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Abstract

The chlor-alkali industry is one of the most energyensive
electrochemical processes in the world. Moreovbg eélectrical energy
consumption is the major fraction of the total prodg cost. Therefore,
high-energy efficiency processes are crucial f& tfpe of industry. Despite
being a mature technology, the knowledge aboutchier-alkali membrane
process is dominated by three membrane supplietshene are few studies
reported in the scientific journals. The need faveloping independent
know-how on this technology was the major motivataf this thesis that
also serves the interests of CUF-QI, the most itapbrPortuguese chlor-
alkali company.

Two experimental setups were designed, built anstede an
experimental setup for characterizing cation exgeamembranes and an
electrochemical membrane reactor for studying tleenbrane cell process.
The former unit was built to determine one of thesimmportant properties
of ion-exchange membranes, the permselectivity.cE€oring this unit and
the electrochemical membrane reactor, it was fayowtl agreement between
experimental data and reference values. The etdwnical reactor was used
to identify the most important parameters of thdoichlkali membrane
process (current density, feed flow rddene and caustic concentrations, and

temperature) and to investigate their effect ondék performance. It was



also studiedn situ the hydrogen evolution reaction (HER) kineticsngsi
cathodes of solid and mesh nickel plates.

The ohmic resistances of the membrane reactor degsFminedn situ
by electrochemical impedance spectroscopy (EI$;tdthnique revealed to
be a powerful tool for the characterization of ghectrochemical process and
namely the cathode and membrane. The hydrogen tewolueaction at
commercial nickel cathodes were also investigaiesitu by EIS. The anode
overpotential was assumed to be negligible in cospa to the cathode
overpotential and therefore used as a reference@die; this assumption was
validated experimentally. The kinetic properties solid and mesh nickel
cathodes were studied at 75 °C. The effect of tleetrede shape on
overpotential and on impedance spectra was addre3se experimental
observation of a second semicircle on the impedapeetra of the mesh
electrode was attributed to ac penetration throtigh mesh structure.
Potential-current density curvdsfactor were obtained and compared to the
ones computed using the kinetic data.

Significant energy savings can be achieved by dhgothe most
adequate membrane and by replacing the membrahe night moment. The
average total process cost per ton of chlorine easulated monthly for

three electrolyzers each using a set of a differgré membrane. From this



data a benchmarking methodology was developedrengdrformance of the

three different types of membranes reported.






Sumario

A industria cloro-alcalis € uma das industrias tetepiimicas com
maior consumo de energia, sendo que este repreaentaior parte dos
custos totais de producéo. Desta forma, é essemesté tipo de industria
operar com elevados niveis de eficiéncia energéiipasar da tecnologia de
células de membrana ter surgido nos anos 80, amafgio cientifica
disponivel € dominada pelos grandes fornecedoiissinais que mantém
limitado o acesso a esse conhecimento. A necessidad desenvolver
conhecimento estratégico sobre a tecnologia ddasétie membrana, foi a
grande motivacao desta tese. A investigacdo nesta também permitira
aumentar o poder negocial da CUF-QI.

Foram projectadas e construidas duas unidades irgméais: uma
unidade para a caracterizacdo da membrana de permatibnica e uma
unidade experimental de electrélise por célulasndenbrana. A unidade de
caracterizacdo de membranas foi construida conmuitdnde determinar a
selectividade das membranas. O reactor electrogaingie membrana
(electrolizador) foi utilizado para identificar gsarametros criticos de
operacdo (densidade de corrente, caudal de alipienta@oncentracdes de
soda caustica e salmoura e temperatura) e o sgéa Btedesempenho do
processo. A cinética da reaccdo de producdo ded@#dio em catodos de

niquel foi também investigadan situ nesta unidade experimental. As
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instalagbes experimentais foram descritas detathedie e os dados
experimentais comparados com valores de referéNaaficou-se que 0s

valores obtidos estavam de acordo com os valoresfel@ncia para este tipo
de processo.

A contribuicdo dos varios componentes da resiségtimica que
constituem a célula de membrana foi investigadasitu utilizando a
espectroscopia de impedancia electroquimica. Estach revelou ser uma
ferramenta poderosa na caracterizacéo electrocaitmigrocesso de células
de membrana.

A espectroscopia de impedéancia foi também utilizedaitu para o
estudo da cinética da reaccdo de producdo de Biimgem catodos de
niquel comerciais. O sobrepotencial do anodo faoisicerado desprezavel
em relacdo ao sobrepotencial do catodo e comoitashdo como eléctrodo
de referéncia. As propriedades cinéticas da reaad@oproducdo de
hidrogénio em catodos solidos e de rede a 75 °@mfodiscutidas. A
observacdo experimental de um segundo semicircoloespectro de
impedancia obtido para os eléctrodos de rede,tfiliuddo a penetracado do
sinal CA na rede do eléctrodo. Obtiveram-se curdas polarizacao
(densidade de corrente - potencial) que foram coaalpa com as calculadas

utilizando os parametros cinéticos.

Vi



A escolha adequada das membranas e a sua subBstiaigmpada sao
aspectos essenciais para minimizar os custos dgi@n& média mensal dos
custos totais de operacdo por tonelada de cloroestimada para cada
electrolizador. Com estes dados desenvolveu-se uometodologia de
benchmarking e avaliou-se o desempenho de trés tgiferentes de

membranas.
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Sommaire

L'industrie de chlore-alcalis reste parmi les indas chimiques les
plus consommatrices d’énergie, ce qui représengefraiction importante du
colt total de production. Par conséquent, I'effigaénergétique est cruciale
pour ce type d'industrie. En dépit d'étre une teldgie mdre, les
connaissances sur les procédés chlore-alcalis luhsee la technologie de
membrane est dominée par trois fournisseurs de magmbet il y a peu
d'études rapportées dans les journaux scientifijueebesoin de développer
savoir-faire indépendant sur cette technologid &anotivation a la base de
cette thése qui est par ailleurs en accord avesirgaégie de CUF-QI, la
compagnie de chlore-alcali portugaise la plus irtge.

Deux installations expérimentales ont été concuoeses en ceuvre et
utilisées pour des testes: une installation expEmtale pour caractériser des
membranes d'échange cationique et un réacteur ragbohique
(électrolyseur) de membrane pour étudier le procdd8 cellules de
membrane. L'installation de caractérisation a eétnstruite afin de
déterminer l'une des propriétés les plus imporsantes membranes
d’échange d'ions, la permsélectivité. En ce quiceame les résultats obtenu
avec cette installation de caractérisation et ceawec le réacteur
électrochimigue a membrane, un bon accord avevdesirs de référence a

été trouvé. Le reacteur électrochimique a éteé satilpour identifier les

IX



parametres les plus importants des procédés caloalis basée dans la
technologie de membrane (densité de courant, dél@timentation,
concentrations de saumure et de soude, et temp@ratiupour étudier leur
effet sur la performance des électrolyseurs. th@ement été étudia situla
cinétique de la réaction de dégagement d'’hydrogda®) en utilisant des
cathodes constitué par des plaques de nickel solicga maille.

Les résistances ohmiques du réacteur a membrargéodéterminés in
situ par spectroscopie dimpédance électrochimi@Ig); cette technique
s'est révelé étre un outl puissant pour la cargetdon du procédé
électrochimique et notamment la cathode et la man#rlLa réaction de
dégagement d’hydrogene a cathodes de nickel conamera également été
étudiée in situ par I'EIS.

La surtension anodique a été considéré négliggadnlerapport a la
surtension de la cathode et donc utilisé commeéleetrode de référence;
cette hypothese a été validée expérimentalement.pt@priétés cinétiques
des cathodes de nickel constitué par des plaqueles@u par des mailles
ont été étudiées a 75 °C. Les effets de la formee @ectrodes sur les
surtensions et sur les spectres d'impédance ondigtétés. L'observation
expérimentale d'un deuxiéme demi-cercle sur lestsgse d'impédance de
I'électrode de malilles a été attribuée a la péti@tralu courant alternatif a

travers la structure en maille de I'électrode. lomsirbes de densité de



potentiel de courant (facteur k) ont été obtenuesosnparées a celles
calculées en utilisant les données cinétiques.

Des économies d'énergie significatives peuvent ééaisées en
choisissant la membrane la plus adéquate et enlagamp la membrane au
bon moment. Le colt total moyen par tonne de chlarété calculé
mensuellement pour trois électrolyseurs, chaculsarnit un ensemble d'un
type différent de membrane. De ces données uneodw@tigie d'évaluation a
été développée et la performance des trois tydésrahits de membranes a

éte rapportée.
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Chapter 1 - Introduction

1.1. Chlor-alkali process

The chlor-alkali industry is one of the major etechemical processes
producing mainly chlorine and sodium hydroxide &téusoda). Chlorine
and sodium hydroxide are among the most producethidals in the world.
They are used in the manufacturing of a varietyintermediates in the
chemical (e.g. polymers, pulp and paper), pharmaz85 % of medicines
use chlorine) and crop protection industries [1,2].

There are three different processes for the matwraof chlorine and
sodium hydroxide from saturated sodium chlorideisohs (brine): mercury,
diaphragm and membrane cell. Diaphragm cell wasfitlsé chlor-alkali
technology developed to produce chlorine and sodnyaroxide [3-5]. It
was invented in 1851 by Charles Watt and the éoshmercial cell was built
in 1888. Few years later (1892), Hamilton and Gastdeveloped the
mercury cell process [3,4]. During approximatelyOl@ears these two
technologies were used to produce chlorine andusodiydroxide all over
the world. From mid-1950s efforts were made toaeglthe asbestos used as
a separator on the diaphragm cell by a polymer maneb[3,4]. Although,
serious problems were found concerning the shiertiline of the membrane

[3,4]. The erosion of the carbon anodes was als@sare in the membrane
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cell process. In the early 1960’'s, the increasimancern about the
toxicological effects of asbestos and mercury ugeetie mercury cell led to
the study and development of alternative solut{@AS]. The development of
metal anodes in the early 1970’s revolutionizeddhler alkali industry and
foster the research to develop a suitable membrathéechnology. In 1970,
30 % of the world production of chlorine and sodilnydroxide was by
diaphragm cells and 70 % using mercury cells [34le first commercial
membrane cell plant was commissioned in 1975 iadawhich was the first
country producing chlorine and sodium hydroxidengsa membrane cell
technology [3,4]. Fifteen years later, the membraredl technology
represented 15 % of the world production of chieramd sodium hydroxide.
Since then, many developments have made the meebedinprocess more
economical and environmentally safe [3,4]. The memé cell technology
accounted for 35 % of world’s capacity in 2002 vdasr the diaphragm
process was the most used representing 41 % [4R008B, the chlorine
production using the membrane technology exceededlilorine produced
from diaphragm process and became the technolotyy tive major world
chlorine production capacity (40 %) [4]. The woride fraction of chlorine
produced by membrane cells is expected to be 5% 2010 [2]. In 2008, the
world chlorine production capacity was 62.8 millioretric tons, distributed

as shown in Figure 1.1 [2].



Introduction

Figure 1.1- Geographic distribution of the worldwide chlagiproduction in 2008

[2].

The chlor-alkali process involves the electrolysfssodium chloride
solution (brine) producing chlorine at the anodel aodium hydroxide
(caustic soda) at the cathode, via the overallti@a3-5]:
2NaCl+2H,0 - 2NaOH+Cl, +H, (1.1)

To prevent the mixing of anolyte and catholyte pasator is used
between the compartments. In the diaphragm cekrangable diaphragm,
usually made of asbestos fibers, is used to sepdh&t anode from the
cathode compartments. A weak caustic (30 %) streantaminated with
sodium chloride is produced by this technology [3@n the other hand, a

mercury cell produces a strong high purity caustidution (50 %). A

3
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mercury cell is divided in two units: the electrody and the secondary

electrochemical reactor (often called decomposéguyre 1.2.

Cl, 1

B
BN D D B B Dcpleted brine

Na-He Amalgam

o
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& )
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Figure 1.2— Schematic representation of a chlor alkali mercell [3-5].

In the electrolyzer chlorine is produced at the den@nd sodium
amalgam forms at the cathode. Then, the sodium gammlgoes to a
secondary electrochemical reactor where water &l us decompose the
sodium amalgam into sodium hydroxide and mercundpcing hydrogen.
[4]. Moreover, water is reduced at the cathode #ed sodium amalgam
decomposed at the anode. The chlorine and sodiwroxigle produced via
the mercury-cell are contaminated with trace amounit mercury. The

membrane cell process appeared as an alternatithetaliaphragm and
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mercury cells. It is very similar to a diaphragmll deut the permeable

diaphragm is replaced by a permselective ion-exghamembrane.

CUF — Quimicos Industriais is a chemical compangrapng in the
fields of the organic and inorganic (chlor-alkaiftermediates to the
chemical and pharmaceutical industries. CUF-Qloiwadays focused on the
production of key raw materials (aniline, chloriaed caustic soda) for the
production of MDI (methylene diphenyl diisocyanatiejt is an intermediate
to the polyurethane industry. Additionally, othemogucts as hydrochloric
acid, sodium hypochlorite, hydrogen, nitric acid,omanitrobenzene,
sulphanylic acid and ciclohexylamine are also ha@aduced.

CUF-QI is the third major chlorine producer in liaer Peninsula [1].
Since 1959 CUF-QI has been producing chlorine aadstic soda by
mercury cells. In 1992, the first membrane celcwtdyzers were installed
and recently, in 2002, the mercury cell technolegs entirely converted to
the most modern membrane cells. The present trasied developing
knowledge on membrane cell technology and implemegrtharacterization
tools and operating procedures targeting the remtlucif costs. Furthermore,
it allows developing strategic knowledge at CUFirtgorove its autonomy

and negotiation ability with suppliers.
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1.2. Chlor-alkali membrane process

The membrane cell technology has several advantagepared to the
other processes: high energy efficient, high puatycaustic and smaller
environmental impact [3-5]. However, high brine lifyas required to avoid
membrane fouling. A membrane cell consists of twmpartments divided

by an ion-exchange membrane as can be seen scbaliyat Figure 1.3.

FPower supply

.

Anode Cation exchangs Clathode
membrane

Figure 1.3— Schematic representation of a chlor-alkali memébrcell.
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A saturated sodium chloride solution is fed to #rede where the
chloride ions are oxidized to chlorine. The sodiioms migrate through the
membrane to the cathode compartment and combirretkét hydroxyl ions
produced from the water reduction at the cathodergtnydrogen is also
produced. The reactions evolved in this processharéollowing [3-5]:

At the anode:
2CI" = Cl, +2e" (1.2)
At the cathode:

2H,0+2e” - H,+20H" (1.3)

1.2.1. Thermodynamics

The electrochemical reactions can proceed sponighe@r can be
driven by an electric potential. Electrochemicdlscen which the electrode
reactions take place spontaneoudl (< 0) are called galvanic cells. On the
other hand, an electrochemical cell where a chdmageection is driven by a
power supply is termed electrolytic ceMG > 0). The Gibbs free energy
(AG) of an electrochemical reaction at constant teatpeg and pressure is
given by [6]:
AG=-nFE° (1.4)
wheren is the number of moles of electrons transferfedhe Faraday’s
constant (the charge required to drive a mole ettedns) andE® is the

7
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standard electrode potenti@lG is the minimum electrical work that must be
supplied to an electrolytic cell to drive the etechemical reactions. The
standard electrode potential values can be easulgd in the literature and
the standard potential of a given electrochemiedll @an be calculated by
combining the potentials of the two half reactigosidation and reduction).
The equilibrium electrode potentialEy, and Ep) corrected for the
electrolytes concentration, temperature and presa given by equation (1)

and (2) [4,7].

0 2 O 12
Eoa= EQ + [diJ (T -25) +%[dd$a J (T -25)2 + 2303RT Iog[ Pci, ]
T T

dT 2 F [NaCl]
(1.5)
0 2 0 a
£, =E0+ dE, (T-25)+ 1 d’E, (T —25)2 + 230RT | 8o
' dT 2\ dT1? 2F P, a_ >
T T H> " oH
(1.6)

where E and E? are the anode and cathode standard electrodetiptgen

(25 °C and with reactants and products at unitvigtji T the cell

temperatureR the ideal gas constam,, and p, refers to the partial
pressure of chlorine and hydrogen, [NaCl] is thecemtration of the sodium
chloride solution andaﬁzo and aOH,Zthe activity of water and hydroxyl ions

[4]. Table 1.1 shows the anode and cathode eleztpadentials for normal
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operating conditions in a chlor-alkali membrand.ce&hese conditions are:

90 °C, 1 bar, 3.5 M of NaCl and 10 M of NaOH.

Table 1.1- Equilibrium electrode potentials of the half étechemical reactions

taking place in a typical chlor-alkali membrane ¢4).

Reaction Eo/V
Anode Cl,(g)+2e - 2Cl (aq) 1.23
Cathode 2H,O(l)+2e - H,(g)+20H (a9 -0.99
Overall 2NaCl(aq)+2H,0(l) - 2NaOH(aqgyCl,(g)+H,(g) -2.23

1.2.2. Kinetics

An electrochemical reaction comprises the trangbér electrons
between an electronically conducting electrode amdonically conducting
electrolyte. The rate of electrons transfer throtlgis boundary phase is
limited by an activation barrier that depends oe tkaction mechanism.
Furthermore, the reaction mechanism determines the of the
electrochemical reaction. Since the activationibafielectron energy at the
Fermi level) depends on the potential of the celie kinetics of
electrochemical reactions can be controlled byageglied potential. Current
is directly related to the rate of electrochemreaictions and is related to the

activation overpotential by the well known Butleolvher equation [6-8]:
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j= jo{exp{_;’fj—ex %}} 2.7)

where/ is the activation overpotentig,is the exchange current density and

a is the transfer coefficient. The activation ovegmtial of an
electrochemical reaction is the difference betwidenapplied potentialE)
and the equilibrium cell potentiaEf). This is related to the difference
between the Fermi energy of the metal and thedreggy of the electron in
the redox system (electrolyte). At the equilibribetween the metal and the
surrounding electrolyte these two levels of enexgyequal and the resulting
current density is known as exchange current densithen a potential
difference is applied to the cell, the potentialtoé metal electrodes are
changed relative to the electrolytes. The magnitwdethe activation
overpotential and then the rate of the electrochalmieaction is essentially
determined by the interaction between the exceagyelon the metal and the
ions on the electrolyte [6-8]. Two limiting caselsButler-Volmer equation
(1.7) can be identified [6-8]: for small (< 5 mVyearpotentials the Butler-

Volmer equation can be fitted to a linear relation:

j= jo(‘“”FJ (1.8)

RT
while for high overpotentials (> 200 mV) the ButMolmer equation is well
described by the Tafel equation:
n=KinGo)=In ()} (1.9)
10
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wherek = (—R—;j and is defined as the Tafel slope.
a

Electrocatalysis studies the factors affecting db@vation barrier and
how the rate of an electrochemical reaction can ii@roved. The
electrocatalytic activity of the metals is stronglyrrelated with the electron
structure of their atoms, which in turn determities adsorption behavior of
the species on their surface [6-8]. A good electtalgst is characterized by a
high value of exchange current density. The scedalblcano plot relates the
bond energy between the metal and the adsorbeteseay. hydrogen) with

the exchange current density, Figure 1.4.

