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Abstract

Electrochemically produced and regenerated cerium(IV) ions are a well-known redox mediator and used as a redox catalyst for the oxida
of alkyl aromatics. Detailed studies have been carried out on the design and the development of electrochemical cells for the electrochen
preparation of cerium(lV) methanesulphonate. In Ce(ll1)/Ce(lV) redox mediator system, cerium(IV) ion has been generated from cerium(lll)
both divided and undivided electrochemical cell in high current efficiency and yield.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Relectroder:w—as>s Rouik @)
ansfer

To develop an electrochemical reaction commercially, it is a ) ] ]
great advantage to have some idea of electrochemical reactions !N design and development of an electochemical cell, impor-
occuring on the electrodd]. During an electrochemical reac- tanF fuhdamental characterlstlcs of eleptrochemlcal reactors are
tion the determination of electochemical parameters which wilfn€ir size, shape, flow regimes, magnitude of the current flow,
influence the course of the reaction and results in high yieldtyP€s Of electrodes, voltage drop across electodes, nature of the
conversion, selectivity and current efficiency will be achieved €l€ctrolyte and other specific featu8s6].
In general, the electrochemial cells should be regarded as hetero- In an electrochemical cell, the three modes of mass transfer
geneous reactofg] and this could be clearly demonstrated in 'N ellectrochem|cal systems are d'ﬁ}JS'OW migration and con-
the following reaction steps. The electrode reaction may proceeYFCt'on- In an electrochemical reaction, the electrode potential

thorugh all these steps or through some of these steps. increase the current density. In the absence of side reactions
Mass transport step in an electrochemical reaction can b approaches a limiting value and the surface concentration of
written as species ‘O’ decreases. Eventually the concentration of species
‘O’ becomes so small that an almost a constant current density

O+ne - R (1)  isreached. This situation is such that as soon as the reactant ‘O’

‘0 and 'R’ letelv stabl d soluble in th di reaches the surface it quickly reacts such &t O and mass
an are completely stable, and Soluble In the me Iumtransportis rate limiting. Thus, a limiting flux of the reactant is

of electrolysis containing an excess of electrolytic species Which .pivaq which is equal with the reaction rate and is given by
is electro inactive. ’

Mass iL =nFKLC 5
Opulk_ —> Oelectrode (2 L L-0 ®)
Transport
Electro wherei is the limiting current density; the no. of electrons
Oelectroder—> electrode 3 required for the reactiorf; the Faradays constarkj the mass
ransfer .. . . .
transfer coefficient and is the initial concentration of sub-
strate.
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reaction. cells. Recent observations of substantially higher solubility of
K cerium(lll) methanesulphonate have led to some renewed inter-

O+ne —R (6)  estin this process.

R+A—-5B+0 )

1.2. Design and development of electrochemical cells for
where O is the oxidized compound; R the reduced compounde(1l1)/Ce(1V) system
A the substrate and B is the oxidized products.

Mediated electrochemical oxidation (MEO) is a cyclic pro-  In design and development of an electochemical cell for
cess involving electrochemical generation of a redox agent anglectrochemical genearation of cerium(lll) methanesulphonate,
use of that agent to effect a chemical reaction. For an oxidamportant fundamental characteristics of electrochemical cells
tion reaction, the process can be represented schematically @k their size, shape, flow regimes, magnitude of the current
follows: flow, types of electrodes and voltage drop across electodes.

Cerium(lV) ion has been generated from cerium(lV) in both
Req— Ox +ne (8)  divided and undivided electrochemical cells with high current
Ox+S — P + Reg 9) efficiency and y_ield. o _ _

Electrochemical oxidation can occur either directly by elec-

where ‘Red represents the mediator in the reduced statg. ‘O tron transfers from the substrate to the electrode or vice versa or
represents the mediator in the oxidized state. ‘'S’ represents thedirectly via mediator. Mediated electrooxidation is a cyclic
reactant and ‘P’ represents the product. Ideally, an electrochemprocess involving the electrochemical generation of a redox
ical redox reaction is reversible and a chemical reaction highlyeagent and the use of the same to affect a chemical oxidation. At
selective. Itis advantagesto carry out electrochemical and chempresent, there is a considerable industrial interest in the mediated
ical reactions in separate vessels (so-called ex-cell method) sectrooxidation process for the synthesis of organic chemicals.
that each step can be optimised independently. Several prés a result there has been much interest recently in the electro-
cesses using this schelige?] as well as the chemistry of several chemical recycling of these oxidants. Of these, Cr(IV) has lower
mediators have been reviewf9]. Engineering design consid- selectivity, even though it is the most soluble and easy for regen-
erations for mediated electro syntheses have been addresseddsgtion. Mn(lll) gives good selectivity but unsuitable at lower
Picket[10,11] acid concentrations with poor solubility’s of Mn(l11) and Mn(lIl)

