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in 10-h batches, under the conditions described above. TLL 
was greatly inactivated under the assay conditions, whereas 
CALB remained fully active. The results showed that 
WCO is a promising feedstock for use in the production of 
biodiesel.

Keywords  Waste cooking oil · Lipase · 
Hydroesterification · Biodiesel

Introduction

The increase in the petroleum price, together with environ-
mental concerns, has encouraged the use of biodiesel (a 
mixture of fatty acid monoalkyl esters) as a substitute for 
fossil fuels. Currently, biodiesel is produced by alkaline-
catalyzed transesterification. This process has high conver-
sion and reaction rates [1–3], but requires feedstocks that 
are free of fatty acids and water in order to avoid the forma-
tion of soaps that reduce the overall efficiency of the pro-
cess and hinder purification of the biodiesel [1, 4–6].

The costs of refined oils account for 70–80  % of the 
total costs of biodiesel production. The use of non-edible 
or waste oils can be an attractive alternative to expensive 
edible oils (such as canola, soybean, and corn oils), mak-
ing the biodiesel production process more cost-effective 
[2, 3, 7, 8]. However, these feedstocks have high contents 
of free fatty acids (FFAs) and their processing requires an 
additional step for alkaline-catalyzed transesterification, in 
order to lower the FFA content to below 0.5 %. If this value 
is exceeded, soap formation makes it difficult to separate 
the ester from the glycerol, and there is a decrease in the 
ester conversion rate [5, 6]. The FFAs therefore first need 
to be esterified using mineral acids, and this step requires 
resistant equipment and produces acid wastewater [5, 8].

Abstract  Biodiesel is conventionally produced by alka-
line-catalyzed transesterification, which requires high-
purity oils. However, low-quality oils can be used as feed-
stocks for the production of biodiesel by enzyme-catalyzed 
reactions. The use of enzymes has several advantages, such 
as the absence of saponification side reactions, production 
of high-purity glycerol co-product, and low-cost down-
stream processing. In this work, biodiesel was produced 
from lipase-catalyzed hydrolysis of waste cooking oil 
(WCO) followed by esterification of the hydrolyzed WCO 
(HWCO). The hydrolysis of acylglycerols was carried out 
at 30  °C in salt-free water (WCO/water ratio of 1:4, v/v) 
and the esterification of HWCO was carried out at 40  °C 
with ethanol in a solvent-free medium (HWCO/ethanol 
molar ratio of 1:7). The hydrolysis and esterification steps 
were carried out using immobilized Thermomyces lanugi-
nosus lipase (TLL/WCO ratio of 1:5.6, w/w) and immobi-
lized Candida antarctica lipase B (10 wt%, CALB/HWCO) 
as biocatalysts, respectively. The hydrolysis of acylglycer-
ols was almost complete after 12 h (ca. 94 %), and in the 
esterification step, the conversion was around 90  % after 
6  h. The purified biodiesel had 91.8  wt% of fatty acid 
ethyl esters, 0.53 wt% of acylglycerols, 0.003 wt% of free 
glycerol, viscosity of 4.59 cP, and acid value of 10.88 mg 
KOH/g. Reuse hydrolysis and esterification assays showed 
that the immobilized enzymes could be recycled five times 
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Alternatively, the processing of these feedstocks can 
be performed using enzymes (lipases) as catalysts [1, 3]. 
Lipases are versatile enzymes that can catalyze hydrolysis, 
esterification, and transesterification reactions under mild 
conditions. Many studies have reported the use of lipases 
to catalyze the transesterification of edible and non-edible 
oils [3]. Lipases immobilized on solid supports are more 
attractive from an industrial point of view, because they can 
be reused over several cycles, increasing the cost-effective-
ness of the process [1, 3, 6]. Several immobilized lipases 
are commercially available, but the most frequently used in 
industrial processes are Novozym® 435 and Lipozyme® TL 
IM, both marketed by Novozymes [3, 9].

