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Highlights

« Sunflower biodiesel stabilized with three different types of synthetic antioxidant.
 Rancimat induction periods (IP) estimated from conductivity vs. time responses.

« IP from second derivative method exceeded that from common tangent method.

» Amine- and phenolic-based antioxidants combinations showed synergistic activity.

« Best stabilisation results were obtained with pyrogallol.

Abstract

Biodiesel was prepared using base catalyzed methanolysis of sunflower oil. The oxidative
stability of the neat biodiesel, as well as samples spiked with 0.15 wt.% antioxidant was
quantified by induction periods (IP) obtained with the Rancimat method according to the
tangent method. The neat stabilizers, binary blends and a ternary mixture of poly(1,2-
dihydro-2,2,4-trimethylquinoline) (Orox PK), tetrakis[methylene(3,5-di-t-butyl-4-
hydroxyhydrocinnamate)]methane (Anox 20), and tris(nonylphenyl)phoshite (Naugard P)
were tested. Of these, Anox 20 was the most effective stabilizer while Naugard P proved
ineffective for the sunflower biodiesel. Synergistic improvement of oxidative stability was
observed on partial substitution of this phenolic-based compound with the Orox PK.
Combinations of the latter amine-based stabilizer with other phenolic antioxidants did not
show any synergy, with perhaps the exception of DTBHQ. At a dosage of 0.15 wt.%, only

TBHQ, propyl gallate and pyrogallol, as well as their 2:1 blends with Orox PK, provided IP

values that exceeded 8 h as required by the European Standard EN 14214 for biodiesel.
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1. Introduction

Biodiesel is a renewable fuel produced by the methanolysis of vegetable oil or animal fat in
the presence of a catalyst (usually an alkali) to produce fatty acid methyl esters (FAME). The
presence of unsaturation on the long-chain fatty acid makes it much more susceptible to
oxidative degradation than synthetic petroleum diesel [1, 2]. Oxidation commences as soon as
the biodiesel has been produced and continues during long term storage. The oxidative stability
can be improved by adding suitable antioxidants [2-4]. The effectiveness of a synthetic
antioxidant depends on its chemical structure as well as the compounds present in the biodiesel.
Antioxidants act by interrupting the degradation process and they are usually consumed in the

course of stabilization. Primary antioxidants terminate the propagation reaction by a chain



breaking mechanism. Primary antioxidants typically are hydrogen donors (e.g. phenolic
hydroxyl groups) that trap the free radicals formed by the degradation reaction. They inhibit
oxidation by donating the hydrogen from the hydroxyl group to the free radical present [5].
Amine-based primary oxidants are also known but most studies on vegetable oils and other
ester derivatives are limited to the phenolic types. Secondary antioxidants are hydroperoxide
decomposers and include organic sulfur or phosphorus compounds [2, 3, 6-8]. They function
by converting the hydroperoxides to inactive non-radical compounds such as alcohols.

Some antioxidants combinations show synergistic activity [5, 9, 10]. According to
Ingold [11] synergism can arise when the two component antioxidants perform different roles
during inhibition. A few studies explored this avenue for improving the oxidative stability of
FAME. Examples include tert-butyl hydroquinone (TBHQ) combinations with butylated
hydroxyanisole (BHA), propyl gallate (PG) and pyrogallol (PY) and a-tocopherol with
myricetin. In these instances the mechanism appears to involve the regeneration of the more
efficient oxidant by the other one [12].

EN14112 [13] is currently the preferred procedure for determining the oxidative
stability of biodiesel. This is quantified by the induction time measured with a Rancimat
instrument. In this method, a constant flow of air is passed through a small biodiesel sample
held at 110°C. During an initial induction phase virtually no secondary products are formed.
This is abruptly followed by an oxidation phase characterized by a rapid increase in peroxide
value and the formation of volatile products, mainly formic acid and acetic acid. These volatile
acids are transported via the stream of air into a measuring cell filled with deionized water. The
volatile acids formed during the oxidation process dissolve in the deionized water and increase
its conductivity. This increase in conductivity is measured as a function of time in the Rancimat
method. The induction time (IP) is then evaluated from the experimental conductivity vs. time

curve.