A number of redox systems like MYMn3*, C&?*/Co®*  at high acid concentrations. The powerful Co(lll) is also unsta-
cr2*/cet,  ctictt, TisHTi4Y,  ceétiCceétt, VA'IVSY, ble due to water oxidation. Cerium(lV) is generally preferred
Pd*iPd, Srf*/SrP*, Ag?tIAgt, CUP*ICut and RE*/RUE* in - owing to its higher stability and excellent selectivi-12],
the form of liquid reagent or as an electrode system are available Commercialization of the use of cerium(IV) in HGI@ pre-
for carrying out the electrochemical regeneration and use theented due to explosive nature of perchloric acid in organic
reagent for carrying out the chemical reaction in a separatmedium[13-15] The use of cerium(lll) sulphate in 30y

chemical reactor. medium is limited by the low solubility. Methanesulphonic acid
has been found to solubilise Ce(lIl)/Ce(1V) couple obviating the

1.1. Advantages of redox reagents in electrochemical above difficulties resulting in a relatively high cerium(IV) con-

synthesis centration[16—20] Regeneration with good current efficiency

and selective organic oxidation with high conversion can be
1. Wide ranges of redox reagents are available and the selectiaghieved with this system. This makes the cerium ions in medi-
of the reagent depends upon the type and the suitability foated electrosynthesis for the commercial production of several

organic synthesis. carbonyl compoundgR1-23]
2. Thereaction can be made continues by suitably adjusting the Oxygen evolution is one of the most important technological
electrochemical condition. reactions in electrochemistry, taking place on the anode of water
3. The redox reagent can be recycled and hence leaves zestectrolysers, in metal electrowinning processes, in cathodic pro-
effluent and discharge. tection, in electroorganic reduction and so on. Oxygen evolution
4. Inexpensive oxidizing agent (electricity). is very often the more difficult of the two electrolytic reactions in
5. High selectivity for a wide range of aldehydes and quinonesan electrochemical cell, so that the economy of the entire process
6. Stable redox mediator under reaction conditions. is governed by that of the anodic reaction. For these reasons, the
7. High current efficiency for an electrochemical reaction.  search for new or improved materials with lower over potential
8. Electrochemical fouling eliminated by separating the chemfor oxygen evolution is ongoinf24].
ical oxidation of organic compounds. Oxygen evolution is a critical reaction since it creates very
9. Easy availability of modern electrochemical reactors. aggressive conditions for the electrode material of anodes. This

is particularly true in an acidic solution, for which the severe con-

Methanesulphonic acid has been the medium of choice faditions are enhanced in applications involving proton conductor

the electrochemical oxidation of cerium(lll) salts. In methane-solid polymer electrolytes. The latter environment is resisted
sulphonic medium cerium(lll) methanesulphonate could beonly by thermal oxides of precious transition mefaks], which

oxidized in the slurry form in both divided and undivided belong to the wide class of dimensionally stable anodes (DSA).
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Only RuG and IrQ have been thus far extensively investi- +
gated as anodes for,@volution in an acidic solution. While
Ru®, is more active than Ir@[26,27], the latter is much more _ A
corrosion-resistant than the former. In particular,J#aOsg /
mixed oxides are indicated as the stablest anodes for oxygen evo-
lution in a strongly acidic environment, such as water electrolysis
with solid polymer electrolyte (SPE) or copper electrowinning
[28-31]

The mediated electrooxidation process was found to be even
more advantageous with the use of cerium(lV) salt in methane-
sulphonic acid medium. A number of poly nuclear aromatic
hydrocarbons can be oxidized to their corresponding quinones
in this medium. Vijayabarathi et gl33—35]have made a com-
parative study of the redox behaviour of Ce(lll)/Ce(lV) in nitric
acid, sulphuric acid, perchloric acid and methanesulphonic acid
medium. Recently, Fang et al. and co-workg36—38] have
reported furtherimprovements in the overall two-stage oxidation
process. The overall reviews on recent developments in this fieldg. 1. Schematic diagram of electrochemical batch cell. Anode working area,
are also available. In the present studies, it was felt desirable #9 1 (8cm>x 5cm); cathode working area, 40€n8 cm>x 5cm); anolyte
. . L . . . compartment size, 4cm9cmx 7cm (L x B x H); catholyte compartment
investigate the process optimisation, kinetic study and Various;, ¢« "4 cmc 9 cmx 7cm (L x B x H); anolyte volume, 175ml and catholyte
types of cells for the electrochemical generation of cerium(IV)yolume, 175 mi.
methanesulphonate in aqueous methanesulphonic acid medium.

