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ABSTRACT

Electrocatalytic oxidation of methanol on Ti/PbO, electrode (as anode)
was investigated in different conductive electrolytes. The highest
electrocatalytic activity was achieved in the presence of NaCl (2g/l) and
could be attributed to indirect oixdation of methanol by the e ectrogenerated
hypochlorite ions from the oxidation of chlorideions. In addition, contri-
bution fromdirect oxidation Ocould alsois possible viareaction oof metha-
nol with the electrogennerated hydroxyl radical s adsorbed onthe Ti/PbO,
modified electrode suurface. In the presence of NaOH, the el ectrocatlytic
activity of the employed anode was not compared to that in NaCl due
primarily to the absence of chloride. This indicates that methanol degra-
dation in NaOH occurs exclusively via direct electrochemical process.
However in H,SO,, the electrode performance was poor due partially to
the absence of chloride from the conductive solution. The possiibility of
electrode poisoning as a result of growth of adherent film on the anode
surface. Optimizing the conditions that ensure effective electrochemical
degradation of methanol on Ti/PbO, modified electrode necessitates the
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control of all the operating conditions.
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INTRODUCTION

Titaniumisaleading candidatemateria suitblefor
useinfabricating jet engine partsand other aircraft and
aerospace component. In addition, thehhigh electrica
conductivity of titanium rendersit asuitablematerid for
thefabrication of current collectorsusedinfuel cells.
These applicationsare limited by theformation of un-
gtable, low conductive oxideson the surface of titanium
and itsalloys. This problem can be overcome by the
goplication of athinlayer of noblemeta onthetitanium
surface.

Various methods can be used for the application
of themetdlic coatingson thetitanium substrates¥l. The

el ectrodeposition method isthe most favoured tech-
nigue, asit hasmany advantages, but itisdifficult to
obtain atruly adherent electroplate ontitanium dueto
theformation of oxidelayer onthe surface?4.

Lead dioxide, is characterized by high oxygen
overpotentid, thereforeit isone of themaost commonly
used anodesfor el ectrochemical degradation of many
pollutantg®>4.,

Nowadaysthe heterogeneous catalysis of electro-
chemica reactionsoccurring at the electrode-€l ectro-
lyteinterface hasmainly concerned technological in-
vestigationsrel ated to energy storage, energy conver-
sions(fuel cells) and environmentd protection (waste-
water trestment). Many fundamentd investigationswere
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undertakeninthelast two decadeson thedirect oxida
tion of several acohols: methanol, ethanal, ethylene-
glycol, butanal ... etc. Thisisbecausethe above-men-
tioned compoundsarevery interestingfuel sduetoalot
of advantages: high solubility inagueouse ctrolytes, rda
tively high reactivity, eases of storage and supply, and
law toxicity. Ontheother hand, the presences of these
substancesinindustria wastewater cause serious pol-
[ution problems. Methanol isoneof the most important
fuel usedfor dectricity production (fuel cells), and at
thesametimeit formed as pollutant in wastewater of
several industriessuch as pharmceutical, beverages...
etc. When asuitableanodeisinsertedinto the contami-
nated solution chlorineor CIO isgenerated (if neces-
sary with prior addition of Cl-ions). Thesespecies(Cl,,
ClO) arepowerful oxidizing agents capableof destroy-
ingawiderangeof organic chemica ssuch asmethanol
inthe homogeneous phase.

Theam of the present study wasto investigatethe
el ectrocatd ytic degradation of methanol from an aque-
oussolution by direct and indirect e ectrochemical oxi-
dation. Sinceeffective and economica meansof trest-
ment of pollutants requiresthe choice of appropriate
electrolysisconditionsand catal ytic € ectrode materi-
as. Theeffect of different operating factors, such as
type and concentration of conductive e ectrolyte, ap-
plied current dengity, initia methanol load, solution pH
and others on the methonal removal efficiency and
chemical oxygen demand (COD) depletion wereana
lyzed to optimizethe conditions of € ectrochemica oxi-
dation of methanal. Titanium/lead oxidemodified dec-
trodewas selected for thisinvestigation.

