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Conventionally, biodiesel is produced by the alkaline catalyzed transesterification of edible oils. The cost of these edible oils
is quite high. Though the cost of waste and high free fatty (FFA) acid oils is almost one half to one third that of refined oils,
the production cost increases due to additional steps for lowering the FFA to less than 2% for further transesterification to
biodiesel. In this study, the esterification technique for the reducing FFA of rice bran oil (RBO) with 70% FFA using strong
heterogeneous catalyst aluminum (Al) doped sulfated zirconia has been investigated. Several process affecting parameters
like catalyst calcination temperature, stirrer speed, catalyst loading, oil to methanol molar ratio, reaction temperature and re-
action time were optimized in order to minimize FFA of oil. The FFA conversion of 95.26% was achieved at 338.15 K, RBO to
methanol molar ratio 1:9, catalyst loading 3 wt% in 180 min of reaction time. Consequently, this esterification step reduces
the FFA of the oil and thus increases the possibility of producing biodiesel at lower price.
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Introduction
Biodiesel is produced by the reaction between triglycer-

ides and lower alcohols such as methanol in the presence of
a strong basic catalyst. This reaction is known as
‘Transesterification’ and this reaction produces a by-prod-
uct, glycerin. The triglycerides (TG) used are generally de-
rived from various types of edible oils like sunflower, rape-
seed, palm oil, soybean and peanut oil. Animal fats are also
used as raw material for biodiesel (also known as fatty acid
methyl ester) production. The cost of waste and high free
fatty acid oils is almost one half to one third that of refined
oils, but the production cost increases due to additional steps
for converting free fatty acids to esters. Using low cost oils
as raw material, such as waste oils, acid oils, crude oils or
high FFA RBO can produce the biodiesel at much lesser cost1.

High FFA RBO can be one of the prominent low cost oil
for the manufacturing of commercial biodiesel. The annual
world paddy cultivation produces about 48 million tons of
rice bran, from which approximately 9.2 million tons of crude

RBO could be extracted. Rice bran contains 14–26% oil and
the FFA in crude RBO from fresh rice bran is approximately
6–8%2. Since active enzymes are present in rice bran, FFA
value of rice bran increases at the rate of 1–6% every day
during storage. The crude rice bran oil can only be refined to
produce edible oil only if the FFA content in the crude oil is
less than 10%. It is not feasible to extract RBO without delay
after the milling of rice, due to which huge quantity of oil is
not extracted and the high FFA rice bran is used as ingredi-
ent in animal feed.

Various homogeneous and heterogeneous catalysts were
used during the esterification of high FFA oils3–8. Among
these, sulfated zirconia is an effective and significant cata-
lyst as it possesses strong acidity, referred as super-acid-
ity9–11. Sulfated zirconia is having excellent catalytic activity
in many significant industrial unit processes such as crack-
ing, acylation, trans-esterification and esterification. Sun et
al.12 and Vahid et al.13 investigated the properties of sul-
fated zirconia/Al-doped sulfated zirconia and showed that
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the calcinations generates nano-sized particle having higher
surface area, catalytic activity and stability. In the present
work, the process variables like catalyst calcination tempera-
ture, stirrer speed, catalyst concentration, reaction tempera-
ture, RBO to methanol molar ratio and and time were opti-
mized with the objective of reducing the FFA of RBO using
Al-doped sulfated zirconia as nano-catalyst.

Materials and method:
Dewaxed and Degummed high FFA rice bran oil was col-

lected from solvent extraction unit of Partap Group of Indus-
tries, Ambala (India). The acid value was determined and it
was 140 mg KOH/g RBO, corresponding to 70% FFA. The
mean molecular weight of high FFA rice bran oil is calculated
as per the FFA and Triglyceride (TG) weight fraction, with
molecular weight 282 for FFA and 870 for TG9,10. The chemi-
cals used in catalyst preparation and esterification reaction
were zirconium oxychloride octahydrate, ZrOCl2·8H2O
(99.9% purity, Merck), (NH4)2SO4 (99% purity, Merck),
Al2(SO4)3·18H2O (99.9% purity, Merck), methyl alcohol
(99.0% purity, S D Fine, India), potassium hydroxide (KOH,
99.9% pure, Merck), ethyl alcohol (99.9% pure), diethyl ether
and indicator (phenolphthalein). All the reagents and chemi-
cals used during the study were of analytical grade and were
used without further purification.

Catalysts preparation:
Aluminum (Al)-doped sulfated zirconia was prepared us-

ing solvent-free method. Zirconium oxychloride octa-hydrate
and ammonium sulfate were mixed in molar ratio 1:6.  Al2
(SO4)3·18H2O was added to the mixture in the molar ratio
1:0.2 (ZrOCl2·8H2O:Al2 (SO4)3·18H2O) and mixed thoroughly
in mortar pestle for 20 min at 25ºC. The resulting mixture
was kept at 25ºC for 18 h and then calcined for 5 h at various
temperatures between 400ºC to 600ºC.