In this paper, the design and development of electrochemi-
cal cells for Ce(lll)/Ce(IV) redox reaction has been evaluatedemperature and stirring rate are studied using the above cells
in methanesulphonic acid medium in high current efficiencyand effects on these parameters are discussed in S8ction
yield, space-time yield and low energy consumption. Vari-
ous types of cells were employed and studied for the gens. ;.. Batch cell
eration of cerium(lV) methanesulphonate. The Ce(lll)/Ce(IV) A rectangular PVC tank celF{g. 1) with Nafion membrane
redox system has attracted attention in electroorganic Synwas used as a diaphragm material for the oxidation system.
thesis for indirect oxidation of aromatic and alkyl aromatic Anode and cathode were DSAs(nesh type) and stainless steel,

compounds. respectively. In both the anolyte and catholyte chamber a tem-
perature of 50C was maintained throughout the reaction. Elec-
2. Experimental trolysis was carried out under constant current condition. During

_ o _ the electrolysis samples were analysed with respect to time for
Electrochemical oxidation of cerium(lV) methanesulphonatecerium(lV) ion quantitatively and based on the cerium(IV) ion

was conducted individed cells. The following three types of cellsormation the current efficiency and the yield are calculated.
were employed for carrying out electrooxidation reaction

(1) batch cell 2.1.1.1. Experimental conditions for batch cell
1 atch cell;

(2) batch cell with re-circulation; Anode: DSA-Q (working area = 40 cA)
(3) electro MP flow cell. Cathode: Stainless steel (area=4GEm
Anolyte: Cerium(lll) methanesulphonate(46 mmoles,
. - _ 175 ml)

gnd in an undivided cell, batch cell has been employed for studCatholyte: Methanesulphonic acid (175 mi)
1es. . . Anolyte compartment: 4cm9cmx 7cm (L x B x H)

The electrolysis was carried out under constant current coricatholyte compartment: 4cm9cmx 7cm (L x B x H)
dition. After the electrolysis, the anolyte solution of cerium(lV) Cell capacity: 500 ml
ions were quantitatively analysed by titration with ferrous Current density: 50 mA/cth
ammonium sulphate using ferroin as an indicd8®]. Current ;‘er?l‘r’]‘;rf;‘:ée 15500Crpm
efficiency, yield and space—time yield were determined in eac}biaphragm: Nafion 324 series membrane.
case.
2.1. Divided electrochemical cells for the generation of 2.1.2. Batch cell with re-circulation
cerium(1V) methanesulphonate An electrooxidation was carried out in a batch cEly 2) for

the electrochemical generation of cerium(lV) methanesulphonte
Three different types of divided cells were used for the elecwith re-circulation. The anolyte solution of cerium(lll) methane-
trooxidation of cerium(lll) methanesulphonate solution. Elec-sulphonte was circulated through a pump to the above cell and a
trochemical parameters, such as current density, concentratigprovision was made in the cell. During the electrolysis samples
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Fig. 2. Schematic diagram of batch re-circulation cell. Anode working area,aihode:

40cn? (8 cmx 5cm); cathode working area, 40 éni cmx 5cm); anolyte
compartment size, 4cm9cmx 7cm (L x B x H); catholyte compartment
size, 4cmx 9cmx 7cm (L x B x H); anolyte volume, 175ml and catholyte
volume, 175 ml.

were taken with respect to time and analysed for cerium(1V) iorc€!l capacity:

formation by titration using ferrous ammonium sulphate.

2.1.2.1. Experimental conditions for batch with re-circulation
cell

Anode: DSA-G (working area =40 cf)

Cathode: Stainless steel (working area=48xm

Anolyte: Cerium(lll) methanesulphonate(46 mmoles,
175ml)

Catholyte: Methanesulphonic acid (175 ml)

Anolyte compartment:
Catholyte compartment:

4dcm9cmx 7cm (L x B x H)
4dcm9cmx 7cm (L x B x H)

Cell capacity: 500 ml
Current density: 5A/drh
Temperature: 50C
Diaphragm: Nafion 324 series membrane
Flow rate: 1.5LPM
Anode C@(W) Membrane MSA Cathode

Ce(lll)
Anolyte Flow Catholyte Flow

Fig. 3. Schematic diagram of electro MP cell. Anode working area, 160 cm
(10cmx 10cm); cathode working area, 100€ni10cmx 10cm); anolyte
compartment, 0.6cm 13cmx 18cm (L x B x H); catholyte compartment,
0.6cmx 13cmx 18cm ( x B x H); anolyte holding volume, 200 ml and
catholyte holding volume, 200 ml.
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2.1.3. Flow cell electro MP cell

This is a plate and frame type celi§. 3) and it is com-
mercially available cell. The merit of this cell is described by
Spotnitz et al.[15] was used for the electrochemical oxida-
tion of cerium(IV) methanesulphonate to cerium(lll) methane-
sulphonate. Electrodes used were DSAa@d stainless steel. In
this cell, conditions of electrolysis were optimised with respect
to current density, temperature and concentration of cerium(lll)
ion.

2.1.3.1. Experimental conditions for electro MP flow cell

Anode: DSA-Q (area=100cr)
Stainless steel (area=108xm
Cerium(lll) methanesulphonate (46 mmoles, 500 ml)

0.6cm 13cmx 18cm  x B x H)

Anolyte:

Anolyte compartment:
Anolyte compartment: 200 ml

Catholyte: Methanesulphonic acid (500 ml)
Catholyte compartment: 0.6 crml3cmx 18cm (L x B x H)

500 ml
Current density: 50 mA/ch
Temperature: 50C
Diaphragm: Nafion 324 series membrane
Flow rate: 1.5LPM

2.2. Undivided electrochemical cells for the generation of
cerium(1V) methanesulphonate

Electrochemical preparation of cerium(lV) methane-
sulphonate from cerium(lll) methanesulphonate using aqueous
methanesulphonic acid medium was carried out in an undivided
electrochemical cellKig. 4). Process optimisation studies on
current efficiency, yield and space—time yield were carried out
using the above cell.

