Synthetic Antioxidants in Edible Oils by Square-Wave
Voltammetry on Ultramicroelectrodes

Claudio Ceballos? and Héctor FernandezP*

Departamento de 2Ciencias Basicas y Departamento de Tecnologia Quimica-Facultad de Ingenieria,
and de PQuimica y Fisica-Facultad de Ciencias Exactas, Fisico-Quimicas y Naturales, Universidad
Nacional de Rio Cuarto, Rio Cuarto, Cérdoba, Argentina

ABSTRACT: Square wave voltammetry (SWV) on carbon disk
ultramicroelectrodes (UME) was used to determine antioxidants
tert-butylhydroxyanisole (BHA) and tert-butylhydroxytoluene
(BHT) in vegetable oils. Direct determinations were accom-
plished in benzene/ethanol/H,SO, solutions or in acetonitrile
(ACN) after an extractive procedure. Much better recovery per-
centages were obtained in ACN extracts. By comparing with
high-performance liquid chromatography (HPLC) results, BHA
has a slightly lower recovery percentage by the SWV technique
on ACN extracts. On the other hand, BHT shows a greater re-
covery percentage using the methodology proposed here. The
analysis time through SWV is less than an hour for a duplicated
analysis while the HPLC technique needs a greater time, besides
the overnight stored time required by the current methodology.
The present work tends to show that SWV on carbon disk UME
allows sensitive, reproducible, and faster determination of BHA,
BHT, or antioxidant mixtures in oil-solvent solutions or after a
simple extractive procedure with the advantage of a higher re-
covery percentage. This validates the methodology as an ana-
lytical alternative for antioxidant quantification.
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During recent years, many articles claim the advantage of the
use of electrochemistry in food process or analysis (1-5). In
the analytical field, electrochemical techniques were used
to determine and quantify phenolic compounds used as an-
tioxidants (6-10). tert-Butylhydroxyanisole (BHA) and/or
tert-butylhydroxytoluene (BHT) are the most common an-
tioxidants used in the lipid industry to improve stability and
prevent rancidity in their products (11-13). Thus, the identifi-
cation and quantification of antioxidants play an important
role in the quality assignment of lipid compounds.
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Both the AOAC (14) and AOCS Official Methods and
Recommended Practices (15) include the determination
of several antioxidants with acetonitrile (ACN) extrac-
tion step followed by high-performance liquid chromatog-
raphy (HPLC) separation with ultraviolet (UV) detection at
280 nm.

Electrochemistry on ultramicroelectrodes (UME) appears
asagood alternative for electroanalysis, particularly for the
quantification of synthetic antioxidants (16-21).

On the other hand, pulse voltammetric techniques, espe-
cially square-wave voltammetry (SWV), have been proposed
as alternative methods to decrease the time needed for analyt-
ical purposes (7,22). Thus, it is aso possible to combine disk
UME with SWV (23) to obtain highly reproducible signals,
to minimize the cleaning difficulties of the UME and to im-
prove both speed and sensitivity compared with other voltam-
metric methods (7,18,24).

In this work, direct measurements of antioxidants on
vegetable oil solutions as well as determinations after
extraction steps followed by SWV detection are studied,
and both are compared with the results obtained by HPLC
methods.

EXPERIMENTAL PROCEDURES

Instrumentation and methods. M easurements were performed
in a two-compartment Pyrex cell. SWV experiments were
done under athree-electrode configuration. An EG& G PAR
273 Potentiostat/Galvanostat with PAR 270 software were
used. All square-wave voltammograms were obtained by
using afrequency of 25 Hz, a pulse height (Esw) of 50 mV,
and a potential step increment (AEsc) of 5 mV.

The standard addition method (25) was used when veg-
etable oil was present in the solution as well asin solutions
after extraction steps with ACN.

Electrodes and material. The working electrode was a car-
bon fiber disk UME of about 33 um diameter constructed in
our laboratory. It was pretreated as explained elsewhere
(19,20).

An aqueous saturated calomel electrode (SCE) and asilver
wire (Alfa, 99.99%) were used as reference and quasi-refer-
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ence electrodes, respectively. The counter electrode was a
platinum foil of large area (ca. 2 cm?).

Analytical-grade BHA and BHT (Sigma Chemical Co., St.
Louis, MO) were used as received. ACN was Sintorgan
HPL C-grade. Benzene (Bz) and ethanol (EtOH) were Sintor-
gan UV-Visible and Merck p.a. (Darmstadt, Germany), re-
spectively. The solvents were kept over 3 or 4 A molecular
sieves for 48 h prior to use and were then used without fur-
ther purification.

Sulfuric acid (Merck p.a.) was used as received as support-
ing electrolyte.