Hydroesterification in two steps (defined herein as 
hydrolysis of oils followed by esterification of the hydro-
lyzed oils, both steps catalyzed by lipases and/or chemical 
catalysts) has recently attracted attention for biodiesel pro-
duction as it produces high-purity glycerol and biodiesel 
in two consecutive steps [6, 8, 10–15]. Firstly, triglycer-
ides, diglycerides, and monoglycerides are hydrolyzed in 
an aqueous medium, yielding FFAs in the oil phase and 
glycerol in the aqueous phase. The glycerol, a byproduct 
with high commercial value, is recovered at a high level of 
purity because of the absence of alcohol (such as methanol) 
and salts in the aqueous phase. Hence, the glycerol recov-
ered in this step could be used for pharmaceutical and food 
purposes. In the second step, FFAs are converted into fatty 
acid alkyl esters (biodiesel) by esterification using short-
chain alcohols (traditionally, methanol and ethanol). At the 
end of the reaction, the excess alcohol required to displace 
the esterification equilibrium towards the products is recov-
ered by evaporation, yielding high-purity biodiesel with 
few or no downstream operations required. To date, only a 
handful of studies have explored the potential of low-cost 
acid feedstocks for production of biodiesel by hydroesteri-
fication in two steps (Table 1). Hybrid processes have been 
proposed in which the oil hydrolysis and FFA esterification 
steps are catalyzed by enzymes and/or chemical catalysts.

Production of biodiesel from feedstocks with high FFA 
content can be easily achieved by acid-catalyzed reactions, 
since esterification of FFAs and alcoholysis of triglycerides 
can be simultaneously catalyzed by acids. However, acid-
catalyzed alcoholysis is slow, requires high temperatures, 
and when methanol is used the acid can also catalyze side 
reactions such as methanol etherification, which hampers 
the purification of biodiesel. Furthermore, the acid cata-
lyst will preferentially bind to water produced during the 
reaction, leading to a reversible type of catalyst deactiva-
tion [11, 16]. If strong liquid acids are used, acid-resistant 
materials, efficient separation and product purification, and 
waste treatment are required to avoid corrosion of equip-
ment and prevent contamination problems, hence increas-
ing production costs [16]. Solid acid catalysts can overcome 

these drawbacks, but studies of the production of biodiesel 
by esterification of FFAs using solid acid catalysts are still 
very limited owing to expectations of low reaction rates 
and unfavorable side reactions [16]. Talukder et al. [12] 
reported the use of waste cooking oil (WCO) for biodiesel 
production by hydroesterification in two steps (enzymatic 
hydrolysis of WCO followed by chemical esterification of 
FFAs). The esterification step using Amberlyst-15 (an ion-
exchange resin) was performed at low temperature to avoid 
catalyst degradation [16], requiring a large amount of cata-
lyst (100 wt%, relative to the FFAs), which could make the 
process economically unviable.

Enzymes are promising catalysts for biodiesel produc-
tion by hydroesterification in two steps, since enzymes 
work very well under mild conditions of temperature and 
pressure, and particularly because lipases exhibit high 
activity for both hydrolysis and esterification reactions. 
Furthermore, hydroesterification in two steps, both cata-
lyzed by immobilized lipases, could reduce the energy 
demand of the plant as well as the costs of downstream pro-
cesses (biodiesel and glycerol purification, and wastewater 
treatment). Although good results have been obtained for 
the hydrolysis of acid oils in buffered medium (Table  1), 
it would be more advantageous to carry out the reaction 
in salt-free water, because hydrolysis in buffered medium 
contaminates the glycerol, making its purification more 
costly.

