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Abstract—We evaluated the antioxidant power of the natural extracts catechin, curcumin and quercetin on the oxida-
tive stability of methylic cottonseed oil biodiesel by applying the simplex-centroid augmented mixture experimental
design, in addition to verifying the existence and the type of synergy among the extracts. The oxidative stability was
measured using Rancimat method (EN 14112) for biodiesel added with 1,000, 2,000 and 3,000 ppm of additives, and
compared with the commercial synthetic antioxidant butyl hydroxyanisole at the same concentrations. All additives
had a positive effect on biodiesel oxidative stability; in addition, catechin and quercetin proved to be more efficient
than the synthetic antioxidant, whereas curcumin showed similar results. The results also revealed that the interactions
among the extracts varied not only with the proportion in which they were added to the biodiesel, but also with the
total concentration, so that the increase in concentration reduced the magnitude of the synergistic effect.
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INTRODUCTION

Biodiesel is a renewable, biodegradable and non-toxic fuel that
is generally synthesized by alkali or acid transesterification reac-
tion of vegetable oils with short-chain alcohols [1]. Its properties
resemble those of petroleum diesel and they are miscible in any
proportions [2].

The unsaturated bonds in the fatty acids chain are susceptible to
oxidation. The same occurs with biodiesel, which directly affects
its long-term storage and consequently its quality and efficiency
[3]. The oxidation proceeds at different rates depending on the
number and position of the unsaturated bonds. The positions allylic
to the double bonds in the fatty acid chains are those susceptible
to oxidation. Bis-allylic are even more susceptible to oxidation than
allylic positions [2].

Simic [4] defines three steps for the oxidative process: initiation
—free radicals are formed due to the withdrawal of a hydrogen
atom molecule by an atomic oxygen, an excited state or another
free radical (X in Eq. (1)). Then, oxygen and the free radical react
to form a peroxy radical (Eqgs. (1) and (2)); propagation—The radi-
cals formed in Egs. (1) and (2) withdraw hydrogen from other
molecules to form more free radicals and hydroperoxides, primary
oxidation products (ROOH) (Eq. (3)). The chain reaction can be
long, once a sigle free radical can form many hydroperoxide mole-
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cules; termination—A free radical reacts with another free radical
to form a stable compound (Eq. (4)). The reaction between a per-
oxy radical and an antioxidant is a particular termination reaction.

X+RH,—+RH+XH (1
O,++RH—->HROO. o)
HROOe+RH,—HROOH ++RH 3
2HROOs—HROORH+O, 4)

The use of antioxidants helps to reduce or inhibit the oxidative
process, avoiding chain reaction propagation. Furthermore, some
of these additives when used together and in certain proportions
may have different effects than when used separately, the so-called
synergistic effect. It can be positive when one antioxidant contrib-
utes to the action of the other; negative, when one inhibits the other;
or additive when there is no combined effect [5]. When positive, it
is possible to reduce costs by using a mixture of additives which
may be able to meet the required specifications at lower concen-
trations. However, it is not easy to determine the ideal proportions
for each combination. Studies have been developed to optimize the
proportions and concentrations to maximize the synergistic effect
among specific antioxidants [6-8].

Commercially, synthetic antioxidants, although generally toxic
and non-biodegradable, are widely used in biodiesel to increase its
oxidative stability. Yet, natural antioxidants have also been investi-
gated as possible substituents since they are biodegradable and
non-toxic [9,10]. Examples of such natural antioxidants are cate-
chin (CAT), curcumin (CUR) and quercetin (QUE), all with a poly-
phenolic structure and proven antioxidant activity in living beings.
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Fig. 1. Chemical structure of the five types of CAT.
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Fig. 2. Chemical structure of the main curcuminoids in Curcuma longa L..

However, their use within the biodiesel industry is scarce [11-13].