Experiments were carried out in an undivided batch cell
(500 ml capacity). Cerium(lll) oxidation was carried out with
DSA-O, anode (48 crf) and stainless steel cathode (69mith
an inter-electrode gap of 1-6 cm. In electrolyte chamber a tem-
perature of 50C was maintained through out the reaction. The
electrolysis was carried out under constant current electrolysis
condition. After the electrolysis, the solution of cerium(lV) ions
was quantitatively analysed by titration with ferrous ammonium
sulphate using ferroin indicatdB2]. Following studies were

P Anode

p Electrolyte

P Cathode

Stirrer

Fig. 4. Schematic diagram of undivided batch cell.
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conducted using the undivided cell and the results are discussédl.2. Current efficiency
in Section3. Current efficiency is calculated basis of the ratio of amount
of cerium(lV) methanesulphonate generated to the theoretical
i. Studies on effect of differential cathode area on current effiamount of cerium(lV) methanesulphonate by Faradays law. The

ciency. amount of cerium(lV) methanesulphonate generated is depen-
i. Studies on effect of total cerium concentration on currentdent on the quantity of charge passed through the electrolytic
efficiency. solution. For all the cells employed for the electrooxidation pro-
iii. Studies on effect of methanesulphonic acid concentratiortess the current efficiency is calculated based on the following
on current efficiency. equation.
.. ne
2.2.1. Experimental conditions for undivided batch cell Current efficiencyq) = mit x 100 11
Anode: DSA-G (working area =48 cf) m, is the amount of product obtain,ed experimentally ands
Cathode: Stainless steel (working are8 cnf) the amount of product by Faraday’s law, & M1i/zF).
Electrolyte: Cerium(lll) methanesulphonate (46 mmoles)
ge:: Workin_? volume: gggm: 3.1.3. Yield
ell capacity: m . . .
Cell size . x B x H): 8cmx 9cmx 7em Yleld_ of cenum(I_V) methanesulphonate is calculated on
Current density: 5mA/ch the basis of the ratio of the amount of cerium(lV) methane-
Temperature: 50C sulphonate generated to the theoretical amount of cerium(IV)
Stirring rate: 150 rpm methanesulphonate expected on passage of total current. For

divided and undivided cells employed for the electrooxidation
process the current efficiency is determined using the follow-
3. Results and discussion ing equation. For mediated electrooxidation process the yield is
equal to the current efficiency of the process due to only 100%
The following reactions take place in the cell for Ce(IV)/ theoretical current passed for the electrooxidation of cerium(1V)
Ce(lll) system. methanesulphonate.

Anode 6Ce(lll)— 6e- — 6Ce(IV) Amountof cerium(lV) methanesulphonate generated

Yield= - -
H,O — 2HT +0.50, + 26~ Theoretical amount cerium(lV) methanesulphonate
Cathode 6H + 66~ — 3H; 3.1.4. Space—time yield (STY)
The space—time yield for electrochemical cells employed for
Overall Ce(lll)— e~ — Ce(IV) the generation of cerium(lV) methanesulphonate is calculated

on the basis of concentration of cerium(lV) methanesulphonate
to the time of electrolysis. The amount of cerium(IV) methane-
3.1. Electrochemical preparation of cerium(IV) sulphonate generated per unit volume of the cell per unit time,
methanesulphonate for divided and undivided cells, can be determined using the
following equation.

The current efficiency, yield, space—time yield and energy Co—
consumption were calculated for the electrochemical prepa$: =
ration of cerium(lV) methanesulphonate in both divided and
undivided cells and using the following equations the quantitiesgt _ U(Co - Ci) (for flow cell) (13)
were determined. L

G

(for batch cell) (12)

3.1.5. Energy consumption
For any electrochemical process the energy consumption is
important factor for the process development. The energy
nsumption for the electrochemical generation of cerium(lV)
ethanesulphonate is calculated using the following equation.
nergy consumption mainly depends on the cell voltage of pro-
SS.
Vit

F (10) EC= o (14)

3.1.1. Amount of cerium(VI) methanesulphonate generated
The amount of cerium(lV) methanesulphonate generated oAn
synthesised theoretically is dependent on the quantity of ele%-O
tricity of passed through the electrolytic solution. A simple rela-
tionship between current density and the amount of cerium(lV
methanesulphonate generated can be derived from Faraday’s I%

MIt
m; =

my is the quantity of reactan¥ the molecular weight of reactant; V is the cell voltage (V)7 the current passed (A)the time of
1 the rate of current passedthe time of electrolysis; the no.  electrolysis (h);n the kg of product (kg) and EC is the energy
of electrons for oxidation anH is the Faraday’s constant. consumption (Wh/g or kW/(h kg)).
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Table 1

