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Biodieselin tai uusiutuvan dieselin käyttöön siirtymisessä on paljon hyötyjä, kuten
kasvihuonepäästöjen väheneminen. Tuotannossa sen haittapuolena on taloudellinen
aspekti, joka liittyy raaka-aineiden hintaan. Hyvälaatuisten öljyjen tai rasvojen käyttö
voi olla yksi suurimmista kulueristä biodieselin tuotannossa. Tämän takia on tarve
kehittää uusia menetelmiä tai prosesseja halpojen mutta huonolaatuisten rasvojen ja
öljyjen esikäsittelyyn ja puhdistamiseen. Niiden sisältämät epäpuhtaudet voivat
kuitenkin aiheuttaa ylimääräisiä kuluja esikäsittelyssä puhdistamisen tarpeen
lisääntyessä. Laajennettaessa raaka-aine portfoliota on siis tärkeää kehittää sellaisia
menetelmiä ja prosesseja, jotka pystyvät vastaamaan näihin ongelmiin.
Tämän työn tarkoituksena oli tutkia huonolaatuisten rasvojen ja öljyjen esteröintiä ja
transesteröintiä FAMEksi eli biodieseliksi. Tarkoituksena oli myös tutkia FAMEn
puhdistamista valkaisulla ja alipaineisella haihdutuksella. Huonolaatuiset syöttöaineet
sisältävät epäpuhtauksina korkeita määriä vapaita rasvahappoja, fosforia ja metalleja
ja eivät sellaisenaan sovellu käytettäväksi jalostamiseen ilman asianmukaista
esikäsittelyä. Työssä on käytetty malliaineita simuloimaan vapaiden rasvahappojen ja
glyseridien käyttäytymistä esteröinnissä. Näiden kokeiden avulla pystyttiin löytämään
optimaaliset olosuhteet, joita sovellettiin myös oikeille huonolaatuisille öljyille ja
rasvoille. Näistä tuotettua raaka FAMEa puhdistettiin edelleen valkaisemalla ja
alipaineisella haihdutuksella.
Työn tulokset osoittivat, että katalyyttivapaa yhtäaikainen esteröinti ja transesteröinti
on mahdollista varsin maltillisissa lämpötiloissa verrattuna superkriittisiin menetelmiin
ja työssä saavutettiin hyvä, yli 90% konversio korkean vapaan rasvahappopitoisuuden
sekä korkean glyseridipitoisuuden omaavilla öljyillä ja rasvoilla. Puhtaudessa päästiin
hyvälle tasolle molemmilla menetelmillä, sekä valkaisemalla että alipaineisella
haihdutuksella, joista jälkimmäinen oli selvästi tehokkaampi. Lisäksi huomattiin, että
rasvan koostumuksella on merkitystä sille, kuinka korkeita lämpötiloja on käytettävä.
Myös reaktiossa käytettävän metanolin määrällä on vaikutusta konversioon. Rasvan
ja metanolin suhdetta muuttamalla voidaan vaikuttaa myös reaktion lämpötilan
tarpeeseen.
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There are many advantages to using bio- or renewable diesel but the downside is its
economic limitations related to feedstock prices which may be the largest cost item in
the production. Because of this, there is a constant need for research focusing on the
processing of low-cost and low-quality fats and oils. However, when moving towards
more low-quality feedstocks, it is possible that increased amounts of impurities cause
additional costs in the pre-treatment and purification. In order to broaden the feedstock
portfolio, it is important to develop such methods that are able to tackle the problems
that new low-quality feedstocks are causing.
The purpose of this work was to investigate the simultaneous esterification and
transesterification of low-quality fats and oils to FAME. Purification of FAME was also
investigated separately by bleaching and vacuum evaporation. Poor quality feedstocks
contain high amounts of free fatty acids, phosphorus, and metals as impurities and as
such are not suitable for use in further processing.
First, reaction conditions were optimized with a model mixture of triglycerides and free
fatty acids, which resembled low-quality fat composition. Next, these optimized
reaction conditions were used with real low-quality fats to produce FAME, which was
finally purified by bleaching or vacuum evaporation. The results of the work showed
that catalyst-free simultaneous esterification and transesterification is possible at fairly
moderate temperatures compared to supercritical methods and good conversion of
more than 90% was achieved with oils and fats with high free fatty acid content and
high glyceride content. Good to excellent overall impurity removal rates were achieved
after bleaching and vacuum evaporation of crude FAME products. FAME evaporation
product showed excellent properties. It was also noted that the composition of the fat
or oil is important for how high temperatures are to be used. The amount of methanol
used in the reaction also has an effect on the conversion, and by changing the fat to
methanol ratio, the needed reaction temperature can also be affected.
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1 INTRODUCTION
Combustion of fossil-based diesel is one of the main sources for greenhouse gas
(GHG) emissions and air pollutants like particulate matter, NOx, SOx and VOCs. In
order to decrease the GHG emissions it is important to find more sustainable and
cleaner solutions and raw materials instead of depleting fossil sources. Main driver for
renewable fuel production is the reduction of GHG, particulate matter and carbon
dioxide emissions. Costs of biodiesel production comes mainly from feedstock costs
but also plant size and value of different byproducts have effect. (Kulkarni & Dalai.
2006)