This work investigates the production of biodiesel by 
enzymatic hydroesterification of WCO in two steps. The 
hydrolysis of WCO was carried out in salt-free water and 
the esterification of FFAs was carried out in solvent-free 
medium, using ethanol as acyl acceptor. The improper dis-
posal of WCO can lead to environmental problems, but fol-
lowing suitable treatment, its use as a fuel substitute can 
be profitable [2]. Ethanol was chosen for the esterification, 
because its solubility in oils and esters is higher than that 
of methanol, reducing enzyme inactivation [9], and because 
it is obtained from renewable biomass, making the bio-
diesel sustainable. The hydrolysis step was carried out at 
30  °C in a salt-free aqueous medium (WCO/water ratio 
of 1:4, v/v) using lipase from Thermomyces lanuginosus 
(TLL, enzyme/WCO ratio of 1:5.6, w/w), which presents 
high activity in oil/water emulsion [17]. The esterification 
step was carried out at 40 °C using ethanol as acyl accep-
tor (hydrolyzed WCO/ethanol molar ratio of 1:7) and lipase 
from Candida antarctica type B (CALB, 10 wt %, enzyme/
hydrolyzed WCO), because it is known that loss of lipase 
activity induced by the acyl acceptor (methanol or etha-
nol) is greater for TLL than for CALB. Furthermore, the 
CALB biocatalyst promotes quantitative conversion dur-
ing the biodiesel synthesis, while TLL requires a three-
stage stepwise addition of ethanol [9]. The esterification 
step was carried out in the presence of molecular sieves 
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(10  wt%, molecular sieves/hydrolyzed WCO) to adsorb 
water and displace the esterification equilibrium towards 
the products (fatty acid ethyl esters). Biocatalyst reuse 
was evaluated under the same conditions described above, 
except that the time of reaction was 10  h for each batch. 
After each batch, the biocatalysts (as well as molecular 
sieves in the esterification step) were recovered by filtration 
and washed with tert-butyl alcohol at around 30 °C before 
being reused in another cycle. Waste cooking oil could be 
enzymatically converted to biodiesel using hydroesterifi-
cation in two steps, yielding a product with 91.8  wt% of 
FAEEs, 0.53 wt% of glycerides (MAGs, DAGs, and TAGs), 
0.12  wt% of total glycerol, 0.003  wt% of free glycerol, 
viscosity of 4.59 cP at 40 °C, and acid value of 10.88 mg 
KOH/g.

Materials and Methods

Material

Waste cooking oil was collected from a local restaurant 
in São Carlos (São Paulo, Brazil). Immobilized T.  lanugi-
nosus lipase (TLL IM-T2-150, 10,000 tributyrin hydroly-
sis units (TBU)/g at 40 °C and pH 7.5) and C. antarctica 
type B lipase (CALB IM-T2-350, 2500 TBU/g at 40  °C 
and pH 7.5) were purchased from Chiral Vision (Leiden, 
the Netherlands). Anhydrous ethanol (purity ≥99.7 %) was 
acquired from J. T. Baker (New Jersey, USA). UOP 3  Å 
molecular sieves (rod-shaped, size 1/16  in) were acquired 
from Sigma-Aldrich Co. (St. Louis, USA). tert-Butyl alco-
hol was acquired from Vetec (Rio de Janeiro, Brazil). All 
other chemicals used were analytical grade.

Physical and Chemical Characterization of the Waste 
Cooking Oil

The WCO was filtered to remove suspended solids and 
then characterized in terms of saponification value [18], 
acid value [19], and water content [20]. Viscosity at 40 °C 
was measured using a Brookfield viscometer. The fatty acid 
profile analysis was kindly performed in the laboratory of 
IMCOPA S.A. (Araucaria, Brazil), using standard methods 
[21, 22].

Hydrolysis Reactions

The hydrolysis reactions of the WCO were carried out for 
24 h at 30 °C in a closed 0.3-L thermostatically controlled 
reactor, with mechanical stirring at 300 rpm. The reaction 
medium consisted of 60 mL of WCO, 240 mL of distilled 
water (oil/water ratio of 1:4, v/v), and 3 g of immobilized 
TLL (enzyme/reaction medium ratio of 1:100, w/v). The 

reaction was followed by measurement of FFAs in the 
reaction medium. Briefly, 2 g of the reaction medium was 
mixed with 25 mL of ethyl ether/95 % ethyl alcohol (2:1, 
v/v) solution. The mixture was titrated with 0.021 M KOH 
solution, using phenolphthalein as indicator. At the end of 
the reaction, the biocatalyst was recovered by filtration and 
the two phases (oil and water) were separated by centrif-
ugation. The oil phase was washed with distilled water at 
around 60  °C and dried using molecular sieves. The con-
tents of free glycerol, monoacylglycerols (MAGs), diacyl-
glycerols (DAGs), and triacylglycerols (TAGs) in the oil 
phase were determined by gas chromatography, enabling 
calculation of the mass percentage of FFAs in the oil phase. 
The assay was performed in duplicate and the results (con-
version vs. time) were expressed as mean values ± average 
deviations. Conversions as a function of the time were cal-
culated using Eq. (1).