Experimental procedure:
The esterification reaction was performed in a 500 ml

temperature controlled batch reactor of borosilicate glass
working under total reflux. 100 g of RBO was pre-heated to
the required reaction temperature. Varying quantities of cata-
lyst (1.0 to 4.0% wt) were mixed in methanol and the mixture
thus formed is allowed to react with pre-heated oil. Methanol
to RBO molar ratio from 3 to 15 was studied during different
experiments. The reaction time for the esterification reaction
was 4 h with constant stirring and sample collection at regu-
lar intervals. To remove the impurities, the samples were

washed with distilled water, followed by drying and then acid
value was checked. All the esterification reactions were per-
formed at atmospheric pressure. The standard error obtained
for duplicate set of reactions was in the range of 1.0–2.0% .

Free fatty acid value calculation:
The sample taken during the esterification experiment

was dissolved in ethanol-diethyl ether solution and the re-
sulting solution was titrated against standard KOH solution
of known normality using phenolphthalein as an indicator.
The acid value (Av) of the sample was calculated as under:

Mw×c×v
Av = ———— (1)

m

where c is the molar concentration of KOH, MW is the mo-
lecular weight of KOH, m is the weight of sample (in g) and v
is the volume (in ml) of KOH used in the titration process.
The fractional FFA conversion was calculated as under:
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where X is the fractional FFA conversion and Avo is the initial
acid value of RBO before the esterification reaction.

Results and discussion
The esterification of FFA in RBO with methanol using

homogeneous/heterogeneous catalyst is a reversible reac-
tion:

catalyst
1 3

1 3 2

R COOH CH OH

R COO CH H O

  

   

In the current study, R1 is the linear chain of 11–17 carbon
atoms with a variable number of unsaturations which further
depends on the type of the raw oil.

A parametric study was performed so as to ascertain the
optimum parameters for the esterification of FFAs in RBO.
The parameters included: effect of calcination temperature,
stirring speed, catalyst loading, RBO to methanol ratio, es-
terification reaction temperature and reaction time. Absence
or presence of mass transfer effect was studied by perform-
ing experiments at different stirring speeds.

Effect of catalyst calcination temperature:
The calcination temperature of Al-doped sulfated zirco-

nia is important parameter for the conversion of FFA in RBO.
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As shown in Fig. 1, catalyst calcination temperature was
varied from 400ºC to 600ºC and esterification reactions were
carried out at 65ºC, 1:9 oil to methanol molar ratio, 600 rpm
stirring speed and 3 wt% catalyst concentration. The maxi-
mum conversion was achieved at calcination temperature of
500ºC. Catalyst calcined at 500ºC was used in all further
experiments.

Scanning Electron Microscopy (SEM) analysis:
The surface morphology of the Al-doped sulfated zirco-

nia was performed by SEM analysis and the images are
shown in Fig. 3. The SEM image of Fig. 3(a) and 3(b) shows
the formation of about particles of about 2–10 m size. Add-
ing aluminum and sulfate in the zirconia have resulted the
irregular shapes (flake like structure) as shown in Fig. 3(b).
The thickness of the flakes was also in the range of 100 to
500 nm.

Fig. 1. Effect of calcination temperature of Al-doped sulfated zirconia
on conversion of FFA at 3.0% (w/wt of oil) of catalyst, 1:9 oil to
methanol molar ratio and at 65ºC.

Catalyst characterization:
Powder X-ray diffraction (XRD): Crystalline size of the Al-

doped sulfated zirconia was determined by the XRD over a
2 range from 5º to 90º with continuous scanning. The fol-
lowing Scherrer’s equation was used to calculate crystalline
size

0.9 
D = ————–

 cos 

where D is the crystallite size in nm,  is the X-ray wave-
length in nm,  is the corrected half-width of the peak profile
and  is the corrected half-width of the diffraction peak angle.
Two similar studies using sulfated zirconia as catalyst re-
ported the well distinguished peaks at 2 = 30 and 50.4 con-
firming the presence of tetragonal phases of ZrO2

2,13. In the
XRD graph for the Al-doped sulfated zirconia (Fig. 2), the
presence of two distinct peaks at 2 = 30.22 and 50.25 con-
firmed the tetragonal phase of the catalyst. The crystallite
size was found to be 9.8 nm. The XRD peaks and the results
are consisted with the results published by the other research-
ers for the metal doped sulfated zirconia (Vahid et al., 2012;
Kaur et al., 2015).

Fig. 2. XRD of Al-doped sulfated zirconia catalyst calcined at 500ºC
for 4 h.