Moving towards more sustainable feedstocks, such as used cooking oils and animal
fats, is justified because they do not compete with food production and do not take
over land or consume water when created. Price of the feedstock also decreases when
moving from virgin oils to low quality feedstocks. (Chai et al. 2014.)

Biodiesel is able to replace and compete with conventional petroleum diesel. There
are several feedstocks available for biodiesel production that are acquired from animal
fats and plant oils. Biofuels are low in aromatics and sulfur content, producing lower
emissions when used in combustion engines compared to petrochemical diesel.
Biodiesel can also be blended with petroleum diesel to reduce emissions and improve
lubrication without any undesirable effects to petroleum diesel. Although, there are
many advantages to using biodiesel, the downside is its economic limitations related
to feedstock prices which may be the largest cost item in biodiesel production and also
the fact that FAME can be blended only limited amounts with fossil diesel. Because of
this, there is constant need for research focusing on the processing of non-edible low
cost and low-quality fats and oils. However, when moving towards more low-quality
feedstocks, it is possible that the impurities they contain cause additional costs in pretreatment and purification. Feedstocks comprising of high free fatty acid and water
content and low triglyceride content are seen as low-quality feeds because they need
more pretreatment than the ones with high triglycerides and low FFA. Competition of
high-quality feeds is intense and are available only at limited quantities. In order to
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broaden the feedstock portfolio, it is important to develop such methods that are able
to tackle the problems that new low-quality feedstocks are causing.

1.1

Objective

There are not many studies about the esterification of low-quality feeds with high free
fatty acid content in subcritical conditions whereas supercritical conditions have been
studied more broadly. However, supercritical method is also more extreme and energy
consuming than subcritical method. The hypothesis of this work is that low quality oil
and fat residues containing high free fatty acid content can be esterified in subcritical
conditions to fatty acid methyl esters and that the impurities and contaminants in crude
FAME can be further purified by vacuum evaporation or bleaching.

This work consists of literature part covering feedstock composition, different
esterification and transesterification methods concentrating on the treatment of free
fatty acids and two purification methods that are applied in this work. Subcritical and
supercritical transesterification and esterification are discussed separately from more
conventional esterification and transesterification methods because it is our focus of
interest in this work and possesses slightly different nature. Different feedstocks and
their impurities and the chemical structure of oil and fats are discussed only briefly.

LITERATURE REVIEW
2 FEEDSTOCKS
There are different feedstock sources in the production of biodiesel and secondgeneration biofuels. These can be divided into three main groups that are (i) edible and
non-edible vegetable oils, (ii) animal fats and (iii) waste fats and oils. (Roy et al. 2016,
86.). Edible oils are for example soybean, coconut and palm oil. Non-edible oils are
produced only for biodiesel purposes for example jatropha oil and algae oil. Algae is
an interesting feedstock since the oil content is high and required land demand is very
low. Animal fats are from rendering of animal products and waste fats and oils are
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considered as used vegetable oils, yellow grease and brown grease where the free
fatty acid content can be even higher than 35 wt.-%. (Sani et al. 2012)

2.1

Triglycerides and fatty acids

Typical vegetable oils and animal fats are 96-98% triacylglycerols or triglycerides
(TAGs). They are fatty acid esters attached to the glycerol, backbone of TAG. They
can contain several different types of fatty acids depending on the origin of fat or oil.
As a result, different fats and oils have different fatty acid profiles, which also
determines their different physical and chemical properties. (Knothe et al. 2005)

