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ABSTRACT

Electrochemical investigations of 1,2,4-triazole and benzotriazolein aque-
ous acidic media has been carried out by cyclic voltammetric measure-
ments. Cyclic voltammetric experimentswere carried on glassy carbon (GC)
working electrode. Effect of potential scan rate, pH of the solution and use
of different surfactant on the electrochemical behavior has been investi-
gated. Single reduction wave was observed for 1,2,4-triazole due to the
reduction of N = N moiety and no oxidation peak was obhserved in the
reverse scan. In case of benzotriazole one clear reduction peak was ob-
served in the cathodic scan and no anodic peak was seen. Effect of pH,
sweep rate, analyte concentrations and the presence of different surfac-
tants on the reduction peak current was evaluated. Electro-reduction pro-
cesses of both the compounds were found to be diffusion controlled in
nature. The plausible mechanism for the el ectroreduction process was pro-
posed. Electrochemical property of two compounds was also studied un-
der hydrodynamic conditions using glassy carbon rotating disc electrode.
© 2010 Trade Sciencelnc. - INDIA
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Thebasic building block of thecompound, 1,2,4-

Useof pesticidesinagricultura productionandthe
negative environmental impactsassociated with these
compoundshasled to the devel opment of different elec-
troanalytica techniques®™ and studying the e ectroki-
netics of such compounds. Electrochemical methods
aregppliedintoxicological, ecotoxicologicd and envi-
ronmentd regulationsduetotheapplicability over awide
concentration range’® using techniques starting from
coulometry, cyclic voltammetry to differentia pulse
voltammetry.

Triazolehasgot very wide varietiesof gpplications, most
notably, itisused asantifungd intheform of fluconazole
anditraconazole. Thereare many derivetivesof triazole
used asthe corrosioninhibitor inthe corrosioninhibi-
tion of steel and copper®*Y. In some of our recent re-
portswe have used benzotriazol e asthe corrosionin-
hibitor in acidic medid***! and the mechanism of the
inhibition have been reported. Electrosorption and poly-
merization of triazoles at the el ectrode-el ectrolytein-
terface using brassand gold el ectrode have been dis-
cussed in someof the recent studies>?4, Triazolescan
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Chart 1: Chemical structureof (A) 1,2,4triazole and (B)
benzotriazole

present in different tautomeric forms, effect of such tau-
tomeric forms on the electrochemical property of
triazoles. On gold el ectrode surfacetriazol e produces
two redox peaks, the pre-peak before the diffusion
controlled peak was attributed to be due to the ad-
sorption of triazoleon gold surface.

In the present study the two compounds studied
are belonging to thetriazole group and they are used
for many similar purposes. Thechemical moiety of the
two compoundsare same (triazol ering) but the chemi-
cal identity of the two compounds arediffered by the
introduction of abenzeneringinbenzotriazole, whichis
absent intriazole. Thereforeitisvery interesting and
important to seethe redox behavior of 1,2,4-triazole
and benzotriazolein aqueousmediaand comparetheir
behaviour. Inthe present study, el ectrochemica prop-
erty of two triazoles hasbeen studied in aqueous sol u-
tion using glassy carbon astheworking electrode. Ef-
fect of pH, sweep rate and effect of different surfac-
tants on the reduction process of the two compounds
has been investigated. Electroreduction behaviour has
aso beeninvestigated under hydrodynamic conditions
using rotating disc electrode.

EXPERIMENTAL

Reagentsand chemicals

Triazoleswere purchased from Merck and used as
obtained. Cetyl trimethyl ammonium bromide (CTAB),
sodium dodecyl sulphate (SDS) and Triton X-100were
obtained from Merck and used without further purifi-
cation. All other reagentsused inthe present sudy were
of anaytical reagent grade. All solutionswereprepared
using double distilled and de-ionized water. Britton-
Robinson buffer wasused to adjust the pH of the sup-
porting el ectrolyte solution at the widerange of pH’s
from2to 12. It was prepared by mixing 1:1:1 ratio of
0.04M boricacid (H,BO,), phosphoric acid (H,PO,)
and acetic acid (CH,COOH).