EXPERIMENTAL

Inthisstudy anew method wasdevel oped to dec-
troplatetitanium substrate with lead. Thismethod com-
prisesan anodization of titanium substratein oxalicacid
solution at very high current density toform avery po-
rous and very conductivetitanium oxidelayer that is
accessible for subsequent electrodeposition of very
adherent coatings.

Prior to the eletrodeposition of lead,thetitanium
substrates of dimensims (1x2 cm?) werepretrested by
mechanical polishing using emery paper downto 4/0
gradeand degreasing with acetone. After this, the sub-
strateswere degreased in an akali soaking cleaner of
composition: NaOH 50g/l, Na,CO, 20g/l, Na,PO,
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20g/l and sul phonic acid 2g/I™*9. The degreasing pro-
cesswascarried out a 50°C for five minutes, and then
thetitanium substrateswerewashed inrunning distilled
water. The degreasing processwasfollowed by pick-
ling, wherethe substratewereimmersed in asolution
containing nitric acid 400g/l and hydroflouric acid
50g/l. Thiswasfound to be agood pickling solution,
becauseit removesthe oxidesand scaesfromthetita
nium surface without difficulty and rendersthe metal
active. Finally, chemical polishingwascarried out on
thetitanium substratesby theirimmersioninoxdicacid
solution (100g/1) for fiveminutes.

Theanodizing processwas carried out onthe pre-
treated titanium substrates in oxalic acid solution
(100g/1) at current density of about 90 mA/cn?, at am-
bient temperature. Thishigh current density was cho-
senwith theaim of obtaining porousand conductive
titanium oxideson the surface of substrates. Stainless
steel electrodes (austenitic type) were used as cath-
odes. The distance between cathode and anode was
2cmi49,

L ead was chosen to be el ectrodeposited metal on
the anodi zed titanium substrates, sincethe el ectrode-
posited |ead can be oxidized to PbO, which hashigh
electrocatal ytic activity owingtoitshigh oxygenevolu-
tionovervoltage.

The optimum composition of lead el ectroplating
bathis: lead fluoroborate Pb(BF,),, freefluoroboricacid
HBF, 30g/l, freeboricacid H,BO, 13.5g/l, animal glue
0.2g/l, temperature of 25-40°C, cathode current den-
sity 200A/m?, anode current density 100-300 A/mA,
After thee ectrodeposition of lead onthe preanodized
titanium substrates, it was oxidized to PbO, by anod-
ization the electrodesin oxalic acid solution (100g/l).
Thisacid solution wasd ectrolyzed ga vanodtatica ly for
30 minutesat ambient temperature using an anodic cur-
rent density of 100 mA/cm?. The cathodeswas stain-
lessstedl (austenitictype).

Chemicalsused in thisstudy were methanol, so-
dium chloride, sodium hydroxide and sulphuric acid of
andytical grade.

Thed ectrolyssof theagueoussolutionsof metha
nol to beelectrochemically oxidized wascarried outin
aone-compartment Pyrex glasscell of 150ml volume
with the prepared Ti/PbO, modified electrode as an-
odeand austenitic stainlesssted ascathode. DC power
supply (model GP 4303 D, LG Precision Co. Ltd,
Korea) wasused. The current and potential measure-
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mentswerecarried out usng digital multimeter (Kyoritsu
model 1008, Japan).

Two main parameterswere measured to eval uate
the el ectrochemical oxidation efficiency, remaining
methanol concentration and COD (oxygen equival ent
of theorganic matter content of themethanol). Remain-
ing methanol wasmeasured with aliquid chromatograph
(Shimazu LC-6A) whilethe COD wasdetermined us-
ing thereactor digestion method ™. From these analy-
sistheremainsratio wascal culated asfollows*2:
Remains% =[COD/COD ] x100