CAT belongs to a group of polyphenols that are a powerful antiox-
idant and free metal scavenger. Its main sources are green tea, dark
chocolate, blackberries and black tea [14-16]. There are five types
of catechin (Fig. 1), all of them comprising a similar molecular
structure that enables them to stabilize free radicals and inhibit
oxidative process. The use of CAT as an antioxidant in biodiesel
has not yet been reported in the literature. However, studies have
identified that its presence within moringa plant extracts demon-
strates its potential to be used as an antioxidant additive in bio-
diesel [17].

CUR occurs naturally in Curcuma longa L. and, in its pow-
dered form, is better known as turmeric [18]. It is composed of
curcumin (59-71%), desmethoxycurcumin (25-29%) and bisdes-
methoxycurcumin (4-12%) (Fig. 2), all of them with antioxidant
potential [19]. Due to their phenolic nature, curcuminoids have
been studied as antioxidant additives in various systems [12]. Use
in biodiesel has been little reported, despite the antioxidant poten-
tial being already proven [9].

QUE is one of the most present flavonoids in the human diet
and it can be found in onions, broccoli and apples [20,21]. Al-
though there are few studies on the antioxidant power of QUE,
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one can infer, by its molecular structure, that its antioxidant prop-
erties can also be used in biofuels [22]. Its use to inhibit oxidation
in vegetable oils has been reported in the literature [23]. Yet, despite
this evidence, its use as an antioxidant for biodiesel has not yet
been explicitly documented.

Despite the scarcity of studies on the application of these natu-
ral extracts in biodiesel, the results presented so far suggest that all
three of the aforementioned extracts show great potential as an
additive to improve biodiesel oxidative stability and to replace syn-
thetic antioxidants. In addition, the combination of the three anti-
oxidants can also improve their activity in inhibiting oxidative process
by synergistic effect. To the best of our knowledge, this is the first
time the synergistic effect among three antioxidants in biodiesel
has been reported in the literature.

The objective of this study was to evaluate the antioxidant
power of CAT, CUR and QUE separately and in binary and ter-
nary assemblies at 1,000, 2,000 and 3,000 ppm of total concentra-
tion, using the simplex-centroid augmented experimental design,
as well as verifying the existence and type of synergy between the
extracts and compare the results to commercial synthetic antioxi-
dant butyl hydroxyanisole (BHA).

MATERIAL AND METHODS

1. Biodiesel Synthesis and Purification

The biodiesel was synthesized via transesterification reaction of
cottonseed oil using analytical grade methanol and potassium hy-
droxide as catalyst. Cottonseed oil was obtained in the local mar-
ket. Reaction conditions were based on the optimization study of
Onukwuly et al. [24] using 6 : 1 methanol/oil molar ratio and 0.6%
(mass) of potassium hydroxide. The reaction mixture was heated
under 55°C and slowly stirred for one hour. Biodiesel was sepa-
rated from glycerol by decantation in a separatory funnel. After
separation, the esters were washed with deionized water at 90 °C
to remove remaining methanol and catalyst until neutral pH was
achieved. Biodiesel was dried at 100 °C for 3 hours to remove water.
2. Antioxidants

The three natural extracts were obtained from a local compound-
ing pharmacy to ensure high purity: CAT (72.7%, 52.6% are epi-
gallocatechin gallate); CUR (96.68% of curcuminoids); and QUER
(97.22%), all produced by Florien. BHA (Merck) was used to com-
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Fig. 3. Chemical structure of QUE.

August, 2019

®
0.00 025 0.50 0.75 1.00
CAT CUR
Fig. 4. Simplex-centroid augmented experimental design for three
components.
pare the results.

3. Oxidative Stability Tests

The tests were carried out at 110°C according to European stan-
dard EN 14112 for neat biodiesel and biodiesel added with antioxi-
dants. The concentration for each run was according to experimental
design at 1,000, 2,000 and 3,000 ppm (total).
4. Mixture Experimental Design

The simplex-centroid augmented design (Fig. 4) was used with
three replicates in the central point.
5. Synergy Calculation

The synergistic effect was calculated based on the equation devel-
oped by Frankel [5] (Eq. (5)) using the individual effect of each anti-
oxidant. Neat biodiesel was used as control.