Compared to other biodiesels, the one derived from sunflower oil is particularly prone
to oxidative degradation [14]. Hence, the main objective of this study was to study the
stabilization of sunflower oil-based biodiesel. Secondly, it was of interest to determine whether
synergistic activity occurs in mixtures of phenolic-, phosphite- and amine-based antioxidants.
Therefore, such combinations were explored using the Rancimat method while keeping the
overall antioxidant concentration fixed at 0.15 wt.%. The aims were (a) to determine whether
antioxidants commonly used in polyolefin polymers such as polyethylene (which features no
double bonds) and in natural rubber where there are numerous double bonds present have any
merit as biodiesel stabilisers, and (b) to establish whether synergistic effects are present when

they are used in suitable combinations.

2. Experimental

2.1 Materials

Pure, triple-distilled sunflower oil was supplied by Sunfoil. Three different stabilizer
chemistries were explored namely phenol-, amine- and phosphite-based antioxidants. A
comprehensive study was done on combinations of tetrakis[methylene(3,5-di-t-butyl-4-
hydroxyhydrocinnamate)]methane (Anox 20 ex Addivant) a hindered phenolic antioxidant,
poly(1,2-dihydro-2,2,4-trimethylquinoline) (Orox PK ex Orchem) an amine-type antioxidant
and tris(nonylphenyl) phosphite (Naugard P ex Chemtura) a phosphite-type antioxidant. The
latter is classed as a secondary antioxidant while the first two are considered to be primary
antioxidants. The antioxidants were added to the biodiesel at a total loading of 0.15 wt.%. Both
binary as well as a ternary blends of these antioxidants were evaluated. Additional
combinations of the amine with other phenol-type antioxidants were tested at the 1:2 mass

ratio. SigmaAldrich supplied samples of BHT, pyrogallol and propyl gallate while TBHQ and



DTBHQ were obtained from Aromas and Fine Chemicals, South Africa. All chemicals were

used as received, i.e. without further purification.

2.2 Biodiesel preparation
The biodiesel was prepared using alkali catalyzed methanolysis as described previously [15].
Potassium hydroxide was used as the catalyst and several small batches of 500 mL each were

prepared and subsequently combined before testing and analysis.

2.3 Characterization

The FAME analysis for sample BD01 was performed by the CSIR Food and Beverage
Laboratory (now acquired by Aspirata Certification Auditing and Testing (Pty) Ltd.) using an
Agilent 6890 GC-FID. An Agilent J&W GC column CP-SIL 88 was used for the separation of
the FAME components. Due to the unavailability of the instrument at CSIR the FAME analysis
for sample BD02 was performed at the Tshwane University of Technology using a Varian
Crompack CP-3800 gas chromatograph. A Restek Rtx-2330 column was used for the
separation of the FAME components.

Quantification was performed by internal standard calibration using methyl
heptadecanoate. Identification of the FAMEs in the biodiesel samples was accomplished by
comparing their retention times to a Supelco FAME reference mixture containing 37
components. The FAME content was computed according to EN 14103 [16] and Ruppel and
Huybrighs [17]. All the peaks from that for methyl myristate (C14) to that for the methyl ester
of nervonic acid (Co4:1) were accounted for. Additional biodiesel physical properties were
determined, using standard procedures, by Bio Services CC, Randburg, South Africa. These
properties included free glycerine, methanol content, water content, acid value, iodine value,

and flash point.



2.4. Antioxidant formulations and determination of the oxidative induction times

The effect of antioxidant combinations on the induction time was determined by spiking the
biodiesel with different amounts of the antioxidants keeping the total antioxidant dosage
constant at 0.15 wt.%. In particular, Orox PK, Naugard P and Anox 20 binary mixtures, as well
as a ternary blend, were tested. The oxidation stability of the biodiesel samples was determined
on a Metrohm 895 Professional P\VC Thermomat according to the Rancimat method described
in EN14112 [13]. The oxidation tests were done at a constant temperature of 110°C and an
airflow rate of 10 L h~1. Biodiesel samples (3.00 g) were weighed into the reaction vessels, and
placed in the heated cellblock. The air was passed through the sample and then through a
measuring vessel that containing 60 mL of deionized water. The volatile acids formed during
the oxidation process were trapped in this water causing an increase its conductivity. The
change in the conductivity was continuously recorded as a function of time. Duplicate runs,

and in some cases triplicate runs were conducted on each sample tested.