| nstrumentation and appar atus

Cyclic voltammetric experimentswere carried out
Research & Reotews On
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Chart 2: Proposed schemeof theeectr oreduction pr ocess of
benzotriazole

using athree-electrode configuration consisting of a
glassy carbon (disk, 3mm diameter) asaworking, Pt
foil as the counter and saturated calomel electrode
(SCE) asthereferencedectrode. All potentialsreported
arerelatedtothisreferencedectrode. Thedectrochemi-
cd measurementswere performed using an Eco Chemie
make Potentiostat/Gal vanostat Autolab-100 and the
analysiswasmade by GPES-4.9 software. Theglassy
carbon electrode was polished with 0.3um alumina
powder and then rinsed with distilled water before use.
All the experimentswere performed at room tempera-
ture. Prior to the e ectrochemical scan solutionswere
purged with nitrogenfor 15min. In cyclic voltammetric
measurementsthe applied potentia was scanned from
0V to-1.6V with respect to SCE. Rotating disc el ec-
trode (RDE) experiments were carried out using the
PINE e ectrode assembly with pine speed control sys-
tem connected to theAUTOLAB 100 potentiostat. The
RDE usad inthisinvestigation wascarried out usng the
glassy carbon astheworking el ectrode attached with
thePINE e ectrodeassembly. Indl thetablesthe spread
inthe data pointswere presented asthe 2 sigma (29)
from 3 repeated current measurements.

RESULTSAND DISCUSSION

Cydlicvoltammetricscansof 1,2,4-triazoleat acon-
centration of 2x10° M in agueous acid mediausing
HCI asthe supporting electrolyte, with asweep rate of
0.05mV s at glassy carbon electrode was obtained
andshowninfigurel. Incaseof 1,2 4-triazole, asingle
cathodic wave and no anodic peak was appeared at
theexperimental potentia window. From thechemical
sructureand cyclicvoltammogramsof theinvestigated
compoundsitisindicated that the peak at around 1.5V
vs. SCE wasdueto reduction of azo group present in
themolecule. In case of benzotriazole onereduction
peak was obtained at -1.48V and no anodic peak in
thereverse scan was seen (Figure 2).

Effect of theconcentration of the compounds
The observed reduction peak current was found
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Figurel: Cyclic voltammogram of 1 mM 1,2,4-triazole at
glassy car bon electrodein aqueousacidic media, pH = 3.1,
Inset: Plot of concentration ver suscathodic peak current on
reduction of 1,2,4-triazoleat GCE
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Figure3: Plot of squareroot of scan ratever sespeak current
onreduction of 1LmM 1,2,4-triazoleat pH 3.1 on GCE

toincreaselinearly with the concentration of triazole
at the concentration range of 0.5x10°t04x103M in
50x10°M in HCI solution asshowninthe TABLE 1.
The scan rate was kept at 0.05 Vs for this study of
obtaining the concentrati on dependence on thereduc-
tion peak current. Thislinear increasein thereduction
current with concentrationindicatesthee ectroreduction
processto bediffusion controlledin nature. The peak
current valueof triazole (Figure 1) followstheregres-
sion equation of | =0.1644 + 0.1175 C with standard
deviation (SD) of 0.109 and correlation coefficient R=
0.995. Herethecurrent, | isexpressedinmAcm?and
concentration, Cin mMLtunit. The pegk potentia was
found to beshifted from-1.5V to-1.75V with the ad-
dition of higher concentration of triazole. Thechangein
peak potential with the addition of anayte concentra-
tionindicatesirreversible natureof theed ectrochemica
process. There can aso bethe possibility of aggrega
tion of thetriazole molecules a higher concentration,
whichmay lead to the shifting of the potentialsto more
negetivevalues.
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Figure2: Cyclic voltammogram of 1mM benzotriazole at

glassy carbon electrodein aqueousacidic media pH=2.85,

Cyclic voltammogram of the blank solution isalso shown.

Inset: Plot of concentr ation ver suscathodic peak current of

thepeak on reduction of benzotriazoleat GCE

TABLE 1: Thechangein the peak potential and the peak
current of 1,2,4-triazolewith the changein concentration

1,2,4-triazole Reduction peak
Concentration Potential Current ipc(mAcm'z)
mM Epo(V) £0.02(V)  £0.005 (mA cm?)
0.5 -1.51 -0.034
1.0 -1.54 -0.037
15 -1.60 -0.039
2.0 -1.65 -0.047
25 -1.66 -0.052
3.0 -1.70 -0.057
35 -1.72 -0.059
4.0 -1.75 -0.062

In casefor benzotriazol e the peak current values
increaselinearly with the concentration asshowninthe
inset of figure 2 and the data points were shown in
TABLE 2. The peak current values of benzotriazole
(Figure2B) follow theregression equation of | =0.281
+0.105 C with standard deviation (SD) of 0.123 and
correlation coefficient R=0.992. Herethecurrent, I is
expressed in mAcm? and concentration, CinmML™*
unit. Thepeak potentia of benzotriazoledoesnot shift
any significantly with theincreasein the concentration
of benzotriazole.