where FFA is the free fatty acid content (in moles) deter-
mined by titration, TFA is the total fatty acid content in the 
WCO, calculated as (oil mass × 3/MM), and MM is the 
molecular mass of the WCO.

Esterification Reactions

The esterification reactions were carried out at 40  °C 
in closed flasks, with agitation in a shaker. The reac-
tion medium was composed of 15 g of hydrolyzed WCO, 
henceforth named HWCO (wt% composition: 97.7  % 
FFAs, 0.017 % glycerol, 0.36 % MAGs, 0.25 % DAGs, and 
1.67  % TAGs; acid value of 197.92 ±  1.89  mg KOH/g), 
21.06  g of anhydrous ethanol (acid/alcohol molar ratio 
of 1:7), 1.5  g of immobilized CALB (10  wt%, enzyme/
HWCO), and 1.5 g of molecular sieves. The reaction was 
followed by measurement of FFAs, as described above. At 
the end of the reaction, the biocatalyst was recovered by 
filtration and the oil phase (biodiesel) was recovered by 
centrifugation. The biodiesel was washed with hot distilled 
water, dried in an oven for 2 h at 130 °C, and the mass con-
tents of fatty acid ethyl esters (FAEEs), MAGs, DAGs, and 
TAGs were determined by gas chromatography. The vis-
cosity of the biodiesel was measured at 40  °C. The assay 
was performed in quadruplicate and the results (conversion 
vs. time) were expressed as means ±  standard deviations. 
Conversions as a function of time were calculated using 
Eq. (2).

where the FFA contents (in moles) at t = 0 and t = t were 
determined by titration.

(1)Conversion (% ) =
FFA

TFA
× 100,

(2)Conversion (% ) =
FFAt=0 − FFAt=t

FFAt=0

× 100,
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Reuse Assays

For the reuse assays of the immobilized lipases (TLL and 
CALB), batches of hydrolysis and esterification were 
repeated for five cycles, each lasting 10 h. For the hydroly-
sis assays, each batch consisted of 6 mL of WCO, 24 mL 
of distilled water (oil/water ratio of 1:4, v/v), and 0.3 g of 
immobilized TLL (enzyme/reaction medium ratio of 1:100, 
w/v). After 10 h of stirring at 300 rpm and 30 °C, the bio-
catalyst was recovered by filtration, washed with tert-
butyl alcohol at room temperature (30–32  °C) to remove 
adsorbed products, and reused in another batch. The two 
phases (oil and water) were separated by centrifugation 
and the oil phase was dried in an oven for 2 h at 130 °C, 
followed by measurement of FFAs using 0.016  M KOH 
as titrant, as described above. For the esterification assays, 
each batch consisted of 1.5 g of HWCO, 2.106 g of anhy-
drous ethanol (acid/alcohol molar ratio of 1:7), 0.15  g of 
immobilized CALB (10 wt%, enzyme/HWCO), and 0.15 g 
of molecular sieves. After 10 h of stirring at 300 rpm and 
40 °C, the biocatalyst was recovered by filtration, washed 
with tert-butyl alcohol at room temperature (30–32  °C), 
and reused in another cycle. The oil phase (biodiesel) was 
recovered by centrifugation, dried in an oven for 2  h at 
130  °C, and the mass contents of the FAEEs were deter-
mined by gas chromatography. The reuse assays were per-
formed in duplicate and the results were expressed as mean 
values ± standard deviations.