2.5 Data reduction

The Rancimat instrument produces data corresponding to the initial part of the oxidation
reaction. The induction time values were extracted from the experimental conductivity vs. time
data using the method described previously [15]. The conductivity vs. time curves (o = oft))

were fitted using the following equation:

o(t) = Omin +mt + SF (1) 1)

where o(t) is the experimental conductivity vs. time curve; omin IS the conductivity offset at
time t = 0; m is the slope of the initial portion of the conductivity curve; £ is a proportionality

constant with conductivity units and F(t) is an appropriate response function that is

dimensionless. The parameter m in equation (1) compensates for any linear signal drift over



the full measurement time. The response function F(t) should be able to adequately represent
the experimental data over the full measurement range. The following empirical expression

was found adequate for the present data set [15]:

F(t) = log[1 + (t/D 2

where t is the time in h, “log” represents the natural logarithm while 6 and r are adjustable
model parameters. The parameter @is a dimensionless shape factor while zis a characteristic
time constant for the response function and therefore has units of time. These adjustable
parameters of the analytic expression for F(t), as well as the values of both m and omin Were
determined by least square fits of equation (1) to the experimental conductivity vs. time data.
Induction times can be estimated according to two different procedures [15]. The
“manual method” (IP7) described in EN14112 [13] corresponds to the intersection of the
tangent line, drawn to the inflection point of the normalized response curve, with the time axis
[18]. This leads to the following expression for the induction time in terms of the model

parameters:

IPr = tfr(0) = (60— D1 — log(9)/(6 — 1] )

The “automatic instrument” procedure (IPp) mentioned in EN14112 [13] is
established by finding the position of the maximum in the second derivative of the fitted F(t)

curve, i.e. F”(t). The induction time corresponding to this second methodology is given by:

1/6

1Py = 2f,(0) = <|(1/4) (F+(3-VEF +60-7)0-4)| (4)



3. Results

3.1. Biodiesel characterization

The properties of the biodiesel samples used in this study are summarized in Table 1. Sample
BDO01 met most requirements of the EN 14214 specifications including the fact that the ester
content should exceed 96.5%. This was not the case for biodiesel sample BD02. The latter was
only used to study the additional combinations of the amine (Orox PK) with other phenol-type
antioxidants. Note that the ester contents for samples BD01 and BD02 were determined using

different GC-FID columns and instruments.

Table 1: List of biodiesel (FAME) properties made from sunflower oil.

Property Units BDO1 BD02
FAME (ester content) wt.% 98.3 94.8
FAME composition: (%) wt.%
Methyl palmitate, C16:0 6.73 5.82
Methyl stearate, C18:0 6.63 7.17
Methyl oleate, C18:1 22.4 16.5
Methyl linoleate, C18:2 62.0 68.2
Methyl linolenate, C18:3 0.22 0.63
Other methyl esters 2.02 1.55
Density at 15°C kg m2 888 888
Kinematic viscosity at 40°C mm?s! 4.6 4.59
Flash point °C 170 n.d.
Water content % 0.04 0.04
Acid value mg KOH g 0.1 0.06
Methanol content wt.% 0 0
lodine value - 118 125
Free glycerol wt.% 0.01 0.02
Appearance - clear clear




3.2. Rancimat oxidative induction periods

The effect of antioxidant combinations, on the induction time, was determined at a fixed total
antioxidant concentration constant of 0.15 wt.%. The composition of the antioxidant mixture
was represented in vector form (x1;x2;x3) with the xi representing the mass fractions of the
individual additives present in the antioxidants package. Figure 1 shows representative
conductivity vs. time data obtained with the Rancimat method. The symbols show experimental
data obtained in duplicate runs and the lines correspond to least square fits of equation (1). The
induction times IPt and IPp were calculated using equation (3) and equation (4) respectively.
Table 2 lists the measured Rancimat induction 1Pt and IPp times. In most instances: IPp > IP1.
The mean and standard deviation of the ratio of these values for the samples spiked with
antioxidant was IPt /IPp = 1.04 + 0.07. The rest of the discussion focuses on IPt values as
these tended to give conservative results. Figure 2 shows the variation of the IPt induction

times, extracted from such curves, with composition for the antioxidant mixtures.
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Figure 1. Representative baseline corrected Rancimat conductivity vs. time curves. The symbols represent
experimental data and the solid lines are fits to the log-logistic equation. (a) Neat biodiesel; (b) 0.15 wt.% Anox
20; (c) 0.05 wt.% Orox PK with 0.10 wt.% Anox 20. The symbols indicate experimental results determined in

duplicate and the solid and broken lines model fits.