The difference between fat and oil is how they behave at an ambient temperature of
20°C to 35°C. Oils are usually liquid at these temperatures, while fats are usually solid
or almost solid. Most of the fatty acids in triglycerides are 4 to 22 carbons long and
linear. They can be divided into short (4-8 C), medium (10-12 C), and long chain (> 14
C) fatty acids. Fatty acids are many times presented by their chain length and by the
number of double bonds in the fatty acid chain, for example 18:1 means that the chain
is 18 carbons long with one carbon to carbon double bond. The most common fatty
acids from saturated ones are lauric acid (12:0), palmitic acid (16:0), stearic acid (18:0)
and from unsaturated there are oleic acid (18: 1), linoleic acid (18: 2) and linolenic acid
(18: 3). Fatty acids that have one double bond are called monounsaturated and those
that have two or more double bonds are called polyunsaturated fatty acids. These
unsaturated fatty acids containing double bonds are more subject to oxidation
reactions, formation of ketones and aldehydes, cyclic compounds and oxidizing
polymers, while the saturated ones are stable but decompose when heated and can
form polymers and toxins such as acrolein. (Gupta et al. 2017; Knothe et al. 2005)
Table 1 presents four different fats and oils with very different fatty acids profiles.
Table 1 Fatty acid profiles of selected oils and fats by weight-% (Knothe et al. 2005)
Oil or fat

8:0

10:0

12:0

Rapeseed
Palm
Coconut

4.6–9.5

14:0

16:0

18:0

18:1

18:2

18:3

22:1

0–1.5

1–6

0.5–3.5

8–60

9.5–23

1–13

5–64

1–2.6

0–0.2

0–0.4

0.5–2.4

32–47.5

3.5–6.3

36–53

6–12

4.5–9.7

44–51

13–20.6

7.5–10.5

1–3.5

5–8.2

6

Tallow

2.2

2.1–6.9

25–37

9.5–34.2

14–50

26–50

Low quality feedstocks

Low quality feeds like waste cooking oil can be used as a feedstock for biodiesel
production, only in EU 700 000–1 000 000 tons of waste cooking oil is collected
annually and at least 25 million tons is generated annually in USA, China, Canada
Japan, Malaysia and Europe combined. This particular feedstock can be also classified
to yellow grease and brown grease according to its free fatty acid content. Oils like
cooking oil undergoes various chemical and physical changes during its use or
storage. These are thermolytic, oxidative and hydrolytic reactions which can change
the viscosity, specific heat, color, foaming tendency and surface tension of the oils.
(Kulkarni & Dalai. 2006; Kiss. 2014.)

Thermolytic reactions happen in the absence of oxygen at high temperatures (>180°C)
and can form alkanes, alkenes, lower fatty acids from triglycerides. Dimers and trimers
are produced when unsaturated fatty acids react with each other via Diels-Alder
reaction, whereas oxidative reactions form oligomers. Hydrolytic reactions however
cause increased contents of free fatty acid, glycerol, di- and monoglycerides in the
presence of water and air and are also associated with long-term storage of
feedstocks. (Kulkarni & Dalai. 2006; Sani et al. 2012.)

The free fatty acid content of the feedstock, like used cooking oil, depends on their use
and storage after use as mentioned before. Main impurities contain water and food
residues in addition to high FFA content. Mono- and diglycerides form when triglyceride
react with water under unfavorable conditions. Free fatty acids are common in low
quality feeds and one major problem is their reduction or removal in pretreatment.
(Chai et al. 2014) In addition to oxygen and moisture content, the physical and
chemical properties of the feedstock is also affected by environmental conditions such
as temperature and light, as well as the storage conditions of the seeds before the oil
is extracted. These conditions are later reflected in the high acidity and low stability of
the oil. Triglycerides decompose under the influence of moisture and free fatty acids,
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diglycerides and monoglycerides are formed as decomposition products. Oils and fats
with high content of double or triple bonds are particularly vulnerable to oxidative
reactions. Various enzymes such as lipase can also hydrolyze triglycerides to free fatty
acids. In turn, oils with high FFA are more prone to oxidations and can form sludge and
gum. (Fotouo-M et al. 2016) These chemical and physical changes apply also for other
feedstocks that are kept under these conditions and not only for used cooking oils and
oil seeds.

