.7 §5.32
14:00 28.7 673 174.0 55.32
14:30 193.5 55.95
15:00 27.7 484 211.1 56.08
15:30 228.7 55.84
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