Current efficiency and space—-time yield in divided cells

S. no. Type of cell Inter-electrode gap (mm) Cell voltage (V) Current efficiency (%) Space—time yieldJkgy(m
1 Batch cell 8 3.8 97 409

2 Batch cell with re-circulation 8 3.8 92 389

3 Flow cell electro MP cell 6 35 93 397

Anode, DSA-Q; cathode, stainless steel; anolyte, cerium(lll) methanesulphonate; catholyte, methanesulphonic acid; stirring rate, 150 rpm; type @éaell, divi
batch cell; diaphragm, Nafion 324 series membrane; temperatut€, 50

3.2. Studies on divided electrochemical cells for the Above studies were carried in a tank type fabricated batch
generation of cerium(IV) methanesulphonate cell (Fig. 1). In that cell, the anolyte was stirred by means
of mechanical glass stirrer. Time—current efficiency relation-

Cerium(lV) methanesulphonate is generated in divided cellship for the generation of cerium(IV) ions using this cell is

at optimised process condition$able 1 shows the results shown inTable 2 At optimised conditions current efficiency

of electrooxidation of cerium(lll) methanesulphonate usingof 97% is achieved. This design is simple and easy to scale up

three different types of divided electrochemical cells at opti-further.

mised electrochemical process parameters like current den-

sity =50 mA/cn?, temperature = 50C, cerium(lll) concentra- 3.2.2. Batch cell with re-circulation

tion=0.8 M and stirring speed of 150 rpm. During the selection  gaich re-circulationRig. 2) is a particularly flexible and con-

of anode studies, dimensionally stable anodes oxygen evolutiQiunient mode of operation. The provision of a reservoir external

electrode gives high current efficiency. In this cell, the anolyt, the stirred tank reactor may serve several useful purposes. In

was stirred by means of a mechanical glass stirrer. The high solygition to increasing of the electrolyte inventory it may help to

ubility of the cerium(1V) ion in 2-3 M methanesulphonic acid ¢qrrect pH, stabilize temperature, facilitate sampling act as a gas

enhances the ggnerationoof cerium(lV) ion C(_)ncentratigg Withyis-engagement vessel or a solid liquid separator and provide a
high current efficiency (97%) ata current density of SOMAICM ¢y enient, well-stirred zone for the reactant preparation and
Experiments were carried out in batch/batch with r€-mixing prior to electrolysis.

circulation/flow cell for electrooxidation of cerium(lil)
methanesulphonate to cerium(lV) methanesulphonate and

results are discussed in the following sections. tf kLA
J Cat = Cpo exp{— ( 1 ) [ /4 ]} (16)
VRes) |1+ kLA/q

3.2.1. Batch cell

The fractional conversion may be expressed

; . . . . The system as a whole approximates to continuously stirred
Simple batch cellRig. 1) is charged with reactants, stirred tank behaviour if the reservoir volume is much higher than that

well and then left for a period for the reaction to oceur to f the reactor and the reservoir residence time is high. Both the
some predetermined extent. The resulting solution was thef} . . an.
nlet and outlet reactor concentrations are time-dependent.

discharged from the cell and worked up to isolate the product! . 2 .
g b P Studies were carried out to improve the mass transfer rate, by

i f ill ch hly. X o X :
Concentration of reactants and products will change smoot Xlrculatlng the anolyte solution in a batch cell with above said

with time (in a way dependent on the reaction kinetics) but the

composition is uniform throughout the reactor volume and thecondltlons. The cerium(lV) ion concentration was monitored

residence time is well defined, i.e. the same as the reaction timgl.Ith time at dlﬁerer)t_mtervals ar;d Itis ShOV\.mT'able 2In this
In a batch cell, a constant volume of electrolyitg*which is cell, the current efficiency of 92% was achieved.
well mixed with in the reactor at all times. Concentration of the
reactant will decrease from an initial concentration@f'‘toa  Table 2
value ‘C,’ at time ‘7. Effective stirring makes the concentration T?me—current efﬁciengy relat_ionshi_p for the generation of cerium(lV) using
spatially uniform and the reaction show first order kinetics withdvided batch/batch with re-circulation/flow cell

respect to the reactant. S. no. Time (min) Current efficiency (%)
The fractional conversion in a simple batch reactor may be Batchcell  Batch cell with  Flow cell
expressed as re-circulation electro MP cell
1—-C A 1 0 0 0 0
X4 = L—1—exp {—Iq_ () t] (15) 2 30 88 92 93
Co VR 3 60 84 90 89
. N . . , 4 100 81 84 91
Co is the initial of concentration of cerium(ll; the final con- ¢ 140 80 87 04
centration of cerium(lll) with time intervald the area of the ¢ 170 97 92 93

electrode;Vr the reactor volume andis the time of electroly- - -
. Anode, DSA-Q; cathode, stainless steel; anolyte, cerium(lll) methane-