Fig 3. SEM images (a and b) of Al-doped sulfated zirconia catalyst
calcined at 500ºC for 4 h.

Effect of external mass transfer:
The solubility of methanol in RBO is very less; and agita-

tion is needed to avoid mass transfer resistance to control
the esterification process. Experiments were performed at
various stirring speeds ranging from 300 to 700 rpm (at 3
wt% catalyst, 1:9 oil to methanol ratio and 338 K). The re-
sults for the effect of stirring speed are shown in Fig. 4, and
it can be observed that when the stirring speed was changed
from 300 rpm to 600 rpm, there was an increase in ester
formation but when the speed was above 600 rpm, it was
found that there is no further increase in FFA conversion.
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This indicates the absence of external mass transfer limita-
tions above 600 rpm. Therefore, a speed of 600 rpm was
therefore afterward used to examine the influence of other
variables.

Effect of catalyst concentration:
In general, the conversion efficiency of the esterification

reaction depends on how frequently the reactants and the
catalyst contact. As the catalyst dosing is increased, the fre-
quency of contact also increases which resulted higher rate
of esterification reaction. Experiments were performed at dif-
ferent catalyst concentrations in the range of 1.0–4.0 (wt%)
at a temperature of 338 K, oil to methanol molar ratio of 1:9
and at stirrer speed of 600 rpm. The change in FFA conver-
sion was shown in Fig. 5. It was also found that at 4% cata-
lyst loading, the conversion rate of FFA to methyl ester was
almost similar to that obtained at 3% catalyst loading. There-
fore the optimum value of catalyst loading was taken as 3.0%

and further esterification reactions were carried out using
the catalyst loading of 3.0%.

Effect of oil to methanol molar ratio:
To shift the equilibrium towards the formation of methyl

ester (Biodiesel), methanol was taken in excess quantity over
RBO. When the quantity of methanol is increased, the equi-
librium value for the esterification shifts towards the forma-
tion of the products i.e. fatty acid methyl esters and water
which means higher conversion of FFA to methyl esters2.
Also, if the methanol to RBO molar ratio is increased, the
viscosity of the solution mixture decreases. Consequently
reactants mixes with catalyst in a better manner which in-
creases the mass transfer rate. The FFA conversion at vari-
ous time with change in RBO to methanol molar ratios is
shown in Fig. 6. It can be observed that there was an in-
crease in conversion as RBO to methanol ratio is increased
from 1:3 to 1:9 and thereafter remained constant and then
decreased owing to the excess amount of methanol avail-
able for reaction. Hence 1:9 was considered as optimum
molar concentration for all other experiments.

Fig. 4. FFA conversion at different agitator speed with 1:9 oil to metha-
nol ratio, catalyst concentration 3.0 wt% and at temperature
338 K.

Fig. 5. FFA conversion with change in catalyst concentration at 600
rpm, 338 K and 1:9 oil/methanol molar ratio.

Effect of temperature:
Influence of temperature was investigated by keeping oil

to methanol ratio of 1:9 and catalyst concentration of 3.0
wt% as optimized. Since the esterification of FFA with metha-
nol is exothermic; an increase in the temperature will defi-
nitely increases the rate of reaction. Also, at higher tempera-
ture, the viscosity of the solution is decreased and thereby
increases the diffusion of material through the pores. The
results for the influence of reaction temperature are shown

Fig. 6. FFA conversion with change in oil to methanol molar ratio at
catalyst loading at 3.0 wt% at 600 rpm and 338 K.
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in Fig. 7. Reaction temperature evidently influences esterifi-
cation and the highest FFA conversion was obtained at 338
K. A further higher temperature can increase the rate of re-
action, but in that case, the reactions need to be performed
using a pressure above atmospheric level. In the current
study, the reaction temperature above boiling point of metha-
nol (338 K) cannot be used as the methanol starts evaporat-
ing under atmospheric pressure conditions. Also, it has been
found that there is no increase in FFA conversion after 180
min.

ratio on  reduction in FFA of rice bran oil with methanol using
nano-sized Al-doped sulfated zirconia as heterogeneous
catalyst were studied. Highest FFA reduction of 95.26% was
obtained with the optimum stirring speed 600 rpm, catalyst
concentration 3.0 wt%, oil to methanol molar ratio 1:9 and at
a reaction temperature of 338 K in 180 min.
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Fig. 7. FFA conversion with temperature at 1:9 oil/methanol molar ratio
at catalyst loading at 3.0 wt% at 600 rpm.

Conclusions
In this work, nano-sized Al-doped sulfated zirconia cata-

lyst was examined for the esterification of RBO having 70%
FFA. The effects of catalyst calcinations temperature, cata-
lyst concentration, stirring speed and methanol to oil molar


