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An alternative to fossil fuels is the use of triglyceride biomass for conversion to biofuel by the thermal cracking process,
also known as pyrolysis. The liquid phase, called bio-oil, has physicochemical properties like petroleum-derived fuels.
One of the undesirable characteristics of bio-oil is the high acidity index, due to the presence of short-chain carboxylic
acids in its composition. This feature makes refining and use inviable. The objective of this work was to perform
esterification reactions using bio-oil, produced from soybean oil pyrolysis already characterized, in order to reduce its
acidity index. Besides that, the esterified bio-oil was submitted to different washing experiments to decrease even
more the final acidity. For the esterification reaction 25 g of bio-oil was used at a temperature of 64 °C, using from 0.8
to 2.2% sulfuric acid and 0.5 to 99.5% mass ratio of methyl alcohol and bio-oil. The highest acidity index reduction after
20 min was 81.2%, the esterified bio-oil reduced from 129 to 32.4 mg KOH g'l. Esterification reaction followed by

washing and neutralization can decrease even more those values and, the acidity index can reach zero.

1. Introduction

Brazilian government has an initiative to explore and diffuse fossil
alternative fuels, called RenovaBio. One of main objectives of this
national biofuel policy is to contribute to meeting the country's
commitments under the Paris Agreement under the United Nations
Framework Convention on Climate Change, according to Law
13.576/2017.

Biomass is an important renewable material, as it can be converted
to numerous forms of energy by several processes, depending on the
raw material characteristics and the type of product desired ™ One
example is pyrolysis, which consists in a thermochemical
decomposition of the biomass into hydrocarbon-rich products, bio-
oil, coke and non-condensable gas P It can be performed either with
or without a catalyst Bl so-called catalytic cracking and catalytic
pyrolysis or thermal cracking reactions, respectively 431,

Different lignocellulosic (LC) or triacylglycerol (TAG) materials can be
employed as feedstock to produce bio-oil, such as from animal fats
from food industrial processing © lignin and waste cooking oil n
waste frying oil B soap from brown grease 12 \aste fish fats %,
castor oil ™ or soybean oil U TAG from vegetable oils is also a
low-cost feedstock in some cases. Although bio-oil produced from
TAG sources presents advantages in comparison to LC bio-ail, as
lower water and oxygen content, and a higher gross calorific value, it
also has some drawbacks that reduce its employment as a drop-in
liquid fuel ™.

Some inconvenient properties such as high olefin and oxygen contents

and a high acidity index (Al), create barriers to its full development and
. . . [19]

production at industrial scale "

Several works in literature presents crude bio-oil produced from TAG as
a viable source of renewable hydrocarbons and green chemicals (1019
2 studies evaluating operational conditions wor products yielding e
catalysts 22 reactor type 31 distillation of the crude bio-oil to obtain
the heavy and light fractions 24 and products composition (625,261
that is technically viable to obtain an organic liquid product rich in
paraffins, i-paraffins, olefins, naphthenes and aromatics in a wide range
of carbon chain size.

show

Olefinic hydrocarbons are essentially produced by decarbonylation
reactions in the triglyceride B Olefins are associated with poor
stability, as well as causing gum or others insoluble materials formation
28 There are many oxygenated organic compounds in bio-oil, as
aldehydes, ketones and carboxylic acids, the last being responsible for
higher acidity indexes in bio-oil el High acidity index measured by free
fatty acid content, can lead to corrosion and also affect the cold
properties of the biofuel, such as the cold filter plugging and freezing
points M1 Table 1 shows some of the studies in the literature about
thermal and catalytic cracking, with the respective Al presented by the
authors.
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Table 1. Triacylglycerol and bio-oil acidity indexes presented by several studies in the literature.

Acidity index (mg KOH g™)

Raw material Catalyst T(2C) Raw Crude Light Heavy References
material bio-oil fraction fraction
- 525 132.5 7.6-172.7  86.9-151.1 o]
Waste fish oil - 500 - 103.14 - - el
- 525 28.4 131.1 107.3 142.5 24l
) Na,CO; 450 1.26 - 51.56 - - =0l
Palm oil 131)
ca0 480 58 - -
Tung oil ca0 480 59 - - =
Curcas oil ca0 480 51 - - =
Terminalia catappa L. oil - 400 10.5 150.9 - - B2
Carapa guianensis oil - 400 36.1 143.2 - - B2l
Schisandra wilsoniana Sojak oil  CaO 480 77 - - =
Plant acidified oil - 600 135.0 - - - el
Soybean oil (90%, weight) and ) 525 195.5 i ) 1251
Hydrogenated fat (10%, w)
Soybean oil (80%, weigth) and ) 525 137.0 i ) 1251
Hydrogenated fat (20%, w)
- 500 0.08 107.87 - - =
- 340 - 83 111 B
) ca0 340 - 67.5 104.4 B
Soybean oil 131]
Na,CO; 340 - 44 64
- 525 210.9 - - B4l
525 210.9 - - 251
- 500 9.5 115.73 - - =
ca0 500 9.5 0 1.2 0.5 =
- 500 124.56 - - el
Waste cooking oil - 475 - 525 23.8 - 113.8-175.9 - sl
475 1.55 22.6-27.7 23.5-30.8 @l
TSS* 500 1.55 - 14.7 23.2 @l
525 1.55 12.8-26.8 12.4-25.4 @l
Poultry fatty waste - 500 124.34 - - gl
Swine fatty waste - 500 138.95 - - gl