COD, :COD valuebefore electrolysis, COD :COD value after
electrolysis

Remains% = (remaining methanol / initial methanol)x100
Removal% =100 - Remains%

RESULTS

Theinitid stageinthisstudy wasto select asuitable
conductive electrolyte in which a highest rate of
€l ectrocata ytic oxidation of the methanol occurs. This
was carried out in the presence of 2g/l of different elec-
trolytes, acid (H,SO,), base (NaOH) and salt (NaCl)
under thefollowing operating conditions: 1000 mg/I
methanol with corresponding 1660 mg/l initial COD, a
temperature of 25°C, pH of 3, acurrent density of 25
mA/cn? anda30mintimeof dectrolyss. Figure 1 show
theeffect of different conductiveeectrolytesonthere-
moval % of methanol. Asclearly seeninfigure1the
electrocatal ytic rate of degradation of methanol was
poor in the acid electrolyte, where the removals%
reached 45. Thisis, infact, considered an unsatisfac-
tory ratefor practical industria applications.

The rate of the electrocatalytic degradation of
methanol wasbetter in base (NaOH) thanthat in H,SO,
asevident from the considerableincreasein remov-
as%. Thevaueof remova s% of methanol reached 75.
NaCl appearsto bethemost effective conductive e ec-
trolyteinwhich amost completeremova of themetha-
nol was observed. Inthise ectrolyteamaximum deg-
radation efficiency of 99% wasreached.

Thepreiminary resultsin thisstudy haveindicated
that NaCl isthe best conductiveeectrolyteamong al
theinvetigated dectrolytes, for thee ectrochemica deg-
radation of methanol on Ti/PbO, modified electrode.
Inthiselectrolyte, themodified e ectrode (Ti/PbO,) ex-
hibited itshighest el ectrocatalytic activity. Therefore,
NaCl wassdected asthe conductived ectrolyteinwhich

—=  Pylf Peper

L

Removal %

i

W80, HaOH HalL

Conductive electrolyte
Figurel1: Effect of conductiveelectrolyteon theremoval
% of methanol on Ti/PbO,modified electrode
1004 —a—i—-1
f="u R

0

40

Removal %

[

a d 1:2 ; :IE : 3I:l ; -‘.IIZ ; EIZI
Current densit , m& / cm”

Figure 2: Effect of current density on theremoval % of

methanol on Ti/PbO, modified electrode.

al thefollowing experimentswere carried out.

A sriesof experimentswere carried outin NaCl to
investigate the effect of different operating factorson
therate of the e ectrochemica degradation of methanol.

1. Effect of current density

Different current densities (0-45mA/cm?) were ap-
plied toinvestigatethe el ectrocatal ytic degradation of
methanol in NaCl solution (2g/l) at 1000 mg/l intial
methanol concentrationwith correspondinginitid COD
of 1660 mg/l . Thiswas carried out for 30 min elec-
trolysistimeat asolution pH of 3 and atemperature of
25°C. Theobtained resultsweredepicted infigure2 as
arel ation between the removal s% of methanol and ap-
plied current density. Asshown fromthe plot of figure
2, theincrease of theremoval s% of the methanol was
sharp at low current density, followed by agradual in-
creasewithincreasing current density upto 20mA/cny?
at which completeremoval of methanol took place.

It has been indicated from thistest that the Ti/PbO,
modified e ectrodeexhibited itshighest el ectrocata ytic

Au Tudian Yournal



138

Investigation of the optimum conditions for the electrocatalytic oxidation

PCAIJ, 3(2-3) December 2008

Full Paper ==

100 - —a—a—a

1 i [
=] o (=)
1 1 1

Removals %

ki
=]
1

o

a : X E B 1o 2

pH
Figure 3: Effect of pH of solution on theremoval % of
methanol on Ti/PbO,modified electrode

[ = - ~ - ~

BO—

]
(=]
1
m

Removals %
g
&
1

(=]
B
1

o

o 'I:I '_:E 3I:I -1II: EJII
Time / min

Figure 4: Effect of electrolysistimeon theremoval % of

methanol on Ti/PbO,modified electrode
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Figure5: Effect of temperatureontheremoval % of metha-

nol on Ti/PbO,modified electrode

activity towardsthe degradation of methanol in NaCl
at 20mA/cm? applied current density. Therefore, this
valueiscons dered the optimum current dengity for the
electrolytic process.

