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Abstract: Influence of the process parameters for the indus-
trially relevant reaction of free fatty acid (FFA) with glycerol
is investigated. Furthermore, several drying techniques are
investigated and a novel method is suggested that can pro-
vide more realistic experimental conditions. Silica as an
absorbent is found to be a more suitable method for water
removal than distillation or carrier gas. Using response
surface methodology, important parameters are identi-
fied and optimal conditions found. Empirical correlation is
developed to account for the most important parameters.
Both oil:glycerol ratio and temperature have optimal val-
ues for which the highest conversion can be achieved.
Interestingly, the highest conversion can be obtained at
220°C; above this temperature the conversion decreases. It
is found that the influence of oil:glycerol ratio also exhib-
its anomalous behavior, where conversion is constant and
decreases above a certain value. At optimal conditions, the
FFA is reduced to 1.6% from the initial 8.6%.
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1 Introduction

Diminishing reserves of crude oil, increasing cost and envi-
ronmental impact of fossil fuels encourage research to find
suitable substitutes that replace or at least reduce their use.
The usage of biodiesel, as one of the alternatives to fossil
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diesel, is still marginal due to its relatively high production
costs and limited feedstock availability [1, 2]. Considering
that the price of oil feedstock has the highest impact on the
production cost of biodiesel [3], there are several proposals
to find an alternative feedstock which would lower produc-
tion costs (e.g. used cooking oil, oil from algae) [4]. Using
waste oil as a raw material can lower production costs and
environmental footprint and increase the sustainability of
biodiesel as a fuel [5]. However, used cooking oil contains
various amounts of water, free fatty acids (FFA) and food
residues which lower its value as a biodiesel feedstock.
Based on its FFA content, waste 0il can be roughly divided
into two categories: yellow grease, which has <15% FFA,
and brown grease, which contains more than 15% FFAs [6,
7]. There is a drastic difference between the price and envi-
ronmental impact of yellow and brown grease. The price
of yellow grease is high, around 0.2-0.3 dollars per kg [8],
whereas brown grease is usually collected for a small fee
or free from households, restaurants and wastewater treat-
ment plants [7]. Therefore, it is reasonable to assume that
using brown grease as a biodiesel feedstock can make the
process more cost effective. Furthermore, by using used
oil, potentially hazardous waste is utilized in an efficient
and environmentally friendly way.

Homogeneous basic catalysis is commonly used for
biodiesel production in industrial processes. However, it
is impossible to use waste oil with high FFA content in this
process, due to saponification reactions. Soaps are formed
from the reaction of FFAs with sodium or potassium ions
from the catalyst. Soaps are difficult to separate from bio-
diesel and act as emulsifier forming stable glycerol/bio-
diesel emulsions [9-11]. A commonly applied solution for
transesterification of oil with high FFA content is to use
homogeneous acid catalysis esterification as a pretreat-
ment step to reduce the FFA content in the feedstock.
However, this process requires high temperatures (above
100°C) and high pressures (usually 1.7-2 bar), while the
methanol:oil ratio is usually above 40:1 [12]. Because
of the slow reaction, the process requires long reaction
times and strong acids for oils with high FFA content,
and it is necessary to use large and expensive specialized
process equipment to avoid corrosion. Furthermore, in
the homogenous acid catalyzed process, the oil has to be
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periodically dehydrated, since water is formed during the
esterification. The presence of water slows down the reac-
tion and promotes the formation of carboxylic acids. After
the pretreatment step the acid has to be neutralized with
base before the basic homogeneous transesterification is
applied. Consequently, relatively large amounts of waste
salts and wastewater are produced from washing.

There are some novel solutions for processing waste
oil with high FFA and water content, most notably the
enzyme catalyzed and the supercritical transesterifica-
tion. Supercritical transesterification is virtually insen-
sitive to FFA and water, since no catalyst is used. The
process is characterized by a fast reaction; however, it
requires high temperatures (above 300°C), pressures
(above 100 bar) and methanol to oil molar ratio (approxi-
mately 42:1). Furthermore, relatively low yields are
achieved compared to other processes, with maximum
yield around 95% [11, 13].

Enzyme catalyzed transesterification has many disad-
vantages. Lipases are very sensitive to the type of alcohol;
glycerin can inhibit the reaction, and require very specific
operation parameters. Furthermore, they are expensive
and their immobilization on carriers and effective reuse
are yet to be solved [4].