Other impurities in oils are sterols, sterol esters, tocopherols, tocotrienols, odorants,
colors, volatile and non-volatile compounds, metals and phospholipids. Of these,
phospholipids are the most abundant and the rest are mostly at low ppm levels.
Phospholipids are esters consisting of two long-chain fatty acids attached to glycerol
with a phosphoric acid attached to the third carbon. Phosphoric acid may have, for
example, sugars or nitrogen bases attached to it. Phospholipids cause some color in
the oil but that is not the main reason why they should be removed in the pretreatment.
Namely, they cause problems later in the process, for example in neutralizing the oil it
causes an emulsion which also affects the loss of neutral oil, reduces the effect of clay
adsorption, poisons the nickel catalyst and also causes the oil to darken when
decomposed. Phospholipid concentration is usually expressed as phosphorus at ppm
levels and can be calculated from the phospholipid percentage. There are five different
main types of phospholipids and they exist at different concentrations depending on
the raw material used. Table 2 presents the typical phospholipid and phosphorus
content in different vegetable oils. (Ahmad et al. 2013; Gupta et al. 2017; List. 2009)
Table 2 Typical phosphorus and phospholipid content in different crude or degummed vegetable
oils (Gupta et al. 2017)

Type of oil

Phospholipids [%]

Phosphorus [ppm]

Crude soybean oil

1-3

317-950

Degummed soybean oil

0.32-0.64

100-200

Crude sunflower oil

0.5-0.9

159-285

Crude canola oil

1.8-3.5

570-1104

Crude palm oil

0.06-0.95

19-30
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Phospholipids can also be divided into two different groups, which are hydratable and
non-hydratable phospholipids. Hydratable phospholipids can be removed from the oil
phase with water while those that are not hydratable, and their calcium and magnesium
salts remain in the oil even after degumming. In the pretreatment, it is possible to
remove most of both phospholipid groups with citric acid or with phosphoric acid. The
phosphorus content should be at level of 20-30 ppm after the treatment, depending on
the initial content. (O’Brien. 2009)

In addition to phospholipids, the color of vegetable oils comes mainly from carotenes,
chlorophyll and in some cases also from tocopherols. Most of these color-causing
compounds are removed from the oil by hot bleaching with bleaching clay. Chlorophyll
is of plant origin and causes mainly a green color, which can be observed, for example,
in algae. Carotenoids are the main cause of plant and animal fats in their yellowish or
red color and more than 70 different carotenoid variants have been identified.
Carotenoids are fat soluble and are broken down by heat, acids or oxidation.
Tocopherols are antioxidants found in plants. Pure tocopherols are colorless or cause
a pale-yellow color but, for example, gamma-tocopherol causes a dark red color in the
oxidation reaction. The color is caused by the oxidation of the compound chroman 5,6quinone which is only weakly eliminated in the bleaching process. (Gupta et al. 2017;
List. 2009)

The residual metals in the oils come from the plants themselves. Plants can absorb
metals from the soil during the growing season as well as during processing.
Commonly occurring residual metals include iron, copper, manganese and nickel.
These metals lower the oxidative stability of the oil. In addition, there is calcium, sodium
and magnesium, which are detrimental to refining, bleaching, degumming and
hydrogenation. Most of the metals occur in trace levels and are possible to remove by
bleaching and binding them to citric acid. (Gupta et al. 2017; O’Brien. 2009)
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3 ESTERIFICATION
There are several physical and chemical stages in the production of biodiesel, such as
the extraction of crude oil from seeds, plants, fruits or other parts that contain oil. These
usually involve solvent extraction and mechanical extraction. However, crude
vegetable oil or animal fat is more viscous than, for example, fossil-based diesel and
has very different chemical and combustion properties and is therefore not directly
suitable as such for normal combustion engines. For this reason, transesterification
and esterification have been invented and applied to these vegetable and animal
originating oils and fats to decrease the viscosity of them. Biodiesel is usually produced
from triglyceride-rich feedstocks by either transesterification of triglycerides into FAME
but can also completed by esterification if the feedstock contains elevated amounts of
free fatty acids. Catalysts used in the esterification and transesterification can be
divided into categories according to their alkalinity or acidity and state. They can be
either acidic or alkaline as well as homogeneous or heterogeneous. (Roy et al. 2016;
Taqvi et al. 2019.) Under the following topics 3.1 and 3.2, these reactions are reviewed
to see what affects the rate of the reaction, yield, and which factors slows the reaction,
as well as what kind of transesterification and esterification methods have been
developed for feedstocks that are high in free fatty acids.