Table 2. Average Rancimat Induction times (IP) of biodiesel spiked samples

Antioxidant weight fractions Induction times (h)

Orox PK Naugard P Anox 20 IPt IPp
1.000 0.000 0.000 2.37 2.20
2.52 2.36
0.667 0.333 0.000 1.98 1.79
2.21 2.21
0.500 0.500 0.000 1.95 1.80
1.88 181
0.333 0.667 0.000 1.85 1.79
1.77 1.66
0.000 1.000 0.000 1.84 1.69
1.88 1.73
0.000 0.667 0.333 2.94 3.01
291 2.99
0.000 0.500 0.500 3.54 3.64
3.48 3.56
0.000 0.333 0.667 3.79 3.88
4.02 4,12
0.000 0.000 1.000 4.17 4.28
4.32 4.43
0.333 0.000 0.667 5.38 5,51
5.28 5.40
0.500 0.000 0.500 4.72 4.82
4.82 4.92
0.667 0.000 0.333 4.22 4.33
411 4.21
0.333 0.333 0.333 3.69 3.77
3.88 3.98
Neat biodiesel 1.55+0.21 1.33+0.28
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Figure 2. Measured and predicted Rancimat induction times based on the tangent method for blends of Naugard
P, Anox 20 and Orox PK. The total antioxidant content was fixed at 0.15 wt.%. The variable x; indicates the mass

fraction of first mentioned antioxidant in the binary antioxidant blend.
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The composition dependence of the experimental Rancimat induction time data was
fitted using Scheffé K-polynomials. Details of the fitting procedure are presented in the
Appendix. The data fits in Figure 2 are indicated by the solid lines while the symbols represent
actual experimental measurements. The composition dependence of the Naugard PK - Anox 20
and the Orox PK - Naugard P binaries was adequately represented by quadratic Scheffé
polynomials. However, the composition dependence of 1Pt for the Orox PK - Anox 20 binary
was highly nonlinear, so much so that a cubic Scheffé polynomial had to be employed to fit
the data. According to Table 2 and Figure 2, the hindered phenol, Anox 20, was the most
effective stabilizer for the present sunflower biodiesel followed by Orox PK. None of the neat
antioxidants achieved the 8 h EN14214 [19] stability requirement. However, Anox 20 on its
own did exceed the 3 h ASTM D6751 [20] specification. Mixtures of Orox P and Anox 20
showed strong synergism. Virtually all combinations of these two antioxidants tested, featured
IP1 values than were higher than those measured for Anox 20 on its own. The fitted curve,
defined by a cubic Scheffé polynomial, predicted a maximum value of IPt = 5.30 h at
approximately a 1:2 ratio of Orox to Anox.

According to Becker and Knorr [21] synergism in a binary antioxidant combination is evident
when the mixture proves to be more effective than expected, i.e. if it exceeds the sum of the
induction periods recorded for the individual antioxidants acting on their own at the mixture
dosage level minus the induction period of the pure biodiesel. However, these authors only
observed added effects for combinations of monophenols or bisphenols with either sulfides or
aromatic phosphites. Gatto and Grina [10] previously observed synergy (at approximately the
same ratio found presently) of an amine antioxidant to a phenolic one in a sulfur-free mineral
oil. The mechanisms responsible for this synergistic antioxidant interaction are expected to be
complex and their elucidation is beyond the scope of the present investigation. However, it is

likely that it can be attributed to some type of regeneration of the more effective antioxidant
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by the other one, or the sacrificial oxidation of the latter to protect the former [5, 10, 12].
According to Becker et al. [22], while the action of chain breaking, free radical scavenging,
antioxidants are fairly well understood, the mechanisms proposed to explain antioxidant
synergism or antagonism are speculative and conflicting observations have been reported [23-

25].