When the electrochemical behavior of two com-
poundswere compared it was observed that the peak
potential undergo a cathodic shift in case of 1,2,4-
triazole with increase in the concentration, the peak
potentid of benzotriazoleremainsunchanged. Theshift
inthepeak potentid isindicativeof theirreversablena-
tureof theée ectro-reduction processof 1,2,4-triazole,
however, thereisalso apossibility of intermolecular in-
teraction between triazole mol ecul es, which might shift
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TABLE 2: Thechangein the peak potential and the peak
current of benzotriazolewith thechangein concentration

TABLE 3: Effect of scanrateon reduction of 1,2,4-triazoleat
glassy carbon electrode, pH =3.1

Benzotriazole Reduction peak 1,2,4-triazole Reduction peak
Concentration Potential Current iy (mAcm™®) Potential-Epc (V) Current iy (MA cm?)

mM Epc(V)£0.02(V)  £0.005(mA cm™) Scan rate +0.02 (V) +0.005 (mA cm?)

0.5 -1.48 -0.033 50 -1.54 -0.038

1.0 -1.48 -0.039 100 -1.54 -0.042

15 -1.49 -0.041 200 -1.57 -0.050

20 -1.49 -0.051 300 -1.59 -0.059

25 -1.49 -0.053 400 -1.62 -0.069

500 -1.64 -0.072

the peak potentia towards more cathodic potentials.
Similar type of intermolecular interaction asthat in
triazolesisminimized in case of benzotriazoledueto
the presence of abenzenering, whichmight repel each
other and opposeany kind of intermol ecular interac-
tion. Additionaly benzotriazole being aromatic com-
pound isexpected to be more stablecomparedto 1,2,4-
triazol e so the comparative possibility of polymeriza-
tion would belessin benzotriazole.

Effect of scan rate

Theeffect of scan rateson thee ectrochemical be-
havior of 1,2,4-triazole and benzotriazol e hasbeen stud-
ied inaqueous-hydrochloric acid media Thepeak cur-
rentswere measured at avarying scan ratesfrom 10-
500mV s?, theresultsaretabulated in TABLE 3. Itis
observed that in the case of 1,2,4-triazole the peak
currentincresseswithincreaseinthepotentia scanrates.
The peak current valueswhen plotted with respect to
the squareroot of scan rates, resultsinastraight line
plot asseeninfigure 3, whichindicatethat the process
isdiffusion controlled in nature>¢, The data points
werefitted usng Randle Sevcik’sequation as.
|, =(2.69x10°)n*?AD¥2y*2C ()
wherel _isthe pesk current inAmp, nisthenumber of

P . . .
electron, A istheareaof theelectrodeincm?, D isthe
diffusion coefficient of the speciesin cm?s?, v isthe
scanratein Vst and Cisconcentration of the species
inMcm?. Theconstant 2.69x10° was obtained from
thenumerical relation between (E-E, ) and ,/my(ot) for
areversibledectrochemica processwith (E-E , )nvaue
of -28.50 V at 25°Cl*9, |t is observed that the experi-
mental datapointsarefitted well withthestraight line
equation passing through origin and thewith corrdation
coefficient r as0.996. Thus, theelectroreduction pro-
cessof 1,2,4-triazoleisfound to bediffusion controlled
innature. Thereduction peak potentia shifted from -
Research & Reotews On

1.54V to-1.64V withincreasein thescan rates, which
indicatestheirreversiblenature of the el ectrochemical
process. For the reactions that are ‘slow’ (so called
quasi-reversibleor irreversible electron transfer reac-
tions) thevoltage applied doesresult inthe generation
of theconcentrationsat the e ectrode surface predicted
by the Nernst equation. Thishappensbecausetheki-
neticsof thereactionis ‘dow’ and thustheequilibrium
isnot established rapidly ascomparisonto thevoltage
scanrate. Inthiskind of stuation theoverdl formof the
voltammogramremainssimilar tothereversblesysem
but position of thecurrent maximum, pesk potentia shifts
depending upon the reduction rate constant and al so
theapplied voltage scanrates. Thisoccursbecausethe
current takes moretimeto respond to the applied volt-
agethanthereversible cased®®.

Similarly in caseof benzotriazol ethe cathodic peak
current increases with theincreasein the scan rates.
The peak current valueswerefound to be proportiona
to the squareroot of the scan rateand also follow the
equation (1) (plots not shown) thereby indicating the
diffusion controlled e ectrochemica process.