*TTS= Textile Stamping Sludge

These studies demonstrated that bio-oil acidity index is highly
affected by biomass type, as well as the process conditions or
catalyst employed. Moreover, the level of acidity of bio-oil is a
barrier to its application either as a drop-in fuel or for further
processing (e.g. distillation in different fractions). Therefore, a
dramatical reduction of this property might be considered. Studies
with emulsification, hydrotreating, reactive distillation and
esterification of bio-oil had been reported as methods to improve
its characteristics.

Upgrading of bio-oil through emulsification with diesel provides a
short-term approach to the use of bio-oil in diesel engines as well
as reduce the viscosity of biomass-derived oil m, Although most
part of the literature is reported to LC bio-oil, it can also be applied
to TAG bio-oil. However, only small amounts of bio-oil can be
emulsified on diesel, not solving the whole problem. Another
barrier is that several fuel properties such as heating value, cetane
index and corrosivity are reported not suitable. Additionally,
injectors and fuel pumps design and production must be
necessarily made from stainless steel or other corrosion resistant
materials .

Hydrotreating is commonly employed in a petroleum refinery to
remove sulfur, nitrogen, and oxygen from the oil derivates B 1t
could be adapted to bio-oil upgrading to deal with oxygen removal
and double bonds saturation on olefinic compounds as proposed in
Chiarello et al. ®®. Nonetheless, the hydrogen consumption in this
kind of reaction still needs further evaluation once it could impact

. . [39]
in excessive costs .

Reactive distillation consists of a separation process combined with
chemical reactions through some stages of the distillation column.
Some studies in the literature explored this process to different types
of TAG bio-oil, obtaining considerably reductions of Al (2o4041]

However, hydrotreating and reactive distillation processes can reduce
the Al of crude bio-oil, the acidity can damage the equipment, so it is
very important that this property might be properly treated before
the distillation column in an additional process Bl

Alternatively, esterification reaction can be used to convert
unwanted carboxylic acids present in crude bio-oil. In this reaction,
an alcohol reacts with carboxylic acids to form esters. The esters
produced in the reaction are less reactive and corrosive than their
respective carboxylic acids, reducing bio-oil acidity and improving its
quality. Typically, methanol or ethanol are employed, yet n-butanol
have also been studied ",

Back in 1996, a patent from Radlein, Piskorz, and Majerski “2 have
already investigated the esterification and acetalization of
lignocellulosic biomasses with alcohol as a solvent. They showed an
improvement in the viscosity, acidity, volatility and heating value of
the bio-oil. Therefore, bio-oil esterification shows a promising
technique to improve bio-oil properties such as acidity index and
viscosity as well as promotes its stability "3 On the other hand, there
are only a few studies regarding the esterification of bio-oil from TAG

(42631414445 The objective of this study is to explore the
esterification of bio-oil from soybean oil aiming on best reaction
operational conditions.

sources
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2. Methodology

2.1 Thermal Cracking of Commercial Soybean Oil

The bio-oil used in this work was produced by Ramos et al. el from
the thermal cracking of commercial soybean oil at 525 2C, with a
feed rate of 353.4 g/h and a residence time of approximately 4.44
s. This process took place in a bench scale auger reactor built in
stainless steel with 920 mm in length and 25 mm in internal
diameter, under isothermal conditions, steady state and
continuous operation regime, as describe by details of the reactor
can be found in Botton et al. .

2.2 Esterification Reactions

The esterification reactions were performed at 64 2C out in 200mL

round bottom flask connected to a reflux condenser (Figure 1), the
reaction medium used was crude bio-oil (BO), methyl alcohol (99.9%)
and sulfuric acid (95.0%) as catalyst.

The experimental procedure consisted of adding crude bio-oil and
methanol in a 200 mL round flask at room temperature (around 25
oC) in a water bath at 64 oC, followed by heating on a hot plate with a
magnetic stirrer until constant temperature. Reflux condensers were
added to the vessel. When the mixture reached the desired
temperature, 0.1 g sample was collected to measure the acidity at
the starting point of the reaction followed by sulfuric acid addition. At
fixed intervals, 10 and 20 min, sample of 0.1 g were collected and
analyzed for the acidity to accompany the acidity index reduction in a
triplicate analysis. The acidity of the bio-oil was tested according to
ASTM D 974. Total reaction time was 20 min for all experiments.