3.1

Transesterification methods

This chapter will focus on the homo- and heterogeneous acid and base catalyzed
transesterification methods. Esterification reactions are discussed later under chapter
3.2. Transesterification or alcoholysis is commonly used in biodiesel production where
a wide spectrum of feedstocks can be used, such as grease, vegetable oils and animal
fats. Methanol is commonly used as alcohol in transesterification due to its low costs
and low water content. Water and high free fatty acids are not wanted in the process
since they hinder the reaction and cause saponification. (Demirbas. 2010, 61; Kulkarni
& Dalai. 2006)
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Transesterification is used to reduce the viscosity of the feedstock oils and fats in
biodiesel production. In addition to the oil or fat, the reaction requires alcohol and
catalyst as well as heating. In the reaction (Figure 1), one mole of triglyceride reacts
with three moles of alcohol and forms corresponding 3 moles of esters and one mole
of glycerol. Methanol and oil do not naturally mix with each other because methanol is
highly polarized and causes a phase between when combined with oil. The reaction
mixture is thus a two-phase liquid-liquid system with an oil-rich phase and a methanolrich phase and needs to be mixed. As the reaction proceeds far enough (15-20%), the
phases disappear and the mixture becomes homogeneous, reducing the need to stir
the reaction mixture. As the conversion proceeds even more, higher concentrations of
FAME is formed and eventually the glycerol phase also separates from the oil phase.
(Müller. 2019.)

Figure 1 Reaction of triglycerides and alcohol form esters and glycerin during heating and in
the presence of catalyst (Leung et al. 2010)

The reaction proceeds from triglyceride to diglyceride to monoglyceride and finally
forms the glycerin and three fatty acid methyl esters. It is reversible reaction and needs
mixing of the reactants to progress to FAME side. The reaction can be accelerated by
the use of strong base or acid which acts as catalyst. After the reaction and when
mixing is stopped, glycerin separates and goes in the bottom of the reaction tank. In
the presence of free fatty acids in the feed there will be soap formation or simultaneous
direct esterification reactions, depending on the catalyst that is used in the reaction.
Direct esterification takes place with acidic catalysts but soap formation is due alkaline
catalyst as it can be seen below in Figure 2. If it is not desired to esterify the fatty acids,
they can be removed from the feed by washing them with dilute base during
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degumming. (Ahmad et al. 2012; Marchetti & Errazu. 2008; Knothe et al. 2010; Sani
et al. 2013, 86; Abbaszaadeh et al. 2012, 141.)

Figure 2 Free fatty acid reaction with alkaline catalyst (Leung et al. 2010)

3.1.1 Factors affecting transesterification

There are many factors that are affecting the transesterification reaction. Most of the
negative effect comes from water and free fatty acid content of the feedstock. The
catalyst has an effect in the transesterification reaction, but the feedstock used in the
process also plays a role in the choice of the catalyst. One of the most crucial factors
is the ratio of methanol or other alcohol used for transesterification of triglycerides.
Other variables that affect to the reaction are temperature, reaction time and mixing.
(Ahmad et al. 2012.)

Kinetics of transesterification reaction
The three-stage transesterification (TAG DAG MAG GL) is complicated reaction and
includes at least 12 equilibrium reactions. Reaction kinetics generally deals with the
rates of chemical reactions that are affected by many things such as temperature and
catalyst. Second-order reaction means that if the reactant concentration increases by
two, the reaction rate increases by 22, i.e. by 4. With first-order reaction when
concentration increases by two the reaction rate doubles. For zero-order reactions the
concentration has no effect on the rate of the reaction and remains constant. Kinetics
of the alkali catalyzed transesterification reaction is considered to be pseudo second
order for the first step, i.e. reaction between methanol and triglyceride, which is also
the rate limiting reaction in transesterification. The other stages from diglyceride to
monoglyceride to glycerol happens much faster and are first or zero order.
Transesterification reaction can be completed almost to completion even at room
temperature with longer reaction time but increasing temperature will have significant
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effect to reaction kinetics and to equilibrium of the reaction. (Bart et al. 2010; Wright.
2004.)

FFA and water content
Moisture and free fatty acid content are the two main parameters for determining if a
feedstock is suitable for transesterification. Base-catalyzed reaction requires low FFA
content which needs to be at least less than 3% and preferred is ≤0.5% in order to
achieve efficient and complete conversion. Low levels of free fatty acids that form
soaps in the alkali transesterification are easily removed in the purification steps
resulting in only small yield losses. In case of too high levels of FFA and water in the
reaction there will be soap formation when using alkali catalyst. In order to complete
transesterification of feeds like animal fats or vegetable oils with high FFA they must
be preprocessed by saponification to get rid of the excess FFA before
transesterification with alkali catalyst. The high FFA can also be compensated with
increasing the alkali catalyst but the soap formation will form emulsion which can hinder
the reaction and make the separation of products more complicated resulting in
reduced yield of esters. (Ahmad et al. 2012; Knothe et al. 2010.) Another route would
be the acid-catalyzed esterification prior the transesterification to convert FFAs to
FAME and this will be discussed later in the text.