HPL C measurements were performed under slightly dif-
ferent conditions than those proposed in the literature (14,15,
26,27). Experimental conditions were: C-18 reverse-phase
column. Mobile phase: (i) 5% acetic acid aqueous solution,
(ii) (1:1) ACN/methanol; from 30% of (ii) in (i) to 100% of
(ii). Flow rate: 0.5 mL/min. A 10 uL sample loop injection
valve was used and A was 280 nm. The chromatograph was a
Varian 5020 HPL C with UV-visible detector.

Commercial corn oil with no antioxidant added (according
to the manufacturer label) was obtained from alocal super-
market. The edible oil used was one widely consumed in Ar-
gentina. The official methods as well as the electrochemical
one here proposed were used to verify the absence or pres-
ence of synthetic antioxidants. When necessary, binary sol-
vent mixtures were used to dissolve the oil for the direct de-
termination of the antioxidant(s) added in our laboratory to
the actual samples. Electroactive reagent (antioxidant) con-
centrations were in the range from the experimental detection
limit up to about 550 ppm.

Preparation of solutions. (i) Oil standard solution. Qil so-
lutions spiked with BHA and BHT were prepared by adding
appropriate aliquots of each antioxidant in isopropanol to
tared flasks containing degassed vegetable oil without antiox-
idants. Isopropanol was removed under vacuum with stirring
and gentle heat. The spiking levels were prepared between 50
and 200 ppm to evaluate the voltammetric performance from
low concentrations up to about the higher limits level permit-
ted by the Cadigo Alimentario Argentino (28).

(i) Oil solution in Bz/EtOH/H™. The oil solutions used for
voltammetric determination were prepared by dissolution
of 1.5 g of oil in 15 mL of Bz/EtOH/H™ (sulfuric acid)
(1:2:0.1 M) solution.

ACN extractive procedure. A thoroughly extractive proce-
dure with ACN in edible oils supplemented with BHA and
BHT consisted of adding about 5 mL of ACN to 3 g of oil,
sonicating for 4 min, and then transferring the supernatant ex-
tract to a 25-mL volumetric flask. This procedure was re-
peated four times, diluting with ACN. SWV techniques were
used on these solutions. Extractive procedure used in the
HPL C determinations was performed following the method-
ology recommended by the AOAC or AOCS (14,15).

RESULTS AND DISCUSSION

SWV on the oil/acid/solvent mixture. Corn oils or oil mixtures
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with corn oil as one component were used to evaluate sub-
stances that may interfere with antioxidant determination,
particularly at high potential. Highly reproducible square-
wave voltammograms of commercial corn oil without syn-
thetic antioxidant, according to the manufacturer label, were
obtained under different experimental conditions on a carbon
disk UME in a(1:2:0.1 M) Bz/EtOH/H" solvent mixture. An
oxidation peak corresponding to tocopherols (natural antioxi-
dants) appears at about 0.65 V vs. SCE, and a shoulder of un-
known nature is obtained at about 1.25 V vs. SCE in agree-
ment with results obtained previously (6,7,19,20). Peak po-
tentials for the discharge of both antioxidants are about 0.80
and 1.20 V vs. SCE, respectively.

The sguare-wave voltammogram of the solvent mixture
with no oil added as well as in the presence of antioxidants
shows no current signal at the 1.25 V potential region. The re-
sults found with oil added to the solution show that during the
oxidation scan the shoulder at 1.25 V in a (1:2:0.1 M)
Bz/EtOH/H™ solvent mixture corresponds to an interference
which belongs to the corn oil matrix. It does not have any as-
signment yet and appears in the same oxidation potential re-
gion of BHT. BHT was discarded as responsible for that shoul-
der on account of the results obtained through HPLC (9,10),
i.e., no BHT signal was obtained after injection of the sample.

SWV on the ACN extract. Extraction with ACN was used
to evaluate the performance of the electrochemical technique
and to verify the possible presence of BHT in commercial
corn oil.

Figure 1 shows the voltammograms obtained after the ex-
traction procedure on commercial oil with different standard
additions of BHA and BHT. From the voltammogram with no
added antioxidants, clearly BHT or another synthetic antioxi-
dant is absent from the ail, in agreement with the results of
HPLC. Only the peak for tocopherols is present, indicating
that they are also extracted by ACN from the oil. Three
voltammetric runs were performed for each standard addition
and, asisevident from Figure 1, the repeatability shown from
the voltammograms obtained is excellent.