3.3 Antioxidant synergy between Orox PK and other phenolic-based compounds

Synergy was exhibited by the combination of the amine-based antioxidant Orox PK with the
phenolic antioxidant Anox 20 because some mixture combinations provided more effective
oxidation stabilization than the two parent compounds. It was therefore of interest to explore
whether this synergy extends to mixtures of the amine with other phenolic antioxidants.
Towards this end, the sunflower biodiesel was spiked with mixtures of Orox PK with several
other phenolic antioxidants, at a mass ratio of 1:2. The total antioxidant concentration was kept
constant at 0.15 wt.%. The phenolic antioxidants considered were TBHQ, DTBHQ, BHT,
pyrogallol (PY) and propyl gallate (PG). The results for the neat and combined antioxidants
are presented in Figure 3. It reveals that induction times greater than 8 h, in accordance with
the EN 14214 [19] requirement, were achieved using the neat antioxidants TBHQ, PY and PG.
However, only the Orox PK - DTBHQ combination possibly showed an improvement in the
IP value indicative of synergism. However, the difference is not statistically significant as the
error bars shown in Figure 3 overlap. Nevertheless, none of the other combinations showed

any synergistic effect.
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Figure 3. IPt values for neat antioxidants and combinations with Orox PK

The induction time IPt generally gave lower values than IPp, especially for the more
highly stabilized biodiesel samples. This means that, compared to IPp, the IPt values
provided conservative estimates for the oxidative stabilization. This index was therefore
selected for further study as it returned conservative values for biodiesel samples stabilized
with antioxidants. The expressions for the estimation of induction periods, from the

parameters of the response curve F(t) of Equation (1), both take the form IP; = zfi(€). This

means that the ratio of the two IP values is independent of the time constant zand given by:

py /(¢ (3 Prer7) o-a)] .
Py (-DY1-log(9)/(0-1)] ©)

Figure 4 shows a plot of the IPp/IPt ratio. According to equation (5), IPt exceeds IPp when
6 < 3.88. The two estimates agree to within 5 % provided 6 > 3.17 and the difference is less

than 2 % for @ > 4.8.
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Figure 4. Plots of (a) fi(6) = IPi/zand (b) the variation of IPp/IPt with the shape parameter 6.

5. Conclusion

Sunflower biodiesel was stabilized with three different antioxidants representing three different
chemistries at a fixed dosage level of 0.15 wt.%. The oxidative stability was quantified using
the Rancimat induction period estimated from the response curve using both the tangent
method (IP1) and the second derivative method (IPp). It was found that, for well-stabilized
biodiesel samples, IPp > IPt. The implication is that the tangent method yields conservative
estimates for the induction period of stabilized sunflower biodiesel.

Synergy, with respect to stabilizing sunflower biodiesel against oxidative degradation,
was detected in binary mixtures of Orox PK with Anox 20. However, mixture of Orox PK with
other, more effective, phenolic-type antioxidants, in a 1:2 mass ratio, did not show such an
effect. However, the best stabilization performance was obtained with pyrogallol, TBHQ and
propyl gallate. On their own and in combination with Orox PK, they all yielded stabilization

performance exceeding the requirement of IP > 8 h set by European Standard EN 14112.
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Appendix. Correlating ternary mixture data with Scheffé K-polynomials

Consider a mixture that contains q different components. Let the x; be fractions that describe
the mixture composition. In the present example this is achieved by choosing mass fractions
as the composition variables. The question is to develop consistent expressions that connect
mixture composition with a mixture property. In the present case, the “property” is the effect
the mixture has on the oxidative stability of a biodiesel when it is added at a fixed dosage of
0.15 wt.%.

The Scheffé K-polynomials are the most common empirical models applied in the context of
experimental mixture design. In essence they are trimmed Taylor polynomials that take the
mixture constraints into account, i.e.:

0<xi<lfori=1,2,....q (A-1)
Together with the simplex constraint

Yixi=x+x+ 4 x, =1 (A-2)

The n'-order Scheffé K-polynomials are homogeneous first order in the model
parameters and homogeneous n™"-order in the composition variables. The mixture property is
denoted by amix and the model parameters by a, aij, and aijx depending on the order of the K-
polynomial. Note that irrespective of order of the model that is used, the property value for
pure component i is given by ai = aii = aiii ... The present study considered a ternary mixture
of antioxidants so g = 3 and the mixture property of interest was the effect on the stability of
the biodiesel as quantified by the Rancimat induction time IPr.