Catalysts
The catalysts used in the transesterification can be alkaline, acidic or enzymes. Of
these, alkalis are the most widely used and especially homogeneous sodium hydroxide
(NaOH) which is low-cost and well available. Acid catalysts can be used in
transesterification if the feedstock contains high fatty acid contents. Good acid
catalysts are sulfuric acid, phosphoric acid, hydrochloric acid or organic sulfonic acid.
Brønsted acids give good yields but their reactions in transesterification are slow and
require higher temperatures (e.g. 100°C at least 3 hours) or by using methanol boiling
point of 65°C but then the reaction can take up to 20 hours. The amount of alkali
catalyst is usually between 0.4-2 wt.-% of oil. Transesterification with an alkaline
catalyst gives good conversion in short reaction times but it has many disadvantages
for example the alkaline effluents generated in the process require treatment, high
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contents of FFA and water are not suitable in the process. Alkaline catalysts as well as
acid catalysts must be removed from the product. (Ahmad et al. 2012, 11-30.)

As shown in table 3, homogeneous base catalysts are mainly meant to use with high
quality feeds with low FFA and is superior because of its fast and high conversion, mild
reaction conditions and fast reaction rate and none of the other methods are better for
good quality feeds. Higher FFA content (>2 wt.-%) however leads to decreased yield
and soap formation together with separation problems. This is where the acid catalyst
is needed because it can tolerate higher amounts of FFA, but the reaction rate is
significantly lower than with homogeneous base catalysts. When comparing base and
acid-catalyzed transesterification, the base catalyzed is much more sensitive to the
amount of FFA and water while the acid-catalyzed is more resistant to these but the
reaction rate is slower (approximately 4,000 times lower) and yields are regarded also
lower. Its advantage is the simultaneous transesterification and esterification but there
are many drawbacks such as corrosiveness, separation of the acid catalyst and need
of neutralization. Heterogeneous catalysts are still not widely used but the research
towards them is intense where the main problems are the deactivation and leaching of
the catalysts. These problems are also discussed later in their own topics under
chapters 3.1.3, 3.1.5 and 3.2.2.

Enzyme catalyzed transesterification and esterification are still at very early
development phase and thus is not covered in this work in such scope as the previously
mentioned. However, enzymatic transesterification has received a lot of attention in
research due to, among other things, its environmental friendliness, ease of product
separation, and mild reaction conditions, and is seen as a good alternative compared
to the conventional chemical method. It seeks to address the problems posed by the
use of heterogeneous catalysts; complex processes, high costs and energy
consumption. At present, however, its use is not yet profitable on an industrial scale
because enzymes are expensive and deactivated by esterification and the reaction
rate is slow. However, it has obtained excellent conversions under laboratory
conditions, but the reaction times required can be up to 20 to 60 hours. (Lam et al.
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2010; Mardhiah et al. 2017.) Table 3 below is comparing the disadvantages and
advantages of different catalyzed transesterification methods.

Table 3 Comparison of different transesterification methods (Lam et al. 2010; Roy et al. 2016; Silva &
Cardoso. 2013)
Transesterification

Advantages

Disadvantages

method
Homogeneous base

- Fast reaction

- Sensitive to FFA

catalyzed

- Economical

- Soap forming (>2 wt.-% FFA)

- Cost effective

and reduced ester yield in case

- High conversion (~96 %)

of high FFA

- Only mild reaction conditions
required

- Soap formation causes
problems in purification

- Low cost catalysts (NaOH, KOH)
Homogeneous acid
catalyzed

- Greater tolerance against high
FFA and water content than alkali
catalyst and solid acid catalysts
- Cost effective and good
conversion (~90%)

- Lower conversion compared to
base catalyzed method
- Slow reaction rate (up to 4,000
times slower than
homogeneous base catalyzed)