Gas Chromatography Analyses

Free Fatty Acid Ethyl Esters

Fatty acid ethyl esters were analyzed according to the 
EN 14103 method [23]. Samples (250  mg) were diluted 
in 5 mL of a 10 mg/mL solution of ethyl heptadecanoate 
(Sigma, St. Louis, MO, USA) as internal standard. Aliquots 
(1  µL) were injected into an Agilent 7890 GC equipped 
with a Restek 12423 column (30 m × 0.25 mm × 0.25 µm) 
and a flame ionization detector operated at 250  °C. The 
analysis was performed for 25 min using nitrogen as car-
rier gas (split ratio of 1:50), with the following heating pro-
gram: 150 °C for 2 min, ramp to 180 °C at 10 °C/min, with 
a hold for 3 min, and ramp to 230 °C at 10 °C/min, with a 
hold for 7 min.

Acylglycerols and Glycerol

Free glycerol and mono-, di-, and triglycerides were ana-
lyzed according to the ASTM D6584 method [24], using 
an Agilent 7890 GC with a DB-5HT capillary column 
(15 m × 0.320 mm × 0.1 µm) and nitrogen as carrier gas 
(3.0 mL/min). The compounds were detected using an FID 

detector heated at 380  °C. The oven temperature heating 
program was as follows: 50 °C for 1 min, ramp to 180 °C at 
15 °C/min, ramp to 230 °C at 7 °C/min, ramp to 380 °C at 
30 °C/min, and a final hold at 380 °C for 10 min. The inter-
nal standards (IS) used were 1,2,4-butanetriol (1 mg/mL in 
pyridine, IS1) and tricaprin (8 mg/mL in pyridine, IS2). IS1 
was used for identification of the glycerin peak, while IS2 
was used to identify the mono-, di-, and triglycerides. Dried 
samples (100 mg) were weighed out into a 10-mL vial, fol-
lowed by addition of 100 µL of each internal standard and 
100 μL of MSTFA (derivatization reagent). The samples 
were maintained at room temperature for 20 min to com-
plete the derivatization. Subsequently, heptane (8 mL) was 
added and an aliquot of 1 µL was injected into the GC. The 
compounds were quantified using calibration curves for 
glycerol and the mono-, di-, and triglycerides.

Results and Discussion

Characterization of Feedstock

The acid value (1.43 ± 0.02 mg KOH/g) and viscosity at 
40 °C (36.6 ± 1.3 cP) were higher than for most vegetable 
oils [4, 5], suggesting some degradation of the oil during 
the frying process due to oxidative, hydrolytic, and polym-
erization reactions, which produce complex molecules, 
volatile compounds, and FFAs, glycerol, MAGs, and DAGs 
[25]. The acid value was higher than the value (0.5 wt%, or 
1.0 mg KOH/g) required for an effective alkaline transes-
terification employing KOH [5, 8].

The WCO presented the following fatty acid composi-
tion (wt%): 43.8 % of polyunsaturated fatty acids (mainly 
linoleic acid, at 38.2 %, and alpha-linolenic acid, at 3.7 %), 
32.8 % of monounsaturated fatty acids (mainly oleic acid, 
at 30.2  %, and cis-vaccenic acid, at 1.7  %), 21.8  % of 
saturated fatty acids (mainly palmitic acid, at 13.7 %, and 
stearic acid, at 6.0 %), and 1.6 % of other unidentified com-
pounds. This composition, as well as the saponification 
value (193.4 ± 0.5 mg KOH/g), was close to that of soy-
bean oil, which is widely used for cooking in Brazil. The 
average molecular weights of the WCO and the WCO fatty 
acids were 870 and 277 g/mol, respectively.