2. Effect of solution pH

Physical CHEMISTRY o

Thesolution pH wasvarriedfrom 1to 12 in order
to determineits effect on the el ectrocata ytic degrada-
tion of methanol on Ti/PbO, modified electrode. Figure
3 presentstheremova s¥% asafunction of pH. Theop-
erating factors: 2g/l NaCl, 1000 mg/l initia methanol
concentration, current density of 20mA/cm?, 30 min
time of electrolysisand temperature of 25°C. There-
aultsof figure 3indicated that thehighest e ectrocata ytic
activity wasattai ned under acidic conditionsof pH range
from 2-5.

3. Effect of electrolysistime

Investigationof theeffect of timeof eectrolysison
the el ectrocata ytic degradation of methanol was car-
ried out under thefollowing operating factors: 2g/l NaCl,
1000 mg/l initia methanol concentration, pH was3and
temperature of 25°C. The obtained results are depicted
in figure 4, as the dependance of the removal% of
methanol on thetimeof dectrolysis. Theplot of Figure
4 showd that theincrease of remova s% was sharp af -
ter thefirst 5 min. followed by gradual increasewith
timereaching maximum after 20 min. of dectrolyss.

4. Effect of temperature

The effect of temperature on the el ectrocatal ytic
oxidation of methanol was carried out under thefol -
lowing operating conditions: 2g/l NaCl, 1000mg/l initid
methanol concentration, 20mA/cm? current density, 20
min. electrolysistimeand pH of 3. Figure5 showsthe
variation of removal s% of methanol asafunction of
temperature. At low temperatures below 25°C, the
methanol degradation was not complete. Therate of
methanol degradation asenhanced significantly within-
creasing the solutiontemperatureto 25°C at which com-
plete methanol degradation was obtained and further
increaseintemperature above 25°C did not bring any
effect.

5. Effect of conductiveelectrolyte concentration

Inthisinvestigation the operating conditionswere:
1000mg/I initial methanol concentration, 20mA/cny?
current density, 20 min. time of el ectrolysis, pH of 3
and temperature of 25°C, the concentration of NaCl
variesfrom 0to 6 g/l. Figure 6 presentsthe effect of
NaCl concentration on theremova s% of methanol on
Ti/PpO, modified electrode. Theplot of thisfigureindi-
cated that the removal % of methanol increased with
increasing NaCl concentrtion up to 2g/l, abovewhich
therewasno additiond effect of NaCl. Thismeansthat,
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removal % of methanol on Ti/PbO,modified electrode

compl ete degradation of methanol wsachievedinthe
presence of 2g/I NaCl.

6. Effect of initial methanol dosage

Thistest wascarried out under thefollowing oper-
ating factors: 2g/l NaCl, 20mA/cm? current density, 20
min. timeof dectrolysis, pH of 3, temperature of 25°C
andinitial concentration of methanol varied from 1000
to 2000 mg/l. The obtained resultsaredepicted infig-
ure7, wherethe romova s% wasplotted gainst theini-
tial methanol concentrtion. Theplot of thisfigureindi-
cated that thetota removal of methanol can beachieved
inthepresenceof initid methanol load up to 17000mg/l.
However, increasing the methanol concentration above
thislevel resulted in the decreaseinthe removal s% of
methanol. Although the degradation of methanol de-
creaseswithincreasingtheinitial methanol concentra
tion, good removd efficiency wasachieved at arela-
tively high methanol |oad asindicated from the plot of
figure 7. For example, the removal s% of methanol at

= Pyl Paper

2000mg/l initia concentration was~70%.

Theresultsof thisinvestigation haveindicated that
the operating factors play fundamental rolein electro-
chemical degradation of methanol and controlling these
factors|eadsto efficient el ectrocatal ytic oxidation on
the Ti/PbO, modified electrode.

DISCUSSION

Nowadays, the heterogeneous catal ysis of electro
chemicl reaction occurring at the e ectrode-el ectrolyte
interface, hasmainly concerned technologicd investi-
gations related to energy storage, energy conver-
siong*** and environmental protection (wastewater
treatment)!*. Methanol oneof themost important fu-
elsused for dectricity production (fudl cells) and at the
sametimeformed asapollutant in wastewater of sev-
eral industries such as pharmaceutical, beverages,
...... etc. Several mechanismsfor the el ectrochemical
oxidation of methanol were suggested intheliterature
(1619 Herrero et a. suggested adua path mecha
nismfor thee ectrochemical oxidation of methanol on
platinum dectrode, thismeshanismis.