- Mild reaction conditions

- Corrosive catalysts

- Transesterification and

- Separation of catalyst is difficult

esterification takes place
simultaneously

- Brønsted acids cannot be
recovered
- Need for neutralization of
effluents

Heterogeneous
base catalyzed

- Fast reaction rate compared to
acid catalyzed transesterification
- Only mild reaction conditions
required like in homogenous base
catalyzed
- Easy separation of catalyst
- Possibility to regenerate and
reuse the catalyst

Heterogeneous acid
catalyzed

- Tolerates high FFA and water
content

- FFA sensitive
- Soap forming (>2 wt.-% FFA)
and reduced ester yield in case
of high FFA
- Soap formation causes
problems in purification
- Leaching of catalyst may
contaminate product
- Complex catalysts lead to
higher costs
- Requires high temperature
- High molar ratio of alcohol to oil
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- Transesterification and

- Slow reaction time

esterification takes place

- Energy demanding

simultaneously

- Leaching of catalyst which may

- Easy separation of catalyst

also contaminate the product

- Continuous fixed bed reactors
can be enabled
Enzyme catalyzed

- Tolerates high FFA and water
content
- Simple purification
- Only very mild reaction conditions

- High price of lipase catalysts
- Slow reaction rate
- Methanol and other alcohols
can deactivate the enzyme

required

Without mixing, as previously noted, methanol and oil form two different phases. In the
presence of these diffusion constraints, the rate of the reaction is slow. Greater
interaction of these phases requires agitation, which can be accomplished with
mechanical agitators or static agitators. In this way, greater mass transfer between the
phases is obtained which leads to a higher reaction rate. (Müller. 2019.)

Many of the recent studies focus on heterogeneous acid catalysts and processes with
only one esterification step with oils in high FFA content. In this case, however, the
reaction rate is slower compared to a homogeneous catalyst. The development of
heterogeneous acid-base catalysts that are active in both transesterification and free
fatty acid esterification has begun. However, all heterogeneous catalysts have the
potential to leak metals out of the catalyst and deactivate and therefore special
attention should be paid to these details. (Mardhiah et al. 2017; Lam et al. 2010.)

Alcohol
Methanol is preferred in the transesterification process because it is easier to separate
than ethanol, which forms an azeotropic mixture with water. Methanol is also less
expensive and in European standard for biodiesel (EN14214) it is specified biodiesel
to compose of fatty acid methyl esters. Ethanol should also be used in larger amounts
because of its higher molecular weight compared to methanol with only one carbon.
Other disadvantages of using ethanol are longer reaction times, higher temperature
requirement in the reaction and it also forms emulsions more easily than methanol.
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Longer and branched alcohols have also been tested in the preparation of esters, but
their fluidity becomes a problem because it decreases as the length of alcohol
increases. (Knothe et al. 2010.)

Another alcohol that is associated to the methanol in biodiesel production is glycerol,
which is formed during the transesterification. It must be separated from the FAME, in
which glycerol is soluble to a small extent. The more excess methanol is used, the
more glycerol is soluble in FAME. (Sani et al. 2012.)

3.1.2 Homogeneous base-catalyzed transesterification

In the base-catalyzed transesterification KOH, NaOH or NaOCH3 can be used as
homogeneous catalysts and the reaction is relatively fast compared to the
homogeneous acid-catalyzed transesterification. Figure 3 presents the mechanism of
the transesterification reaction from triglyceride to diglyceride. After this the reaction
continues the same way until there is only glycerol and 3 moles of fatty acid methyl
esters. In the first step of the reaction, the alkali catalyst (e.g. NaOH, KOH) reacts with
methanol to form methoxide (RO-) and a protonated base (BH+). In the second step,
the methoxide makes a nucleophilic attack on the carbonyl group of the triglyceride. At
this stage, a tetrahedral intermediate is formed. In the third step, the tetrahedral
intermediate is rearranged to form the fatty acid methyl ester and the diglyceride anion.
In the fourth step, the diglyceride anion deprotonates the base and a hydroxide group
is formed in the diglyceride.
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Figure 3 Transesterification mechanism in base catalyzed reaction (Schuchardt et al. 1998)