Glycerol is a co-product of biodiesel production. As
a consequence of increased biodiesel production, large
quantities of glycerol are produced globally. This has led
to the chronic oversaturation of the market and low prices
of glycerol [14]. Several novel green products have been
suggested recently, with the aim to integrate glycerol in
biorefinery processes and obtain value added products
[15, 16]. For this reason, glycerolysis is investigated in this
paper as a method to valorize glycerol. Glycerolysis may
refer to the esterification reaction of glycerol with FFAs to
obtain glycerides [17, 18] in the presence of a catalyst or
transesterification of fatty acid methyl esters with glycerol
[19]. Glycerolysis reaction can be used for the selective
production of monoglycerides, as alternative green and
less toxic surfactant and to lower the FFA content in waste
oil, which can be further processed into biodiesel using
conventional processes [17, 20]. Replacing acid catalyzed
pretreatment with glycerolysis eliminates the need for
high methanol:oil ratio, strong acids, corrosion resistant
equipment and long reaction times [10, 21]. Nevertheless,
glycerolysis still requires relatively high temperatures of
above 200°C. This can be remedied by optimizing process
parameters, to use the lowest possible amount of glycerol
and temperature for the highest conversion.

When using glycerolysis in a two-step biodiesel pro-
duction process, in the first step, the oil is treated with
glycerol to lower the FFA content, while in the second
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step, conventional basic homogeneous transesterification
is performed. The main advantage of this concept is that
the currently existing production facilities can be used to
process waste oil, with only little modifications. There are
only a few studies which have investigated the possibility of
FFA reduction in oil by glycerolysis. For example Felizardo
et al. [20] obtained approximately 90% FFA reduction from
an oil feedstock initially containing 20-50% FFA in <3 h at
200°C and an oil:glycerol ratio 2:1.

In the first step of the glycerolysis reaction, the FFA
reacts with glycerol to form the corresponding monoglyc-
eride; afterwards, diglycerides and triglycerides are also
formed according to reactions 2—6:

RCOOH +C_H, (OH), «» C,H_(OH),(OOCR) +H,0 O
FFA + glycerol <> monoglyceride + water
C,H,(OH),(OOCR)+RCOOH «> C_H, (OH)(OOCR), +H,0 @
monoglyceride + FFA <> diglyceride + water
C,H,(OH)(OOCR), +RCOOH « C_H,(OOCR), +H,0 3)
diglyceride + FFA <> triglyceride + water
C,H,(OH)(OOCR), +C,H,(OH), <> 2C,H,(OH),(OOCR) @)
diglyceride + glycerol <> 2monoglycerides
C,H,(00CR), +C_H, (OH), <> C_H, (OH)(OOCR),
+C,H,(OH),(OOCR) )
triglyceride + glycerol <> diglyceride + monoglyceride

C,H,(OOCR), +C,H, (OH),(OOCR) <~ 2C,H, (OH)(OOCR),
triglyceride + monoglyceride <> 2 diglycerides (6)

Many more complex reactions are possible if we
take into consideration that there are several types of
fatty acids in the oil (R groups). This system has several
hundred reversible reactions, making detailed kinetic
modeling a difficult task [19, 22, 23].

2 Materials and methods
2.1 Materials

For the experiments, aged sunflower seed oil was used. The oil was
exposed to humidity and high temperature for a year. This resulted
in its degradation and the acid number increased to 17.2 mg KOH g™
Oil with such a high acid number is not suitable for human or ani-
mal consumption. The oil was analyzed with Clarus 500 gas chro-
matograph according to standard ISO 5509:2007 and ISO 5508:20009.
The oil used in the experiments contained 9.36% saturated, 28.42%
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unsaturated and 60.18% polyunsaturated fatty acids. The calculated
molar mass is 878.55 g mol”, whereas the iodine number is 131.827 g
iodine - 100 g'. Some physical and chemical properties of the oil used
in the experiment are given in Table 1.

The glycerolysis reaction was performed using pure glycerol
(obtained from Mina-Cosmico, Valjevo, Serbia) in the presence of
anhydrous ZnCl, as the catalyst (obtained from Centrohem doo, Stara
Pazova, Serbia) and silica gel with bead size 2-5 mm (obtained from
Centrohem doo, Stara Pazova, Serbia) to remove the water formed
during the reaction.