100 200 300 400
M-H bond strength / kJ mol™*
Figure 1.4— Volcano plot for the hydrogen evolution react{btER) (adapted from

[4]).
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Maximum exchange current densitigg) @re achieved for Pt-group
metals and intermediate values are found for #esition metals such as Cu,
Au, Ag, Fe, Cu and Ni. The selection of the propkctrode material is a
determinant factor for electrochemical reactioe rat

One of the most important problems in chlorine piciobn is the
occurrence of a side reaction producing oxygerhatanode. The standard
reversible potential of the electrochemical oxidiatiof water (equation
(2.11)) is lower than the chlorine standard potntibeing then
thermodynamically favorable:
2CI" - Cl, +2¢e (E° =-1.36V) (2.10)
2H,0 - 4H" + 0O, +2¢ (E° =-1.23V) (1.12)

Due to the kinetics and reaction mechanism of tkyggen evolution
reaction, low exchange current densities are obthat noble metals and the
exchange current densities for the chlorine evolutieaction are usually
greater [4,6-8]. This way, the chlorine evolutiaaction is predominant at
intermediate and high current densities. To minarttze oxygen production,
high chloride concentrations should be kept inaghede surface and the pH
maintained in the optimum range of 2-5. In pragtgaurated brine solutions
are fed to the anode compartment to assure higérage of chloride ions at
the surface of the electrode. The main requiremtamtshe anode material

are: electrochemical stability against oxidationl @hemical attack by NacCl,

12
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HCI, ClkL, HOCI, CI& and Q, high electrical conductivity and high
electrocatalytic activity for the chlorine reactidhigh exchange current
density) [4,6-8]. The cathode material must hawh ldorrosion resistance in
concentrated alkaline solutions, high stabilityopen circuit conditions and

exhibit high electrocatalytic activity towards hgden evolution [4,6-8].

1.2.3. Charge and mass transport

Charge transport in aqueous electrolytes

In an electrochemical system charges are presegleasons and ions.
The electrons (negatively charged) are transpottedugh the external
circuit from the electrode where they are produ(etbde) to the electrode
where they are consumed (cathode). The accumuldéipletion of ions on
the electrode surfaces creates a potential andheentration gradient that

drives the ion transport through the electrolytébere are three major

driving forces for charge transport: electrical gudtal gradient %),
X

concentration gradient—j@) and pressure gradien%%) [4,7]. Table 1.2
X X

summarizes these transport processes.

13
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Table 1.2— Summary of transport processes to charge trang@uapted from [7]).

Transport Driving Coupling
Equation

Process force coefficient
Conduction dE Conductivity ~— j__0 dE
JIm dx o |z |F dx
Diffusion dc Diffusivity j=_pdec
Jd dx D dx
Convection dp Viscosity J= G, dp
J dx U U dx

While in metal electrodes only an electrical potngradient drives
the electron charge transport, the motion of ibmsugh electrolyte solutions
can be driven by any of the transport mechanisrasgnt in Table 1.2. In a
membrane cell process the most relevant drivingefto the charge transport
is the electrical potential gradient (electric diebenerated by the depletion
of anions/accumulation of cations and accumulatioglectrons on the anode
surface and the depletion of cations/accumulatioangons and depletion of
electrons on the cathode surface. Moreover, pe$jtigharged ions (cations)
are transported from the anode to the cathode admeat. Conductivity

measures the ability of a material to conduct elecuurrent and is affected

14
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by the material properties and by the temperat@oaductivity is related to

the resistance of a conductor by the following ¢iguna
R =— (1.12)

whereR. is the conductor resistanagjs the conductor conductivity, is the
length of the conductor amlis the cross-sectional area of the current flow.
As shown in Table 1.2, charge transport due tolectre field J,) increases
as the potential gradient increases. Ohm’s lawtagldhe potential B)
applied to the cell with the rate of electric clefipw:
E=Rj (1.13)
wherej is the charge flux (current density) through te#.c

The presence of gas bubbles in the electrolyteatlgraffects the
electrolyte conductivity and consequently the qmtential. The effect of

bubbles on electrolyte resistivity is given by Breiggemann equation [4, 9]:

N w

L =(1-¢)
Po

(1.14)

where p is the resistivity (inverse of conductivit%e) of the electrolytesp,
o

is the resistivity of pure electrolyte (free of gasbbles) ande is the gas

void fraction.
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Charge and mass transport through the ion-exchangmbrane
lon-exchange membranes are classified by theirctiobm as a
separator; cation-exchange membranes, that cdintaoh negatively charged
ions, are used in the electrolysis process to pitetiee anion transport from
the cathode compartment to the anode compartm®ht The fixed ions of
the membrane are in equilibrium with the mobilesigreferred to as counter-
ions) whereas the ions that carry the same chasgéhe fixed charge
(referred to as co-ions) are more or less effityemtxcluded from the

membrane matrix — Donnan exclusion effect - astitated in Figure 1.5.

Membrane | -

Potential

distance

Figure 1.5- lllustrative scheme of Donnan exclusion effddi][

The most important characteristics of an ion-exgeamembrane are:
high permselectivity for the counter-ions (exclusiof co-ions), high ionic

conductivity, good mechanical, form and chemicalbgity [10]. The ion

16
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permselectivity of an ion-exchange membrane igedlo its ability to reject

co-ions. Due to the Donnan exclusion effect thensefectivity is affected by
the electrolyte concentration of the surroundingutsen and by the ion-

exchange capacity of the membrane. An ideal pesuseté membrane
should totally exclude co-ions from the membranetrima The ionic

conductivity of the membrane also depends on thecemtration of the

electrolyte solution which affects the swellingtbe membrane (membrane
water content). Furthermore, the mobility of thesahrough the membrane
matrix depends strongly on the water content of iiembrane, on the
interaction between the mobile and fixed ions (iepends on the valence,
size and extent of hydration of the ions) and oa thmperature. Water
content increases the free volume inside the memehmaatrix improving the
ability of ions to move across the polymer [4,10]he nature of the
membrane polymer, the nature and concentratioheofan-exchange groups
and counter-ions and the degree of cross-linkinghefpolymer determines
the membrane water content. Moreover, membraner watgent affects not
only the membrane selectivity and conductivity lago its dimensional
stability (i.e. dimensional changes between wet aing states of the
membrane) [10]. Additionally, the ion-exchange meamies used in the

chlor-alkali industry must have low permeability hgdrogen, chlorine and

17
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oxygen to prevent the hazardous mixture of thesegyand to allow high gas
purity production [4].

The water transport across the ion-exchange membiardue to
osmosis and electroosmosis. While the osmotic wisagsport through the
membrane is the result of different transport ratesater and salts through
the membrane under the effect concentration grégliime electroosmosis is
the water transported under the influence of antedefield. Moreover, the
electroosmotic water transport results from the ewanolecules carried
across the ion-exchange membrane in the hydrateil ef the ions. The
membrane water content is greatly affected by th&éemtransported across

the membrane [4,10].

Mass transport

Transport of the reactants from the bulk of theusoh to the
electrode surface and the removal of products fileensurface are inherent
steps in electrochemical reactions. When theses step slow and or the
electric field very high, the mass transport at siueface of the electrodes

become rate controlling and adversely affects #te of the electrochemical

reaction; in the limit we may reach; ~ 0 and ¢, -~ 0 (equation 1.7).

This phenomenon is called concentration polaripatind is often neglected

18
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in the electrolysis process because the raw mieaaia supplied in excess

and no limitations to the mass transport are ndynfialind.

1.2.4. Electrochemical characterization techniques

In electrochemical systems there are three fundtahevariables:
current, potential and time. The relationship betwveurrent and potentig},
E curves, gives information about the overall perfance of the system.
When a current is applied to the electrochemicdl em activation
overpotential is needed for the reaction to prodeea given direction. The
electric field that results from the polarizatiointioe electrodes drives the ion
transport through the electrolytes and membraneredsethe electrons are
transported across an external circuit. This whg, dutput cell potential is
the sum of all these contributions (thermodynanieagtion kinetics, charge

and mass transport) and is given by the followiggation [4,7]:
E=Es.~Eoc . ~1c * Monmic (1.15)
where E,, and E,. are the thermodynamic potential of anode and c&tho
reactions,s, and/, are the anodic and cathodic activation overpaaésti
and 77,,.. 1S the ohmic resistance to the charge transpadugh the

electrolytes and the membrane. Substituting andaeging equations that
describe the activation overpotential (1.8) and ahenic resistances (1.12)

the following equation is obtained [4]:
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E=E*+(k, —k;)10g() +(Rye +R;)i (1.16)
where
E* = EO,a - EO,c - ka lOg(jo,a) + kc IOg(jo,c) (117)

Subscriptsa andb refers to the anode and to the cathode, respgctive

The current-density potential curve provides anralveevaluation of
the membrane cell performance. Although, a morédistipated technique is
required to accurately study the different integfresent in the cell:
metal/solution interface and membrane/solution riate [7]. The
electrochemical impedance spectroscopy (EIS) allties differentiation
between the different components of an electrocb@&nmembrane reactor.
Similarly to the electrical resistance, the impemamf an electrochemical
system measures the ability of a system to inflaethe electrical current
flux. While the electrical resistance is time ameglency independent,

impedance varies with these two parameters anefiisedi as [7]:

Z =m (1.18)
i®

where E (t) and j (t) are the potential and current density at time

respectively. A small sinusoidal perturbation (&¢) = E,cosfnt)) is

applied to the potential or to the current andsy&em response monitored.

Usually, the impedance of a system is represemé&tygquis andBodeplots

and gives detailed information about the electraubal processes.
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Energy consumption is the major factor affecting ttdor-alkali
production cost. Therefore, it is the most imporatéee of the process
performance. The energy consumption calculationireglknowledge about
the potential and current efficiency and is giveri4l:

1 E

= —
Eq fNaOH

(1.19)

where E; is the electrochemical equivalent of caustic sodg,yis the

caustic soda current efficiency afdthe potential across the electrolyzer.
The caustic soda current efficiency is obtained friva ratio of the total
caustic soda produced by the amount of caustic $loalais expected to
produce. The Faraday’s law of electrolysis gives ¢lpected amount of
caustic soda produced when a given amount of duisespplied to the cell
(current) over a certain period of tim [B]. This is given by:

It

- (1.20)

Myon = E

wherel is the applied current arnds the time.

1.3. State of the art of the chlor-alkali membrangrocess

In the last 30 years many improvements were madkerchlor-alkal
industry. There are two main milestones that revahiged this process, the
development of metal anodes and the changeovdreobld diaphragm and

mercury technologies to membrane cells [3]. Nowad#dye membrane cell
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process is the most used in the world [1,2]. Thepieta conversion to the
membrane technology is expected in the next yeaestd the mandatory
deadline (2020) to phase out the mercury cells imogi [1]. CUF-QI
converted the old mercury cells to the state of #nme membrane cell
technology already in 2002. At that time, the newlgveloped Azec-Bl
electrolyzers from Asahi Glass were installed agpresented 75 % of the
total chlorine production capacity of the compahlgese electrolyzers have a
narrow gap between membrane and electrodes. "D&#fodes and Raney
nickel cathodes are currently used as electrodaefferént types of

membranes have been tested.

1.3.1. Electrodes
Anode

The primarily materials used in the chlor-alkaliustty as anodes were
platinum, magnetite and carbon. Platinum was experand magnetite had
poor conductivity leading to really low current déies (0.4 kA rf). The
graphite anodes were widely used from the 190@ksedate 1960s. However,
their short life (6-24 months), the products contation with chlorinated
hydrocarbons and their negative effect on the petformance led to the
replacement of the graphite anodes by coated naetadles. Many mixed

oxide coatings were tested without success ungéldiscovery of titanium
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anodes coated with a layer of the mixed dioxidestafium and ruthenium
in 1965 by Henry Beer. A few years later these asogdlere commercialized
by DeNora under the trade name of Dimensionallyisténodes (DSA)
[3-5].

The DSA’ anodes have very high electrocatalytic activityd an
selectivity towards anodic chlorine evolution, iting then low
overpotential. These electrodes are also very stinieg a long period of
time; their expected lifetime is 8 years. Whilatitum dioxide is catalytically
inactive but gives stability to the coating, théhenium dioxide exhibits high
exchange current densities for the chlorine reactj,6,8]. When the
ruthenium dioxide content is higher than 30 % th&amed Tafel slopes are
in the range of 40-60 mV. However, with extend @sdge anode can
deactivate and can achieve Tafel slopes of 300MV0(at this point the
anode is considered deactivated) [13]. The deadadivahechanism has been
investigated by several authors. It is known that futhenium dioxide
(RuG,)) contents below 20 wt. % the chlorine overpoténiizreases
significantly [13-16]. Generally, the anode deaation mechanism is
attributed to the consumption of Rp@nd/or to the formation of an
insulating TiQ layer at the titanium/coating interface [13-16].eTihlockage
of the electrode surface by impurities can alse gise to the loss of active

sites. The addition of iridium dioxide (IrO2) to tRSA” anode coatings is a
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common procedure as it prevents the Ru corrosierg gesult higher anode
durability can be achieved. The anolyte pH has gomomant effect on the

reaction rate of the water oxidation reaction andhe lifetime of the anode.
At high anolyte pH, the water oxidation reactiorfasored (pH > 5) and the
dissolution of the coating is more likely to oc€pH >12). Low pH (< 2) can

lead to titanium dissolution [4,8].

Alternative anode compositions have been invesitgand the most
promising are: titanium substrate coated with atame of platinum and
iridium, cobalt spinels, palladium oxide based ous and platinates [4, 17,
18].

Cathode

Carbon steel cathodes had been used in diaphrainsimee 1910.
After the development and commercialization of then-exchange
membranes, carbon steel cathodes were replacedibiess steel and nickel
cathodes in the membrane cells [3-5]. In the e@@¢ the nickel cathodes
come into general use due to their excellent cmroesistance in the chlor-
alkali cells, i.e. high stability in high concertomn sodium hydroxide
solutions. Another important concern on the choitthe cathode material is
its resistance against oxidation (corrosion) byoghe-based chemical
species that can be reduced in the anode duringdshos [3-5]. The

improvement of the membrane cell performance mhdeehergy savings a
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crucial issue to the investigation of new high perfance materials. As
nickel is not the most suitable material in terrhglectrocatalytic activity for
the hydrogen reaction (HER), high surface nickelebdasathodes were
investigated and developed; i.e. metals with higilectrocatalytic activity
for the HER (see Figure 1.4) were incorporated mickel substrates. Several
techniques have been investigated for the preparatd characterization of
nickel type coatings doped with different elemefgtg. Cr, Co, Ti, W, Mo
and Fe) [19,20]. An activation overpotential of. (580 mV is expected for
the hydrogen evolution reaction (HER) at smooth @licdurfaces while 200
mV can be attained with Ni-Al type Raney nickelleades [4]. Significant
energy savings, above 10 %, arise from using cathodith lower

overpotential.

1.3.2. Membranes

The first generation of commercial membranes (19w&} able to
directly produce sodium hydroxide solutions of 2w#0 %. They were made
from fluoropolymers functionalized with sulfonic ayps. However, the
current efficiencies were low being the highesicedhcy (85 %) attained for
concentrations in the range 10-15 wt. % NaOH [4Jesehmembranes were
relatively thick with heavy reinforcement clothsdathe electrode gap was 9

mm. Due to these membrane characteristics thedlypigerating potentials
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were high (3.8 to 4.0 V at 2.5 kA fjp that combined with low current
efficiency give a DC energy consumption of 3300 kwh of caustic soda
[3]. Additionally, the current efficiency decline as quite fast due to
impurities precipitation in the membrane structlwater on, the development
of a laminated membrane structure with two differ&umctional groups
revolutionized the chlor-alkali membrane cell pgedby improving the
current efficiency and reducing the operating ptén

Nowadays, the commercially available membraneshé ahlor-alkali
industry are bilayer membranes with a polymeric rirnatmade of
tetrafluoroethylene. Sulfonic and carboxylic growpe used as fixed ionic
groups on the anode and cathode side of the membm@spectively (Figure

1.6).

R=- 80, Na' (Sulfonic layer)
-[(CF, - CFy), - (CF, - CF)],

Or

O -[(CF, — CFCF; - O)y, R=- COrNa' (Carboxylic layer)

(CF;),-R
Nafion: m > 1; n=2, x=5-13.5; y=1000
Dow membrane: m =0; n=2
Aciflex-m =90, 3; n=2-5;x=1.5-14
Flemion: m =0,1; n=1-5

Figure 1.6— lllustrative scheme of the structure of diffdreommercial membranes

[4].
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The use of different ionic groups, as illustratedFigure 1.6, has
significant effects on the permselectivity and aactdiity of each layer.
Furthermore, the sulfonic groups are excellentgratonductors while the
carboxylic groups are highly permselective to aaialue to their lower
water content [10]. The mechanical properties ofrtieenbranes (tensile and
tear strength) are greatly improved by reinforcetsiesa PTFE woven cloth is
used to reinforce the membrane structure to predamiage or tearing of the
membrane. There are different types of cloths tofoete the membranes
and in some cases sacrificial fibers are also uskmte and thinner fibers
increase mechanical strength besides providingvoiage and high current
efficiency [4,19]. To prevent the adherence of babbto the membrane
surface, the membranes surfaces are made hydwphili0]. The typical

structure of a commercial ion-exchange membrasgaasvn in Figure 1.7.

Sulfonic layer Carboxylic layer

. Surface coating

Reinforcement

(PTFE woven cloth)

Figure 1.7— Schematic representation of a commercial ior@rge membrane

(adapted from [22]).
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There are three main manufacturers of ion-excharngmabranes to the
chlor-alkali industry: DuPont (USA), Asahi Glass$dn) and Asahi Kasei
(Japan). The differences between suppliers areetelat the modifications
made on the polymer and on the functional groupsiype of reinforcement
used and other chemical and mechanical details. TeEmbranes
commercially available for the chlor-alkali industcan be divided in two
classes regarding their characteristics: high perdmce and high mechanical
strength membranes. Low resistance membranes aseadequate to narrow
gap electrolyzers due to their low voltage. On dkiger hand, high strength
membranes are used in more robust electrolyzersevthe main requirement
is high physical strength. Today, membranes opeaatdigher current
densities with current efficiencies of about 97 %6ducing a caustic soda
stream of 32 wt. %. The typical DC energy consunmptialues are as low as

2100 kWh/ton of caustic soda [4].

1.3.3. Electrolyzers

A commercial membrane plant has several individnaembrane cells,
called elements, which are combined to form an telBzer. The
electrolyzers can be classified in two categorieith wespect to their
electrode configuration: monopolar and bipolar [3,4Monopolar

electrolyzers are connected in series and the iohav cells in parallel,
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forming an electrolyzer with high current and loaitage. On the other hand,
the bipolar electrolyzers are connected in paraliel the single elements in
series. This results in a low current and high g@talectrolyzer. The main
differences between these two arrangements aredeta the capital cost of
the cells and the electrical supply system (remtfiand transformers) [3,4].
Nowadays, there are five suppliers of membrane @ddctrolyzers

(monopolar and bipolar): Asahi Kasei (Japan), GhoEngineers (Japan),
Eltech (USA), Uhde (Germany) and Ineos Chlor (UK)r@ntly, the bipolar

technology is the most popular due to the trendigher current density

operation [4].

