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Detection limit and electrochemical behavior of maleic acid on a platinum
electrode

H. M. Rageh?, M. M. Abou-Krisha®?*, A. M. Abo-Bakr?, M. Abd-Elsabour?

!Department of Chemistry, South Valley University, Qena, 83523, Egypt
2College of Science, Chemistry Department, Al Imam Mohammad Ibn Saud Islamic University (IMSIU), Riyadh
11623, KSA

Received September 30, 2017; Revised January 9, 2018

The electrochemical behavior of maleic acid (MA) on a platinum electrode was studied using cyclic voltammetric,
linear sweep voltammetric and chronoamperometric techniques. The results showed that the reduction of MA on a Pt
electrode is a quasi-reversible process as a result of the diffusion and the reductive potential of MA at -0.62 V (vs.
Ag/AgCl). The detection limit of MA on a Pt electrode was calculated to be 1.6 x 10> M. The anodic and cathodic current
peaks of MA increased with increasing the concentration of MA from 5.00 x 102 to 8.89 x 103 M at a scan rate ranging
from 20-200 mV/s. The diffusion coefficient of MA was determined to be 0.815 x 107 cm2.s. The mechanism of the
produced succinic acid by electrochemical reduction of MA was discussed.
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INTRODUCTION

The electrochemical behavior of maleic acid
(HOOC-CH=CH-COOH) in oxidation is of great
interest because this molecule is the hinge between
cyclic and linear structures. So the oxidation of MA
on born doped diamond electrode (BDDE) has been
studied. The reduction of MA in acidic media on a
Pb cathode in electrolytic solution of Co, Ni, Cu, and
Mn citrate complexes has been also studied [1].
Reduction of MA on Ti/ceramicTiO; under
galvanostatic and cyclic voltammetric conditions
has been examined [2]. Also, the behavior of MA
had previously been studied using Au, (BDD),
glassy carbon (GC) and lead electrodes [3-5].

Maleic acid can be easily reduced to succinic
acid, both chemically and electrochemically, the
electrochemical  synthesis  having  numerous
advantages such as high yield, high purity, mild
reaction conditions, low environmental pollution
and zero-emission process via filtrate recycling [6-
9].

Succinic acid as a product of the electrochemical
reduction of MA is of great marketable rank as an
important chemical material. It finds extensive
applications in different areas such as radiation
dosimetry, agriculture, electroplating, medicine,
photography, waste-gas scrubbing, surfactants,
foods, textiles, cosmetics and is used in the food and
drink industry, mainly as acidity regulator [10-15].

The current study targets to inspect the
electrochemical behavior of MA on a Pt electrode by
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using cyclic voltammetry to elucidate the
mechanism of the reduction process. The effects of
concentration of MA and scan rate on the current
peaks were studied as well. The electrochemical
synthesis of succinic acid from MA using linear
sweep voltammetry was studied. The detection limit
of MA on a Pt electrode was a part in this work.

EXPERIMENTAL
Reagents and solutions

All solutions used in the present investigation
were freshly prepared from Analar grade chemicals
used without further purification. 0.1M Sodium
phosphate monohydrate Na,HPO, used as a
supporting electrolyte was prepared by dissolving
3.55 g in 250 mL of double-distilled water. A stock
solution of 0.01M MA (dihydrate) was prepared by
dissolving 0.315 g in 250 mL of double-distilled
water. Other concentrations of MA were obtained by
dilution from the stock solution.