Hydrolysis of Waste Cooking Oil

Hydrolysis of the WCO was carried out in salt-free water 
(WCO/water ratio of 1:4, v/v) at 30 °C and with mechani-
cal stirring at 300 rpm, using immobilized TLL as catalyst 
(enzyme/reaction medium ratio of 1:100, w/v). Excess 
water was used to displace the hydrolysis equilibrium 
towards the products, ensuring higher FFA yield. The 
use of excess water also resulted in the formation of oil 
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droplets in water, which could be easily stirred. At the end 
of the reaction, the phases (oil and water/glycerol) could be 
simply separated by gravitational settling (recovery of the 
oil phase was above 90 wt%, relative to the WCO), avoid-
ing the use of costly and toxic solvent [8, 11–13] or heating 
[10] to separate the oil and water layers. The temperature 
of 30 °C was chosen on the basis of the literature, since the 
temperature for maximum TLL activity is reported to be in 
the range 20–50 °C [26, 27]. Although it has been reported 
previously that TLL is more active at higher temperature 
[13], use of a lower temperature saves energy and reduces 
enzyme inactivation.

The hydrolysis profile of the WCO in an aqueous medium 
is shown in Fig.  1. It can be observed that the hydrolysis 
was very fast, achieving nearly 90 % conversion after 9 h of 
reaction, after which the conversion increased slowly, reach-
ing around 100  % after 24  h. Gas chromatography analy-
sis showed that the oil phase obtained after 24 h contained 
(wt%) glycerol (0.017), MAGs (0.36), DAGs (0.25), and 
TAGs (1.67). As FFAs are not measured directly by gas chro-
matography, their content was calculated from a mass bal-
ance (100 % minus the MAGs, DAGs, and TAGs present), 
resulting in a value of 97.7 %. The acid value measured for 
the HWCO was 197.92 ±  1.89  mg KOH/g, corroborating 
the assumed amount of FFAs. As TLL is a 1,3-specific lipase 
that hydrolyzes ester bonds at the sn-1 and sn-3 positions 
in the glycerol backbone, the theoretical conversion should 
be only 66  %. However, as around 100  % conversion was 
obtained, acyl migration from position 2 to position 1 must 
have occurred during the hydrolysis [28, 29].

The findings of this study were similar to results reported 
previously (Table  1). In hydrolysis of acid oils catalyzed 
by soluble Candida rugosa lipase, Talukder et al. [12] and 
Watanabe et al. [10] achieved high conversions (100 and 
92 %, respectively) under conditions similar to those used 
in this work (oil/water medium, 30 °C, and 10 or 24 h). In 
hydrolysis of soybean oil catalyzed by soluble T.  lanugi-
nosus lipase, Cavalcanti-Oliveira et al. [13] obtained 89 % 
conversion after 48 h at 60 °C. Although these conversions 
were similar to the yields achieved here, it is more difficult 
to recycle soluble enzymes than immobilized enzymes. As 
shown in Table 1, some studies carried out the hydrolysis of 
refined or acid oils catalyzed by microbial or plant lipases 
in buffered medium. Although comparisons of conversion 
according to time are difficult, because of the use of dif-
ferent operational conditions, it is important to emphasize 
that the hydrolysis carried out in salt-free water is advanta-
geous from an economic perspective, because glycerol can 
be recovered after gravitational settling or centrifugation in 
an aqueous medium free from salts and emulsifiers. There-
fore, after distillation, high purity (>99 %) glycerol could 
be used in the food, cosmetics, and pharmaceutical indus-
trial sectors [13], contributing to the economic feasibility of 
enzymatic biodiesel produced on an industrial scale.

Esterification of HWCO with Ethanol

Esterification of HWCO was carried out in solvent-free 
medium using ethanol as acyl acceptor (HWCO/ethanol 
molar ratio of 1:7), at 40 °C and with agitation in a shaker, 
using immobilized CALB (10  wt%, enzyme/HWCO) and 
molecular sieves (10 wt%, based on the HWCO weight). A 
temperature of 40 °C was chosen because the temperature 
for maximum activity of CALB has been reported to be in 
the range 30–60 °C [27]. Talukder et al. [11] reported that 
in the methanolysis of free fatty acids catalyzed by Novo-
zym 435 (CALB immobilized on acrylic resin), the highest 
initial reaction rate was achieved at 60 °C, but that the max-
imum biodiesel yield at this temperature was slightly lower 
than at 40 °C. A 1:7 HWCO/ethanol molar ratio was cho-
sen on the basis of the work by Lima et al. [30], who stud-
ied the enzymatic transesterification of vegetable oils using 
ethanol as acyl acceptor. Although the stoichiometric molar 
ratio for the esterification of FFAs is 1:1, excess ethanol 
was used to displace the esterification equilibrium towards 
the products. Furthermore, it was reported previously by 
Watanabe et al. [10] that the esterification yield of FFAs 
and the residual activity of immobilized Candida antarc-
tica were highest using methanol/FFAs molar ratios in the 
range from 1:5 to 1:7, when comparison was made with the 
presence of an equimolar amount of methanol. Although 
ethanol was used as acyl acceptor in the present work, simi-
lar behavior would be expected. Watanabe et al. [10] also 