1.4. Motivation and Outline

The present thesis aims to study the chlor-alkalimbrane cell
technology, which is the process used by CUF-Qkdie being a mature
technology little information can be found in thiedature about this process.
Furthermore, there are only three main manufactuwéthe cation exchange
membranes and a few suppliers for electrolyzerss&tseippliers dominate
the knowledge of this technology. The process perémce has a great
impact on the energy consumption that is the majmst factor in the
production cost; this way, it is desirable to operat high performance. The

need for further know-how to continuously improhe fprocess performance
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and the negotiation ability of CUF-QI were the nmajootivations for this
research work.
The main questions that this thesis addresses are:

* Which factors affect the most the cell performanand what is the
contribution of each of them?

* How can we do the characterization of each compoofathe cell?

 What are the strategies for decreasing the opegratosts of the
process?

The first part of this work is focused on the depehent of the
experimental setups needed for the research woukitao characterize the
membrane permselectivity and an experimental cilkai membrane cell.
This was a rather great challenge because informatio this subject is
scarce [22-24]Chapter 2 describes the experimental setups developed and
their performance.

After optimizing the experimental electrochemicaémbrane reactor,
the effect of the operating parameters (currensitignfeed flow rate, brine
and caustic concentration and temperature) on Yieeath performance was
studied and reported irChapter 3. The electrochemical impedance
spectroscopy (EIS) was used to charactanz&itu the ohmic resistances of

the cell.
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Following the characterization of the ohmic resises of the cell, the
EIS was used to study the hydrogen evolution reac(HER) on nickel
cathodes. Solid and mesh electrodes were investigahd the kinetic
parameters of HER obtained. This is discusse&thapter 4.

Chapter 5 presents a benchmarking methodology of three eiffier
types of ion exchange membranes. This also allowislitkg the best moment
for membrane replacement. The methodology is baseth® average cost
history of the chlorine produced. The performance tlofee different
membranes operating at CUF-QI industrial plant wergsessed and
compared.

Finally, Chapter 6 presents the conclusions of this work and suggests

future developments and lines of work.
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Chapter 2- Chlor-alkali membrane cell — laboratorial setups

2.1. Abstract

The experimental setups build and used in the ptesmrk for
studying the chlor-alkali process are describedaradtacterized. It was build
an experimental setup for characterizing the peleugeity of cation
exchange membranes and an electrochemical memtwac®r for studying
the brine electrolysis process. The experimentatgatore for operating with
the electrolysis setup is described in detail. Teedgsmance of this setup
was assessed and compared whenever possible Wwithgbaphic results. It

was concluded that the experimental setups perfbamglanned.
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2.2. Introduction

The chlor-alkali membrane cell process is a wellvinaechnology for
producing chlorine and sodium hydroxide. Despiteandpea mature a
technology, the cation exchange membranes andiebagles used are still
very sensitive to damage and deactivation. Moreotlee overall energy
efficiency of the electrochemical process is arod@dao.

The ion exchange membranes are a key componenesé¢ ttells and
are classified by their function as a separatotipmaexchange membranes
that contain fixed negatively charged ions are usdtle electrolysis process
to prevent the anion transport from the cathodéh&éoanode compartment.
The most important characteristics of an ion exchamgmbrane are: high
permselectivity to the counter-ions (exclusion df-ions), high ionic
conductivity, good mechanical, dimensional and doamstability [1-3].
Different procedures and techniques can be appbedetermine relevant
properties of the ion-exchange membranes. Nagata [2] described the
methodologies used for the characterization oféhm@mbranes and their
applications. The ionic transport in Nafformembranes in concentrated
solutions were investigated by a radiotracer- weighethod [3]. The
radiotracer method was also used to measure thmaspéctivities of some
chlor-alkali membranes [4]. Other studies concegrire transport properties

through the membrane [6-8], the impact of differeperating parameters on
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the cell performance [9-12] and the electrodes tkiee[13-17] were also
reported.

In order to increase the understanding of the edllcali process and to
improve the membrane cell performance an experiahesdtup facility is
needed. The reported studies on this subject ateerragcarce [9-12].
Mirzazadeh et al. [9] have described a laboratesealip for zero-gap oxygen-
depolarized chlor-alkali cell that used a modifieeimmercial micro-flow
cell. The effects of various operating parametershan cell potential and
current efficiency were studied in a laboratoribloc-alkali membrane cell
[10]. In this work, a micro-flow cell was also usfedt experimental design. A
similar investigation but using a different techuegqwas performed by N.
Kaveh et al. [11] in a divided filter press typdl ¢ElectroCell, Sweden). All
these setups found in the literature are equippétl filter press type
membrane cells from ElectroCell that allows the o$ea variety of cell
designs.

In the present work the most important membranarasdterization
methods were implemented and an experimental devas developed to
measure the permselectivity of membranes. In aalstudy the components
of a membrane cell unit (electrochemical membraaetor) and to produce
insights for improving the overall performance b€ tindustrial process an

experimental setup was built up. Herein, we arecrileisag the developed
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experimental setup that comprises the membrane, de#ding and
temperature control systems, outlet system and paueply and data
acquisition system. The performance of this setug assessed and the
experimental results obtained compared to thealibee and with reference

values.

2.3. Experimental
Two experimental setups were developed; an expetaheetup to
perform the membrane characterization and a clikatianembrane cell to

study and optimize the process.

2.3.1. Membrane characterization

The membrane permselectivity was obtained by acstagmbrane
potential method [1-4]. This method is based on dktermination of the
potential gradient between two compartments of edsifit electrolyte
concentrations separated by the membrane. The egal setup used to
determine the membrane permselectivity is showrmetically in Figures
2.1 and 2.2. This setup was made of Plexiglass 2500 x 250 mm) and
comprises two cylindrical cells (150 mm of diamgteonnected by a
diffusion element (used to place the membrane) aitinside diameter of 50

mm. Two stirrers are used to homogenize the solsitignto the membrane
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surface. The feeding system consists of two pdistglumps (Watson

Marlow model 323 S) that supply the sodium chlosddéutions of different

concentrations to the cell compartments.

Figure 2.1— Picture illustrating the unit used to obtain pfeemselectivity of

membranes.
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Figure 2.2— Schematic representation of the unit used tesoreahe

permselectivity of membranes.

Prior to the permselectivity determination, the exthange membrane
was equilibrated in a sodium chloride solution df ™M over night. Then the
membrane was installed in the experimental setup. CEll chambers were
filled with sodium chloride at different concentaats (i.e. 0.1 M and 0.5 M)
and the stirrers turned on. The potential gradietivben the two electrolyte
solutions were measured with two calomel electrq#&3l solution - 3 M)
after the steady state being achieved - normalgr 0 minutes.

The permselectivity of an ion-exchange membrane wisn

determined by the ratio between the electric clargansported by the
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counter-ions and the total electric current cartigdthe membrane. In the
present work, where a cation exchange membranaigexs the sodium ions
are the counter-ions and the chloride ions theoos:i The permselectivity

can be obtained by the following equation (2.1):

l//m — ¢m,measured x 100

Pinsp (2.2)

RT, (a*)

=—|n| =+
¢m,5p F nLaﬁZ (22)

where ¢, is the membrane permselectivityg 4 IS the measured

m,measure:

potential difference andg is the membrane potential of a strictly

m,sp
permselective ion exchange membrafeis the gas constanil is the

absolute temperaturE,is the Faraday constant aad the activity of the salt

solution where 1 and 2 refer to the solutions sapdrby the membrane [1].
This unit was used to determine the permselectofityembranes used
in this work. In order to validate the good perfamoe of this unit the
permselectivity of a well known fresh membrane (#as determined and
compared with the corresponding values obtainedvrell known laboratory
in membrane characterization — Membrane TechnolBgyup, Twente. A
permselectivity of 93.6 % was obtained for this rbeame, which agrees

with the values obtained at MTG of 93.6 %.
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Additionally, this setup was used to measure thenpelectivity of the
same membrane after 100 hours of operation andhdiseered membrane
from the industrial plant of CUF-QI. The permseletyi of the sulfonic layer
of these membranes was also obtained and compatfedhe ones obtained

for the carboxylic layer, Table 2.1.

Table 2.1- Permselectivity of membrane A under differentdibans: fresh

membrane, membrane with 100 hours of operatioradnitered membrane.

Pl %

Membrane Sulfonic layer| Carboxylic layer

Fresh 84.7 93.6

100 hou_rs of 84.6 93.4
operation

Blistered 67.3 78.3

As expected, the permselectivity of the carboxjdiger is higher than the
selectivity of the sulfonic layer; the water coritém the carboxylic layer is
lower than in the sulfonic one and therefore hah lpermselectivity [18].
After 100 hours of operation in the laboratorialupethe permselectivity is
practically the same as for the fresh membrane. é¥ew a significant
permselectivity decline is observed for the blistemembrane. Blistering is

a form of mechanical damage that delaminate the breemes between layers
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and can lead to a performance decline. SEM imag#seafarboxylic layer of

the blistered membrane were obtained, Figure 2.3.
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Figure 2.3— View of the blistered carboxylic layer of memheaA (40 Xx).

As can be seen in Figure 2.3, the membrane madrigeverely damaged
being disrupted in some points. This justifies theslof permselectivity of

the membrane.
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2.3.2. Experimental setup of the Chlor-alkali Membane cell

The schematic representation of the membrane ctlp sihat was
developed is shown in Figure 2.4. This setup cadi\ided in 4 subsections:
membrane cell, feeding and temperature controkgsyst outlet system and
power supply and data acquisition system. Allrig8 and tubing are in PFA
to avoid corrosion from the sodium chloride andisodhydroxide solutions

and chlorine.

Membrane cell

A filter press type membrane cell fromalectroCell Europe A/S
Denmark (ElectroMP-cell, monopolagith two compartments was used
(Figure 2.5). The cell uses PVDF (a polymer of \vidghe fluoride) frame
sets and EPDM (ethylene propylene diene monomeRetgsall components
are pressed together using stainless steel eresplEiie compartments were
separated by an ion exchange membrane with antieéfesurface area of
1.00 x 10 m?. A DSA® (dimensionally stable anode) anode made of titaniu
coated with titanium, ruthenium and iridium oxideas used in the anode

compartment and a nickel electrode was used igdtieode.
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Vent to the
atmosphere @
_’Q—F—-}

NaCl NaOH
Membrane

Cell

Figure 2.4— Schematic representation of the membrane celpsetu

Vent to the
atmosphere

R: — NaCl feeding tank

R, - NaOH feeding tank

P; — NaCl pump

P, — NaOH pump

H; — NaCl heat exchanger
H, — NaOH heat exchanger
Ay, Ao- Air traps

S: — Anolyte separator

S, — Catholyte separator

R; — Chlorine cooling column
R, — Absorption tank 1

Rs - Absorption tank 2

Re — Hydrogen cooling column
R; — NaCl waste container

Rs — NaOH waste container

45



Chapter 2

Figure 2.5-View of the commercial laboratorial membrane.cell

The cell has a versatile design that allows sewaralbinations of elements
and flow patterns. Two types of electrodes wereestest the membrane cell:
solid and mesh electrodes. The electrode-membrgmevgs 6.0 mm for the
solid electrodes and 2.75 mm for the mesh elecsr¢Bmure 2.6). A lower
gap between electrodes allowed a significative ecedn of the cell ohmic
resistance and higher current densities were dlaiior the same cell

potential.
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Figure 2.6— View of the different components of the membraek using mesh
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electrodes.

Membranes with different characteristics and froiffiecent suppliers
were used in this work. Membrane types A, B, C Bndre defined as high
performance membranes due to their low operatingnpal [18-20]. On the
other hand, membrane types E and F are definedjastiength membranes.

Table 2.2 shows the main characteristics of thesabramnes [18-20].
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Table 2.2— Characteristics of the membranes used.

Tensile
Membrane| Cell potential | strength | Manufacturer | Reinforcement
kg cm™*
A .50 mV 45 A Cloth with
sacrificial fibers
B’ .50 mV 45 A Cloth with
sacrificial fibers
. Stronger cloth
C -40 mV 6.3 A without
sacrificial fibers
D" 2,95V 4.0 B Cloth with
sacrificial fibers
= 3.20V 75 B Cloth without
sacrificial fibers
£ 3923V 75 B Cloth without

sacrificial fibers

*Conditions: The cell potential is compared witheference membrane at 4 kA“f1.9-21].

** Conditions: 0 mm gap, DSA anode, Activated catép32 wt.%NaOH, 200 g [* anolyte,

90 °C, 4 kA nf [19-21].

Type B membrane has the same structure as type tAitthas a new

carboxylic polymer that makes the membrane morastee® against

impurities and operating upsets (i.e. blisters)pdyC membrane is made

from the same polymer as type B but it is reinfdreggth a stronger cloth

without sacrificial fibers. This way, type C membeamas higher mechanical

strength and also higher potential than type A.€Ty{pand F membranes

have the same type of reinforcement but they aenfrmm a different type
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of polymer. The polymer used for in type E and D membs is the some

whereas an improved reinforcement structure is tmetype E [18-20].

Feeding and temperature control system

Two tanks (R and R) are used to store the electrolytic solutionsdo b
fed to the cell; NaCl is fed from tank; Rvhereas NaOH from tank,RThe
electrolytes that are fed to the membrane cell Ishbave high purity to
avoid precipitation in the membrane inner structufbe recommended
amount of impurities in the feed brine given by thembrane suppliers is
shown in appendix B The electrolytes are made dtmgd in separate
hydraulic circuits by a double-headed peristalticnp (Watson Marlow 323
S) (A and B). The feed flow rates ranged from 50 to 250 mL in
corresponding to flow velocities in the cell front25 mm mift. A tracer
experiment showed that within this velocity randeeré is a uniform
concentration distribution of the electrolyte s@mos over the membrane
surface.

The operating temperature has a great impact oodhgotential and
so the temperature control is an important issuee irilet and outlet
temperatures are monitored by four thermocouplesT;, T3, T4) that are
connected to a data acquisition board. To keepeahevarm, a thermostatic

bath (Huber model CC1) was used for circulating Wwater in the outer
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compartments of the cell. Beyond that, the elegtesl were heated up to 90
°C by means of two shell and tube heat exchandégurge 2.7). As the
electrolytes used are aggressive to the commontrootisn materials, the
sodium chloride heat exchanger was made of titanamd the sodium
hydroxide heat exchanger was made of nickel tubks. electrolytes inlet
and outlet headers of the heat exchangers were ofd&EFE. The shell side
of the heat exchanger has baffles to promote the through the shell and

minimize dead volumes. Hot water was circulatedulgh the shell side from

a thermostatic bath (HAAKE model HK-P1-W26).

Figure 2.7— Shell and tube heat exchanger used for hedtaglectrolyte

solutions.
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At room temperature there is air dissolved in tb&utoons that is
released after heating up. Two air trapsdAd A) were then used to remove

bubbles from the solutions before the inlet oftiembrane cell — Figure 2.8.

Figure 2.8— Air trap placed before the membrane cell inlet.

Outlet system

The chlorine gas coming out from the anode chamlses saturated
with water vapour at 80-90 °C. The chlorine gas pced was separated
from the anolyte solution in a gas-liquid separatoit (S) (Figure 2.9) and

dehydrated with the help of a cooling column wogkat around 15 °C @#
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and the flowrate measured using a rotameter (wittoifebody and glass
float) (F). Dehydration of the chlorine is very important tovoid
condensation and flow blockage at the rotameter.cht@rine gas produced
was then absorbed in a 6.6 Bbdium hydroxide solution @R this
concentration avoids NaCl precipitation. For safefysons this tank gRwas
connected to a second tanks\Rontaining also a 6.6 Modium hydroxide

solution.

Figure 2.9— Gas-liquid separator.
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Similarly to the anolyte, the hydrogen producethie cathode chamber
was saturated with water vapor at 80 - 90 °C and separated from the
sodium hydroxide in a gas-liquid separator)(SThe sodium hydroxide
solution went to the waste containeg)Rhile the hydrogen was cooled in a
jacketed stainless-steel columnsRA flowmeter (F) (Bronkhorst Hi-Tec F-
101, 1 L mirt, +1 % full scale) was used to measure the hydrdigenrate

that was then vented to the atmosphere.

Power supply and data acquisition system

A power supply from SwitchKraft with a maximum outpf 6V / 100
A DC was used. The electrochemical characterizagbrthe membrane
reactor was made using an electrochemical workstdtom Zanher Elektrik
with a frequency range from 1(aHz to 3 MHz (IM6ex) with a power
potentiostat with a maximum output 85 V /£ 40 A from Zanher Elektrik
(PP240).

The experimental setup was controlled using a coenpguipped with
an acquisition board. A Labview program was devetbpo control and
monitor the inlet and outlet temperatures, the bgdn flow rate, the current

applied to the cell and the potential output.
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2.4. Assessment of the Chlor-alkali Membrane cellnit

Membranes should be handled carefully to prevernysiphl damage
(punctures, creases or scratches) [18]. Prior $erable a membrane in the
electrochemical cell, it must be pre-conditioned peoevent improper
membrane dimensional changes during start-up taatlead to physical
damages (wrinkling or stretching). The membrane dsmmal changes are
related to the membrane properties, water conteydrétion), temperature
and composition of the contacting solutions [1,. IBJie to osmotic effects,
the equilibrium between the membrane and the elgttr solutions is greatly
affected by the electrolyte solutions concentratidime swelling of a
membrane not only affects its dimensional stabiitiy also its mechanical
properties, ionic selectivity and conductivity [1,8]. The membrane
hydration changes during the start-up of the menwraell due to
temperature and electrolyte concentration changeswoid the formation of
membrane wrinkles that can cause tentering duripgration, a proper
membrane pre-treatment must be done. As the cdibdayer sorbs less
water than the sulfonic layer [1, 18], the sodiugdroxide concentration
affects more the membrane water content than theirsochloride solution.
This way, the sodium hydroxide concentration hasoeenpronounced effect
on the degree of membrane hydration and consegquamtihe dimensions of

the membrane.
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Several tests were performed at different sodiumdrdwide
concentrations and temperatures to evaluate therdilonal changes of the
membranes. The membrane swells with temperaturen{giexpansion) and
contracts with electrolyte concentration (the hyidralevel of the membrane
decreases).

Figure 2.10 shows schematically the dimensionahgia that should
occur during the start-up of the experimental memercell when equipped

with type A membrane, obtained experimentally dx-si
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Figure 2.10— Ex-situmembrane dimensional changes during the starf-ap o

membrane cell for type A membrane.