2.2 Experimental

The experiments were performed in a 2 1 batch reactor Anton Parr
4520. Firstly, the oil had been added to the reactor and heated to the
desired temperature. Then, the required amount of pure glycerin
and catalyst (catalyst loading 0.15%) were added and this moment
was considered as the start of the reaction. During the reaction, the
reaction mixture was kept at constant temperature and pressure with
intensive mixing (670 rpm). It is found that changing the mixing
speed did not influence the conversion profiles, i.e. the reaction is
not limited by mass transfer. Acid number is measured every 15 min
and the end of the reaction is considered when there is no change in
the acid number. After the reaction time, the samples and the reac-
tor content is transferred to a gravity separator for 8 h where the oil
is separated from the unreacted glycerol. The obtained oil phase is
centrifuged and the acid number (A ) is measured by titration. FFA
concentration is calculated using the following formula:

A
FFA = 199 wt% @)

According to reactions 1-3, for every mole of FFA consumed in
the reaction, a mole of water is formed. A suitable method had to be

Table 1: Physical and chemical properties of the oil used in the
experiment.

Characteristic Units Value Method
Density (20°C) gcm 0.9075 ENISO 3675
Viscosity (40°C) mm?s-! 15.01 ENISO 3104
Water content % 0.01 IS0 665 and 662
Acid value mg KOH g™ 17.2 IS0 660
Solid content % 0.29 IS0 663
lodine value gl1-100g* 131.827 EN 14214
Fatty acid composition

Myristic (C14:0) wt% 0.075

Palmitic (C16:0) wt% 5.953

Stearic (C18:0) wt% 2.415

Oleic (C18:1) wt% 28.28

Linoleic (C18:2n6c)  wt% 61.851

Linolenic (C18:3n3)  wt% 0.056

Arachidic (C20:0) wt% 0.201

Eicosenoic (C20:1) wt% 0.186

Behenic (C22:0) wt% 0.611

Erucic (C22:1n9) wt% 0.122

Lignoceric (C24:0) wt% 0.243
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found to selectively remove water from the reaction, since the pres-
ence of water favors hydrolysis, which is the reverse of the glycer-
olysis reaction. Exploratory experiments were performed at 170°C,
oil:glycerol mass ratio 6:1 and 0.15% ZnCl, catalyst to test and com-
pare the effect of water and its removal methods. The following pos-
sible approaches were tested and compared:

1. Without removing water. In this case the experiment is per-
formed in a closed system with only oil, glycerol and catalyst
present (Figure 1A). This method was used, e.g. in Ref. [20].

2. Vacuum distillation, by lowering the pressure of the reaction
system to 0.4 bar to evaporate boiling components (Figure 1B).
This method was used, e.g. in Ref. [24].

3. Removing water by introducing nitrogen sweep gas to dry
the reaction mixture. The sweep gas is washed at the outlet
(Figure 1C). This method was used, e.g. in Ref. [17].

4. Silica gel is introduced in the reaction mixture at the start of the
reaction to in situ absorb the water (Figure 1D). This method is
for the first time investigated here.

To investigate the effect of FFA reduction on biodiesel conversion,
standard basic transesterification was carried out using 500 g of the
obtained oil, 100 ml of methanol and 3 g of KOH at 65°C for 45 min
at different FFA concentrations. The biodiesel obtained this way was
separated and washed before measuring the conversion (wt%).

2.3 Statistical analysis

To investigate the effects of temperature, oil to glycerol mass ratio
and pressure, a semi-factorial experimental design was performed
with temperature having three levels (195°C, 220°C and 240°C), oil
to glycerol mass ratio also having three levels (4.5:1, 6:1, 9:1) which
roughly correspond to molar ratio (1:1, 1:1.5 and 1:2), and pressure
having two levels (1.4 bar and 3 bar). Data also included several
exploratory runs to test possible interferences of several factors. Data
processing, analysis and optimization were done using program-
ming language R v.3.2.5. and the necessary packages. To determine
the relationship between the variables and predict the response, the
data is regressed by response surface methodology that accounts for
the first and second order and interaction terms using equation:

}A’:ﬁo*’iﬁixi"'iﬁﬁxiz++iiﬁiixixi (8)

i=1 j=i+1

where 3, B, B, and 8, are the regression coefficients for the intercept,
linear, quadratic and interaction terms, respectively, X; stands for
the process variables and j is the predicted response. The regression
coefficients are fitted to produce a model with the lowest difference
between the experimental and the predicted response [25].