AIP,;,— X AIP; |

%Syn = ”
2, AIP;

00 (5)
where AIP,,, is the difference between the sample induction period
(IP) (with antioxidants) (IP,,,) and the control sample IP (IP,,,;)
(Eq. (6)); and AIP; is the difference between biodiesel IP with one
antioxidant at the same fraction of concentration (IP,,4..) and
the IP of the control sample (IP,,,.,) (Eq. (7). For

AP, =TP = TP i ©

ATP=IP i Peontral )

mix’

Thus, it was necessary to perform experiments with the frac-
tions of concentrations of each design (166.67, 333.33, 500, 666.67,
1,333.33 and 1,500 ppm) to determine the antioxidants individual
effects in each run.

6. Statistical Analysis

Statistica v.10.0 software was used to analyze data and calculate
the coefficients of determination and analysis of variance [25] using
a confidence level of 95%. The cubic mathematical model (Eq.
(8)) was used for all designs since it takes into account both binary
and ternary interactions.
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Fig. 5. Results of biodiesel IP (h) for antioxidants used individually.

IP= X+ )5+ A2+ VXY + J5XZ+ Y Z+ VXYZ 8)

where IP is the biodiesel IP (hours); x, y and z represent the frac-
tions of CAT, CUR and QUE added to biodiesel, respectively; and
7 is the coefficients of each term.

RESULTS AND DISCUSSION

1. Antioxidants’ Individual Effect on Biodiesel IP

The increase in concentration caused the increase of oxidative
stability for all the additives used, as can be observed in Fig. 5.

All three extracts showed antioxidant activity, what was already
expected due to their chemical structures and analysis of other
studies presented in literature with different systems.

In general, the order of antioxidant power was CAT>QUE>
BHA>CUR, which is consistent with their chemical structures
(Fig. 1, Fig. 2, Fig. 3 and Fig. 6). The presence of activating groups
(electron donors) ortho and/or para to the hydroxyl group of phe-
nol enhances the antioxidant activity of the compound by induc-
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tive effect. Thus, the more electronegative the substituent, the
greater the inductive effect in benefit of the antioxidant activity.
On the other hand, branched alkyl groups ortho to the hydroxyl
group of phenol decreases the antioxidant activity, since it enables
the molecule to create a stable resonance structure that makes it
difficult for the antioxidant to participate in the propagation reac-
tions of the oxidative process [26].

Thus, in addition to BHA having less hydroxyls than CAT and
QUE, it has an ortho branched alkyl radical, which reduces its
antioxidant activity. CAT, on the other hand, in addition to hav-
ing the largest number of hydroxyls attached to the aromatic ring
among the antioxidants used, it also has some of these hydroxyls
in ortho position, increasing its antioxidant power. Regarding CUR,
it has a para deactivating radical, which may justify its lower anti-
oxidant action when compared to the BHA.

Therefore, it is verified that the antioxidant power of CAT, CUR
and QUE, which has already been proven in studies with living
organisms and in natural extracts for application in biofuels [11-
13,27,28], can also be used to inhibit the oxidation process in
methylic cottonseed biodiesel. The results revealed that the extracts
have great potential for commercial use and possible replacement
of synthetic antioxidants.