Figure 2.10 shows that the membrane should cordracind 3 % when

the electrolyte is fed to the cell and should ex{paf6 due to the temperature
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rise. Membrane wrinkling occurs if the membrane asgs more than the
initial dimensions (assembling dimensions). Thusptevent wrinkling the
membrane must be expanded prior to be assembleahtpensate the start-
up thermal expansion. The membrane should be préiooned in contact
with a 0.5 M solution of sodium hydroxide for atag¢ 4 hours. The
membrane must be assembled flat in the cell ant e correct face
orientation (i.e. with the cathode side facing tteghode). The complete
membrane cell assembling procedure and operatiatonsplex and it is
described in appendix C
As one of the main objectives of this work was tevelop an

experimental setup to contribute to optimize therapon of an industrial
plant, some tests were performed to validate tlsilt® obtained in the
experimental setup and compared to the correspgnoiires found in the
literature. For that, the profile of the most relet variables was assessed:
temperature, hydrogen flow rate and the relatigndieétween current and
potential (polarization curves). The temperaturdilerdias a great impact on
the cell potential mainly because the electrolygaduictivity increases with
temperature rise. However, at temperatures higiar 80 °C the amount of
water vapor increases tremendously and the memilstabédity decreases. It
Is usually recommended to operate in the range 8D°C. The anolyte and

catholyte temperatures must be similar in both cmnpents to avoid
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thermal shocks on the membrane. An example of ttéetotemperature
history (anolyte and catholyte) obtained for thetup is shown in Figure

2.11.

° Tcatholyte
4 Tanolyte

0 100 200 300 400 500
t /min

Figure 2.11— Outlet (anolyte and catholyte) temperature hysto

As shown in Figure 2.11, the desired temperatuodéilerwas achieved and
the anolyte and catholyte temperatures are closadb other.

The hydrogen gas flowrate as a function of curdemisity is shown in
Figure 2.12. For reference, it is also shown therntodynamic hydrogen

flow rate.
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Figure 2.12— Hydrogen gas flow rate as a function of curgentsity; the

thermodynamic hydrogen flow rate based on the egmurrent was added as a

reference.

Figure 2.12 shows some hydrogen gas flow rate tvams that must be

related to pressure fluctuations. The hydrogen aouredfficiency can be

determined from the ratio of the obtained valuesthy thermodynamic

values calculated from the Faraday’s law of eldgsis. The obtained current

efficiency is around 90 % for higher current demesit However, higher

values were expected. The differences between lit@ened hydrogen flow

rate and the thermodynamic values should be relédedhe hydrogen

flowrate measuring system. This system was made Hyt-avire mass flow

meter Bronkhorst Hi-Tec F-101, see section 2.2) that udes heat
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conductivity of fluids to determine mass flow. Timekes the hydrogen gas

flow rate very sensitive to humidity and other @ninants.

Finally, to evaluate the overall performance of thembrane cell,

polarization curves for three different membranesenobtained, Figure 2.13.
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Figure 2.13— Polarization curves for type B, E and F membranes

Two regions can be distinguished in Figure 2.13gatithmic and a linear

region. A curvilinear part of the polarization caris observed in the lower

current density region where the electrode kineisicslominant whereas a

linear region is observed over the current densifyge of 1.5 - 5 kA i

where the

so callek-factor method applies. Thk-factor method is widely

used in the chlor-alkali industry to characterihe pverall performance of
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the process. The relationship between potentialcamgent density is given
by:

E=kxj+E, (2.3)
wherek is associated to ohmic resistances Bgds related to the electrode
overpotential [19]. Equation (2.3) was fitted to theear region of the
polarization curves of type B, E and F membranegufféi 2.13) and the slope

(k) and interceptionH)p) values obtained are shown in Table 2.3.

Table 2.3— Slope K) and interceptionE) of the polarization curve, and corrected

slope for zero gap cell and reference values fltwrstuppliers, for type B, E and F

membranes.

Membrane k EO kcorrected kg]pp“ers
Type V kA m? V VKATm? | VKATm?
F8020 0.191 2.765 0.132 0.130

NE-2100 0.256 2.659 0.197 0.210
N2020 0.282 2.712 0.224 0.220

The slope of the polarization curvdg fbtained are higher than the values
given by the suppliers due to the higher membraeetrede gap (2.75 mm)
of the experiemental setup. As a rule, the repoviddes are obtained for a
zero gap cell. To estimate the slope of the polagmacurve that would be

obtained in a zero gap cekrected the electrolytes resistance should be
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subtracted. The corrected valueskdbr zero gap are in agreement with the
values given by the suppliers — Table 2.3, and with ones found in the
industrial plant at CUF-QI.

The interception values of the polarization curgesen in Table 2.3
are in agreement with the expected ones foundenitérature for a nickel
cathode and a DSAanode [18]. Additionally, comparing the slokét can
be observed that type B membrane performes bétigel slope) than type E
and F membranes. This was expected since type B raamls high
performance while type E and F are high strenght bnanes, as shown in
Table 2.2.

The ion exchange membrane is a key component irelédwrolysis
membrane cell as it normally determines the enemgysumption of the
process. This way, the membrane conductivity measeme is of great
importance. The true ohmic resistance of the menebcafi can be obtained
by electrochemical impedance spectrosocopy (EIS)igit frequency. The
membrane resistance can then be obtained by sciisfrdhe electrolytes
resistance, Table 2.4. The membrane conductiwty s then computed

using the following equation [1-3]:

l
g, =
RohmA

(2.4)
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where ¢ is the membrane thickene$g;n, is the ohmic resistance aAdthe

effective area of the membrane.

Table 2.4— Ohmic resistance of the membrane cell and conltycdf type B, E

and F membranes.

Membrane Rohm Om
Type Q cn? Scm?*
B 2.37 0.043
E 2.64 0.029
F 3.05 0.02

The values obtained are in agreement with the anawdfin the literature [1,
3]. Table 2.4 shows that the membrane with the fsigbenductivity is type

B membrane and the one with the lowest conductigitiype F. This is in

agreement with the data given by the suppliers|eT2l2, where type F is the
most robust membrane (highest strength).

The experimental setup allows the simulation of camnproblems
occurring in industrial plants. As an example, @&swossible to reproduce the
formation of blistered membranes in the experimermsttup. The de-
lamination (separation) between sulfonic and cayhox layers is
denominated blistering, Figures 2.14 and 2.15.t#&iisg is a form of
mechanical damage of the membrane, commonly oatumrehe chlor-alkali

industry, that can ultimately lead to a performamigzline and/or to the
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formation of holes in the membrane which reducesétectivity and allows

hydrogen and chlorine to mix, which is potentialgngerous.

De-lamination

between the layers

S-layer — ) C-layer

Figure 2.14— Blister schematic representation (adapted frahh)|

Figure 2.15- View of a blistered membrane.
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There are many reasons that can lead to formatiorblisters in the
membrane such as reverse water transport duringdshin, too low
temperature, too high caustic or brine concentnatexcessive local current
density, backward installation of the membrane,unt@s precipitation and
so on [17]. It was possible to reproduce in thettabformation of blisters in
the membrane. The interruption of brine feed floiobe the start-up, cause
the brine concentration to increase resulting iih geecipitation inside the
membrane. When the feed flow is re-established #red temperature
increases the salt dissolves creating voids thaarbe filled with water.
When the cell is heated from room temperature e¢ooiherating temperature,
the partial pressure of the water vapour increasgmating blisters. The tie-
up of exchange sites increases the membrane resasés it can be seen in
Figure 2.16. These are results obtained with theeldped experimental
setup. The ohmic resistance of the cell is condanhg the start-up (< 1.5
kA m?) increasing afterwards. The electrical resistamueeases at the
blisters spots causing the current density to aseeat the other locations and

then accelerating the degradation of the whole nmangb
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Figure 2.16— Cell ohmic resistanc®{,) as a function of current density.

The polarization curve of a blistered membrane veaspared with one

without blisters, Figure 2.17.

4.0
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Figure 2.17— Polarization curve for membranes with and witHaisters - lines

were introduced to improve readibility.

65



Chapter 2

An abrupt potential rise at 2.0 kA fis observed in Figure 2.17.

2.5. Conclusions

Two experimental setups were developed and testeéxperimental
setup to measure the membrane permselectivity amdba-alkali membrane
cell setup (electrochemical membrane reactor). résalts obtained with the
former experimental setup were compared to the ottgined in a well-
known laboratory. It was found good agreement bebhitbese results.

A detailed description of the chlor-alkali membraoell setup was
presented. The membrane dimensional changes betagssmbling and
start-up were investigated and it was concludet ghar to installation the
membrane must be pre-treated to prevent the foomafi wrinkles.

The performance of the experimental setup was as$dgscomparing
some critical parameters (cell temperature, hydraggs flow rate, current-
density potential curve and membrane conductiwtith reference values
given by the suppliers. It was concluded that #rapgerature in both anode
and cathode chambers can be controlled accurdie.hydrogen flow rate
read was below the expected value. This should laeedckto the presence of
contaminants in the hydrogen stream. This malfuncsioould be addressed
and solved in a near future. The current-densitemal curve parameterk (

andEp) showed to be in agreement with the values giwethé suppliers and
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with the ones obtained in the industrial plant. Tilembrane conductivities
were also in agreement with the literature values.

It was possible to reproduce one of the most ingmbrtdamages
occurring in the chlor-alkali industry — the menmimablistering. The
presence of blisters on the membrane structureesabe ohmic resistance to

increase.
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Appendix A
Membrane characterization

lon exchange capacity
The ion exchange capacity of a membrane is a meaduitee number of
fixed charges per unit weight of dry polymer. Tla iexchange capacity is
determined by titration of the exchanged ions ia thembrane. Firstly, the
ion exchange membranes are equilibrated in a 1 Mddldtion for 24 hours
to bring the membrane to the proton form"HThen the membranes are
rinsed with deionized water to remove the sorbed acd immersed ina 2 M
NacCl solution to exchange the protons with the wmdions. This procedure
is repeated two more times to guarantee the commmrthange of ions.
Finally, the resulting solutions are titrated wiaghl M NaOH solution. The

ion exchange capacity (IEC) can then be computed by:

iEC = 2P

(A1)
dry

wherea is the burette reading of basethe concentration of base andis
the weight of the dried membrane. The ion exchargadty is usually
expressed in mili-moles per gram of dry membran¢hasfixed charges of
these membranes are monovalent. The ion-exchangacitapof ion
exchange membranes ranges between 1 and 3 nniit]. §he experimental

data considers a uniform distribution of the iom®ugh the polymer matrix.
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The obtained values are between 0.01 and 0.04 mihtiaj are two small

compared with the ones found in the literature [1].

References
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Appendix B

Electrolytes specifications

Table B1- Specifications of the sodium chloride solutions.

oH NaCl NaClO4 Fe SO” Mg | Ca | Sr Ba Al | Mn Ni | SiO,
@Lh | @@L |[(mgL"| (L™ | ppb | ppb | ppb | ppb | ppb | ppb | ppb | ppm
10 | 290-310| <14 | <04 <6 <83 <b < <P <|6920|<65| <5

Table B2 - Specifications of the sodium hydroxide solutions

NaOH Fe
(wt.%) | (ppb)
29-31 | <0.12
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Appendix C
Experimental procedure

To preserve the physical, mechanical and chemidebiity of the
membrane, the operating conditions must be keptinvihe specified range.
Three operating stages can be defined for the clkatt membrane cell,
namely start-up, normal operation and shutdowredoh of these stages the
electrolytes concentration and temperature musidpested according to the
diagram presented in Figure C1.

After the assembly of the cell, the electrolytes f&d to the cell and the
temperature is increased slowly at the same ratédth compartments to
avoid thermal shocks on the membranes. As the toigtheperature reaches
50 °C, a constant potential of 2.2 V can be appiethe cell (potentiostatic
mode) until the equilibrium is attained, which nailiy happens after 30 min.
A minimum temperature of 75 °C is required to stacteasing the current.
Anolyte pH must be measured during the start-ughieck for membrane
damage (excess alkalinity) that can lead to anodérgy damage and to the
mixture of hydrogen and chlorine that is potenyidldzardous. The operating
conditions such as temperature, catholyte and #@nalgncentration and
current density must be adjusted according to tagrdm shown in Figure

C1.
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The current density-potential curves are obtainedeurgalvanostatic
mode at normal operating conditions; a given curisnapplied and the
potential response measured. The current is inaldagd A steps and kept
constant in each step for at least 5 min allowihg steady state to be
attained. An outlet temperature between 80 - 93 Wesirable during normal
operation.

For the cell shutdown the current is reduced $tepstep until it
reaches a current lower than 1 kA nat this point, a potential of 2.2 V must
be applied to the cell to prevent the galvanic @sion of the electrodes
(reverse current flow). A large amount of chlorivessed chemical species
(chlorine gas, chlorate and hypochlorous acid)aaalable for reduction at
the anode while hydrogen gas is available for diodeat the cathode. Due to
a higher solubility of chlorine gas in the anolyecomparison to hydrogen
gas in the catholyte, after the hydrogen gas isetkgh due to oxidation, the
chlorine reduction continues with a correspondixgdation (corrosion) of
the cathode coating. The chemical species thattrigem the corrosion of
the electrodes may precipitate in the membraneaseirand cause damage.
This way, the chlorine species must be removed ftbm cell by the
continuous flow of the electrolytes. Furthermorkistprocedure is also
important to keep the membrane immobilized in thappr position avoiding

membrane damage. To decrease the diffusion rateeo$gecies evolved in
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the electrolysis from the anolyte to the catholyie cell temperature should
be reduced. When the temperature reaches 40 °Ced¢depumps can be
stopped and the potentiostat turned off. The call tteen be drained and
flushed with nitrogen to purge the chlorine gaghe absorption vessel {R
and R) and the hydrogen gas to the atmosphere. Disiillatater is fed to

both compartments to maintain the membrane wetlahd

i T ¥ 13 T i L L I

20

8o -

70 I

60 |

T/°C

100NDE -

30 - -1

20 =

10 | -

1 ] 1 | | ) | | ) L | l
15 20 25 30 a5

[NaOH] / wt.%
Figure C1— Specified range of operating temperature arfabbge concentration
to keep in each operating stage: A and A’ are dandi for start up and transient
condition (for a short period of time), respectwed is the condition for normal
operation (3-5 kA i); C is the allowable condition for a short terrreashutdown
and D is the condition for a long term shutdown4*2 (adapted from [1]).
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Chapter 3 - Characterization of the Chlor-Alkali Membrane Process

by EIS. Part |- Ohmic resistancé

3.1. Abstract

The effect of the operating parameters current tierfgied flow rate,
brine and caustic concentrations and temperatueelaboratory-scale chlor-
alkali membrane cell on its overall performancewpo consumption) was
studied. Electrochemical impedance spectroscopy) ([E#S used to evaluate
in situ the ohmic resistances of electrolytes and membrdie cell
temperature and the brine concentration were th& mgportant variables on
the cell voltage. The gas bubble evolution had atgeéfect on the ohmic
resistance, especially at the anode side, whergati&oid fraction was about

10 %.

! A.C. Dias, M. J. Pereira, L. Branddo, P. Araljo, Mendes,
“Characterization of the chlor-alkali membrane msxby EIS Part I- Ohmic

resistance”J. Electrochem. Sgd57(5), E75 (2010).
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3.2. Introduction

The chlor-alkali process is an electrochemical msciat produces
chlorine, hydrogen, and caustic soda by the elgsisoof a brine solution.
Chlorine is a key raw material in the chemical istaiy for the production of
polymers as particularly poly(vinyl chloride), pahgethanes, and
polycarbonate, and as an intermediate in other wanpharmaceutical (85
% of medicines use chlorine), and crop protectimdustries [1]. A recent
study reports a yearly production of 62.8 millioretnic tons worldwide in
2008, where Europe production represents 20 % [2].

The conventional cation-exchange membrane usedenmtémbrane
cell process is composed of a thick layer of teicabethylene functionalized
with sulfonic groups at the anode side and a thinmeyer of
tetrafluoroethylene functionalized with carboxyjooups at the cathode side
[3-6]. The sulfonic acid group is an excellent protoconductor. The
carboxylic group has a high selectivity to the @asi, rejecting the anions
(e.g., hydroxyl ions). However, this carboxylic ésyshows a lower proton
conductivity [5, 6].

The commonly used anode is made of titanium coaiéld exides of
titanium, ruthenium, and iridium. Moreover, thesgéartium-ruthenium-
iridium oxide anodes exhibit a very high electratgic activity and

selectivity towards the anodic chlorine reactioneyhare usually termed
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dimensionally stable anodes (D®A[7] because of their high stability and
resistance to degradation. The cathode is normadlyenof nickel.

Notwithstanding the improvements, there are stithe drawbacks in
the membrane cell process related to membrane daohagto a variety of
reasons, such ag tears, pinholes, blisters and brine impurity piation;
(ii) electrode deactivation caused by deposition gfurties at the surface,
shutdowns and oxygen generatioiij)(gas bubble accumulation in the
electrolyte and electrodes [8-15]. The presenceisgetsed gas bubbles in
the electrolyte can have a strong effect on theci@monductivity of the
electrolyte solutions. Moreover, gas bubbles carecthe electrode surface
and reduce the active surface area of the electrade affect the current and
concentration distribution inside the cell [13-16].

Despite being a well-known technology, the reporsaatlies on this
subject are rather scarce. The impact of the diffeoperating variables on
the performance of the membrane (current efficiemaoyl voltage) was
assessed experimentally using black box approaf#®20]. In turn, the
effects of brine impurity precipitation [8-9], aride problems related with
membrane cell operation [11, 17-20] were also regor These studies
addressed the importance of high purity brine féedachieve a longer

membrane life.
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The overall performance of the chlor-alkali systesrusually carried
out by performing polarization curvek \(s. E). To accurately differentiate
each component of the cell, electrochemical impeeapectroscopy (EIS) is
used. EIS analysis is based on the system’s respons sinusoidal voltage
perturbation monitoring the current response (aussidal current
perturbation can be used instead). By analyzingitgsoidal response of the
system at several frequencies, the different delinents can be studied,
namely () the electrochemical reactions at metal/solutiamterface
(electrochemical kinetic reaction mechanismi), the resistance to the ionic
transport through the membrane and through thetrelgie (ohmic
resistances), andii() the limitations to the mass transport [21-23].sTwiay,
the EIS gives much more insight into the proceas tihhe much simpldrvs.

E curves. However, reports concerning the use sfgbiverful technique on
the chlor-alkali process are very scarce, as cdeduafter a thorough search
into major scientific databases. For instance, Antet al. [24] reported the
use of EIS for the characterization of the stabilif different Pt based
cathode electrodes. They concluded that these efiestr showed strong
activity and good stability upon polarity inversiatudies. Pilla et al. [12]
studied different techniques to evaluate the cttafictivity and the residual

service life of DSA by EIS and cyclic voltammetry.
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The present study addresses the influence of diffegerating
variables on the cell performance, evaluated imseof the different ohmic
resistances obtained by EIS. Additionally, the mptin operating conditions

for the system presented are discussed.

3.3. Experimental
3.3.1. Experimental setup

The scheme of the experimental setup used to cleaimtthe chlor-
alkali process is shown in Figure 3.1. The electiglgell (EC Electro MP-
Cell, ElectroCell, Denmark) is divided into two coanfments: the DSAand
the nickel cathode. The compartments are separatednbion exchange
membrane (Flemion 893, Asahi Glass Co.) with aaatiffe area of 0.01 m?
and 250 pm thickness. The electrode membrane gap thisr cell
configuration is 6 mm. Before assembling the de#l nembrane was soaked
in a 0.5 M NaOH solution for 4 h, to avoid dimensichanges due to the
increase in temperature and concentration. Thesegebacould either cause

membrane wrinkling or shrinking during start-up $4,
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Figure 3.1— Process flow diagram of the membrane cell sesggal in this work:
Membrane flow cell (MP Cell); electrolyte vessdRl( R2); peristaltic pumps (P1,
P2); heat exchanger (H1, H2); thermometer (T1):ligmsd separators (S1,
S2);rotameter (F1); flowmeter (F2); vessels for@hegas absorption (R3, R4); gas-

liquid separator (S1, S2).