Electrochemical equipment

The device used in these experiments was EG&G
Princeton  Applied  Research  potentiostat/
galvanostat model 263. The cell contains three
electrodes (model K0264 micro-cell), an Ag/AgCl
(saturated KCI) -model K0265 electrode was used as
the reference electrode, while the working and
counter-model K0266-electrodes were of high purity
platinum wire. All measurements were carried out at
room temperature in duplicate and the
reproducibility of these measurements was found to
be satisfactory.
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Techniques used

The electrochemical behavior of maleic acid was
studied in NaHPO, solutions on a platinum
electrode using cyclic voltammetry (CV). The
voltammetric parameters were as follows: initial
potential was 1 V; vertex potential was -1 V and final
potential was 1 V vs. Ag/AgCl in presence of
different concentrations of maleic acid at different
scan rates. Another technique used was cathodic
linear sweep voltammetry (CLSV) of 8.57x10° M
maleic acid in 0.1 M Na;HPO4 from 1V to -1 V (vs.
Ag/AgCI) at a scan rate of 100 mV/s. The third
technique used was chronoamperometry (CA) of
3.33 mM to 8.33 mM of MA in 0.1 M Na;HPO, as a
supporting electrolyte, setting the working electrode
at 0.00 mV (first potential step) and at -1.00 mV
(second potential step) at time 5 s.

RESULTS AND DISCUSSION
Supporting electrolyte selection

In the current study, many supporting electrolytes
(e. g.: sodium sulfate, silver nitrate, sodium chloride
and phosphate monohydrate) have been used to test
the behaviour of the MA on a Pt electrode. It has
been found that the phosphate monohydrate is the
most appropriate.

Figure 1 shows the cyclic voltammogram of
0.1M NazHPO4 as supporting electrolyte from 1 V to
-1 V at a scan rate 50 mV/s on a Pt electrode. It is
seen that there is one reduction peak at - 0.9 V and
one oxidation peak at - 0.6 V.
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Fig. 1. Cyclic voltammogram of a Pt electrode in 0.1M
Na2HPO4 at a scan rate of 50 mV/s.

Different volumes of 0.01M maleic acid were
added to other different volumes of 0.1M sodium
phosphate monohydrate to study the cyclic
voltammetry of MA in this supporting electrolyte.

But there are no peaks of MA observed from
concentrations 5.00 x 10° M to 3.33 x 102 M, as
illustrated in Figure 2.

Also the cathodic and anodic current peaks of
supporting electrolyte (Na;HPO,) decreased with
increasing in the concentration of MA, as observed
in Figure 2.
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Fig. 2. Cyclic voltammograms of different
concentrations of maleic acid in 0.1 M Na2HPQg, at a scan
rate 50 mV/s.

At a concentration of 8.57 x 102 M, the best
cathodic peak (Pc1) at -0.62 V appears which
corresponds to the reduction of MA to succinic acid
and the anodic peak (Pa) at -0.33 V. Pc2 and Pa
belong to Na;HPO,, as follows from Figure 3.
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Fig. 3. Cyclic voltammograms of 8.57 x 10 M maleic
acid in 0.1 M Na2HPOu, at a scan rate of 50 mV/s.

From the anodic and cathodic peaks the potential
difference was calculated as equation (1):

AE=EE,=-0.62—(-0.33)=-0.29V 1)

A quasi-reversible process controlled by
diffusion represents the electrochemical reduction of
maleic acid on a Pt electrode [16,17], where the
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potential difference (-0.29 V) refers to a quasi-
reversible process controlled by diffusion.

Effect of maleic acid concentration

Figure 4 shows the effect of various
concentrations of MA on the cathodic and the anodic
peaks. The cathodic peak of MA increases with the
increase in MA concentrations from 5.00 x 10 M to
8.89 x 10 M, and also the cathodic peak potential
shifted to more negative values.
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Fig. 4. Cyclic voltammograms of different concentrations
of maleic acid in 0.1 M Na2HPOs, at a scan rate of 50
mV/s.
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Fig. 5. Calibration graph of maleic acid in 0.1 M
Na2HPO4 using a Pt electrode at a scan rate of 50 mV/s.

On the other side, the anodic peak started to
appear at a concentration of 8.18 mM of MA and its
oxidation current increased with the increase in the
concentration of maleic acid up to 8.57 x 10 *Mand
then decreased with the increase in concentration
(8.89 x 10 * M). This supports the idea that the
electrochemical reduction of maleic acid on a Pt
electrode is a quasi-reversible process controlled by
diffusion.