SIS. . . sulphonate; catholyte, methanesulphonic acid; stirring rate, 150 rpm; type of
By its very nature, a batch cell operates in an un-steady statgel, divided batch cell; diaphragm, Nafion 324 series membrane; temperature,
the reactant and product concentrations being time dependenso°c.
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Table 3 3.3. Undivided electrochemical cells for the generation of
Kinetic study on batch/batch re-circulation/electro MP cells cerium(IV) methanesulphonate
S.no. Type of cell Anode material Mass transfer ) ] -

(cm/s) For an electrochemical cell the two important quantities are
1 Electio MP call DSA-G (mesh type) 4.6 10°° current efﬁugncy and quce—tlme yleld. In the present work, the
5 Electro MP cell DSA-Q (plate type) ~ 6.0< 104 electrochemical preparation of cerium(lV) methanesulphonate
3 Batch cell DSA-Q (mesh type) 8.& 1073 from cerium(lll) methanesulphonate using agueous methanesul-
4 Batch cell _ DSA-Q (plate type) ~ 7.0¢ l(Tz phonic acid medium in undivided electrochemical cEl( 4)
5 Batch re-circulation cell  DSA-©(mesh type) 8.3 10~ was carried out. Some electrode ratio studies on current effi-
6 Batch re-circulation cell DSA-@(plate type) 7.8 1073

ciency and space-time yield using the above cell were also

Anode, DSA-Q; cathode, stainless steel; anolyte, cerium(lll) methane-carried out.

sulphqqate; catholyte, methanesulphohic acid; st?rring rate, 150 rpm; type of | the process of electrochemical generation of cerium(IV)

ggll,cdllwded batch cell; diaphragm, Nafion 324 series membrane; temperatur?hethanesulphonate in an undivided cell, Competing reacFions
occur at both the anode and the cathode. Atthe anode the primary

reaction is the oxidation of cerium(lll) methanesulphonate to

cerium(1V) methanesulphonate. This reaction is limited by mass

th flpr\:v cells” [Tlgi 3 arle basded onf'Fhe plug rov; rﬁactlor transfer at increased potentials. The secondary reaction is the
maodel with parallel-plate electrode contfiguration and the e erxygen evolution reaction, which is kinetically controlled.

trodes may be horizontal or vertical. The flow cell is usually con- The hydrogen evolution reaction is kinetically controlled

structed with vertical electrodes in a plate-and-frame arranggynereas the cerium(lV) reduction is mass transfer controlled.

mentand mounted on afitter press. Electrodes, electrolyte Char&'onsequently, the cathode current efficiency for hydrogen is
bers, insulating plates to separate cells were used. Membranegrr

4 individuall q d with sui omoted by high current densities. The use of an differential
separators are constructe Individually and mounted wWith sulty o5 ce|l s aimed at optimising the cell efficiency for cerium(1V)
able gasket materials between each component.

by producing relatively high cathode current densities together

In plate-and-frame cells it is normal to reduce the inter- i 10w anode current densities in an undivided cell.
electrode gap to 0.6 cm and the electrolyte flow rates are often

high. The electrolyte entry ports must be designed to give .3.7. Swudy on effect of differential cathode area on

uniform distribution of electrolyte into the cell and an adequatecy ren efficiency in undivided cell

linear velocity. The flow within the cell can be made more turbu-  Ce(l11)/Ce(IV) system was carried out using different cathode
lent. Most common method of turbulence promotion is the useyreas varying from 1:1 to 1:16. The observed results are given in
of an electrode which each has a definite texture and/or insulafable 4 From the table itis observed that at cathode to anode area
ing plastic meshes next to the electrode. The design equation festio of 1:8, the maximum current efficiency of 91% is obtained.

a flow type cells on batch operation with re-circulation throughpuring electrolysis the temperature of the electrolyte rises as
a CSTR reactor is by E416). the cathode current density was high. Hence, the temperature of
Electrochemical oxidation of cerium(lil) methanesulphonatethe electrolyte is maintained at 36. Some experiments were
to cerium(IV) methanesulphonate was studied extensively in thgarried out with aninter-electrode distance of 1-6 cm. All experi-
plate and frame type cell. A typical time—current efficiency rela-ments gave same current efficiency. The oxidation of cerium(l11)
tionship for this cell and current efficiency is shownTiable 2 was also carried out at different anode current densities ranging

A high current efficiency of 93% is achieved using the electrofrom 5 to 30 mA/cni. At 10 mA/cn? the best current efficiency

MP cell at optimised conditions. was obtained. Results are giveriTiable 5
Apparent mass transfer coefficieiit Y was determined by

estimating the cerium(I1V) ion concentration—time behaviour for3.3.2. Study on effect of total cerium concentration on

the above three cells and results are present@dbite 3 These  current efficiency in undivided cell

mass transfer coefficients can be used to estimate the minimum Electrochemical oxidation of cerium(lll) methanesulphonate
reactor area required for high current efficiency and conversiorto cerium(lV) methanesulphonate was carried out in an

3.2.3. Flow cell electro MP cell

Table 4

Results of the electrochemical oxidation of Ce(lll) to Ce(IV) in an undivided cell showing the influence of different ratio of cathode to anode area