Fig. 1   Time course of waste cooking oil (WCO) hydrolysis catalyzed 
by immobilized Thermomyces lanuginosus lipase (TLL-IM-T2-150). 
The reaction was carried out at 30  °C for 24  h using an oil/water 
ratio of 1:4 (v/v), enzyme/reaction medium ratio of 1:100 (w/v), and 
uncontrolled pH. The values are expressed as averages ±  standard 
deviations for duplicates
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described the use of glycerol (10 wt%) in the esterification 
of FFAs with methanol, with the aim of achieving a com-
plete esterification yield, since water in the oil layer was 
attracted to the glycerol layer, avoiding shifting of the reac-
tion equilibrium to the left. However, the presence of glyc-
erol in the esterification step requires its separation at the 
end of the reaction, increasing the costs of purification of 
the biodiesel. Therefore, in this work molecular sieves were 
evaluated as a dehydrating agent, because they could be 
easily recovered and recycled together with the biocatalyst.

Figure  2 shows the profile of FFAs esterification 
according to time. It can be observed that the esterifica-
tion was very fast, with around 90 % conversion after 6 h 
of reaction, after which there was no further significant 

increase up to 12 h of reaction. Application of Tukey’s test 
(at the 95 % confidence level) showed that the conversions 
at 3, 6, 9, and 12  h were not significantly different. The 
gas chromatography results for the biodiesel composition 
are shown in Table  2, together with several physical and 
chemical properties. The acid value of the biodiesel was 
10.88  ±  1.54  mg KOH/g, representing 5.37  ±  0.76  % 
(w/w) of the FFAs. From the mass balance, it could 
be estimated that unsaponifiable compounds probably 
accounted for 1.5–3.0  % (w/w) of the biodiesel. Conver-
sions of around 90–93  % have been reported previously 
for enzymatic transesterification of WCO [31, 32]. How-
ever, in these studies methanol was used as acyl acceptor, 
and its addition was carried out in three stages to avoid 
enzyme inactivation. As a result, batch processes required 
long reaction times of around 25 h at 40 °C, using immo-
bilized Candida sp. 99–125 lipase [32], and around 50 h at 
30 °C, using C. antarctica lipase [31].

Although the production of biodiesel by hydroesterifi-
cation in two steps has been reported previously (Table 1), 
few studies have performed the esterification step enzy-
matically. Similar conversions of FFAs have been reported 
using ethanol as acyl acceptor. Soares et al. [15] achieved 
93 % conversion after 31 h at 50 °C, using fermented solid 
from Burkholderia cepacia as biocatalyst, while Aguieiras 
et al. [8] obtained 91 % conversion after 8 h at 40 °C, using 
fermented solid from R. miehei as biocatalyst. Using meth-
anol as acyl acceptor, conversions of up to 96–98 % have 
been obtained using immobilized C.  antarctica lipase as 
biocatalyst [10, 11]. However, stepwise addition of metha-
nol or organic solvent was required.