CH,OH -»CO+4H"+4e 1)
and CH,OH +H,0—»CO,+6H* +6e )

Thismechanism wasfound to be operativeif the
methanol oxidation chargeislarger than the correspond-
ing COformation charge.

Thed ectrocata ytic oxidation of methanol fromlig-
uid (usually aqueous) phasesthrough el ectrochemical
processesisbased on the possibility of choosing suit-
able e ectrodesand potential/current potentia sselec-
tively to destroy theseimpurities. Degradation of some
organic compounds by indirect e ectrochemical oxida
tion hasbeen carried out.

It was previodly reported® 2 that, when asuitable
anodeisinserted into the contaminated sol ution chlo-
rineor CIO isgenerated (if necessary with perior addi-
tionof ClI-ions). These spcies(Cl,,CIO) are powerful
oxidizing agents capabl e of destroying awiderange of
biological microorganismsaswell as many organic
chemicasinthehomogeneous phase. Among common
organicimpuritiesthat can beoxidized inthisway are
phenols, mercaptanes, ddehydes, achohols, carboxy-
licacids, dyes...etc.

If NaCl solutionisdectrolyzedinanindividud cell,
Cl, formed a the anode disproportionatesinthe pres-
ence of OH-ion generated at the cathode:

Hn Tndéan g%wumé
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Cl,+OH >CIO +Cl+H,0 €)

Theresultant hypochl orite can befurther oxidized
tochlorate:
2CIO"+H,0 52/3ClO,+Cl +H*+0,+2e 4

However, thisleadsto therequirement of nineFara-
daysper moleof chlorate, whereasonly six are needed
if achemica disproportionation routeisfollowed:
2CIO +2H,0 2HCIO +20H- (5
2HCIO +CIO - ClO, +2CI-+ 2H* (6)

On the basis of the above reactions, we can see
from reaction (4) that the hypochloriteisfavoured by
keeping thechloride concentration ashigh aspossible.
Inaddition, high current densitiesareemployed owing
to thefact that the current-voltage curvefor reaction
(4) isflatter than the chlorineevolution. Reaction (5,6)
can be suppressed by working at low temperature, and
theresultant liquor can be used directly for bleaching
and disinfection purposes.

Lassali et al.? reported in detail on the
el ectrocataytic acivity for chlorineevolution, and indi-
cated the poss ble e ectrochemicd routesinvolvingthe
chlorideionat an anodeasfollows:

M-OH —>M-O+H*+e @
M-O+CI'=M-OCl +e 6
M-OCl +CI+H*—M-OH +Cl, ©)

Moreover, it wasreported?®!, that hypochloriteion
could be generated in aqueous chloridemedium el ec-
trolysis, according to thefollowing reaction sequence:
2CI'> Cl,+2e (10)
40H = 0,+2H,0 +4e (11)
Cl-+20H - OCI-+H, O +e (12)
Thedirect electrochemical oxidation of organic com-
poundscould generaly occur viaamechanisminwhich
thefirst step isthe oxidation of water moleculesonthe
electrodesurface(MO), givingriseto theformation of
hydroxyl radicals ccording to the following equa-
tionl”%627 ;

MO, +H,0'MO [OH*] +H*+e (13)

The produced hydroxyl radicalscan, if it ispos-
sbleoxidizetheunderlying oxidelaticetoahigher state
forming theso-called higher oxide:

MO, [OH*]>MO, [O] +H*+e (14)

Theonly roleof theformed higher oxideisthepar-
ticipation intheformation of selectiveoxidation of the
organic pollutants (R) without compl eteincineration:

MO [O] +R—>RO+MO, (15)

Physical CHEMISTRY o

Itisto benoted that the above route can take place
only if thetrangition of theunderlying oxideto ahigher
oxidation gtateispossibleand thed ctrodesof thisclass
arecdled“active electrodes”. However, if this is not
possi blethe el ectrogeneratd hydroxyl radicals could
directly oxidizethe organic compound to carbon diox-
ide and water; predominantly cause the combustion of
the organic compound:

MO, [OH*]+R—>M +mCO,+nH 0 +H*+e (16)
andthisclassof dectrodesarecaled “non- active elec-
trodes”.