S. no. Area of cathode Cathode area (cf Anode area (cR) Anode current Cathode current Current efficiency (%)
to anode density (mA/cni) density (mA/cm)

1 11 48 48 10 10 59

2 1:2 24 48 10 20 71

3 1:4 12 48 10 40 79

4 1:8 6 48 10 80 91

5 1:12 4 48 10 120 85

6 1:16 3 48 10 160 88

Anode, DSA-Q; cathode, stainless steel; electrolyte, cerium(lll) methanesulphonate; stirring rate, 150 rpm; total cell capacity, 500 ml; type of cebattitided
cell; diaphragm, Nafion 324 series membrane; temperature; 50
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Table 5

Results of the electrochemical oxidation of Ce(lll) to cerium(IV) in an undivided cell showing the influence of different anode current densities

S. no. Anode current Cathode current Time of Cell voltage (V) Current efficiency
density (mA/crd) density (mA/cnd) electrolysis (min) (%)

1 5 40 140 3.8 88

2 10 80 70 5.8 91

3 15 120 46 7.0 86

4 20 160 35 8.5 86

5 25 200 28 105 79

6 30 240 23 10.5 83

Anode, DSA-Q; cathode, stainless steel; electrolyte, cerium(lll) methanesulphonate; stirring rate, 150 rpm; total cell capacity, 500 ml; type of celt batihid
cell; diaphragm, Nafion 324 series membrane; temperature; 50

undivided cell at a current density of 1 mA/érhaving differ- For many optimisation projects in research, development and
ent electrode area 1:8 (i.e. lower cathode area and higher anofi@nufacturing, the sequential simplex design is the method of
area). Thus, 300 ml of 0.8 M cerium(lll) in 2M methanesul- choice. It is very useful for optimisation studies. Experiments
phonic acid was electrolysed to give maximum current efficiency@re successively performed in a direction of improvement until
of 88%. It is observed that the current efficiency for cerium(lv) the optimum is reached. The simplex method can handle many
formation increases with the increase in total cerium concentra@riables with only a few trails, and does not require any assump-
tion (Table 10. This may be due to high mass transfer at highertions with regard to the underlying model.
cerium concentration. In an experiment, to change one or more process variables
or factors in order to observe the effect the changes have on
3.3.3. Study on effect of methanesulphonic acid one or more response variables. The stgtistical d_esign of exper-
iment is an efficient procedure for planning experiments so that

concentration on current efficiency " und.leed cell . the data obtained can be analysed to yield valid and objective
The effect of methanesulphonic acid concentration on cur-

rent efficiency for cerium(lV) generation is illustrated using conclusions.

an electrolyte of 0.8 M total cerium concentration. The current )

efficiency for cerium(IV) generation increased from 50 to 9196°-% 1. Effect of current density

when the free methanesulphonic acid concentration decreased 'aPle 6 and Fig. 5 shows the effect of current den-
from 5.5 to 0.5 M Table 1). Increase in the current efficiency s'ty_ for Ce'(IV)/Ce(III) .sys.tem. The curr'ent' eﬁ'c'e”CY for
with decreasing acid concentration may be due to a decreas&g UM(IV) ion generation is increased with increase in cur-

diffusion resistance as the solution viscosity decreases. rent density and decreased at an high current density, i.e.
150 mA/cn?. At an optimum current density of 5 mA/cnthe

current efficiency and yield were found to be 97 and 97%,

3.4. Process optimisation studies on process parameters for respectively.

Ce(IV)/Ce(lll) system

[3‘.4.2. Effect of temperature

The following design parameters for the electrochemica The mediated system reaction was carried out in the temper-

generation of cerium(lV) methanesulphonate from cerium(lll) ture range of 30-60C in a batch divided celTable 7shows

methane_sulphonate were investigated in a divided batch C€¥he effect of temperature for mediated electrochemical oxidation
The design parameters are current density, temperature, agita-

tion and methanesulphonic acid concentration.

120

Table 6
Study on effect of current density on current efficiency 100
2
S.no. Current Temperature Cerium(lll)  Cerium(lV) Current :3,
density (°C) (moles) (moles) efficiency S 80
(mA/cn?) (%) g
@
1 25 50 0.1053 0.0800 76 = %
2 50 50 0.0891 0.0864 97 g
3 70 50 0.1037 0.0860 83 3 40
4 100 50 0.0912 0.0538 59
5 125 50 0.1027 0.0575 56 20
6 150 50 0.1048 0.0586 56
Anode, DSA-Q; cathode, stainless steel; anolyte, cerium(lll) methane- 0 0 5 2 Py P 10 12 12 16
sulphonate; catholyte, methanesulphonic acid; stirring rate, 150 rpm; total cell Current density A/dm2

capacity, 500 ml; type of cell, divided batch cell; diaphragm, Nafion 324 series
membrane; temperature, 50. Fig. 5. Study on effect of current density.
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Table 7
Study on effect of temperature on current efficiency
S.no. Temperature Current Cerium(lll)  Cerium(lV)  Current
(°C) density (moles) (moles) efficiency
(mA/cr?) (%)