The electrolytic solutions fed to the cell were stbin vessels (T1 and
T2) and previously heated before entering the oelising heat exchangers
(H1 and H2). The operating cell temperature was toced by four
thermocouples inserted into the inlet and outldhefanode and cathode. The

electrolytes circulate in separate hydraulic ciisuising peristaltic pumps
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(P1 and P2), at flow rates that assure uniform eotmation distribution
inside the anode and cathode chambers. At thetkiith cell compartments
the gaseous products were separated from the agjgetuions (S1 and S2),
dehydrated with the help of water traps and theefumeasured using a
rotameter in the anolyte circuit and a flowme®@ropkhorstHi-Tec F-101, 1
L min, 1 % FS) [full scale (FS)] in the catholyte ciitc data acquisition
system based on Labview software was developedrtyat and monitor the
experimental setup. The electrochemical charactesizavas made using an

electrochemical workstatioZéhner-elektrikIM6eX, PP-240).

3.3.2. Design of experiments

A response surface methodology was employed tdrotita operating
conditions that minimize power consumption (outpultage), using the
commercial software JMP 7.0 (SAS software). Thegitesobnsidered, for a
current density of 1.5 kA i three levels and four factors: feed flow rate
(Q), NaCl and NaOH electrolyte concentrations and thgerating
temperatureTou).

The range of interest used to obtain the respongacsuis given in
Table 3.1 and it was based on preliminary experialergsults and on

general recommendations of the chlor-alkali inqugtr6].
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Table 3.1- Range of the operating variables.

Operating

variable Lower limit Upper limit
[NaCl] /g L* 210 300
[NaOH] / wt.% 26 30
Tou/°C 60 80
Q/ mL min* 40 180

The statistical method recommended performing 1@ ex@nts shown

in Table 3.2; every experimental value is the avei@lwat least three runs.

3.3.3. Electrolyte conductivity

The resistance of the anolyte and catholyte wereairodxd
independently by EIS using the laboratory cell withmembrane at resting
potential. The experiments were performed for brisgutions with
concentrations ranging from 210 to 300 @, land for sodium hydroxide
solutions ranging from 26 wt.% to 32 wt.%, at diffiet temperatures and at a

constant flow rate (50 mL mi).
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Table 3.2— Operating conditions of the experiments suggelsyethe design.

NacCl NaOH T
Run No. [g L'l] [wt.% ] °(g mL %in'l
1 255 30 80 40
2 210 26 70 180
3 255 28 70 110
4 255 26 70 110
5 300 26 80 40
6 300 28 60 40
7 300 26 60 180
8 210 30 60 40
9 255 30 60 180
10 210 26 60 40
11 300 30 70 110
12 255 28 70 110
13 210 28 70 40
14 300 28 80 180
15 210 30 80 180
16 210 28 60 110
17 255 28 70 110
18 210 26 80 110
19 255 28 70 110

3.3.4. EIS analysis

The cell was operated for 30 min at a fixed voltag@.2 V. The load
was increased by 1 A steps, allowing for the stestdie to be reached on
each step, which normally happens after 5 min.

To study the effect of each variable by EIS, thetagd and the EIS

spectra were obtained for each step. The EIS speatre recorded at ten
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points per decade by superimposing a 10 mV AC sigver the frequency
range from 100 kHz to 100 mHz. The overall ohmigstasice was obtained
by the interception of the curve at high frequesacigth the real axis in the
Nyquist diagram [21]. Experimental measurements wererformed
according to the operating conditions shown in T&bB

Additionally, the same procedure was applied at &b,and 80 ° C
(INaCl] = 300 g L% [NaOH] = 28 wt.% andQ = 150 mL min') to

investigate the effect of temperature on the oVetahic resistance.
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Table 3.3— Operating conditions of the experiments perforiaued the results in terms of voltage, ohmic and branme resistance

and average gas void fractiog.(

No J 2 [Nao H] [NaClI] Tout Q . E Rohmic Rmembrane ¢
KAm=<| wt% | gL °C |mL min \% Q Q

Flow rate 2 1.0 28 300 75 85 3.2220 0.0531 0.0094 0.0$61
(3|10 | 28 | 300 | 75| 110 | 32243 00531 __0.0094_ _ 0.0861
4 1.5 28 300 75 85 3.5351 0.0552 0.0094 0.1271
S 1.5 28 300 75 110 3.5311 0.0546 0.0094 0.1159
S|.15 | 28 | 300 | 75| _150 | 35219 0.0543_ __0.0094__ 0.1101
7 2.0 28 300 75 110 3.8272  0.05% 0.0094  0.1232
3 2.0 28 300 75 150 3.8035 0.0549 0.0094 0.1216
Concentration| 4 1.5 28 300 75 110 3.5311 0.0546 0.0094 0.1159
9 1.5 28 255 75 110 3.5434  0.055 0.00716  0.1159
0] 15 | . 28 | 210 | 75 __1 110 | _3.5902__0.0569___0.0085__ 0.1159
11| 2.0 26 300 75 150 3.7974  0.055% 0.0095 0.1216
12| 2.0 28 300 75 150 3.8085 0.0549 0.0094 0.1216
13| 2.0 30 300 75 150 3.8543 0.0547 0.0112 0.1216
141 20 32 300 75 150 3.8942 0.0594 0.0139 0.1216
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3.4. Results and discussion
3.4.1. Design of experiments
The experimental design allowed identifying the agieg conditions
that require minimum cell voltage. The current dgngias kept constant to
simplify the analysis of the ohmic resistances danation of temperature,
feed flow rates and anolyte and catholyte conceatrs.
The experimental voltage for the operating condgigiven in Table
3.2 was fitted to a second order polynomial:
4 4 4
E=,30+Z,3ixi+ZZﬁijxixj (3.1)
i TS
whereE is the predicted voltage of the electrochemicl] &, is a constant;

B, are the linear coefficientss; is the squared coefficient; and with with i

# ] are the cross-product coefficientX; are the operating variables

considered: temperature, the electrolyte conceobtstand flow rates.

The model parameters were obtained by minimizingsine of the
square differences. An Analysis of Variance (ANOV#)the model was
performed [22]; the coefficient of determinationtaibed, R* = 0.9863,
indicates that the model can explain most of theedrmental variance. As
shown in Figure 3.2, it can be concluded that tlueleh fits quite well the

experimental values.
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Figure 3.2- Comparison between predicted cell voltage anérxental results (R

= 0.9863) in terms of cell voltage.

The parameters should now be assessed for theiritadidan to the
model; parameters witp-values smaller than 0.05 indicate that they have a
significant effect on the response, [22] while paesers withp-values higher
than 0.15 should be eliminated from the model. Ratars withp-values
between 0.05 and 0.15 have a marginal effect onrésponse and they
should be considered in a first stage, before tmeireation of parameters
with p-values higher than 0.15, and eliminated afterwj@2]. The final

fitting model obtained is:
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E =3.506-0.05Z[NaCl]+0.038]NaOH]- 0.058T,, —0.0250Q - 0.088]NaCI}
+0.036]NaCl|[NaOH]-0.02I[NaOHF +0.01Q[NaOH]T, , +0.092T2,
~0.057T,,, [@+0.0570°

(3.2)
Figure 3.3 shows the predicted voltage of the foela current density of 1.5

kA m? as a function of the operating variables.

a)
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b)

Figure 3.3— Cell voltage at 1.5 kA thand as a function of: a) feed flow rate and
temperature of the cell; b) brine (anolyte) andwwochydroxide (catholyte)

concentrations.

From Figure 3.3 it can be concluded that the optimzell voltage
value is observed for higher feed flow rates (130 min™), higher sodium
chloride concentrations (300 g%}, lower sodium hydroxide concentrations
(26 wt.%) and higher temperatures (75 ° C). Byeasing the feed flow rate
the cell voltage decreases due to increasing gasva from the cell. The

gas bubble effect is of great concern in theseesystbecause it affects the
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electrical properties of the electrolyte and thembeane, and thus the cell
performance [14-16]. The overall cell performancereéases significantly as
the brine concentration increases — Figure 3.3avsha slight voltage
increase for low anolyte concentrations that shobéd related to the
uncertainty of the interpolating model. This is liké be due to an increase
in electrolyte conductivity. A lower sodium hydroe concentration has a
positive effect on the cell voltage. Presumablyg ikirelated with membrane
dehydration and a decrease in electrolyte condtictivurthermore, the cell
performance improved with temperature. This positieetribution should be
related to internal kinetic processes, which aremadly exponentially

temperature dependent, and to the NaCl and NaOHuctinity increase.

3.4.2. Impact of different operating variables on ell ohmic resistance by
using EIS

EIS experiments were performed to study separabelyeffect of each
operating variable on electrolytes and membranésteeses. Figure 3.4
shows a typical Nyquist plot of the membrane cg#item, obtained for a
current density of 0.1 kA M [NaCl] = 300 g L[, [NaOH] = 28 wt.%,

electrolyte flow rates of 150 mL mifrand forT = 75 ° C.
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Figure 3.4- Impedance spectra (Nyquist plot) of the membicaie

Bubble effect

The presence of gas bubbles formed at the electreddsce, inside
the electrolyte chambers, can highly affect thetebdyte resistance [13-15].
The ohmic resistance should be constant for the sabeetrolyte
concentration and temperature, according to Ohmwg [23]. Figure 3.5
shows the overall ohmic resistance (obtained by) EKS function of the

current density from experiments performed at camsbperating conditions.
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Figure 3.5- Ohmic resistance as a function of the currensite

([NaCl] = 300 g L; [NaOH] = 28 wt.% and T=75C).

In this figure and for higher current densitieg)ear linear trend can be
observed, indicating that the bubbles formed arangimg the ohmic
resistance.

An empirical model was used to estimate the gad fraction [19, 25].
The main assumptions of the model are the following:

1. Catholyte void fraction is negligible [16].
2. Membrane resistance does not change with voididra¢tiue to the 6

mm gap between the electrode surface and the mamfia));
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3. Membrane resistance is determined at low currensites (lower
than 0.5 kA-rif) where the bubble effect is negligible on the &t#yte
resistance.

The procedure followed for obtaining the gas veattion €) was: ()
obtain the overall ohmic resistance, for low cutreensities, where the

bubble effect is negligibleg, ,....,; (i) obtain the electrolyte resistances by

removing the membrane from the celt, ,+0,, and (ii) computing the

membrane resistancep,,, for the same operating conditions region by
subtracting the resistances of the electrolyted; (a) determine the overall
ohmic resistance for the current density underysing...,, and compute the
anodic resistance according to:

Pz = Poveratt ~ Poc ™ P (3.3)

The gas void fractiore] can now be obtained from [13, 25]:

& = (1—5)_3/2 (34)

Figure 3.6 shows the anolyte void fraction obtairied different current

densities at constant operating conditions.
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3.6- Anolyte void fraction as a function of the curtelensity

([NaCl] =300 g L'; [NaOH] =28 wt.% and T=75 C).

As can be seen, the anolyte void fraction is gyeatfected by the

current density. This void fraction can reach miti@ 10 %, indicating that

the gas bubbles inside the anode chamber are nelforahe performance of

the cell. This can suggest a difficult separatidngas bubbles from the

electrolyte solution and an accumulation of gashbegon the anode surface.

Flow rate

The circulation of the electrolyte solution throutje anode chamber is

important to minimize the gas bubble effect. Diéietr studies have shown

that for the same current density, increasing tbe frate decreases the
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electrolyte resistance due to better gas remo&lJI-20], and this was also
observed in the present work (Table 3.3). Moreothes,present experiments
were conducted with solid electrodes, where thisnpimenon is more likely
to occur [13].

To study the effect of the feed flow rate on tlenac resistance and
hence on the gas void fraction several experim@ate performed at 1.0, 1.5
and 2.0 kA nif. In these experiments, all other operation vaeslere kept
constant. Table 3.3 shows the operating variabidsttze results obtained for
the experiments performed. The influence of flowe ran cell performance
was evaluated in terms of the electrolyte resigaoaly, because the
membrane resistance was assumed to be constant tlfor same
concentrations and temperature) due to the 12 mhth gap between
electrodes (Experimental section). This gap shgularantee that all bubbles
formed do not contact the membrane [13] and thig thea membrane surface
area should not change between experiments.

As observed before (Figure 3.6), as the currensitie increases the
bubble effect is more pronounced. At 1.5 k& the gas void fraction is ca.
11 %, corresponding to an increase in ohmic drophufut 74 mV at the
higher chosen flow rate (150 mL riiin At 2.0 kA ni® the gas void fraction
Is ca. 12 % meaning an increase in ohmic drop otiah10 mV at the same

flow rate.
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Anode and cathode electrolyte concentration

The electrochemical cell used has a large gap leetvlee electrodes

and the membrane (6 mm). This gap originates afignt ionic resistance,

and then the change in ions concentration shou&plgeaffect the total

ohmic resistance of the cell.

The anolyte conductivity (without the membrane) vdetermined at

different concentrations and temperatures. FiguresBows the electrolyte

conductivity for different NaCl concentrations aethperatures.

Uanolyte/ Scm

b)

..@- B5°C
-0 750C
18 20 22 24 26 28
[NaCl] / wt.%

99



Chapter 3

0.50 A
........................................ Wy
o —
O et O fe}
“ 0407
‘e
3]
n
2 0351 @
g 0357 S
S I L
e
U .
N °
-..@- 65°C
-0 750°C
0.25 - -y 85°C
0.20 ' I I | I
24 26 - ; ) ;

[NaOH] / wt. %
Figure 3.7 - Electrolyte conductivity at different temperasrand brine

concentrations: a) anolyte and b) catholyte.

The anolyte conductivity increased with temperattoe all the
concentrations tested. The values of the NaCl aggieonductivity obtained
were within the same order of magnitude of the doesd elsewhere [26].

The membrane resistange,, can be computed as a function of the

electrolyte concentration, assuming that the veo#ttion is independent of
the electrolyte concentration and equal to the \gad fraction previously

determined. Accordingly, rearranging Eq. (3.3) ob&ins:

Iom = Iooverall - Ioa - Ioo.c (35)
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Table 3.3 (runs nos. 5 and 9-10) shows the inflaené the NaCl

concentration on the overall ohmic resistance efdéll, obtained at 1.5 kA
m?, while the other operation variables were keptstamt. Figure 3.8 shows
the contribution of the electrolytes and of the rbesne resistance to the

overall resistance as a function of the anolyteceatration.
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Figure 3.8— Ohmic resistances (R) as a function of brineceatration.

The lowest overall ohmic resistance is obtainedtifi@r highest brine
concentration, following the anolyte resistancerease with concentration
(Figure 3.7a). Clearly, that the variation in thee@ll ohmic resistance with
brine concentration is mostly due to the anolytsistance, where it
represents ca. 60 % of the overall ohmic resistaht@easing the NacCl
concentration from 210 to 300 g'l(from 19 to 26 wt.%), the cell voltage
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decreased 59 mV and the overall ohmic resistanceedged 2.3 @ (Table
3.3). The membrane resistance increased from @%ta1) (Table 3), or its
conductivity decreased ca. 1.7 mS ¥nwt. % NaCl, while the anolyte
conductivity increased ca. 4 mS ¢wt. % NaCl (Figure 3.7a). The
membrane conductivity decrease is related withefifiect of the anolyte on
the water transport through the membrane and ttenerf water absorption
and therefore on the conductivity and selectivitly tbe ion-exchange
membrane [27]. At lower water content the membranaductivity can
decrease drastically due to the stronger bindifecebf the mobile ions by
the matrix.

The influence of the catholyte concentration ondhmic resistance of

the cell is shown in Figure 3.9.

0.07
0.06 - °
- e ) . o -
0.05 4 e Rohmic
o Rmembran
a 0.04 4 v RNaOH
o *- RNacl
0.03 A
> * * *
0.02 4
v v v .
0.01 1 o : o : °©
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[NaOH] / wt. %

Figure 3.9— Ohmic resistance®) as a function of caustic concentration.
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The experiments were performed at constant cu(@atkA ni?) and
various concentrations of NaOH solutions (Table 8.®s nos.11-14). The
catholyte conductivity is practically independemitconcentration; this way
the ohmic resistance increase with the NaOH conaton should reflect the
membrane dehydration (Figure 3.9). The water alisorgoehavior in the
membrane is different for the sulfonic (anode sided the carboxylic
(cathode side) layers [27]. Moreover, the carbaxidiyer absorbs less water
than the sulfonic layer [27], and as a result, tiembrane conductivity is
more affected by the catholyte concentration (ch.r@S crit/wt. % NaOH
compared with 1.7 mS chwt. % NaCl) than by the anolyte concentration
(see above).

Finally, the overall voltage of the electrocherhicall decreases with
the anolyte concentration ca. 10 mV/wt. % NaCl amcleases with the
catholyte concentration ca. 17 mV/wt. % NaOH. lesi experiments the
membrane conductivity varied in the range 0.02040S cn¥, which is
within the conductivity range found elsewhere [2Zdditionally, the
experimental voltage of the electrochemical cell asfunction of the

electrolyte concentrations shows the same trerdeaimiterpolation model.
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Temperature
The anolyte and catholyte feed temperatures mustirhbest the same
to avoid thermal shock on the membranes. Threeréift temperatures (65,

75, and 80 ° C) were studied, as shown in Tablea.the current density of

0.5 kA mi>.

Table 3.4— Influence of the cell temperature on the conditgtof the membrane

and on the electrolytes at a current density ok®.5n.

T Om ONaCl ONaOH E
°C Scm™ Scm™ Scm™ \%

65 0.0165#5.0 x 1 0.222+0.001  0.333+0.001 3.003+0.001

75 0.0263+5.0 x 1 0.231+0.001  0.429+0.001 2.923+0.001

80 0.0287+5.0 x 1 0.231+0.001  0.429+0.001 2.941+0.001

The voltage of the cell decreased by 8 mV by ingren the
temperature from 65 to 75 ° C. The better perforreaat higher temperatures
is related to the decrease in the overall ohmicstasce mainly for two
reasons:if increase in the cation diffusion rate inside thembrane, which
is an activated transport, and) (decrease in the electrolytes and membrane
resistance with temperature.

However, the temperature also affects the vapasspre and the gas

solubility. For the same current density, the gatumetric rate should
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increase with temperature due to gas expansiomease in water vapor
pressure, and decrease in chlorine gas solubllhis makes the fraction of
the total solution occupied by the gas bubbles (gag fraction) rise with
temperature.

In addition, the membrane stability may decreasee dio
decarboxylation for temperatures higher tharf @[27]. At industrial scale,
physical damage to the membrane (blistering) besamare likely to occur
at temperatures lower than 75 C. This is due to localized internal

overheating caused by high electrical resistanZék [

3.5. Conclusions

The study of the operating variables of the chleala membrane
process is important to understand and avoid pedoce decline and the
progressive degradation of the membranes. A preéingistudy was made to
find the optimum range of each operating varialeh® overall performance
of the electrochemical cell. EIS has been showhet@ powerful technique
for obtaining the ohmic resistances of the elegtesl and of the membrane,
in situ.