The calibration graph of MA in different
concentrations was obtained by using a Pt electrode,
as shown in Figure 5. A linear response was
achieved in the concentration range (5.00 - 8.18
mM) of MA at a sensitivity response of 0.19
MA/MM. Table 1 displays the data used to estimate
the value of SD (standard deviation) of the mean
current applying on Figure 5.

200

Table 1. Data used to calculate the value of SD taken
from figure 5

I i3 X
0.00 0.002 5.00
0.073 0.074 6.92
0.095 0.093 7.50
0.121 0.123 8.18

The SD value can be calculated according to
Miller equation (2):

SD=1/(n-2)x(ij-1;)* )

where, n is the number of MA concentrations
used (n= 4), i; is the experimental value of the
experiment number j and I is the corresponding
recalculated value, at the same concentration using
the regression line equation (3):

joc(MA/cm?)=0.038C (mM)-0.190 3

The calculated SD was used to determine the
detection limit of MA at the platinum electrode [17]
(DL, 3 x SD / slope), which was calculated as 1.6 x
10° M.

Effect of scan rate

The effect of a varying scan rate of the oxidation-
reduction process of MA was studied. Cyclic
voltammograms of 8.57 x 10° M MA in 0.1M
Na;HPO, supporting electrolyte using a Pt electrode
were obtained for a scan rate ranging from 20-200
mV/s (Figure 6).
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Fig. 6. Cyclic voltammograms of 8.57x10-3 M maleic
acid in 0.1M NazHPOs., at different scan rates.

As shown in Figure 6, the cathodic and anodic
peak currents of MA increased with increasing the
scan rate at the Pt electrode. Furthermore, the
cathodic peak potential shifted to lower negative
values and the anodic peak potential shifted to higher
positive values with increasing the scan rate. This is
because of the accumulation of the MA molecules on
the Pt electrode.
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Good linearity between the cathodic and the
anodic peak currents with the square root of scan rate
(Figures 7, 8) was obtained by:

joc(LA/CM?)=0.0189°5(mV/5)°5+0.085  (4)
joc(MA/cm?)=0.0135%°(mV/s)**+0.019 (5)

This supports the idea that the electrode reactions
of maleic acid were under diffusion control,
referring to [17].
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Fig. 7. Plot of cathodic peak current versus square root
of scan rate of 8.57 x 10° M maleic acid in 0.1M
NazHPOs.
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Fig. 8. Plot of anodic peak current versus square root of
scan rate of 8.57 x 10 M maleic acid in 0.1M NazHPOa.

Cathodic linear sweep voltammetry

Cathodic linear sweep voltammetry can be used
as an electrosynthesis process because it is a simple,
quick and accurate technique. So succinic acid can
be electrosynthesized from maleic acid by this
technique.

Cathodic linear sweep voltammetry of 8.57 x 10
¥ M MA at a scan rate of 100 mV/s displays two
cathodic peaks in a cathodic scan. The P at -0.68 V
may be referred to the reduction of maleic acid into
succinic acid. The second P at -0.96 V belongs to
Na;HPO, as a supporting electrolyte (Figure 9).
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Fig. 9. Cathodic linear sweep voltammogram of

8.57x10° M maleic acid in 0.1 M Na2zHPOs, at a scan rate
of 100 mV/s, in cathodic scan.

Chronoamperometric method

Chronoamperometry was used as a revealing
method and also to investigate the electrode process
[18-22]. Figure 10 displays the chronoamperometric
measurements of MA by adjusting the working
electrode at 0.00 mV (first potential step) and at -
1.00 mV (second potential step) vs. Ag/AgCI which
shows increased current when MA concentrations
were changed from 3.33 to 8.33 mM in 0.1M
Na;HPO, as a supporting electrolyte.
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Fig. 10. Chronoamperograms in the absence and presence
of different concentrations of maleic acid in 0.1 M
NazHPO4 supporting electrolyte; first and second
potential steps were 0.00 and -1.00 V vs. Ag/AgCl,
respectively.