Fig. 2   Time course of esterification of hydrolyzed waste cooking 
oil (HWCO) with anhydrous ethanol catalyzed by immobilized Can-
dida antarctica lipase type B (CALB IM-T2-350). The reaction was 
carried out at 40 °C for 12 h using an oil/ethanol molar ratio of 1:7, 
10  wt% enzyme/HWCO, and 10  %  wt% molecular sieves/HWCO. 
The values are expressed as averages ± standard deviations for quad-
ruplicates

Table 2   Properties of enzymatically produced biodiesel from waste 
cooking oil (WCO) and standard properties required by the Brazilian 
National Petroleum Agency (ANP)

Composition/property Biodiesel from WCO ANP [33]

FAEE content (wt%) 91.8 Min. 96.5

Free glycerol (wt%) 0.003 Max. 0.02

Monoglycerides (wt%) 0.35 Max. 0.80

Diglycerides (wt%) 0.09 Max. 0.20

Triglycerides (wt%) 0.09 Max. 0.20

Total glycerol (wt%) 0.12 Max. 0.25

Viscosity at 40 °C 4.59 ± 0.007 cP (ca. 2.6–5.3 cP)

Acid value (mg KOH/g) 10.88 ± 1.54 Max. 0.50

Fig. 3   Reuse assays. Hydrolysis conditions: WCO/water ratio of 1:4 
(v/v), immobilized TLL/reaction medium ratio of 1:100 (w/v), 10 h 
at 30  °C and 300  rpm. Esterification conditions: HWCO/ethanol 
molar ratio of 1:7, immobilized CALB/HWCO and molecular sieves/
HWCO ratios of 10 wt%, 10 h at 40 °C and 300 rpm. The values are 
expressed as averages ± standard deviations for duplicates
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Some parameters of the enzymatically produced bio-
diesel, such as FAEE content and acid value (Table 2), did 
not comply with the standards established by the Brazilian 
National Petroleum Agency [33] for sale of biodiesel in 
Brazil. Process optimization would be able to adjust these 
parameters to the required specifications. According to 
Aguieiras et al. [8] and Watanabe et al. [10], esterification 
of FFAs in two steps could enable the minimum required 
FAEEs value to be achieved.

Reuse Assays

The reuse of immobilized lipases is desirable in the produc-
tion of biodiesel, because the ability to recycle the biocata-
lyst could reduce the costs of production, contributing to 
making enzymatic biodiesel competitive with its chemical 
counterpart [6, 8, 11].

Figure  3 shows that the activity of the immobilized 
TLL decreased during recycling, with 42  % FFA conver-
sion after five cycles. The low pH of the reaction medium 
(around pH 4.6 after 10  h hydrolysis) probably caused 
inactivation of the enzyme, because the pH for maximum 
activity of TLL is reported to lie in the range pH 7–9 [27, 
29]. Talukder et al. [11] recycled the heavy phase of the 
hydrolysis of oil (water, glycerol, and soluble C.  rugosa 
lipase), obtaining a hydrolysis yield of around 92 % after 
10 cycles. The presence of glycerol at concentrations of 
10–40 wt% during hydrolyses of oils or fats can stabilize 
the lipase [11]. This strategy seems to be of potential inter-
est in further studies, because the use of glycerol could 
assist recycling of the immobilized TLL, as well as lead to 
savings of water and energy in the plant.

Figure 3 also shows the results for recycling of CALB 
in the esterification step, with FAEEs mass content of 
around 86 % achieved after five cycles. The high stability 
of CALB has been reported previously by Talukder et al. 
[11], who found that when Novozym 435 (CALB immo-
bilized on acrylic resin) was washed with tert-butyl alco-
hol and freeze-dried after each cycle, it could be repeatedly 
used during 50 cycles without losing its activity.

Conclusions

Biodiesel was produced by hydroesterification using waste 
cooking oil as feedstock, ethanol as acyl acceptor, and 
enzymes as biocatalysts. The enzyme-catalyzed steps were 
energy efficient and attractive from an industrial point of 
view. The hydrolysis step in salt-free water provided around 
90 % conversion after 9 h at a low temperature (30 °C), and 
the esterification step in solvent-free medium using ethanol 
as acyl acceptor provided around 90 % FAEEs mass con-
tent after 6 h at 40 °C. The biodiesel parameters evaluated 

showed that the process evaluated in this work requires an 
optimization study in order to adjust the biodiesel to the 
specifications required for its sale.
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