The ohmic resistance and cell voltage are stromgigcted by the

presence of gas bubbles in the electrolyte, edpectthe anode side. A
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better separation of gas bubbles from the anolgtebe achieved using high
feed flow rates. Even though, for a given curremngity, the brine
concentration and the cell temperature have thbelsigeffect on the cell
voltage the membrane conductivity is mostly affdctey the caustic
concentration (2.1 mS ¢hwt.% NaOH) and by the brine concentration (1.7
mS cm'/wt.% NaCl). In this study, the large electrode gaiginates a high
ohmic overvoltage, enhancing the effect of the tedégte concentration on
the electrochemical cell performance. The choic¢hefoperating variables
must then be appropriated for the cell configurafjelectrode gap, solid, or

perforated electrodes) to minimize the power cornsion.
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Chapter 4 - Characterization of the chlor-alkali membrane process by

EIS. Part Il- Kinetic analysis of two different nickel cathode$

4.1 Abstract

The hydrogen evolution reaction (HER) was studiedh ichlor-alkali
membrane cell equipped with a commercial nickettebele. Two electrode
morphologies were studied, solid and mesh. Thetreldeemical kinetic
properties of HER were obtained at 75 °C using @meaus solution of
NaOH 8.9 M during operation and using the anoda @erence electrode; a
negligible anode overpotential was assumed. Thel hbpes If) obtained
for the solid and mesh electrodes were -171 mV'dewd -183 mV deg,
respectively. Electrochemical impedance spectrosB5) was also used to
investigate the HER in the Tafel region. The mdskteode morphology was
found to affect the impedance spectra due to aetpaion through the mesh
structure. Additionally, the kinetic parametersraveised to estimate the
factor that was compared with thiefactor obtained from the potential-

current density curve.

°’A.C. Dias, L. Branddo, F. Magalhdes, A. Mendes, rdau of

Electrochemical Society (2010) — Submitted.
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4.2. Introduction

In part | of this work, electrochemical impedangedroscopy (EIS)
was appliedn situ to study the effect of operating conditions on ¢enic
resistance of a chlor-alkali lab cell [1]. It walsserved that cell voltage was
strongly affected by the presence of gas bubblésarelectrolyte. Following
that work, the overall performance should be ewalllaand the
electrochemical reactions taking place at the anae cathode surface
studied.

High efficiency electrodes are of concern on threhlkali industry,
since the overpotentials are crucial in energy wongion. The main
requirements for the electrodes are activity antyleerm stability. At the
anode, where the chloride is oxidized to gaseousrioe, a DSA anode
made of titanium coated with oxides of titaniumthenium and iridium is
commonly used [2]. Titanium-ruthenium-iridium oxideodes exhibit a very
high electrocatalytic activity and selectivity tota the anodic chlorine
evolution reaction. On the other hand, the eletioucal reaction that
occurs at the cathode is the hydrogen evolutiom feodium hydroxide
aqueous solutions. Several different materials werestigated as a catalyst
for the hydrogen evolution reaction (HER). Nickalsked cathodes are not the
most electroactive but they are frequently usedabse of their excellent

corrosion resistance under severe conditions [2,3].
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There are innumerous publications concerning thetlds of HER and
chlorine evolution reactions [4-12]. A typical Thfdope of -120 mV ded
(1 mol dm® NaOH at 20 °C and transfer coefficient 0.5) is mentioned for
the HER kinetics using nickel electrodes [4-9]. (Be other hand, a Tafel
slope of 30-40 mV de€ is reported for the chlorine evolution reaction on
DSA® electrodes (in 5 M NaCl at 80-90 °C amng 0.5) [9-12].

Although electrode kinetics of individual electrechical chlorine and
hydrogen evolution reactions were obtained [4-1Bf study of these
electrodes during chlor-alkali cell operation haser been reported. Instead,
the electrochemical reaction and the mass traké#fetics at the membrane
cell are wusually evaluated by current-voltage ottarsstic curves
(polarization curve) [14], where the slope of tlpslarization curve and
corresponding interception are used in the chilkalal industry to
characterize the overall performance of the proeds$actor method [14].
The use ok-factoris based on the assumption that overpotentiabvallthe
Tafel equation and that the electrolyte and mendrasistances follow the
ohm’s law [14]. The slope of the polarization curseassociated with ohmic
resistance changes and the intercept is relatétetelectrodes performance
[14].

HER is a complex reaction evolving two electronsl a& generally

believed to proceed according to three consecstafes [2, 4, 6, 13]:
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A. The discharge-adsorption of hydrogen (Volmectiea),
M+H,0+e" o MH+HO" (4.1
B. The electrochemical desorption of hydrogen (ldegky reaction),

MH+H,O0+e" & M+H, +HO™ (4.2)

C. Recombination-chemical desorption (Tafel reamtio

HER proceeds primarily by the discharge of watetemdes (proton
donors) on the surface of the electrode to fornodml H (step A). The
following step can be either the electrochemicaodetion (B) or/and the
chemical desorption (C) of the adsorbed intermedidhese steps can be
combined in different pathways depending on theineadnd sequence of the
intermediate reaction steps. Recent studies pgeilthe mechanism that
considers the initial discharge step (A) followed the electrochemical
desorption of the adsorbed hydrogen intermedia}d@B13, 16-17]. For the
nickel electrodes that have high bond energy, thestmlikely rate-
determining step (rds) is the electrochemical dasmn (B) [2]. N. Krstajic et
al. [6] calculated the dependence of hydrogen sarfeoveragedy, as a
function of the overpotential at the nickel eled&o They found that at
potentials close to the theoretical HER equilibripatential, Ec (HER)= -

0.824 V versus the standard hydrogen electrode YS&tE20 °C in 1.0 M),
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the hydrogen surface coverage is almost zero bpbtaintials around -1.0 V
(vs SHE) the nickel electrode is almost fully caeby adsorbed hydrogen,
é - 1.

It is proposed, in the present study, the use efctechemical
impedance spectroscopy technique (EIS) to charaetdre HER during cell
operation. Due to the very high catalytic activafyanode reaction compared
to the HER at the cathode [6-9], the anode oventiatiecan be neglected [9-
10]. Under such assumption, the overall impedamspanse of the cell
should be attributed to the cathode reaction amdctithode kinetics can be
estimated without the need of a reference electrodder normal operating
conditions. For this purpose, the kinetic paransetérthe HER on a nickel
electrode (Tafel slopeb), exchange current densityjo)( and transfer
coefficient @) were obtained from polarization curves (Tafel lgsig) and
from EIS analysis. Two electrodes designs, solid mresh electrodes, were
investigated. The overall performance of the delflactor and overpotential)
was also evaluated and compared with the one cadpgubm the kinetic

parameters obtained.

4.3. Experimental
The detailed description of the experimental setsed can be found

elsewhere [1]. Tests were performed at 75 °C bglifgethe anolyte and the

114



Characterization of the Chlor-Alkali Membrane Rsg by EIS

Part |- Kinetic analysis of two different nickehthodes

catholyte at a volumetric flow rate of 150 mL fito the lab membrane cell.
The sodium chloride solution was 5 M (anolyte) aswtium hydroxide
solution was 8.9 M (catholyte). Anode and cathdd@ntbers were separated
by a Flemion (Ref. F893.4) membrane with a 260 thickness. Solid and
mesh electrodes were used (geometric area of 11’ m?, with the
geometric projected area of the mesh being 9.2%n{for the cathode and
8.1 x 10° m® for the anode, from ElectroCell, Denmark); thehoae was
made of nickel and the anode was [3SAhe gap between electrodes was
12x10° m for the solid electrodes and 5.5 for the mesh electrodes.

Polarization curves and EIS were obtained usingelastrochemical
workstation (Zahner-elektrik, equipped with IM6eXand PP-240
potentiostat) under galvanostatic mode and forrizts up to 4 V. Before
each experiment the cell was pre-treated applyingrestant potential of 2.2
V during 30 min. The cell was then kept at a car@irrent density for at
least 210 s in order to reach the steady state.spé8tra were obtained by
superimposing a 10 mV ac signal over the frequeaoge from 100 kHz to
100 mHz. Impedance spectra were fitted to an apjattepelectrical analogue
by means of ZView software.

Regarding the mesh electrodes, they were partiedigted with a

Teflon” aqueous dispersion to disable the back and laper& of the mesh

structure. For that, both electrodes were immeisterla Teflorll aqueous
115



Chapter 4

dispersion and the resin was cured by heating UgB8%° C, following the

producer recommendation.

4.4. Results
4.4.1. Comparison between solid and mesh electrodbased on the k-
factor method

The polarization curves for solid and mesh ele@sodre plotted in

Figure 4.1.

4.0

3.8 4

E/V
w
N

L
N
®

-
o oA — a Mesh electrode
L4 Solid electrode

0 1 2 3 4
ix1d Am=2

Figure 4.1- Polarization curves obtained for the solid andmmickel electrodes.

Figure 4.1 shows that the mesh electrode perfoetterthan the solid
electrode. The lower slope of the polarization euassociated to the mesh
electrodes indicates that ohmic resistance is Ipties should be related to

the smaller electrode gap used in this configunat@n the other hand, the
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close intercept values for both polarization curwvelcates similar electrode
overpotentials.

The slope and interception values in the linearioregof the
polarization curves (usually observed over theentrdensity range of 1.5 -5
kA m?) are currently used in the chlor-alkali industoy ¢haracterize the
overall performance of the process — the so-caliédctor method [14];
moreover, the slope is known &sfactor. In this region, the relationship
between potential and current density is given by:

E=kxj+E, (4.4)
where thek-factor (k) is associated with ohmic resistances Byt related to
the electrode overpotential [14].

The curvilinear part of the polarization curvesetved in the lower
current density region (< 1.5 kA (Q-factor analysis), can be fitted by log
relationship between potential and current dernsithis region [14]:
E=Sxlog(j)+Rxj+Q (4.5)
where S, R and Q are constants related to the basic characterisfidhe
electrodes, membrane and electrolytes.

The fitting of equations (4) and (5) to the redpec polarization

curves regions are given in Table 4.1 for the salid mesh electrodes.
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Table 4.1- Estimated parameters for solid (12 mm gap) arshreéctrodes (5.5

mm gap).
E=Kkj+Eg E=Q+ dog() + Rj
(j > 1.5 kA ) (i < 1 kA m?)
kx10*| Eo Q S |Rx10*

Blectode l'omy | v | v | v |@m)

Solid 5.770 | 2.701| 2.757 0.189 5.156
Mesh 2.510| 2.753[ 2.80] 0.20y  2.3%3

Table 4.1 shows that the mesh electrodes exhibibwaer ohmic
resistance because of the smaller electrode g&rl@®: m) k andR). This
difference is more evident for the high currentsignregion j > 1.5 kA m?)
probablydue to the bubble effects. Our previous study migid that solid
electrodes probably exhibit a higher overpotemeialty than the mesh ones
due to the presence of bubbles, especially in idgfigeh current density region
[1]. On the other hand, the ohmic resistances ler mesh electrodes are
similar for the lowerR) and higher current densitly)(regions indicating that
gas void fraction could be neglected for this tgbeslectrodes (Table 4.1).
This probably happens because the gas bubblesisdsihrough the backside
of the mesh, thus decreasing the void fraction betwthe electrodes.
Concerning the parameters that characterize thatisaakinetics,E,, Q and

S they are similar for both electrodes.
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4.4.2. Electrode kinetics

A more rigorous analysis of the Kkinetic parametest the
electrochemical reactions is required to validdie previous diagnostic
based on the semi-empiridafactorandQ-factor methods.

Electrode kinetics are normally studied by usinglt®&-Volmer
equation or simply by the Tafel equation, which valid for high
overpotentials. Kinetic parameters for the HERK{ and a) are derived from
the Tafel equation [18]:

n =a+blog(j) (4.6)
where 7 (V) represents the cathode activation overpoterjtigh m?) is the
current densityb (V dec?) is the Tafel slope aral(V) is the intercept.

The magnitude of the Tafel slope) @nd the interceptaj depends on

the rate determining step and is generally of tnenf
b=-2303"1 anda= 2303 log(j,) 4.7)
anF anF

where a represents the charge transfer coefficignis the exchange current
density,R is the gas constant (8.314 J iol"), T is the temperature, is the
number of exchanged electrons & the Faraday constant (96485 C mol
Y. The cathodic overpotential was ploted as a fonavf current density and
shown in Figure 4.2. It was assumed that anodeiosacate is negligible

when compared with the slower kinetics of the HERhackel cathodes [6,9-
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10]. The ohmic resistances, obtained from EIS aiglp.47x13 Q m* and

2.83x10" Q m? for mesh and solid electrodes respectively, wetgraated

from potential values on Figure 4.1.

0.7 ~
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A *,_.\'90'\.
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& 0.5 1 /,6 4  Mesh electrode
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0.4 A
s
0.3 - - , . ,
0.0 0.1 0.2 0.3 0.4

j X 10 Am—2

Figure 4.2— Cathode overpotential as a function of the curdensity for solid and

mesh electrodes - lines were introduced to impreagibility.

Figure 4.2 shows the cathode overpotential for bethctrode
configurations, which are in agreement with theerature for nickel
substrates [9]. The overpotential at the mesh reldetis slightly higher than

at the solid electrode.
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Figure 4.3— Tafel polarization curves for solid and mestkei®electrodes.

Figure 4.3 shows the Tafel curves obtained forHiieR using nickel
electrodes (solid and mesh) between -1.2 V to V1(8s DSA’). The slope
value of these curves is -171 mV deor the solid electrode and -183 mV

dec? for the mesh electrode (Table 4.2).

Table 4.2— Tafel slopes (b), exchange current densit@®(d charge transfer
coefficients @) of HER at nickel solid and mesh nickel cathodetgidnined from

the polarization curves.

-b jo
Electrode v dec‘l) (A m.z) a
Solid 0.171 243 x1d | 0.405
Mesh 0.183 3.01x1b | 0.376
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The Tafel slopes (b) are lower than the valuesinbthby other author$,~ -
120 mV de?, NaOH 1 M at 25 °C [6, 13, 16, 17], where the sfan
coefficient @) is normally assumed to be constamt: 0.5, and independent
of the temperature. However, according to the Tialgtionjo increases with
temperature and the value of decreases (Eq. 4.7), assuming constant
transfer coefficient [6, 9, 20]; this way, lowerféhslopes are expected for
higher temperatures. Additionally, Krstajic et &1] reported a linear
relationship between the transfer coefficient amel inverse of temperature,
for the HER; the transfer coefficient decrease$ whe temperature increase.
The transfer coefficientsa(= 0.40 and 0.38, Table 2) are in agreement with
this behaviour. Other authors found similar valieeshe transfer coefficient
[13, 16]. This way, assuming that = 0.5 oversimplifies the problem and
originates Tafel slopes that are artificially highe

Moreover, the magnitude of the Tafel slog® €an also give an
indication about the reaction mechanism. Complgxessions for the Tafel
slope were proposed considering the HER kineticsndividual reaction
steps. Frequently, the Tafel slope magnitude isrpmeted based on the
limiting cases of complete or negligible surfacevemage by adsorbed
hydrogen [6, 19, 20]. As reported by Krstajic et (8ee above) the surface
coverage of adsorbed hydrogen is high within themqel range where Tafel

parameters were obtained (between -1.2 V and -1(&\DSA") [6]. Under
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high coverage conditiongg{ — 1), as in this case, the Tafel slope obtained
for the solid and mesh electrodes is equchFé;FI (T=75 °C), indicating that

the electrochemical desorption of hydrogen, EQ®)(4s the rate determining
step [6, 19, 20].

The exchange current density, of the HER at nickel cathodes
obtained based on the projected geometric areeotlectrodes, is in the
same order of magnitude as found elsewhere [19,|2djas considered that
the exchange current density is almost independeintthe NaOH
concentration [22]. The exchange current densityeiases with temperature,
therefore the values obtained are slightly highwantthe ones reported
elsewhere [19,21]. The values obtained for the amgh current density for
the solid and mesh electrodes are very close th e#ter as expected,
because the only difference between them is tHacigeometry.

The kinetic parameters obtained by Tafel equatilh be used to
calculate the polarization curve parameters obtboreTable 4.1 foy < 1 kA
m? (Q-factor method )n order to compare these two strategies. The dvera

voltage is given as a function of current densitythe following equation:
EceII = EO +,7A +,70 +,70hm (48)
Assuming Tafel behaviour for anode and cathode readanging Eq. (4.6

and 4.7) becomes:
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n=bx Iog(_l] (4.9)

Jo

Substituting Eq. (4.9) in Eq. (4.8) and rearrangkg. (4.5) is obtained,
which was introduced before, wheypg,,=Rx j and
Q=E" -b,al0g(jga) *+be 10g(joc) andS=(b, b ) (4.10)
E® is the thermodynamic potential (2.116 V vs SHE) anbscripts A and C
indicate anode and cathode, respectively.

From kinetic parameter values given in Table A& assuming, =
0, we can estimat® andS. The ohmic resistancdR) is obtained directly
from the EIS analysis (see below), where a valug.47x10* Q m? was read
for the solid electrode and 2.83x1Q m’ for the mesh electrode. Parameters
Q and S obtained from the polarization curv&-factor method) and
computed from the kinetic data (for both electrgdee shown in Table 4.3.
These values are close to the ones given in Talleotained from the

polarization curve fof < 1 kA m?.
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Table 4.3— Parameter® andS obtained directly from the polarization curve jor

1 kA m? (Q-factormethod) (Table 1) and calculated from the kindéita in Table

4.2.
From polarization curve | From kinetic data
S Q S
Electrode Q
(V) (V) (V) (V)
Solid 2.757 0.189 2.733 0.171
Mesh 2.801 0.207 2.762 0.183

Table 4.2 shows that parameters obtained direaiy the polarization curve
are in agreement with the ones obtained from thetia data, indicating that
despite being much simpler, the first method camdpce comparatively

accurate results.

4.4.3. EIS Analysis

Electrochemical impedance analysis was carried fout current
densities within the linear region of the Tafelgritation curve in Figure 4.3,
for the solid and mesh electrodes. The spectrarmdatdor a current density
of 25 A ni? are shown in Figure 4.4. One single semicircleisible for the
solid electrode. However, a second semicircle séerbg present in the case
of mesh electrode, at high frequencies. The diffeeebetween the ohmic
resistances of both electrodes can be seen ind=#ydr The mesh electrode
exhibits a larger semi-circle in the Nyquist plstiggesting a slightly slower
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cathode reaction in comparison to the solid eleetrand in accordance with
the kinetic data observed in Table 4.2.

The impedance spectra obtained at different curdensities for the
solid electrode are given in Figure 4.5. Only agrsemicircle is observed
over the whole range of scanned frequencies, pmihta charge transfer

controlled process at the cathode [18].
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Figure 4.4— Nyquist and bode plots (figures a) and b) respely) for HER

on the solid and mesh nickel electrodes measur28 Atni2. Dots —

experimental data; lines — fittings of the equivdlercuits.
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Figure 4.5- Nyquist plots for HER on the solid nickel elexte measured at current
densities between a) 25 A7and 300 A rif; b) 400 A n and 700 A rif and ¢) 800
A m?and 1.00x1dA m? Dots — experimental data; lines — fittings of the

equivalent circuits.