Previous results using cyclic voltammetry on carbon disk
UME show better calibration curves and higher slope values
in extracted antioxidants systems than those obtained in
Bz/EtOH/H" solutions (20). The baseline in cyclic voltam-
mograms is modified by the presence of the lipid matrix, and
it is not the same as that obtained in no oil added to the solu-
tions. The importance of this effect increases as the oxidation
potential does. Then, the detection limit and sensitivity from
the BHT calibration curve are affected (20). Therefore, the
SWV methodology already tested for identification purposes
(see above) was also tested in oil/solvent solutions and in so-
lutions of antioxidants/ACN prepared from extracts to deter-
mine the concentration values of antioxidants.

We found no significant difference in square-wave voltam-
mograms immediately recorded after an extraction procedure
using ACN or even in a solution stored overnight. Therefore,
SWV technique shows good reproducibility of data and is
considerably faster than HPL C methods.



USE OF SQUARE-WAVE VOLTAMMETRY

; T .
00 05 1.0 1.5 20
Ewvs.SCE (V)

FIG. 1. Square-wave voltammograms obtained in corn oil extracts in
0.1M H,SO /acetonitrile (ACN) solution after extraction. Working elec-
trode: ultramicroelectrodes (UME) of carbon disk; reference electrode:
saturated calomel electrode (SCE). f = 25Hz; AEg. = 5 mV; Eg,,, = 50
mV. (a) Extract with no added synthetic antioxidants; (b) three anodic
potential sweeps on extract with added 68.33 ppm of tert-butylhydroxy-
anisole (BHA) and 69.06 ppm of tert-butylhydroxytoluene (BHT); (c)
idem (b) but with 136.66 ppm of BHA and 138.12 ppm of BHT; (d) idem
(c) but with 345 ppm of BHA and 341.65 ppm of BHT. i(nA), current
(nanoamperes).

The standard addition method was used to quantify BHA
and BHT on the ACN solution after an extraction procedure.

Figure 2 shows a set of square-wave voltammograms of
antioxidants extracted under different conditions. The “a’
curve of Figure 1 was subtracted from all curves. Voltammo-
gram 1 is obtained from an extract (M1) of an oil sample
which was spiked with 51.80 ppm of BHA and 51.25 ppm of
BHT. Voltammograms were obtained, from this extract, after
standard addition of antioxidantsindicated in Figure 2 leg-
end, i.e.,, M1 was subjected to the standard addition men-
tioned. Another set of voltammograms (not shown) was also
obtained starting from extract M2 obtained from another oil
sample spiked with 207.20 ppm BHA and 205.00 ppm BHT.
In the same way as with M1, five consecutive additions of
69.06 ppm each were accomplished on M2 extract.

The maximal current of each peak in these voltammo-
grams was measured and plotted against the concentration of
antioxidants in the mass of oil used. This procedure was used
to quantify the antioxidants by the standard addition method
using alinear least square regression, for both initial concen-
trations, extracts M1 and M2, and in different media through
direct and from extracts measurements. In all cases, linear
calibration curveswere obtained with acorrelation coefficient
higher than 0.997 using a confidence level of 95% according
to the student’s t-test.

Reproducibility of results and recovery percentage in
Bz/EtOH/H* mixtures. Table 1 shows the results over 10 de-
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FIG. 2. Square-wave voltammograms obtained in corn oil extracts in
0.1M H,SO,/ACN solution after extraction. Conditions as those of Fig-
ure 1. “a” curve of Figure 1 was subtracted from all curves. (1) Extract
of oil sample with previous addition of 51.80 ppm of BHA and 51.25
ppm of BHT; (2), (3), (4), (5), and (6) same as (1) but with added: 120.86,
189.92, 258.98, 328.04, and 397.10 ppm of BHA and 119.58, 187.91,
256.24, 324.57, and 392.90 ppm of BHT, respectively. See Figure 1 for
abbreviations.

terminations (n) for each of the added antioxidant—oil/
Bz/EtOH/H* solutions starting from different concentrations
of antioxidants. Statistical criteriawere used to evaluate the
reproducibility relative standard deviation (RSDg) and the re-
covery percentage (%R) over all determinations performed.
Results show that in an oil-Bz/EtOH/H* solution with lower
concentrations of antioxidants high values of RSD, are ob-
tained. Also, a low recovery percentage was obtained for
BHT in 0il-Bz/EtOH/H* solutions.

Better RSDy, are observed (10-13%) for the higher con-
centrations of antioxidants, but recovery percentages are
lower than those reported from a collaborative study using the
HPLC official method (99.4% BHA; 84.0% BHT) (26,27).