Effect of pH

Effect of pH on thereduction behaviour of 1,2,4-
triazole and benzotriazolewas studied by varying the
pH from 2t0 9.2 using B-R buffer medium. In case of
1,2,4-triazole asthe pH increasesfrom 210 9.2, the
cathodic pesk potentia wasfound to shift towardsmore
negativeva uesand a so adlight decreasein peak cur-
rent wasobserved, which confirmsthat the 1,2, 4-triazole
ismoredectrochemicaly activea pH 3.1 (Figure4A).
Statistical information inthe experimental result was
obtained from 5 independent measurementsand 2times
of the standard deviation (2s) was presented asthe er-
ror bar in the plot. The peak current also decreased
drastically abovepH 3.15 and no peak was observed

. -
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Figure4A : Plot of pH ver sespeak current on reduction of 1
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abovepH 4. Thisimpliesthat asthe pH increasesthe
reduction becomes moredifficult whichindicatesin-
volvement of proton in thereduction process and the
reduction of both moleculesisvery senstivetothepH
of themedium. Similarly in case of benzotriazole, as
seen from Figure4B the pesak current remainshigh at
pH up to 2.8, beyond that the peak current decreases
sharply. Thereforethe observationsindicatethat pH has
avery sgnificant rolein thedectroreduction process of
both 1,2,4-triazole and benzotriazole. Based on the
present observation and reported literature ascheme
of the el ectroreduction process of 1,2,4-triazole has
been proposed*” which, ispresented in Chart 2.

Electr ochemical behavior in surfactant media

K eeping the concentration of 1,2,4-triazole at
1x103M, pH 2.3 in B-R buffer with a scan rate 50
mV's?, the voltammogramswere recorded by increas-
ing theconcentration of threedifferent surfactantsfrom
1x10°M to 610° M. The observed changein thecur-
rent withincreasein thesurfactant concentrationisshown
infigure5.

In the case of anionic surfactant, sodium dodecyl
sulfate (SDS), the peak current decreaseswith increase
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Figure4B : Plot of pH ver suscathodic peak current on reduc-
tion of ImM benzotriazoleat GCE

TABLE 4: Effect of variation of surfactantswith 1,2,4-tiazole,
Scan rate: 50 mVstconcentr ation of thecompound 1x10°M.
The2sigmaspread in potential is+0.02 (V), and to the cur-
rent is+0.005 (mA cm?)

Concentration CTAB SDS Triton X-100

of surfactant in Epe inc Epe e Epe e
mM (V) (mAcm? (V) (mAcm?) (V) (mAcm?)
0.0 -152 -0.038 -1.52 -0.038 -1.52 -0.038
0.1 -1.52 -0.031 -153 -0.025 -1.52 -0.026
0.2 -1.54 -0.022 -1.55 -0.021 -152 -0.026
0.3 -1.57 -0.021 -1.58 -0.020 -1.52 -0.025
0.4 -1.59 -0.021 -1.61 -0.018 -1.52 -0.024
0.5 -1.62 -0.020 -1.65 -0.018 -1.50 -0.024
0.6 -1.68 -0.018 -1.70 -0.017 -1.47 -0.022

inthe addition of SDS and peak potentials shifted to
thenegativedirection. Different factorsaffect the sur-
factant adsorption on solid/liquid interface®™. Apart
fromthis, itisalso clamedthat at higher concentrations
of SDS, therepul s veforcesamong the surfactant mol-
ecules adsorbed at the interface of the solid (adsor-
bent)-sol ution are more effective’®. By increasing the
concentration of the surfactant, moreand moresurfac-
tant gets adsorbed at the surface of the electrodere-
sultingin the decreasein the cathodic current and also
the peak potential was shifted towardsmore negative
direction. Thismight be dueto the changein the het-
erogeneous kinetics of the electron transfer process
between thee ectrode surface and moleculesinthein-
terfacial region affected by the adsorbed surfactant
materialsasthe microstructure and theactive siteson
the e ectrode surface was damaged.

Inthe case of cationic surfactant CTAB, the peak
potentia doesnot changewith theincreasein concen-
tration of CTAB (up to 6.0x10° M) but the peak cur-
rent decreasesasthe concentration of CTAB incresses.
Thedecreasein the peak current could be dueto the
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Figure7A : Levich plot of 1,24 triazolefor hydrodynamic

voltammetry

dower diffusion of thee ectroactive speciesasaresult
of higher viscosity of the medium. The cathodi ¢ peak
was not observed at thehigher concentration of CTAB.
Thisindicatesthe saturation capacity™ of theelectrode
for adsorption of the cationic surfactant dueto thed ec-
trostaticinteraction between the adsorbent and the sur-
factant, thedecreasein current values can be seenfrom
TABLE 4. Thenonionic surfactant Triton X-100 affect
the electrochemical behavior of 1,2,4-triazolesimilar
tothat of CTAB. The peak potential, Eo remainsun-
changed but the peak current, ipa decreased with in-
creasein concentration of TX100.