2. Antioxidants’ Combined Effect on Biodiesel IP

Table 2 shows the results for IP and synergy obtained through
the simplex-centroid augmented mixture design. It is important to
emphasize that the synergistic interaction mechanisms among anti-
oxidants are expected to be complex [29] and their elucidation is

Table 1. Results for IP (h) and synergy (%) obtained through the simplex-centroid augmented experiment design

Assay Mixtures® 1,000 ppm 2,000 ppm 3,000 ppm
IP (h) %Syn IP (h) %Syn IP (h) %Syn
1 (1;0;0) 12.00 - 19.79 - 26.04 -
2 (0; 1;0) 7.60 - 9.39 - 10.63 -
3 0;0; 1) 10.06 - 12.54 - 13.92 -
4 (1/2;1/2; 0) 6.29 —71.88 14.21 -2.43 18.89 —-7.08
5 (1/250; 1/2) 741 —41.15 11.43 —14.58 12.75 —-22.09
6 (0;1/2;1/2) 8.84 -4.29 18.54 14.02 21.86 —242
7 (2/3; 1/6; 1/6) 8.59 —-28.35 15.08 —24.42 24.66 5.75
8 (1/6; 2/3; 1/6) 8.25 -9.00 9.39 —-20.71 13.72 5.94
9 (1/6; 1/6; 2/3) 10.30 45.26 11.72 —-10.45 15.98 -4.92
10 (1/3; 1/3; 1/3) 9.98 34.83 12.11 -8.61 18.33 -7.09
11 (1/3; 1/3; 1/3) 9.71 27.27 11.75 -13.35 17.97 -9.63
12 (1/3; 1/3; 1/3) 9.86 31.47 12.03 -9.67 18.21 —~7.94
Control - 5.16

*(%CAT; %CUR; %QUE)
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Table 2. Relative error (%) of each design based on the cubic math-

ematical model

Assay  Mixtures® 1,000 ppm 2,000 ppm 3,000 ppm
1 (1;0;0) 2.82 0.76 1.96
2 (0; 1; 0) 1.39 1.18 2.25
3 (0,0, 1) 2.05 1.25 1.36
4 (1/2; 1/2; 0) 3.66 1.85 1.50
5 (1/2; 0; 1/2) 411 2.36 342
6 (0; 1/2; 1/2) 1.36 1.66 1.51
7 (2/3; 1/6; 1/6) 1041 5.39 7.24
8 (1/6; 2/3; 1/6) 3.90 7.31 421
9 (1/6; 1/6; 2/3) 6.40 6.96 2.81
10 (1/3; 1/3; 1/3) 144 4.84 3.30
11 (1/3; 1/3; 1/3) 1.30 1.73 1.27
12 (1/3; 1/3; 1/3) 0.22 4.15 2.62
Average relative error 3.25 3.29 2.38
Standard deviation 2.82 2.34 191

*(%CAT; %CUR; %QUE)

beyond the scope of the present work. Although, we will present
inferences base on other results as discussed in the literature.

The results obtained with the 1,000 ppm design (Table 1) show
that regarding the combined effects, only assays 4 and 5 did not
reach the minimum value for oxidative stability of 8 hours for IP
required by standard EN 14214. These were also the assays that pre-
sented the lowest synergy magnitudes. Still, only the assays with
individual effects and positive synergy had better results than syn-
thetic antioxidant BHA (8.75h), CUR excluded. Both facts point
to the importance in choosing the additives and their concentra-
tion used in biofuels in order to optimize their properties.

Moreover, the three binary combinations (assays 4, 5 and 6) pre-
sented negative synergies, with emphasis on the combinations CAT-
CUR (assay 4) and QUE-CUR (assay 5). Assays 7 and 8 also pre-
sented negative synergy (emphasis particularly on assay 7), where
the amount of CAT was the highest between the aforementioned
experiments. It shows that the effect of CAT combined with the
other extracts may be opposite to that desired for this concentra-
tion, like the findings of Sousa, Moura, Oliveira and Moura [9],
who observed that S-carotene had its antioxidant activity reduced
by 15% when combined with CUR. Also, regarding assays 9 and
10, where QUE was in greater quantity in the former and equiva-
lent to the other components in the latter, there was positive syn-
ergy. Studies have reported the positive synergistic effect of QUE
in other systems [30,31], indicating that it may have contributed to
this result. Also, another factor that may contribute to the positive
synergy is the regeneration of one antioxidant by the other. It hap-
pens when the antioxidant with less activity restores the hydro-
gens donated by the most effective antioxidant, which increases
the overall antioxidant activity [32].