3 Results and discussion

3.1 Water removal strategies

During the esterification of FFA with glycerol, water is
formed which significantly slows down and eventually
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Figure 1: Different experimental set-up and water removal strategies: (A) without removing water, (B) vacuum distillation, (C) drying with
nitrogen as sweep gas and (D) using silica gel as absorbent.
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stops the reaction, due to unfavorable chemical equilib-
rium and favoring the reverse reaction. For this reason
to investigate this reaction a continuous method which
selectively removes water has to be used. The results of
the four different water removal strategies are shown in
Figure 2, with all the experiments conducted at identical
conditions.

As can be seen from Figure 2, in the first 45 min the
reaction rates and conversions are identical. As the reac-
tion advances, water is formed and if it is not removed
equilibrium is reached and the FFA concentration remains
constant. Without removing water, FFA concentration is
lowered only by 1.4%, i.e. 14.5% conversion is achieved
and after 1 h, FFA concentration slightly rises due to
reverse hydrolysis.

Removing water by drying with vacuum distillation
or nitrogen drying slightly improves results, achieving
reduction of FFA by 22.8% and 26.7%, respectively. Distil-
lation is a highly inefficient method for removing water
from this system. Due to the low amount of water present
in the system, the vapor phase is mostly glycerol (approxi-
mately 90%) and multistage vacuum distillation would
be required to separate water from glycerol. Furthermore,
high vacuum is required since the boiling point of the
reaction mixture is higher than the optimal reaction tem-
perature. Even at the highest conversion, the maximum
water content is 4% and the boiling point of this mixture is
250°C at atmospheric pressure [26]. In the case of vacuum
distillation, the reaction stops due to the gradual removal
of glycerol.

In the third approach, i.e. by drying with nitrogen,
a similar problem as in distillation is encountered. From
the reaction mixture not only water is carried away with

g
2
<
L
c
Q
o
£ 4.00
L = = ge = = Without drying
3.00 —T"Vacuum drying
««sxfiess Blowing with N,
2.00 ——8— Sjlica
1.00 - - 2~ . Silica (without ZnCl,)
0.00 T T r
0 50 100 150 200
Time (min)

Figure 2: Influence of water removal methods on free fatty acid
(FFA) reduction (T=170°C, p=3 bar, oil:glycerol mass ratio=6:1).
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nitrogen, but also glycerin, even at low flow rates. After
blowing just 0.05 Nm’® of nitrogen through the system,
more than half of the glycerol (17 g) is carried away in the
gas phase. At high nitrogen flow rate, glycerin is quickly
carried away in the form of mist and the reaction stops.
This was also observed by Singh et al. [22], where they
misinterpreted that the reaction mixture is boiling when
in fact only glycerin is carried away. Low water concentra-
tion makes drying with nitrogen or distillation not prac-
tical for water removal during the glycerolysis, since the
reactants are carried away from the system. It was further
observed in [23] that FFA increased and the oil took a
brownish color upon increasing the N, flow.

After testing several absorbents (anhydrous CaO and
Na,SO 4), the best FFA reduction effect was achieved with
silica. Other absorbents reacted with the ZnCl, and inter-
fered with the analysis. At the same conditions as before,
35.7% FFA conversion is achieved with silica absorbent.
During this time, the system did not reach equilibrium
and further FFA reduction could be expected from the
trend in Figure 2.

To investigate if the lowering of FFA concentration was
not simply due to absorption of FFA on silica, a test was
carried out without glycerol in the reaction system. In this
case, the FFA concentration slightly increased over time,
eliminating the possibility of this phenomenon (Figure 4).
Since silica might contain functional groups (e.g. -OH) the
reaction was also carried out without ZnCl, in the system
to verify that the silica used does not act also as a catalyst.
In the absence of ZnCl,, the conversion remains very low
in the observed time period excluding the possibility of
catalytic influence (Figure 2). For these reasons, silica was
chosen as the absorbent for water removal from the reac-
tion system in further experiments.