These impedance spectra were fitted to a Randi@saent electric circuit
[15, 19, 23] given in Figure 4.6. This equivalentcgit combines the
electrolyte resistance in series with a chargesfenresistanceR), in
parallel with a double layer capacitan€®). The estimated parameters are

given in Table 4.4.
Re Cal

Ret

Figure 4.6— Randles equivalent electrical circuit.
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Figure 4.7 - Nyquist plots for HER on the mesh nickel eled&raneasured at

current densities between a) 25 A and 300 A rif and b) 400 A i and 800 A m

2. Dots — experimental data; lines — fittings of dugiivalent circuits.

130



Characterization of the Chlor-Alkali Membrane Rsg by EIS

Part |- Kinetic analysis of two different nickehthodes

Table 4.4— Charge transfer resistance and double layer tapae of the cathode

(solid electrode) obtained by fitting the experinamesults to the equivalent circuit.

Neat R x 10° Cu

V (Q m?) (F m?)
-0.335 17.24 2.18
-0.396 8.52 2.01
-0.451 4.50 1.96
-0.500 2.37 2.09
-0.529 1.63 2.22
-0.555 1.26 2.47
-0.570 0.99 2.61
-0.582 0.84 2.71
-0.593 0.70 3.15
-0.599 0.60 3.47

The impedance parameters obtained by the fittinpeécexperimental results
are shown in Table 4.4. As it can be seen the eh&mansfer resistance
decreases as the overpotential increases. Ontike lzind, the double layer
capacitance increases with overpotential indicativag the electrode activity
is increasing. Values given in Table 4.4 are indame order of magnitude of
the ones reported elsewhere [17, 24].

Figure 4.7 shows the impedance spectra obtainedtHer mesh
electrode. In this case, two slightly superposedicecles can be observed
mainly for lower current densities (Figure 4.7aheTequivalent electric
circuit used to characterize these spectra is tEpin Figure 4.8 and
combines two circuits in series that are visibléhi@ Nyquist plot at high and
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low frequencies.R; and C; are charge transfer resistance and the high
frequency double layer capacitance, respectivetyl are visible at high

frequencies.

R, C, Cal
AW { | I { |
R]_ Rct

Figure 4.8— Equivalent circuit used to fit the impedanceadatitained for the

cathode mesh electrode.

The high frequency region of the impedance spdotrthe mesh electrodes can be
related to the meshed structure; this high frequeeaicircle is not obtained with
the solid electrode. Hitz et al. attributed thehhiigequency semicircle of the
impedance spectrum to geometric factors, i.e. aymelectrode [25, 26, 27]. The
high frequency semicircle seems to have less sigmite as the overpotential
increases, which can be due to a smaller ac péioetdepth for higher current
densities [25]. SEM images of the electrode surfaeee obtained to check for any

porosity. Figure 4.9 shows that the cathode eldetsurface is not porous.
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Figure 4.9- SEM image of the surface of the cathode mesitrelde.

The impedance data were analyzed according togheaent circuit shown
in Figure 4.8 and Table 4.5 shows the corresponiilitegl parameters for the
mesh electrode.

Parameters on Table 4.5 show that the low frequeheyge transfer
resistance R;;) decreases with the current density and the higuency
charge transfer resistandg;) is almost independent of the current density.
The high frequency double layer capacitance isecirdensity independent,
while the low frequency capacitance increases witinent density. Once the
kinetic parameters of electrocatalytic reactionpetel on the applied
potential, it can be assumed that the high frequekewed semicircle is not

related to kinetics [26].
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Table 4.5— Charge transfer resistance and double layer tapae of the cathode

(mesh electrode) obtained by fitting experimengabits.

Neat R x 10 Cu R x 1¢° Ci

W) Qm?) Fm?) [@m) | (Fm?
-0.353 20.46 5.0 0.36 4.9
-0.468 4.96 5.3 0.69 3.2
-0.528 2.41 6.5 0.77 3.2
-0.564 1.54 8.4 0.77 3.4
-0.587 1.00 9.1 0.74 3.4
-0.601 0.74 10.4 0.61 3.7
-0.611 0.57 11.9 0.54 3.6
-0.617 0.38 17.2 0.53 3.9
-0.625 0.27 30.5 0.52 3.3

Figure 4.10 and Figure 4.11 show the potential ddpece of charge transfer
resistanceR) and of the double layer capacitan€g ) for the HER reaction

at solid and mesh cathodes, respectively.

25.0
20.01 ---a-- Mesh electrode A
~ ---e--- Solid electrode e
c 15.01
G
g 100 )
K4
5.0 A'.
0.0 AA&.‘.‘.:.A.‘""‘ | | | | |

-0.65 -060 -0.55 -050 -0.45 -040 -0.35 -0.30
nelv

Figure 4.10— Charge transfer resistance as a function chpipdied overpotential,

for HER on nickel electrodes (solid and mesh).
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Figure 4.11— Double layer capacitance as a function of th@ieq overpotential for

HER on nickel electrodes (solid and mesh).

Figure 4.10 shows that the activation kinetics dwtés and the charge
transfer resistancdR{) is large at lower overpotentials. As the overpts
increasesR; decreases indicating faster reaction kinetics. fiéigull shows
that the double layer capacitance increases with dpplied potential
indicating an increase in the electrode activitiieelectrochemical activity
depends on the real surface area and electrodashigh specific surface
area, with a rough surface, provide more sitesréaction than smooth
electrodes. Kaninski et al. had observed a decreds€y with the
overpotential increase, which was associated t@tictuision of pores by the

increasing presence of gas bubbles [20]. Howewetheé present work, the

135



Chapter 4

bubble effects seem to be negligible at low currensities (25 A M to
1.00x16G A m™) where the Tafel lines are obtained.
A linear relationship is expected between the iseeof the charge

transfer resistancé\t1/R.) and overpotential [4]:

2.303x RT 1 aF .
=227 |logl — |+logl — 411
. oF { og( RCJ og[ =T Joﬂ (4.11)

Figure 4.12 shows the inverse of charge transfeistemnce A) as a
function of the applied overpotentiajf for the HER on both types of nickel
cathodes. As expected from Eq. (4.11), the relatignbetween the inverse
of charge transfer resistance and the overpoteistilshear. From the slope
and intercept of these plots the kinetic parametars be determined and

compared with the ones obtained from Tafel ploth(& 4.2).
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Figure 4.12— Inverse of charge transfer resistance obtaireed fimpedance data as

a function of overpotential for the HER on nickatlwodes.
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Table 4.6— Tafel slopes, exchange current densities andyeteaansfer coefficients

of HER at nickel solid and mesh nickel cathodesgmeined from the EIS analysis.

_b jO
Electrode v d ec-l) a A m'2)
Solid 0.183 0.377 6.34 x T0
Mesh 0.182 0.379 4.32 x 10

The kinetic parameters obtained from Eq. (4.11) Bigure 4.12 are

given in Table 4.6. These are in agreement withTthafel slopes obtained

from the polarization curves — Table 4.2. FigurE34shows the overpotential

for the HER on nickel mesh cathodes a functionhef lbgarithmic current

density and the logarithmic of inverse of chargesfer resistance obtained

from impedance data. The separation between theseplots should be

equal tdog(%j, Eg. (4.6) and Eqg. (4.11). As a consequence, xbhkamge

current density values are slightly higher whenerdatned from the

impedance analysis (Table 4.6).
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Figure 4.13— Overpotential for the HER on nickel mesh cathasliéunction of the
current density, and as function of the inversehafrge transfer resistance obtained

from impedance data.

The comparison between the kinetic parameters ef ¢blid and mesh
electrodes shows a slightly faster reaction (bgttdarization characteristics)
for the solid electrode — Table 4.2. Actually, thefel slope If) for the solid

electrode is higher than for the mesh electrodeéghvis in accordance with a
lower activation polarization (Figures 4.2 and 4.%ihis can be related to
differences in the active surface area; where migherpotentials are related
to smaller active areas. The impedance analysisvallnderstanding better
this difference in performance for the solid andsmeathodes. Figure 4.10
shows a higher charge transfer resistance for teghnelectrode that can

justify the slower electrochemical reaction kingtiat this electrode. For
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lower applied potentials, the double layer capacikaof the mesh electrode
is twice as much as compared to the solid electiamtk this difference
increases with the applied potential. Assuming P09 m? [19] as a
reference value for th€y, the surface roughness for both electrodes can be
obtained dividingCqy by this ideal value. A surface roughness from@®%30

is obtained for the mesh electrode while for théidselectrode values
between 10 and 15 are found. However, the electvatie higher surface
roughness, i.e. the mesh electrode, is not the witle higher catalytic
activity. In fact, the mesh electrode has a higtigarge transfer resistance
that can be due to a larger ohmic resistance imptines of the mesh due to
nickel hydride formation or related to the curregtribution From Tables
4.2 and 4.6, the values of the kinetic parametbtained are similar and any
of these two methods can be used to obtain thei&iparameters of the HER
at nickel cathodes, whenever the anode overpotastigegligible. Finally,
the absence of anode related record in the impedspectra confirms the

negligible effect of the anode on the overall owteptial.

4.4.4. Impedance analysis of the mesh structure eteodes
As mentioned before, the Nyquist plot of both typéscathodes are
different — Figure 4.4; namely the mesh electrodet ghows a high

frequency second semi-circle. To test if this ddéfece was related to the
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mesh structure, i.e. ac penetration depth [26]bdek and side areas of the

electrode were coated with Teflon.

The cathodic overpotential of the partially coatedsh electrode was

ploted as a function of current density and congbdcethe previous one,

Figure 4.14.
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Figure 4.14- Cathode overpotential as a function of the aurdensity for solid,

mesh and coated mesh electrodes.

As can be seen in Figure 4.14, the partially coatedh cathode has a higher

overpotential than the solid and mesh cathodes;sthould be related to the

lower electrode active area. The high frequencyore@f the impedance

spectra for the partially coated mesh electrodd@svn in Figure 4.15.
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Figure 4.15 shows that the high frequency semgidisappeared for the
coated mesh electrode. This means that the higjudrey semicircle that
appears on the non-coated mesh electrode shoulcelated to the ac

penetration depth in the mesh holes.

4.5. Conclusions

The so-called k-factor (linear approximation) andQ-factor (log
relationship) analyses are widely used method#iénindustry to assess the
membrane and electrode overpotentials. Concerhieglilor-alkali process,
the present study determines the hydrogen evolugantion (HER) kinetic
parameters at the cathode, under normal operatidrassuming a negligible
anode overpotential (much faster anode reaction)Tafel analysis was
performed to obtain the HER overpotential, exchaogegent density and
Tafel slope. These values were compared to the ob&sined from the
polarization curve K-factor and Q-factor. Additionally, EIS analysis was
also used to obtain the parameters of a chlorigtkatess electric analog.

Two different electrode morphologies were studigoljd and mesh.
Mesh electrode allowed the reduction of the gapveenh electrodes from
12x10° m (solid electrode) to 5.5xT0m. Slightly higher electrode
overpotential and significantly lower ohmic resmsta were found for the
mesh cathode; the lower ohmic resistance was cetatthe smaller electrode

gap. This indicates that the electrode gap is tbstmelevant gain for the
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process when using mesh electrodes. Moreover, @& ggeement was found
between the kinetic parameters for both mesh arnid sbtectrodes and
between the characterization methods used. Thedamge spectra showed
no record related to the anode, validating theragsion of negligible anode
overpotential. The electrochemical impedance armsmalykthe cathode mesh
electrode showed a second semicircle at high frexjes related to the mesh
structure. Furthermore, it was concluded that timetlc parameters of the
cathode could be determined by EIS during operatwihout a reference

electrode.
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Chapter 5 - Benchmarking methodology for lon-Exchange Membraes

used in the Chlor-Alkali Procesé

5.1. Abstract
As one of the most energy intense electrochemicalgsses, the chlor-alkali
industry is been made many efforts to reduce theciip energy
consumption. Nowadays, great energy savings cabtaned by using high
performance membranes. However, in a plant whexeopierational upsets
are common the performance and durability of themenbranes can be
severely affected. It was developed a benchmarkiethodology based on
the average cost history of the chlorine produddds methodology also
permits to decide when it is the right moment famnibrane replacement.
Three types of membranes, from two major suppleese installed
in three electrolyzers. The overall performancetha plant was evaluated
monthly and the total process costs per ton ofraidocalculated for each
electrolyzer. The energy cost was shown to be thpmiactor affecting the
total process cost, representing more than 90 $hisfcost. Regarding the

durability, maintenance, energy and fixed costs tmembrane with the
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lowest average cost per ton of chlorine producesl avhigh voltage and high

strength membrane

3A.C. Dias, P. Aratjo and A. Mendes, Journal of AgglElectrochemistry

(2010) — Submitted.
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5.2. Introduction

The chlor-alkali process involves the electrolysisa sodium chloride
solution (brine) to produce chlorine, hydrogen aadstic soda. The chlor-
alkali industry is one of the largest electrochaahiadustries in the world.
Chlorine and caustic soda are key raw materialthen manufacturing of
polymers and as intermediates in other chemicadymhaceutical (85 % of
medicines use chlorine) and crop protection indestil]. The world
chlorine production capacity was 62.8 million mettons per year in 2008,
where Europe represents ca. 20 % [2].

There are three different chlor-alkali processhs: mercury cell, the
diaphragm cell and the membrane cell. However, t¢herlast thirty years
remarkable improvements have been made on the raembell process and
better performing ion-exchange membranes were dpedl[3,4].

The membrane cell process uses an ion-exchangebraeen as a
permselective barrier between anode and cathodearbments. A saturated
brine solution is fed to the anode where chlorias ig produced. The sodium
ions migrate through the membrane to the cathodgadament and combine
with the hydroxyl ions produced from the water retthn that happens with
the generation of molecular hydrogen. The ion emgkamembranes are
generally composed by a tetrafluoroethylene matortaining fixed ionic

groups [3-5]. The fixed sites must prevent the gpamt of anions (i.e. OH
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CI) through the membrane and so cation exchange graup used.
Carboxylic and sulfonic groups are used as fixeédsson the anode and
cathode sides of the membrane, respectively. A tpghformance ion-
exchange membrane must have the following charatitst high transport
selectivity, high conductivity, high mechanicalestgth and good chemical
stability [4, 5].

During operation, these ion exchange membranes satgect to
tentering stresses that can originate physical damauch as tears, pinholes,
and blisters [6]. Handling and installation, coraits during operation (e.g.
stable voltage), frequency of shutdowns, electeydesign and robustness
of the electrode coatings have a great importancette membrane
performance and durability [4-6]. Excellent brineafity is also required to
avoid the accumulation of impurities in the memlerahat can disrupt its
structure and chemical integrity and that can wdtety cause mechanical
damages. Mechanical damages or physical relaxasiothe membrane
structure leads to the degradation of the permselyc(back migration of
sodium hydroxide ions) and the loss of currentedficy.

Nowadays, there are three main suppliers of iaharge membranes
for the chlor alkali industry: Asahi Glass Compafftemiori™), Dupont
(Nafiond) and Asahi Kasei Corporation (Acipl@¥ [4]. They have been

developing cation-exchange membranes with imprayeergy savings and
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tolerance to operational upsets and impurities ][3-Bwo classes of
membranes can be found considering their main cteirstics and
application, named low voltage and high strengtimimanes.

The membrane cell performance is affected by tbeent and
potential efficiencies [4]. The potential efficigndepends mainly on the
membrane ohmic resistance and on the electrodestyag¢bverpotential).
While the potential efficiency is characterized aedaluated from the
polarization curve, the current efficiency is a mm@omplex parameter that
relies on the material balance of the chemical isgetvolved in the
electrolysis [4].

The major cost component in the chlor-alkali irtdpss the energy
consumption that depends upon the electrolyzer gdesthe type of
membrane used, brine quality, and operating canditi This way, the
selection of the adequate membrane to install ielactrolyzer is a complex
and high relevant decision that should balanceatpey and fixed costs. A
low voltage membrane can be a good choice for atplath high brine
quality or for a plant with high electrical energgsts. On the other hand,
high strength membranes should be considered inlaat pvhere the
operational upsets are more frequent.

This work studies the performance history of thtgpes of ion

exchange membranes and estimates the correspandingge cost history of
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chlorine produced. The contribution of energy, neance and fixed costs
were determined monthly as well as the average lkissbry per ton of
chorine produced. It is proposed a membrane bengimgamethodology
and a methodology for determining the best instanteplacing a given set

of membranes.

5.3. Experimental section

An electrolyzer is formed by a set of several witlial membrane
cells. Two types of electrode arrangements candael in the chlor-alkali
industry to connect electrically the individual &lelytic cells; monopolar
and bipolar [4]. In a bipolar cell arrangement théividual cells, which are
called elements, are electrically in series andelketrolyzers are connected
in parallel. In a monopolar cell arrangement themeints are connected in
parallel and the electrolyzers in series [4]. Thedied plant has a bipolar
arrangement and the evaluation of electrolyzeroperdnce can be done
individually. This way, the three different sets membranes (M M, and
Ms) were installed in three electrolyzers(EE; and E) as shown

schematically in Figure 5.1.
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E1

E

Es

Figure 5.1- Schematic representation of a bipolar plant whileree types of

membranes (Y M, and M) were installed in three different electrolyzers.

The set of membranes installed in electrolyzerhBve higher mechanical
strength than the ones installed in electrolyzerarifl E The comparative
voltage and mechanical strength of the membraned, yzovided by the

producers, are schematically represented in Figu2@, 6, 7].

Voltage

Strength

Figure 5.2- Schematic representation of the comparativeageltand mechanical

strength of membranes;MM, and M.
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The supplier defines Mand M, as high performance membranes with low
voltage. M has higher tensile strength than Mdicating that this last should
have a higher mechanical strength. In these merabrahe type of
reinforcement is different; Muses a cloth with sacrificial fibres while ;M
uses a stronger cloth without sacrificial fibres B, 7]. The type of
construction and reinforcement ofsN& different from membranes {Mand
Mo. It is expected that membranes bperate with higher voltage and have
higher mechanical strength than membranesai M (Figure 5.2).

The performance of a membrane cell is relatedht durrent and
potential efficiencies. The current efficiency tsetratio of the amount of
chlorine produced to the expected amount of chéonmmoduced that is
obtained from the Faraday’s law of electrolysis [Ahe flow rate of chlorine
produced was obtained from the material balan¢baahemical species (Cl
, Ch, Na" and HO) in the anode compartment, since it is very diffido
determine directly the chlorine gas molar flow rgte The molar flow rates
of sodium chloride, dissolved chlorine and byprdduyresent in the feed and
exit solutions (NaCl, N&O;, NaHO, NaSQ,, NaClQGs) as well as the gas
phase oxygen (electrochemically and chemically pced) and chlorine
concentrations were then routinely recorded. THercte current efficiency

was computed according to the method described/bése [4].
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The potential efficiency was evaluated based oa jtV curves
(polarization curve) obtained during the normal ragien of the
electrolyzers. Since the operating voltage depamdthe outlet electrolytes
concentration and temperature, these variables alscerecorded daily. The
overall efficiency, which is the product betweer tturrent and potential
efficiencies, was obtained and used to calculate #pecific energy
consumption (energy consumption per ton of chlorpreduced). The
average cost per ton of chlorine was assessed bastex energy, fixed and

maintenance costs after filtering the databases freelevant measurements.