1 30 25 0.0904 0.0605 67

2 40 25 0.0912 0.0620 68

3 50 25 0.1053 0.0800 76

4 60 25 0.1031 0.0784 76

5 30 50 0.0674 0.0505 75

6 40 50 0.0671 0.0566 85

7 50 50 0.0679 0.0664 97

8 60 50 0.0681 0.0660 97

9 30 100 0.0930 0.0428 46
10 40 100 0.0980 0.0428 53
11 50 100 0.0912 0.0540 59
12 60 100 0.0951 0.0570 60

Anode, DSA-Q; cathode, stainless steel; anolyte, cerium(lll) methane-
sulphonate; catholyte, 2.0 M methanesulphonic acid; stirring rate, 150 rpm; total
cell capacity, 500 ml; type of cell, divided batch cell; diaphragm, Nafion 324

series membrane; temperature, 30260

Table 8
Study on effect of stirring rate on current efficiency
S. no. Stirring Cerium(lll) Cerium(IV) Current
rate (rpm) (moles) (moles) efficiency (%)
1 60 0.1075 0.0641 60
2 80 0.1070 0.0670 63
3 100 0.1034 0.080 77
4 120 0.1038 0.090 87
5 140 0.1013 0.0982 97
6 160 0.1010 0.0971 97

120
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@
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B 60
=
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S 40
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20
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40 60 80 100 120 140 160 180
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Fig. 7. Study on effect of stirring rate.
Table 9

Study on effect of cerium(lll) methanesulphonate concentration on current
efficiency

S.no. Cerium(lll) Anode Cerium(lll) Cerium(lV) Current
methane- (moles) (moles) efficiency
sulphonate (M) (%)

1 0.6 DSA-@ 0.1041 0.0864 83

2 0.8 DSA-@ 0.1071 0.1043 97

3 1.0 DSA-Q@ 0.1340 0.1160 89

4 0.6 Platinum 0.0991 0.0862 87

5 0.8 Platinum 0.0983 0.0952 97

6 1.0 Platinum 0.0982 0.0951 97

Anode, DSA-Q; cathode, stainless steel; anolyte, cerium(lll) methane-

Anode, DSA-Q; cathode, stainless steel; anolyte, cerium(lll) methane-sulphonate; catholyte, 2.0 M methanesulphonic acid; stirring rate, 150 rpm; total
sulphonate; catholyte, methanesulphonic acid; stirring rate, 150 rpm; total ceflell capacity, 500 ml; type of cell, divided batch cell; diaphragm, Nafion 324
capacity, 500 ml; type of cell, divided batch cell; diaphragm, Nafion 324 seriesseries membrane; temperature 80

membrane; temperature, 0.

system. The current efficiency for cerium(1V) formation tends

to increase with increase in temperature and it is givien 6.

The optimum temperature is 8C and this is ideal temperature

for process development.

120
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Fig. 6. Study on effect of temperature.

3.4.3. Effect on agitation

The effect of stirring rate of electrolyte was carried out in
the range of 75-150rpm in the electrochemical batch cell. It
was observed that the conversion is proceeding with increase of
agitation. It was also seen that the mass transfer for the formation
cerium(1V) is high in high agitation. The results are presented
in Table 8andFig. 7.

Table 10

Studies on the effect of total cerium on the current efficiency in undivided cell

S.no.  Cerium(lll) Ce(lll) Ce(lV) Current
methanesulphonate (M) (moles) (moles) efficiency (%)

1 0.5 0.1058 0.0670 63

2 0.6 0.1075 0.0770 72

3 0.7 0.1043 0.0870 83

4 0.8 0.1057 0.1025 95

5 0.9 0.1043 0.1011 97

6 1.0 0.1035 0.0980 95

7 1.2 0.1028 0.0980 95

Anode, DSA-Q; cathode, stainless steel; anolyte, cerium(lll) methane-
sulphonate; current density, 50 A/éneell voltage, 4.5 V: stirrer speed, 150 rpm;
diaphragm, Nafion 324 series cation membrane.
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Table 11 - -
Anode: Dimensionally stable anode (DS,
Studies on the effect of methanesulphonic acid concentration on the Curre'aathode' Stainless ste):al (DSAL
efficiency Diaphragm: Cation exchange membrane — Nafion 324
S.no.  Methanesulphonic acid Ce(lll) Ce(lV)  Current Anolyte: Cerium(lif) methanesulphonate(0.8 M) in
concentration (M) (moles)  (moles) efficiency (%) methanesulphonic acid
Catholyte: Methanesulphonic acid (2.0 M)
1 05 0.1076 0.0753 70 Current density: 5 A/drh
2 10 01069 0092 86 Temperature: 5&
3 2.0 0.1065 01033 97 Stirring rate: 150 rpm
4 3.0 0.1062 0.088 83
5 4.0 0.1065 0.082 77
6 5.0 0.1063 0.068 64 References
7 5.5 0.1061 0.058 55
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