3.2 Influence of reaction parameters on FFA
reduction

To determine the influence of experimental parameters
on conversion and reaction speed, further experiments
were conducted using the set-up in Figure 1D and silica
as absorbent. The experimental design included tempera-
ture, oil:glycerol mass ratio and pressure.

3.2.1 Influence of temperature on FFA reduction
The influence of different reaction temperatures on FFA

reduction was investigated at three levels, 195°C, 220°C
and 240°C, and data from the exploratory experiments at
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Figure 3: Influence of temperature on reaction speed and equilib-
rium conversion of free fatty acid (FFA) (oil:glycerol mass ratio=6:1
and p=3 bar).

170°C were also included in the analysis. The influence
of temperature on FFA reduction is shown in Figure 3
for constant oil:glycerol mass ratio (6:1) and pressure
(3 bar). It can be seen that equilibrium conversion exhib-
its a typical volcano shape. FFA conversion increases
with temperature, however, above a certain value it
decreases with increasing temperature. This is observed
considering the whole reaction mixture. However, due
to the highly complex nature of the reaction system with
several parallel and consecutive reactions, it is difficult to
determine the activation energies and kinetic parameters
of individual reaction steps (similar observations were
made by, e.g. [19]).

3.2.2 Influence of oil:glycerol mass ratio on FFA
reduction

The influence of different oil:glycerol mass ratios (4.5:1,
6:1 and 9:1) on FFA reduction is depicted in Figure 4. The
excess glycerol also ensures that potential side reac-
tions do not interfere with the main reaction. Indeed, the
obtained oil from glycerolysis exhibited similar physi-
cal characteristics as pure oil: the color changed from
turbid brown to clear yellow and viscosity decreased
notably. Since all the reactions (1-5) are reversible, excess
glycerol is required to drive the reaction to the product
side. Increasing the glycerol concentration has a posi-
tive effect on equilibrium conversion, however, after a
certain point equilibrium conversion slightly decreases,
which is in line with observations by [18, 20, 22, 27]. It is
suggested that this is because of reactions 4 and 5 where
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Figure 4: Influence of oil:glycerol mass ratio on free fatty acid (FFA)
reduction (T=220°C, p=3 bar).

monoglycerides and diglycerides are produced from tri-
glycerides. This means that the solubility of glycerol in
the ester phase is not constant during the reaction, but
increases, as mono and diglycerides are formed. After all
the triglycerides are consumed the solubility of glycerol
remains constant. This is further supported by the fact
that the optimal oil:glycerol ratio (in this work and see,
e.g. [18, 20, 22, 27]) is where the triglyceride conversion
reaches equilibrium [23] and it is influenced only slightly
by the initial FFA concentration.

The reaction takes place in the glycerol-oil contact
phase [19] and increasing the liquid-liquid surface
increases the phase transfer of the reactants and the reac-
tion rate, however, not the equilibrium conversion. This is
not only due to better reactant contact, but increasing the
hydrophilic glycerol phase enhances the water extraction
and removal from the oil phase, shifting the reaction to
the desired products in reactions 1-3.

It is desirable to use the lowest possible amount of
glycerol with the highest conversion, since glycerol has to
be separated from the oil before transesterification. When
there is no glycerol in the reaction mixture, FFA concen-
tration increases (Figure 4) eliminating the possibility of
FFA absorption on silica.

3.2.3 Influence of pressure on FFA reduction

Pressure has no influence on FFA conversion in the
observed range as can be seen in Figure 5. This is because
the investigated temperature range is well below the
boiling point of the whole reaction mixture, which is
250°C at 1 bar. Pressure would have an influence only if
is too low or higher than the critical pressure. When low
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Figure 5: Influence of pressure on free fatty acid (FFA) reduction
(T=220°C, oil:glycerol mass ratio 6:1).

pressure is applied, glycerol starts to boil and if the system
is not closed, it is carried away and the reaction comes to
a halt.