SWV analysis of antioxidants extracted using ACN. The
use of an extractive procedure increases the analysis time as

TABLE 1

BHA and BHT Results in Oil-Bz/EtOH/H* Solution

Antioxidant Caot(PPM) N P (ppm)  RSDg (%) R (%)
BHA 51.80 10 41.08 23.3 79.30
BHT 51.25 10 24.26 37.3 47.34
BHA 207.2 10 135.28 13.3 65.29
BHT 205.0 10 129.68 104 63.26

4C o> antioxidant concentration.

b%, Average of antioxidant concentration. BHA, tert-butylhydroxyanisole;
BHT, tert-butylhydroxytoluene; Bz/EtOH/H™, benzene/ethanol/sulfuric acid;
RSDg, relative standard deviatoin; R (%), recovery percentage.
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compared with direct measurements in Bz/EtOH/H* medium
although the standard deviation decreases and greater recov-
ery percentages are obtained. Figure 3 shows a representative
determination of BHT by the standard addition method, with
arecovery percentage of 94.4% and a RSDy, of 2.3%.

Square-wave voltammograms of an antioxidant extracted
in ACN solution obtained on carbon disk UME with aliquots
of BHT at fixed BHA concentration and then, at a maximal
fixed concentration of BHT, with successive additions of
BHA, are shown in Figure 4. At high concentrations, BHA in-
terferes over the BHT peak athough with an adequate selec-
tion of baseline, even with a higher error, tentative determina-
tion of BHT could still be performed under this condition.

Figure 5 shows the equival ence between the results of the
square-wave method and the HPL C determinations obtained
over the same analyzed solutions. HPL C determinations were
performed under the conditions indicated in the Experimental
Procedures section. As it can be observed, equivalence be-
tween both methods applied on three particular samples is
clearly good. On the other hand, average recovery values to-
gether with statistical resultsfor BHA and BHT obtained over
anumber of 10 samples, respectively, are depicted in Table 2.
Average recovery values from a collaborative study (27) for
the same antioxidants using a HPL C technique are al so shown
in Table 2. By comparing with the HPL C results, BHA has a
dlightly lower recovery percentage by the SWV technique on
ACN extracts. On the other hand, BHT shows a greater re-
covery percentage using the methodology here proposed.
Standard deviations from determinations are quite similar for
both methods.
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FIG. 3. Variations of peak current (ip) from square-wave voltammetry
(SWV) vs. ppm of BHT starting from an extract M2. Concentration of
BHT in the initial oil sample: 205.00 ppm; recovery: 193.49 ppm
(94.4%). Linear regression: ip =3.03(0.08) + 0.016(0.001) Cgyyy: regres-
sion coefficient: 0.9989. See Figure 1 for other abbreviations.
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FIG. 4. Square-wave voltammograms of BHA and BHT obtained in ex-
tracts of oil sample/0.1 M H,SO,/ACN. Successive additions of BHT
(1-7) at a fixed low value of BHA (1) and then, at a fixed value of BHT
(7), successive additions of BHA (8-13). Cg,,; from (1) to (7): 62.2,
124.4, 186.6, 248.8, 311.0, 373.2, and 435.4 ppm, respectively. Cgya:
for (1) and from (8) to (13): 60.4, 120.8, 181.2, 241.6, 302.0, 362.4,
and 422.8 ppm, respectively. Parameters of SWV same as in Figure 1.
See Figures 1 and 3 for abbreviations.

1.6

The analysis time through SWV isless than an hour for a
duplicated analysis while the HPL C technique needs greater
time, besides the overnight stored time required by the cur-
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FIG. 5. Linear regression between BHT concentration values deter-
mined through SWV and high-performance liquid chromatography
(HPLC) techniques on three given antioxidant—oil samples. Linear re-
gression: Cgyy (from SWV) = 0.97(0.16) Cg,,; (from HPLC) + 0.0(0.0).
See Figures 1 and 3 for other abbreviations.
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TABLE 2
The Recovery Percentage, Reproducibility Standard Deviation (Sg),
and the Overall Reproducibility RSDg (%) of HPLC and SWV Results

HPLC? SWvP

Antioxidant R (%) [Sq; RSDg (%)] %R [Sg; RSDp (%)]
BHT 84.0 (4.54; 2.67) 91.33 (5.27; 2.82)
BHA 99.4 (6.61; 3.36) 93.68 (7.17; 3.69)

aReference 27.
bThis work. HPLC, high-performance liquid chromatography; SWV, square
wave voltammetry. See Table 1 for other abbreviations.

rent methodology (27). The present work tends to show that
SWV on carbon disk UME allows sensitive, reproducible,
and faster determination of BHA, BHT, or antioxidant mix-
turesin oil-solvent solutions or after a simple extractive pro-
cedure with the advantage of a higher recovery percentage.
This validates the methodology as an analytical alternative
for antioxidant quantification.
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