Rotating disc electrode (RDE) study

RDE experimentswerecarried out usngthe PINE
€l ectrode assembly with pine speed control system con-
nected to the AUTOLAB 100 potentiostat.
Voltammogramswere recorded with varying rotation
gpeed from 500 rpmto 2500 rpm. Thesaturationinthe
reduction current is seen beyond -1.6 V in both the
caseshowever withincreasein therotation speed there
isashiftinthe potential towardsthe negativedirection

(Figure6A and 6B). Thelimiting current val ueincreases
Research & Reotews On
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Figure 7B : Levich plot of benzotriazolefor hydrodynamic
voltammetry

withincreaseintherotation speed. Variationinthelim-
iting current and the corresponding potential withthe
change in rotation speed for 1,2,4 triazole and
benzotriazolearereportedin TABLE 5and table6 re-
Spectively.

Plot of thelimiting current with respect to theangu-
lar rotation frequency isplotted infigure 7 A and 7B.
Thedatapointswerefound tofit well with linear func-
tion passing through theorigin. Thereforethecorrela
tion between thelimiting current density (i, ) with the
angular frequency o foundtofollow theLevichreation
a5,
i,=0.62 n FAD**v@¥2C )
wherenisthe number of electron, FisFaraday con-
stant, D isthediffusion coefficientincm?s?v istheki-
nematic viscosity (i.e., viscosity of the solution divided
by itsdensity) inthiscaseit isconsdered tobe 0.01cny
st. Theconstant 0.62 isthe Levich congtant for totally
measstrangfer-limited conditionsat therotaing discelec-
trode™. Using the Levich equati on thediffusi on coeffi-
cient for 1,2,4-triazoleisobtained as 19.1x10° cm?s*
and for benzotriazoleitisobtained as 7.5x10° cm?s™.

. -
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TABLE5: RDE resultsof 1,2,4-triazolescan rate 50 mVs?

Current, ij (mAcm?)
+0.06 (mA cm?)

Rotation speed (rpm)

500 -0.54
1000 -0.68
1500 -0.81
2000 -0.92
2500 -1.05

TABLE 6: RDE resultsof 1,2,4-triazolescan rate 50 mV/s

Current, i, (mA cm?)
+0.06 (mA cm?)

Rotation speed (rpm)

500 -0.97
1000 -1.37
1500 -1.64
2000 -1.85
2500 -2.06

Thediffuson coefficient of triazoleisfoundto behigher
than benzotriazole; thisisdueto smaller szeof triazole
compared to benzotriazole.

Interestingly it was observed that the hydrodynamic
voltammogram in case of benzotriazolewas compara-
tively steeper than 1,2,4-triazole. Benzotriazoleisa
bulkier moleculethan 1,2,4-triazolethereforewith in-
creasein rotation speed the change in the current is
more pronounced in benzotriazolethan 1,2,4-traizole
which was resulted the steeper hydrodynamic
voltammogram. Additionally it was a so observed that
the half-wave potentials of the hydrodynamic
voltammogramswerefound to bemore positiveinthe
both benzotriazole and 1,2,4 triazole than the peak
potential of the cyclic voltammogram obtained under
static conditions. Thismight bedueto thelesser possi-
bility of adsorption of triazole speciesat the e ectrode
surface under hydrodynamic conditionswhich other-
wise present under static conditionsresultedinthein-
creased surfaceresistance and peak shifting towards
negativedirection.

CONCLUSION

Cydlicvoltammetricinvestigationswere carried out
for 1,2,4-triazoleand benzotriazol e. Pegk potentid was
foundto shiftto morepositivevauewithincreaseinthe
acidity of themedium, indi cating eas er reduction due
to theinvolvement of proton inthereduction process.

= Pyl Paper

Cathodic peak current wasfound to increaselinearly
with squareroot of sweep rate and al so with concen-
tration of dectroactive gpecies. Thissuggeststhat overal
electrode processisdiffusion controlled and irrevers-
iblein nature. Diffusion coefficientsof 1,2,4- triazole
and benzotriazole were calculated from the RDE
voltammetry.
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