3.2.4 Influence of FFA reduction on biodiesel yield

There is a clear relationship between the FFA reduction
and biodiesel yield. With the untreated oil containing
10.5% FFA the biodiesel yield was just 40%, while for the
treated oil that had 2% FFA content, the biodiesel yield
increased to 76%. This relation with several other data
points can be seen in Figure 6. Furthermore, it should be
noted that with oils with high FFA concentration, soap
formed during the reaction and the resulting mixture was
a stable emulsion. It was more difficult to separate bio-
diesel from the product mixture and took a longer time

80.00

70.00 / r—/.
60.00 /
50.00

= .
z /
E 40.00
=

30.00

20.00

10.00

0.00 T T
10 5 a
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Figure 6: Influence of free fatty acid (FFA) concentration on
biodiesel yield (T=65°C, t=45 min, 0.5 wt% KOH).
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Table 2: Regressional coefficients of response surface

methodology.

Coefficient (B) p-Value
Intercept 132.31 5.620x 1077
Temperature, °C (X)) -1.1443 5.581x 1077
Oil:glycerol mass ratio (X,) -1.1835 0.0159367
XX, 6.2016x10™* 0.6278871
X2 2.5662x107° 4,787 x107
X2 8.9233x 1072 8.848x10™*

to decant. Soap formation was very fast at higher KOH
concentration.

3.3 Optimization of process parameters

Since in the observed range pressure has negligible influ-
ence on conversion, only the effects of temperature and
oil:glycerol molar ratio are modeled with the response
surface method. A second order polynomial fitted the data
well, producing a predictive equation with coefficient of
regression R*=0.9874 and p-value <0.01. The regression
coefficients and corresponding p-values are shown in
Table 2, and the plots are visualized in Figure 7.

Qil:glycerol mass ratio

5__ '.\\l\\\ \\ \\\
210

200 220 230 240

Temperature (“C)

FFA (wt%) 3

T
Qil:glycerol
mass ratio

Temperature (°C) 240

Figure 7: Influence of temperature and oil:glycerol ratio on

free fatty acid (FFA) reduction: (A) the contour lines are of constant
FFA concentration (%) and (B) perspective plot of the modeled
system.
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While this regression model is purely empirical,
useful conclusions can be drawn from it. We can see from
the coefficient and high p-value of the interaction term
that the interaction of temperature and oil:glycerol mass
ratio has negligible influence on FFA reduction. The linear
and quadratic terms of the two main variables are highly
significant, with temperature having a much larger influ-
ence on conversion than glycerol concentration in the
observed region.

As mentioned in the previous section, the influence
of temperature has a volcano shape and can be clearly
seen in Figure 6. Equilibrium rules dictate that up to this
point the overall reaction was endothermic and conver-
sion increases with a higher temperature. However, at a
higher temperature, the reaction is exothermic and with
further increase in the temperature the reversible reaction
prevails and FFA conversion decreases. The highest FFA
reduction can be determined from the stationary point in
Figure 6 with optimal temperature for this system 222°C
and oil:glycerol mass ratio 5.86, where FFA concentration
is reduced to 1.6% from the initial 8.6%, i.e. 81% conver-
sion is achieved.

4 Conclusions

In the present paper, the effects of the most important
process parameters, temperature, oil:glycerol ratio, pres-
sure and water removal strategies, on the esterification
reaction of FFA with glycerol were investigated. Interest-
ing behavior was observed for temperature, whereby at
222°C the largest conversion of FFA was achieved and it
decreased above this point. Qil:glycerol mass ratio also
exhibited somewhat unexpected behavior, where the con-
version rises until the ratio is 5.86 and stays constant (and
even slightly decreases above). The quadratic response
surface method provided a reliable method for the quali-
tative and quantitative analysis of the reaction system,
further suggesting a higher importance of temperature
on conversion and interestingly the lack of interaction
between the process parameters. Further investigation is
necessary to account for these phenomena, i.e. descrip-
tions of kinetics, thermodynamics, and liquid-liquid equi-
libriums of this multiphase reacting system.

Water produced during the reaction is observed to
strongly inhibit the desired reaction. Vacuum distillation
and nitrogen purging are found to be unsuitable methods
to remove water, since glycerol is also carried away from
the reaction mixture. Using silica as neutral absorbent, a
much higher conversion is achieved and water is quickly
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removed. It is important to note that FFA is not absorbed
on silica. Glycerolysis is found to be a viable and economi-
cally justified pretreatment step of waste oil with high FFA
content.
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