On the basis of the above view, thelead dioxide
anode employed inthisinvestigationis characterized
by high oxygen overvatage on which OH* are gener-
ated fromthe oxidation of water according to equation
(13). However, PbO, does not haveahigher oxidation
state; consequently itisclassified as“non- active elec-
trode”. It was reported that lead dioxide elctrode is
hydrated™ and the el ectrogenerated hydroxyl radicas
are expected to be more strongly adsorbed onit sur-
face. Thisinturn, makeslead dioxideanodevery reac-
tive towards organi cs oxidation leading to complete
degradation of the methanol by reactionwith hydroxyl
radica sforming carbon dioxide and water.

Theresultsof the present investigation haveshown
that the e ectrocatal ytic oxidation of methanol on lead
dioxideanodeoccurred very efficiently inthe presence
of NaCl asaconductive el ectrolyte. The degradation
rate of methanol in NaOH was not asgood asthat in
theNaCl containing solution. However, thelead diox-
ide el ectrode performed deficiently towardsthe elec-
trochemical degradation of methanol inthe presence of
H,SO,.

IntheNaCl solution, the oxidation of the methanol
could occur directly viareaction of methanol withthe
electrogenerated hydroxyl radica sadsorbed onthelead
dioxide surface. In addition, indirect el ectrochemical
oxidation may possibly teke placeinvolvingthepartici-
pation of the electrogenerated hypochloriteionspro-
duced fromthenaturdly occurring chlorideionsinthe
processed water. Thisinturn, contributesto higher deg-
radation rate of methanol fromitssolution.

Thereduced degradation efficiency in the pres-
ence of NaOH could beattributed primarily to the ab-
senceof chloridewhich ensuresthat the el ectrocatal ytic
degradation of methanol occursprimarily by direct oxi-
dation onthelead dioxide anode. It wasreported inthe
literaturethat inthe absence of the chloridethe oxygen
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evol ution wasthe magjor anodic reaction, but the oxy-
genformationin solution did not produce asignificant
oxidation®. Ontheother hand, thelow degradation of
methanol observedinH,SO, solution could be corre-
lated partidly totheabsence of chloridethat, onceagain,
guaranteesdirect oxidation process. The poor perfor-
mance of thelead dioxide € ectrodein the presence of
H,SO, might aso be attributed to growth of an adher-
ent film on the anode surface that poi soned the el ec-
trode.

It has been indicated from the above discussion
that the presencein the conductive e ectrolyte of ions
(suchaschloride) capableof generating speciesof pow-
erful oxidizing power and the conditions at the elec-
trodesurfaceplay aparamount ruleinthed ectrocatd ytic
degradation of methanol on modified e ectrodes.

CONCLUSIONS

Thed ectrochemical oxidation of methanol hasbeen
investigated in different conductive e ectrolytesand un-
der severdl operating condition using Ti/PbO, el ectrode.
Fromthe obtained resultsthefollowing conclusionscan
bedrawn:

1. Theedectrocatalytic activity of the anode depends
ontheconductiveeectrolyte.

2. Thehighest dectrocatdytic activity wasachievedin
the presenceof NaCl (2g/l) inwhich degradation of
the methanol occurs by direct aswell asindirect
oxidation.

3. InNaOH thed ectrocatalytic effect wasnot asgood
asthat in NaCl. Thedectrochemica degradation of
methanol occurred viadirect oxidation processonly
dueto theabsence of chloride.

4. Theéelctrode showed poor e ectrocataytic activity
in the presence of H,SO,, due to the absence of
chlorideaswell asthe possibility of the electrode
poisoning asaresult of forming adherent film onthe
anode surface.

5. Controlling the operating conditionscouldlead to
compl ete el ectrocatal ytic degradation of methanal.
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