The first order Scheffé polynomial for a ternary mixture is given by:

Amix = A1X1 + ayx, + azx; (A-3)
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This is the so-called “linear blending rule” and it states that the mixture property varies linearly
with composition. In effect the mixture property is defined by a composition weighted
arithmetic mean over the pure component properties. The key advantage of the linear blending
rule is that pure component properties suffice to predict multicomponent behavior.

The second order Scheffé K-polynomial for a binary i-j mixture is described by:

Umix = uX{ + 2a;%;%; + ;X7 (A-4)

In this model the parameter aj; describes interaction effects. A g-component mixture will
comprise q(g-1) different binaries and thus the model will feature that number of binary
interaction parameters. In addition, binary experimental data is required to fix these
parameters. Once known, multicomponent property values can be predicted.

The experimental IP values obtained for the Orox-Naugard and Naugard-Anox binary
blends were such that the composition dependence was adequately represented by second
order Scheffé polynomials. However, the response for the Orox-Anox binary was highly
nonlinear and it was necessary to use a cubic Scheffé K-polynomial to correlate the data for
this system. This means that the ternary data for the system Orox (1) - Naugard (2) - Anox (3)
system must also be fitted with a third order Scheffé polynomial:

Umix = 111X5 + 3A112%F%5 + 3a113X7 X3 + Ap00X5 + 3@120%1X5 + 3A223%5 X3 + A333%3
+ 3a133%1 X3 + 30A533%,X3 + 6a453%1X5X3
(A-5)
Where amix = IP7 is the induction time in the presence of the antioxidant blend at a fixed
dosage of 0.15 wt.%; xi represents the mass fraction of additive i in the antioxidant blend; aiii
is the Rancimat induction time recorded for neat antioxidant i, and the ajj« are adjustable
model parameters. Note that a cubic Scheffé polynomial features two binary interaction
parameters for each binary and one ternary parameter for each ternary in the system. So, for

the present case there are six binary parameters ajjj (or aiij) and one ternary constant ai»3 to be
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determined. Thus it would appear that there are a total of ten parameters that need to be fixed.
However, as already mentioned, the data for two of the binaries were adequately fitted by the
lower order quadratic Scheffé model. Now, a convenient aspect of Scheffé polynomials is the
fact that they form a set of nested models that range from the linear bending rule to whatever
order is desired. Lower order models can be transformed into higher order ones by
multiplication with the simplex constraint, equation (A-2). This allows the “upgrading” of
lower order models for incorporation into one of a higher order model without increasing the
number of parameters to be fixed. In the present case the upgrading of the quadratic,
described by equation (A-4), to the cubic form is achieved by multiplying the right hand
sided with x; + xj = 1:

Amix = aiixl-?’ + (aii+2aij)xl-2xj + (a” + Zaij)xl-sz + aj]xf (A'6)

Comparing coefficients shows that aiii = aii; 3aiij = aii +2aij, etc. So the ternary parameters are
expressed in terms of specific combinations of the binary and pure component parameters.
This means that, for the present case, only eight model parameters were required to fit the
cubic Scheffé polynomial to the mixture data. Taking this into account, the following
procedure was used to fix the model parameters. The neat component parameters aiii were
determined as the average of the two measurements for the effect of the neat antioxidants.
The rest of the parameters were determined by least square data fitting. Table 3 lists the final
parameter values. The solid lines drawn in Figure 2(b) in the main text show the IP values
predicted with the full ternary model. Note that similar data fits were used to correlate the
response function parameters, #and z, to antioxidant mixture composition. The results are

also shown in Table 3.
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Table 3. Orox (1) — Naugard (2) — Anox (3) antioxidant package Scheffé cubic model for the prediction of IPt

and for correlating the composition dependence of the parameters of the response function.

IPt composition dependence

ain az2 ass3 ai a3 aiz ais3 a3 azs3 aiz3

2.446 1.860 4247  1.940 3.805 1.745 6.932  3.223 4.018 5.180
Equation (2) model parameter composition dependence

T111 1222 1333 T112 T113 T122 T133 T223 1233 T123

4.233 3.322 4861  3.136 3.276  2.832 7.817  3.896 4.409 4084

0111 0222 0333 0112 0113 0122 0133 0223 0233 0123

3.053 2.959 7.061  3.340 9.533  3.308 9480 5.618 6.985 4.665
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