All combinations tested in 2,000 ppm design reached the mini-
mum value for oxidative stability established in the resolution (Table
1). However, except for assay 6, all the assays presented negative
synergy, with lower magnitude than 1,000 ppm design. Also, among
the combined effects, only assay 8 resulted in lower IP than the
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synthetic antioxidant BHA (10.97 h). Assay 6 showed positive syn-
ergy and resulted in IP almost twice as high as BHAS. Thus, although
CAT alone had the highest antioxidant effect, it is possible to achieve
almost the same result using a combination of CAT and QUE in
equal proportions. Yin et al. [33], in consonance with the study of
Jia et al. [34], found that CAT compounds, especially epigallocate-
chin gallate, when used in association with o-tocopherol acts way
to prevent its degeneration. They related this result to a possible
regeneration of a-tocoferoxil radicals by epigallocatechin gallate. A
similar situation may have occurred to result in positive synergy
between CAT and QUE.

Regarding 3,000 ppm design, all the combinations reached the
minimum value established in norm for oxidative stability, although
the majority of the cases had resulted in negative synergy. In addi-
tion, it is observed again that the synergistic effect magnitude was
smaller than the previous experiments. Thus, one can infer that
the increase of concentration reduces the synergetic effect magni-
tude, which can be related to the saturation of antioxidants in the
bulk [9]. Moreover, all the assays presented better results than the
synthetic antioxidant BHA (11.80h), particularly assays 6 and 7,
where the IP was two-times higher.

By applying the simplex-centroid augmented experimental design,
the cubic models for 1,000, 2,000 and 3,000 ppm designs (Fig. 7,
Fig. 8 and Fig. 9 respectively), represented by Eq. (9), Eq. (10) and
Eq. (11) respectively, were obtained and the coefficients of deter-
mination (R?) were 93.07%, 97.48% and 98.29% respectively.

IP100=11.67x +7.71y +10.272 — 14.49xy —8.99xz —5.07yz+84.49xyz  (9)
TPy000=19.64x +9.28y +12.382 — 2.03xy+891xz+134yz- 84.50xyz  (10)
1P3000=26.56x +10.40y +13.73Z +2.79xy+8.20xz+1.0dyz+1.07xyz  (11)

The terms with asterisks are significant at the level of 95%,
according to ANOVA. All linear terms presented positive coeffi-
cients, indicating that the extracts positively influence biodiesels IP
This result shows that x (CAT), y (CUR) and z (QUE) increase

[ R
<1
B <10
<9
B <8
<7
Il <6

Fig. 7. Region of combination among the extracts CAT, CUR and
QUE obtained through Eq. (9) for the induction periods at
1,000 ppm.
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Fig. 8. Region of combination among the extracts CAT, CUR and
QUE obtained through Eq. (10) for the induction periods at
2,000 ppm.

(u) di

Fig. 9. Region of combination among the extracts CAT, CUR and
QUE obtained through Eq. (11) for the induction periods at
3,000 ppm.

biodiesel’s oxidative stability when added individually.

Regarding 1,000 ppm design, one can observe that the region of
the response surface (Fig. 7) with the highest IP is the upper con-
centration limit of CAT (12 hours). However, both the central region
and the upper concentration limit of QUE also reach high values
for IP. Also, the lowest IPs (dark green region) are related to CUR,
with emphasis on the binary region CUR-QUE, which showed the
lowest value. This behavior indicates, once again, the negative effect
of CUR-CAT and CUR-QUE interactions, with emphasis on the
latter, which is in agreement with the inference previously explained
and also corroborates the studies of Sousa, Moura, Oliveira and
Moura [9], who observed negative synergy between CUR and
carotene. In addition, the negative signals in the coefficients of the
binary interactions CAT-CUR and CAT-QUE in Eq. (9) show that

such combinations reduce the biodiesel oxidative stability. Con-
versely, the ternary combination has a positive effect on the oxida-
tive stability, indicating a positive synergy when the three extracts
are used together, even though it is not statistically significant.