5.4. Results and discussion

The choice of the most adequate membrane fortecylar plant should
be done considering the history of each factorctifig the total process
costs. As mentioned before, two classes of membraaa be considered,;
low voltage and high strength. The low voltage meambs are more suitable
for zero gap cells [4] and they are more sensitivdamage. In a plant where
the operating upsets are frequent and the brinktyjisabeneath more robust

membranes should be considered.

Electrolyzer overall performance

The potential efficiency of the chlor-alkali prese is often
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characterized by thé&-factor method that involves the fitting of current
density and voltage data. This method allows tHéerdintiation between
changes in electrodes overvoltage and in the merabrasistance; i.e. the
slope of the polarization curvé)(is associated to the membrane resistance
and the intercept voltag¥®y) is related to the electrodes performance [4, 8]:

V =kxj+V, (5.2)
wherej is the operating current density avids the cell voltage. Thie-factor
method can be used to assess membrane and eleghrotdéems [8]. Figure
5.3 shows the polarization curves for electrolyZgr (M1 membranes)

obtained over two years of operation.
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Figure 5.3- Polarization curves obtained at 0, 12 and 24thwanline (MOL) for

the membrane M electrolyzer E— lines were introduced to improve readability.
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Figure 5.3 shows that the voltage intercept chatighs over time whereas
the slope changes significantly. As the voltagercept is nearly constant,
the slope can be computed from the cell currensitiemnd voltage. This
value can provide an early indication of membrangblems in the plant.
However, Vo must be determined frequently to check for any atém or
electrodes problems.

Table 5.1 shows the dimensionless slope of jthecurves of the
membranes studied at the beginning of operatiore Ru confidentiality
reasons all the values presented below are dimndesg The dimensionless

slope was defined as:

* k_kTef
K= (5.2)

ref

wherek.; is the reference slope took as the inikabalue for membrane M

Table 5.1- Dimensionless slope of the polarization curl¢) for each type of

membrane at the beginning of operation (month 0).

M1 0.000
M. 0.039
Mj 0.089

The dimensionless slope of the polarization cufedsws M; < M, < M3

and indicates the contribution of the membraneh®process voltage. This
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sequence is in agreement to the producer’s infeomafFigure 5.2. In an
industrial plant the dimensionless sloge)(tends to increase with time and
the rate of the slope variation depends on the dfpeembrane. Figure 5.4

shows the dimensionless slope history for each eypeembrane.
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Figure 5.4— Dimensionless slope of polarization curves asation of months

online for each type of membrane — lines were thioed to improve readability.

Figure 5.4 shows a higher dimensionless slok@ fate increase after 16
MOL (months online) for membrane ;Mand after 17 MOL for membrane
M3, which corresponds to the same moment in real. tbmethe other hand,
the electrolyzer corresponding to membrang Bégan operating 6 month
earlier than membranes;MIrhese membranes were then replaced at the same

moment as membranes; lsind M; started experiencing a higher polarization
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slope. Since the polarization slope increase hagpsimultaneously for the
two electrolyzers this should be assigned to aebgnality change or to
operational upsets. Unexpectedly, membraneshpposedly with a higher
mechanical strength thani;Mailed after 21 months online. As expected, a
higher dimensionless slop&’ of the polarization curve is observed for the
high strength membraneM

In a parallel electrolyzer configuration (bipolaell) the operating
current density is distributed through each eldgter depending on its
electrical resistance — see Figure 5.1. Since \eoperating in a parallel
configuration, to be able to compare the potergificiency of different
electrolyzers it is a normal procedure to consaetandard current density
(i) — 5 kA m? [4]. Based on this current density value it is gio to
compute the corresponding corrected voltage froenj#f curve for each
electrolyzer. The temperature and caustic concgmtrdhave a significant
effect on the cell voltage. In practice these pat&ns can vary over time and
between electrolyzers and therefore correctiorofacare often applied. The

corrected voltageMorm) is given by [4]:

et ]
Vnorm :VO + (V _VO) f +-L{FT (T _Tref ) - I:[NaOH]([Na'C)H:I _[NaOH] ref)}

ref
(5.3)
whereFnano) andFr are the correction factors for the caustic corregion

([NaHQ]) and temperatureT), respectively. [NaOH} and T, are the
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reference caustic concentration and temperaturspeotively. These
correction factors are 10 mV Kfor temperature and 17 mV wt¥or
caustic concentration [4]. Temperature usually \whbetween 85 °C - 90 °C
and the caustic concentration may vary around @.%wamong electrolyzers
and as a function of time [4]. The brine concentrathas normally a non
significant effect on the cell voltage and was tadien into consideration [4].
Figure 5.5 illustrates the dimensionless correateliage for each type of
membrane as a function of month online. The dimermsss corrected
voltage was defined as:

Vv . _ Vnorm _Vnorm,ref (54)

norm
\Y/

norm ref

where V is the reference corrected voltage took as theainv,,,,

norm ref

value for membrane M
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Figure 5.5— Dimensionless corrected voltage as a functiadh@imonth

online — lines were introduced to improve readapili

As shown in Figure 5.5, membrane; Mexhibits lower dimensionless

corrected voltage than Mand Ms. This was expected since the corresponding

polarization curves exhibit a voltage interceptlaied to the electrodes

overpotential) that is almost constant as a functaf time for each

electrolyzer; this way, the voltage history for leaectrolyzer has the same

trend as the polarization slope history (relatedthe membrane ohmic

resistance). The dimensionless corrected voltageeases as a function of

time due to physical damage of the membranes apdritres accumulation

[4-5]. In terms of potential efficiency, Mmembrane proved to be the best

membrane, exhibiting the lowest voltage over tintégure 5.5.
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In chlor-alkali industry the specific energy conmation is one of the
most relevant parameters to the total process ddst. specific energy
consumption is related to the cell voltage andhi durrent efficiency. The
main reason for the loss of current efficiencyhis back migration of sodium
hydroxide ions from the cathode to the anode cotnmant through the
permselective membrane [4-5]. As mentioned beftdre,current efficiency
degradation is often related to the accumulationimpurities in the
carboxylic layer of the membrane and depends orstiiueture (e.g. the type
of reinforcement, membrane thickness) and on thesipbchemical
properties of the membrane. The current efficieratadan give information
on the process performance as well as it givesnaication about the
physical condition of the membranes. Figure 5.6tspkive dimensionless
chlorine current efficiencyas a function of time; the dimensionless chlorine

current efficiency was defined as:

_ fuz - {Clz,ref

5(;'2 B gclz,ref (55)

where ¢ is the reference chlorine current efficiency, édaahe initial
CI2,ref

¢a, value for membrane M
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Figure 5.6— Dimensionless chlorine current efficien(z%g) as a function of

months online (MOL) — lines were introduced for noying the readability.

The decline of the dimensionless chlorine currefitiehcy (Eglz) depends

on the type of membrane (Figure 5.6). In the presark the operating
conditions were the same for all electrolyzers andthe relative current
efficiency changes should be related to the tol¥anf each type of
membrane to operational upsets. A premature anck quirrent efficiency
loss was observed for membrane, Melectrolyzer k) that showed
mechanical damages (holes) after two years onlllhemembrane, which is
the membrane with the highest strength, also shothvedhighest current

efficiency (the IowestfgIZ slope — Figure 5.6); membranes with high

mechanical strength tend to be more resistant éoabipnal upsets.
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Economic analysis

The total process coslIg, is the sum of the fixed costs;, and the operating
costs,O. and must be determined for each electrolyzer:

T.=F+0, (5.6)
The fixed costk.) comprehends the membranes and other fixed codtssa
given by:

F.=nxF_ +F (5.7)
wheren is the number of membranes in an electrolyzer pthe cost of

each membraneF, is other fixed costs. The operating costs comphse

maintenance, raw materials and energy consumpiisthe main goal of the
present work is to compare the total process aosedch electrolyzer as a
function of time, and since it is assumed that naaterials costs are
approximately the same for all electrolyzers, thassts will not be taken into
account. The specific energy consumptié) (is the main operating cost

(Oc) of a chlor-alkali plant and is given by [4]:

_ Vv
R

(5.8)
where Eq is the electrochemical equivalent of chloring, is the chlorine

current efficiency andV the voltage across the electrolyzer. The
dimensionless specific energy consumption was as$tidh for each

electrolyzer taking into consideration the dimenfess corrected voltage
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shown in Figure 5.5 and the dimensionless chlocumeent efficiency data
presented in Figure 5.6. Figure 5.7 shows the dénaless specific energy
consumption of each electrolyzer as a function ainths online; the

dimensionless specific energy consumption was ddfas:
= (5.9)

where P, . is the reference specific energy consumption, letgudae initial

P, value for membrane M
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Figure 5.7— Dimensionless specific energy consumption pewfachlorine
(corrected for 5 kA M, 32 % NaOH and 90 °C) for each electrolyzer asatfon

of months online (MOL) - lines were introduced fioproving the readability.
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Depending on the physicochemical properties ofhedype of
membrane its current and potential efficiency detation is different and so
the specific energy consumption history. The speafergy consumption
increases 0.3 % per 10 mV of potential increaser@dweit is directly affected
by the current efficiency degradation — Eq. (5.8).

Over the operating lifetime, to keep the electzelg running properly
some maintenance work is needed to substitute dainagembranes and
electrodes. The damaged cells are detected fronmtinadual cell voltage
system analysis. A physical damaged membrane neusdgddaced as soon as
possible in order to avoid electrodes corrosiomgufé 5.8 shows the
dimensionless maintenance cost per month of oparédr each electrolyzer

that was defined as:

M. =—=< 5.10
Y (5.10)

c,ref

whereM. is the specific maintenance cost avd .; is the reference specific

maintenance cost, equal kb, value for electrolyzer £
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Figure 5.8— Dimensionless average maintenance costs pehmboperation for

each electrolyzer.

Figure 5.8 shows that there is a significant ddfere between the
dimensionless specific maintenance cost of ele@ers & (membrane M)
and E (membrane N); the more robust membrane (higher strength) M
shows low dimensionless specific maintenance costs.

The operating costQ;) during the lifetime of the membranes was

estimated taking into account the energy énd the maintenance cosiié.).
MOL
0. =) E. +M, (5.11)

t=0

e

E, = F, xmg, X (5.12)

rectifier
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where MOL is the lifetime in months onlinem, the mass of chlorine

producedeg the price of electricity (AC) and, the rectifier efficiency.

ectifier
Figure 5.9 shows the dimensionless average enastyper ton of chlorine
produced for each type of membrane as a functiomafths online. The
dimensionless average specific energy cost waseabbhs:

. E.—-E
Ec —_¢ —oref (513)
Ec,ref

where E_.; is the reference average specific energy costalet the

initial E;value for membrane M
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Figure 5.9— Dimensionless average energy cost per ton oficl produced for

membranes M M, M3 as a function of months online (MOL).
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As expected, the lowest voltage membrane;) (Mas the lowest
dimensionless average specific energy cost andanibre robust membrane
(higher strength, N) has less maintenance cost, Figure 5.8 and Fig®e
The interaction between these two values deterntie®otal process cost.

The average total process cost per ton of chlgnoeuced {,) was
obtained dividing the accumulated total procesdsc@sperating plus fixed
costs) by the accumulated mass of chlorine produe#hin the lifetime of a
set of membranes. The best instant to replace @ se¢mbranes can now be

easily obtained when the history ©freaches a minimum. Figure 5.10 shows
the dimensionlesg history for the studied membranes. The steps in the

curves (cf. Figure 5.10b) are related to the masmee costs, which are

assigned to a given month. The dimensionfeskistory was defined as:

* TC - TC ref

c,ref

where T, ; is the reference average specific total process egual to the

initial T, value for membrane M
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Figure 5.10-Dimensionless total process costs per ton ofricidas a function of

months online (MOL): a) complete plot and b) zoanidr the last months of

operation. - lines were introduced for improvingdability.
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From Figure 5.10 it can be seen that- tends to a minimum, since the

initial membrane cost (fixed costs) is being anzexdi and the operating costs
increase. The average energy cost represents mame9th % of the total
process cost after 10 months online. Membraneshade the lowest fixed
and maintenance costs but they need higher opgnaditage. Despite, these
membranes proved to produce the lowest averagemhloost. On the other
hand, M membrane have the highest fixed and maintenansts dat they
need the lowest operating voltage. Membranes filled prematurely
showing then the highest dimensionless averageaiohl@ost, Figure 5.11.
As a result, M membrane is not adequate to this plant becauisenitore
susceptible to physical and impurity damages. Ambranes M and M; are
still running, the evolution of, was simulated up to 48 months of operation
- Figure 5.11; it is normally expected that a meanler last 48 months. This
simulation was made assuming a linear increasehenspecific energy

consumption accordingly to Figure 5.7.
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Figure 5.11- Dimensionless average total process costs paftohlorine as a

function of months online (MOL) for membranesg &hd M.

Figure 5.11 shows that the dimensionless totalgg®costs levels out after
40 MOL for membrane Mand after 44 MOL for M membranes, whereas a
minimum would be achieved for more than 48 MOL. Thkisulation
assumes that no extra planned maintenance workeéslenl; a decision
concerning membranes replacement must be takenew&ean intervention
is needed. The historic record of membrangiMlicates that it should be
replaced in average after 35 months of operatiothis case, membranes M
have the lowest average total process cost peoftahlorine, being 1.5 %

cheaper than for membrane .M
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5.5. Conclusions

A benchmarking methodology of ion exchange mendsafor the
chlor-alkali industry was presented. This methodgplegas based on the
history of the average total process cost per fochtmrine produced and it
was applied to three different types of membrarnBse methodology
revealed to be powerful for comparing membranesvels as for finding
when a given membrane set should be replaced dugrdgressive
deterioration.

The chlorine average cost calculation was baseiti@icurrent and the
potential efficiencies. Two classes of membraneseve®nsidered, namely
low voltage and high strength membranes. Despétehigher voltage, the
high strength membrane Mwas found to originate the lowest chlorine
specific cost, about 1.5 % lower than membrang &low voltage type

membrane; this was mainly related to the highenteaance cost.
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Chapter 6 — General Conclusions and Future Work

6.1. General Conclusions

The research described in this thesis concernster hgtderstanding of
the chlor-alkali membrane process. This aims to logvetrategic knowledge
at CUF-QI and enhance its negotiation capabilities.

A membrane characterization experimental setup aad
electrochemical membrane reactor setup were desel@nd tested. The
former unit was used to measure the membrane plctisgy and proved to
perform well when compared with values obtainedainwell - known
laboratory. Some of the critical parameters of mhembrane reactor were
compared with reference values to determine itsfopmance. Good
agreement was found for the cell temperaty#¥, curves and membrane
conductivity. A malfunction was detected in the rogkn flowmeter.
Additionally, it was possible to reproduce onelw most important damages
occurring in the industrial process - blistering. was concluded that
membrane blistering causes the ohmic resistanicetease significantly.

The impedance spectroscopy technique was appfieditu to the
experimental membrane reactor to investigate thetriboition of each
component on the cell performance. The effect of mhest important

parameters on the ohmic resistances was discusseas concluded that the
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main factors affecting the cell potential are thelet temperature and brine
concentration. The cell potential (at constant aurcensity) was minimized
at high temperatures and at high brine concentratidowever, it was found
that the membrane conductivity was more affected thg caustic
concentration (2.1 mS ¢m/wt.% NaOH) than by the brine concentration
(1.7 mS crit/wt.% NaCl). In the present work, the electroly&sistance
accounted for 45 % of the overall ohmic resistafides way, the effect of
brine concentration on the electrolyte resistamserpotential) was found to
be the major contribution to the cell potential.sGabble revealed to have a
significant effect on the ohmic resistance of tle#, @specially at the anode
side, representing a potential increase of 110 fo¥ g gas void fraction of
12 % at 2.0 kA 7). The gas bubble effect showed to be minimizedibgi h
feed flow rates.

The kinetic parameters of the hydrogen evolutiorctiea (HER) at
nickel cathodes were obtained under normal opeyratonditions by
electrochemical impedance spectroscopy and wepaisied. As the anode
reaction was much faster than the cathode reactdrich was verified
experimentally, the anode was used as a referelemtragle. The Tafel
slopes, the exchange current densities and thé&radecoverpotentials were
obtained for solid and mesh plate cathodes. The rmdwantage of using

mesh electrodes was found to be the ohmic resestaaduction. They
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allowed operating at higher current densities atsame cell potential. Good
agreement was found between the kinetic parametdrsth electrodes and
literature values.

A benchmarking methodology was developed for compaiion
exchange membranes. It was applied to three diffagpes of membranes,
two low voltage membranes and one high strength lon@ne, used in the
chlor-alkali industry. This methodology was based tbe history of the
average total process cost per ton of chlorine yged. The potential and
current efficiencies of the process were obtaineohtily and used to
compute the specific energy consumption. The avei@gé specific process
cost was then obtained from the sum of the operaimd the fixed cost. It
was concluded, that the high strength membranda€higoltage) was the one
with the lowest average total specific cost, orgimg savings of around 1.5
% compared to the second best membrane. This métgydaroved to be an
accurate tool to determine the appropriate momemt Mmembrane

replacement.

6.2. Future Work
During the development of the present work manyiadilties were
encountered mainly due to the scarce scientifiormftion available. The

design and assembly of the laboratory electrochemembrane reactor unit
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was a great challenge especially in which conceat&ining the
corresponding industrial performances. It was amhetl that the
experimental setups can be used to determine tlewardg performance
parameters of a given membrane. This thesis waghasbeginning of the
research on this topic and should serve as a sufgpduture developments.

One of the critical experimental shortcomings whe tontinuous
monitoring of relevant parameters of the experirmeréactor. The on-line
read of chlorine and hydrogen flow rates must berawed. This would
allow a further investigation of the membrane reacaturrent efficiency.
Furthermore, a complete performance assessmentldshioalude the
following aspects:

* Visual membrane inspection;

* Determination of the thickness and of the tensiepprties (tensile

strength, elongation at yield and tear strengtlthefmembranes;

» Determination of the cell voltage, membrane coniigf current

efficiency and power consumption;

 Impurity analysis on the membranes used (by ICPsrspsctrometry

and colorimetry);

* Detailed information about the physical conditiofi the used

membranes (SEM images).
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It is suggested to study the effect of aging asnation of the operating
and design conditions and the influence of the imtps on tensile
properties, cell voltage, membrane conductivityrent efficiency and power
consumption. It is suggested namely to study tHeckfof the unsteady
operation on membrane and electrodes aging and hen etectrolyzer
productivity. Additionally, Electrochemical Impedan&pectroscopy (EIS)
analysis can be used to study the cell componerdstidation as well as to
investigate the effect of impurities on the membramnd electrodes. For
example, the DSA anodes experience an exponertitge increase when
deactivating due to the growth of a non-electricahductive layer of
titanium oxide, or due to formation of contamindeposits. EIS can be used
to determine the development of a passivation layeris able to assess the
threatening of this situation.

It would also be interesting to investigate theceteesin situ
reactivation.

It was shown that the gas bubble effect has a gnmgadct on the cell
performance. Thus, further elucidation of gas redessd gas flow motion in

electrochemical cells is required.
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