Produced by Ramos et al., 2020

- Bench scale auger reactor

- Continuous mode of operation

and steady-state conditions sampling

- Commercial soybean oil

B - algh. - Crude bio-oil
Mass flow = 353.4**1gh-1 - Methanol

- Temperature = 524.95%025°C - Sulfuric Acid

- Residence time = 4.44:011g

THERMAL CRACKING

ESTERIFICATION REACTION

Condenser

Bio-oil

Water or

Potassium
hydroxide

Water at 64 °C

Heating plate and
magnetic stirrer

WASHING STEP

Figure 1. Flowchart with all steps involved in the acidity index reduction.

design (Table 2) whose limits were 1 and 2% for catalyst, and 15 and
85% for reactants mass ratio, with triplicate at center point was used
to optimize the conditions for esterification of bio-oil.

The mass of bio-oil used was fixed in 25 g, and the percent of sulfuric
acid and methanol varied according to the experimental design. A
central composite rotatable design that was based on a 2° factorial

Table 2. Factorial design reaction conditions for acid esterification of the crude bio-oil.

Runs Catalyst (%) Mass ratio (%)
1 1.0 15
) 2 1.0 85
Corner points
3 2.0 15
4 2.0 85
5 0.8 50
. . 6 2.2 50
Axial points
7 1.5 0.5
8 1.5 99.5
9 1.5 50
Center point 10 1.5 50
11 1.5 50
The statistical analysis, Pareto chart, response surface and 3. Results and Discussion
mathematical model were determined using the software

. . e . 3.1 Esterification Reactions
STATISTICA version 10.0. For this purpose, the acidity reduction (%)

obtained after 20 min of esterification reaction were used as the
response function.

The crude bio-oil produced by Ramos et al. ¥ showed an average

acidity index of 129 mg KOH g™. This bio-oil was subjected to methyl
esterification reaction catalyzed by sulfuric acid. The independent
variables of experimental design studied were catalyst mass (%) and
molar ratio between ethanol and bio-oil. The Al from Figure 2 suggest
that the lowest acidity (19.4"* mg KOH g™) were in experiment 8 with
1.5% catalyst and 99.5% molar ratio, followed by experiment 4 (23.1**°

mg KOH g™') with 2% catalyst and 85% molar ratio.

2.3 Washing and Neutralization

The best condition sample from Table 2 was submitted to three steps
washing experiments, initially water washing (1:1 bio-oil:water),
followed by neutralization with potassium hydroxide (KOH) and then
once again, water washing. The amount of potassium hydroxide used
in the second step was quantified according to the bio-oil mass and
its respective acidity index. The Al of all phases from each step was
performed according to ASTM D 974.
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Figure 2. Acidity index (Al) for the esterification of crude bio-oil at different conditions.

The highest Al reduction in percentage was for experiment 2 (81.2%)
after esterification reaction with 1% catalyst and 85% molar ratio, as

showed in Table 3. While the Al reduction in experiments 8 and 4 were
also higher, 79.4 and 76.4%, respectively.

Table 3. Final acidity index (Al) and Al reduction of bio-oils after 20 min reaction.

RUN Final Al Final Al reduction
u R
(mg KOH g™) (%)

1 87.1°%/ 32.0
2 32.41° 81.2
3 110.6"°° 39.3
4 23.1%° 76.4
5 49.77? 61.0
6 52.3*7 52.6
7 139.2%° 6.7
8 19.4"* 79.4
9 42.6"° 64.7
10 46.0°7 58.0
11 39.2*%% 59.3

The values from final Al reduction values (%) were submitted to
Analysis of variance (ANOVA) and the results are shown in Table 4. In
general, the high F values found for the regression and the low F

values for the lack of adjustment, in relation to their respective Fp
values, corroborated by the high values of R* and the maximum
variances explained.

Table 4. ANOVA using final Al reduction (%) as response function.

d

FONTE ss° DF° Mms* F Frable
R’=0.9571 % Var = 99.50

Regression 4793.54 1 4793.54 224.98 5.12
Residual 191.76 9 21.31

Lack of Fit 166.51 7 23.79 1.88 19.35
Pure Error 25.25 2 12.62

Total 5008.63 10

b d .
*SS = sum of squares; ~ DF = degree of freedom; © MS = mean square value; ° F = variance.

The central points of the experimental design resulted in acceptable
experimental errors, from 2.2 to 6.6% in relation to the average
value. The equation obtained with the independent variable, the
linear and quadratic coefficients and the interaction between catalyst
and mass ratio presented below in Equation 1, where the
abbreviation Cat is catalyst and MR is molar ratio.