Regarding 2,000 ppm design, only the ternary combination had
synergistic effect relevant at the level of 95%. However, such com-
bination decreased the IP of the biodiesel studied, as it can be ob-
served by the negative signal of the ternary term in Eq. (10). Once
again, the region with the highest CAT concentration resulted in
the highest IP (~20 hours). Response surface analysis (Fig. 8) shows
once again the synergy magnitude reduction for a higher concen-
tration.

The response surface obtained for 3,000 ppm design (Fig. 9)
shows a linear behavior, which is in agreement with Eq. (11), where
only the linear terms were statistically significant at a level of 95%.
This result points to the additive synergistic effect among the extracts
for 3,000 ppm total. This type of synergy occurs when there is lit-
tle or no interaction among the additives, so that they act only in
order to regenerate the radicals formed by the hydrogen donation
[35]. Sousa, Moura, Oliveira and Moura [9] also observed that the
synergistic effect reduced at higher concentrations of antioxidants.
The saturation of antioxidant may suppress its regeneration power,
which reduces the total antioxidant activity [9]. Although the syn-
ergy calculations did not result in nullity as predicted by additiv-
ism, it is observed that all values ranged from —10 to 6%, which
can be considered low to characterize the synergistic effect, except
for assay 5.

By using the equation obtained for each design (Eq. (9), Eq. (10)
and Eq. (11)) it is possible to obtain the theoretical IP and thus
calculate the relative error for each assay (Table 2). One can observe
that the average relative error is low for all three designs. This
result corroborates the models’ good fit to the experimental data,
represented by R’. Note that most of the assays resulted in relative
error lower than 3%. All these results show that the centroid sim-
plex augmented design can represent the system satisfactorily with
good predictivity.

By comparing the three designs, one can conclude that the in-
crease in total concentration reduced the synergy magnitude among
the additives. It is observed that only one interaction was not sig-
nificant for the 1,000 ppm design; only one interaction showed
statistical significance for the 2,000 ppm design; and none was sig-
nificant for the 3,000-ppm design. These results show that, for this
system, synergistic interactions depend not only on the propor-
tion in which they were added but also on the total concentra-
tion, which is in accordance with the findings of Rawat et al. [32].
In addition, by increasing total concentration, the synergistic effect
magnitude is reduced, which corroborates the study of Sousa, Moura,
Oliveira and Moura [9]. Moreover, even in the cases where the
synergistic effect was negative, the extracts presented, in general,
higher antioxidant activity than BHA, especially for higher con-
centrations.

In practical use, this study shows that 1,000 ppm is enough to
reach the minimum value for oxidative stability (8 h) or commer-
cial biodiesel. Besides, it is possible to reach IP higher than 10
hours by using 1/6, 1/6 and 2/3 of CAT, CUR and QUE, respec-
tively, for the same concentration. This result shows that a lower
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amount of antioxidants would be enough to meet the specifica-
tion and thus could reduce the costs related to these additives.
However, an additional study is suggested to verify the antioxi-
dants stability over a long-term storage, which could lead to using
higher antioxidant concentrations to compensate for their degra-
dation over time.

CONCLUSIONS

All three extracts showed antioxidant activity for cottonseed
biodiesel. By increasing antioxidant concentration, biodiesel IP
also increased. Nearly all combinations tested reached the mini-
mum value required by European standard. CAT showed the high-
est antioxidant activity, followed by QUE and finally CUR. CAT
and QUE showed higher antioxidant activity than BHA, whereas
CUR was equivalent.

A synergistic phenomenon was more noticeable at lower con-
centrations. There was no combination effect for the 3,000 ppm
design. We conclude that synergy varies with proportion and total
concentration of antioxidants added to biodiesel.
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