The current of the electrochemical reaction
(Figure 11, under mass transport control) of an
electroactive material with a diffusion coefficient is
expressed by Cottrell equation (6) [21-23]:

ly=nFAC (D/rt)* (6)

where, D is the diffusion coefficient (cm?s?), C -
bulk concentration (mM), n - number of electrons, F
- Faraday's constant and A - electrode surface area.
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Fig. 11. Cottrell plot for potential step
chronoamperometry of 6 mM maleic acid in 0.1 M
NazHPOa.

Figure 11 reveals that the plot of I vs. t % is a
linear relationship from which we can obtain the
value of D. According to the Cottrell equation, the
diffusion coefficient of MA (D) was found to be
0.815 x 107 cm? st The obtained value is
comparable with the relevant previous studies [17].

Mechanism of the reduction reaction

From the results it is known that during the
electroreduction process of MA the gain of electron
leads to the formation of an anion-radical
intermediate. Then this intermediate accepted one
proton from the aqueous media and formed succinic
radical. At the end, the succinic radical accepted one
electron and one proton to form succinic acid.

The reduction mechanism of MA to succinic acid
may be expressed as follows [24-26]:

CONCLUSION

The results indicated that the reduction of MA on
a Pt electrode is a quasi-reversible process controlled
by diffusion. The cathodic and anodic peak currents
of MA increased with an increase in concentration
of MA from 5.00 x 10 M to 8.89 x 10 M at a scan
rate ranging from 20-200 mV/s vs. Ag/AgCI. From
chronoamperometric measurements, the diffusion
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coefficient of maleic acid was found to be 0.815 x
107 cm?.s™t. Maleic acid can be electrochemically
reduced to succinic acid using cathodic linear
voltammetry using a simple, quick, accurate, and
sensitive technique.
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I'PAHULIA HA OTKPUBAHE U EJIEKTPOXUMNYHO OTHACAHE HA MAJIEMHOBA
KHUCEJIMHA BBPXY IINIATUHOB EJIEKTPO/]

X.M. Pagex!, M. M. A6y-Kpumal?*, A. M. A6o-bakp?, M. A6x-Encabyp*

! Tenapmamenm no xumus, Caym Banu Yuusepcumem, Kena, 83523, Ezunem
2 Hayuen xoneoic, Jlenapmamenm no xumus, An Umam Moxamao Hon Cayo Hcnamcku ynusepcumem, Puao, 11623,
Cayoumcka Apabus

IMocrbnuna Ha 30 cenremBpu 2018 r.; kopurupana Ha 9 simyapu 2018 .
(Pe3tome)

EnekTpoXuMHUYHOTO OTHAcsHE Ha MajenHoBa kucennHa (MK) BbpXy MIaTHHOB €IEKTPO]] € H3YYCHO Ype3 [UKINYHA
BOJITAMMETpUS, JINHEHHA BOJTAMMETPHS U XPOHOAMIEpOMETpHs. Y CTaHOBEHO e, ue peaykumsita Ha MK Bwpxy Pt
€JIEKTPOJ] € KBa3MOOpaTHM IIpollec B pe3ynrar Ha audysusara U Ha peayKuuoHHus noreHuuan Ha MK mpu -0.62 V
(cipsamo Ag/AQCI). Uzuucnenara rpanuua Ha otkpuBane Ha MK Bupxy Pt enextpox € 1.6 x 10° M. Auoxuure u
KaTOAHUTE TOKOBHU nuKkoBe Ha MK HapacTBar ¢ yBennvaBaHe Ha KOHIIGHTpaNusATa Ha MajnerHoBa kucesnuna ot 5.00 x 10
3 t0 8.89 x 10® M npu cxopocT Ha ckaHupane B naTepsana ot 20 1o 200 mV/s. Iudysuonnuar koedunuent Ha MK e

0.815 x 107 cm?s?. JluckyTupan e MexaHH3MBT Ha INONYYaBaHE HA CYKIIMHOBA KHCENHHA Ype3 eNeKTPOXUMHYHA
penykuus Ha MK.
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