Fa=60.67-2.34*Cat-0.22*Cat’+47.28*MR-13.97*MR"-6.05*Cat*MR
1

24

The Pareto chart from Figure 3 was used to visualize the numerical
significance of the observed trends, expressing the statistical effects in
relation to the p value for the degree of freedom of the experiments
carried out in a 95% confidence interval. The effect of mass ratio, both
linear and quadratic, were significant. However, the interaction effect
(CatxMR) and the catalyst coefficients had no statistical relevance.
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Mass ratio (L) 18.818724
Mass ratio (Q) -4.67075
Catalyst (L) by Molar ratio (L) -1.7028p
Catalyst (L) -0.933346
Catalyst (Q) -0.072458
p=0.05

Standardized Effect Estimate (Absolute Value)

Figure 3. Pareto chart from final acidity index (Al) reduction (%) experiments.

The data derived from the experimental design were also organized
in the form of a contour curve. As indicated in the Figure 4, the
region where the values showed high conversion occurred when
mass ratio higher than 50% was used.

The best data of Al reduction obtained in this work, experiments 2
and 4, were compared with those from literature, as showed in Table
5. Although, in this work the reaction conditions were milder, for
instance time is far shorter, it was achieved similar results at 20 min
instead of hours. Some papers did not inform if the alcohol was
evaporated after the esterification reaction, for instance Xu et al. [3”;
Li et al. “? and Yu et al. ", In the work of Ramos et al. “® and in this
work, the methanol evaporation was not performed after the
esterification reactions. Therefore, it must be considered that the
acidity of bio-oil it will slightly increase after alcohol removal.

Mass ratio (%)

h 06 08 10 12 14 16 18 20 22 24 D <2
Cataly st (%) <20

Figure 4. Contour curve from final Al reduction (%) experiments.

Table 5. Comparison from literature acidity indexes (Al) before and after esterification reactions.

. ge . -1
i Reaction system . Acidity index (mg KOHg™) Al reduction
Raw material Conditions o References
(reactant / catalyst) Before reaction After reaction (%)
64 ©C - 20 min’ 173,12 32,440 81.2 This work
Methanol / H,SO, N 11a i14
64 2C - 20 min 93,9"" 19.4" "% 79.4
Methanol / NaHSO, 36.9° 3.2° 91.3 131]
Soybean oil 70°C-2h P p
Butanol / NaHSO, 30.1 3.3 89.0
Methanol / H,SO, 65 2C - 90 min 133.3 3.4 97.5 ol
Ethanol / H,SO, 75 2C - 90 min 133.3 12.6"7 90.4
Methanol / Zr(SO4), 97.0*"? 1.2%° 98.8
Rubber seed oil Methanol / Zr(NOs), 100eC-4h 99.6"* 32.9"3 67.0 44)
Methanol / ZrOCl, 99.6""* 57.0°"? 42.8
Methanol / H,SO, 70.3 47 93.3
Waste cooking oil Methanol / Na,CO; 100eC-6h 70.3 5.7 92.0 (471
Methanol / SO,>/Zr0, 70.6 2.7 96.1

? Condition 2 from Table 2; ® Condition 4 from Table 2;° Diesel fraction;bGasoIine fraction.

25



Wienhage et al.

Angolan Mineral, Oil and Gas Journal vol. 2 (2021) 21-27

3.2. Washing and neutralization

The remaining bio-oil from experiment 2 (Table 2) was submitted to
washing experiments divided in three different steps. In the first
step, 8.0 g of bio-oil was washed with 8.0 g of water and the Al
decreased from 32.45 to 27.20 mg KOH g™. The resulting bio-oil was
neutralized with a KOH solution of 0.23 g KOH and 7.7 g water. The IA
value for the bio-oil and water phase zeroed after this second step.
Later, another water washing step was performed with the 8.0 g of
bio-oil together with 8.0 g of water, aiming to remove all the
potassium hydroxide present in the sample. The acidity index was
once again zero in both phases for all samples after this third
washing step. Therefore, it is possible to conclude that esterification
followed by washing and neutralization can reduce to zero the acidity
of bio-oil.

4. Conclusions

The bio-oil obtained through the thermal cracking process has
several properties, one of which is its high acidity index. The methyl
esterification reaction can be one of the alternatives for reducing the
acidity index followed by a base neutralization and water washing. It
was possible to observe that the amount of alcohol used in the
esterification reaction significantly interferes in the reduction of the
acidity index, that is, a greater amount of methanol results in a
greater reduction in the acidity index. The best results were with
experiments 2, 8 and 4 with 81.2, 79.4 and 76.4% final acidity
reduction, achieving 32.4, 23.1 and 19.4 mg KOH g~, respectively.
Esterification reaction followed by washing and neutralization
performed in sample 2 can decrease even more those values and, the
acidity index can reach zero.
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