In the presence of base catalyst free fatty acids are saponified to salts. Saponification
also prevents the separation of glycerol formed in the reaction, which also affects the
FAME yield. Transesterification with alkaline catalyst has also been studied with
vegetable oils with low acid number (ranging from 0.4 to about 4 mg KOH/g). For these,
saponification was not harmful. Studies have shown that the alkali catalyst addition
must be increased if the free fatty acid concentration is above 1% to help neutralize
them. NaOH and KOH are effective catalysts in alkaline transesterification and are well
suited for e.g. waste cooking oils with free fatty acid content of less than 1%. However,
it should be mentioned that the concentration of FFA affects the FAME yield, excess
alkali catalyst must be used to neutralize the FFA which in turn affects the profitability.
It is recommended that the FFA content should be less than 0.5 wt.-% and the water
content less than 0.05 wt.-% in case if avoiding yield losses and saponification is
wanted. (Ahmad et al. 2012; Chai et al. 2014; Kulkarni & Dalai. 2006; Vyas et al. 2010)
Table 4 below shows typical reaction conditions and restrictions used in homogeneous
base catalyzed transesterification. Pressures and temperatures are usually low when
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compared to supercritical and subcritical conditions and the requirements for feedstock
water and FFA content is restricted to very low in conventional transesterification.

Table 4 Reaction conditions in homogeneous base transesterification (Abbaszaadeh. 2012)

Requirements for

Refined TAGs with low FFA, below 0.5 wt.-% and low

feedstock

water content, below 0.06 wt.-%

Alcohol ratio to oil

Ranges from 3:1 to 9:1 but mostly 6:1 ratio is used

Temperature

Ranges from 20°C to 75°C but mostly 65°C is used

Pressure

1.4–4.1 bar

Catalyst and catalyst

KOH, NaOH with 0.25 to 2 wt.-%

concentration
Reaction time

Usually 1 hour is enough for complete conversion but
can take up to 4 hours.

Stirring speed

300–600 rpm

3.1.3 Heterogeneous base catalyzed transesterification

Homogeneous alkaline catalysts are the most popular in transesterification, but solid
catalysts have also been studied. One of these solid catalyst types are metal oxides
(M2+) which have been tested with different kind of metals, for example CaO, mixture
of calcium-zinc oxides, mixture of magnesium-lanthanide oxides, mixture of calciumtitanium, barium-zinc, manganese, zirconium, iron and cerium. Additionally, alkali
metals to metal oxides have also been tried with LiNO3 /CaO and LiNO3/MgO mixtures.
In many cases, however, solid catalysts leak, so that their service life is not long and
causes homogeneous transesterification instead of heterogeneous. However, leakage
can be reduced by using support materials such as aluminum or silica but still in many
research studies it was suspected that instead of the intended, the mechanism of
transesterification was homogeneous due to leaked active catalyst. Though, one
example of reduced leaching is supported CaO on mesoporous silica (SBA-15). Up to
94% conversion was achieved with this catalyst and no metal dissolution was
observed. (Knothe et al. 2010)
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3.1.4 Homogeneous acid catalyzed transesterification

In the acid catalyzed transesterification the conversion is as well affected by the
reaction temperature, reaction time, molar ratio, catalyst concentration, amount of free
fatty acids and water as in the alkali esterification. Higher concentrations of free fatty
acids and water negatively affect the conversion, while increasing the temperature,
reaction time, molar ratio and the amount of acid catalyst have a positive effect on the
conversion. Good acid catalyst is strong, for example, Brønsted acids like sulfuric acid
and hydrochloric acid. Using catalysts like this give usually high yields but require
higher temperatures, even above 100°C and reaction time of 3 hours or longer is
needed for complete conversion. Conversion is usually complete after 20 hours when
temperature of 65°C is used. Already 0.1 wt.-% water content has an effect on the
reaction and 5 wt.-% water content can even completely inhibit the reaction
(Abbaszaadeh. 2012; Ahmad et al. 2012; Chai et al. 2014; Kulkarni & Dalai. 2006;
Lotero et al. 2005.) Table 5 is presenting the commonly used process conditions for
acid catalyzed transesterification.

Table 5 Commonly used transesterification conditions for acid catalyzed reaction (partially Abbaszaaed.
2012)

Requirements for

Mostly triglycerides but also high FFA content is

feedstock

tolerated

Alcohol ratio to oil

Ranges from 30:1 to 50:1

Temperature

Ranges from 50°C to 150°C

Pressure

~4.0 bar

Catalyst and catalyst

Mostly used is H2SO4 with molar ratio 1.3:1 (acid

concentration

catalyst:oil)

Reaction time

3–20 hours

Figure 4 presents the mechanism of acid catalyzed transesterification of triglyceride.
In the first step, the acid catalyst protonates the carbonyl group of the triglyceride.
Proton attaches to one of the free electron pairs of a double-bonded oxygen atom. The
positive charge is delocalized, and the carbon atom receives a partial positive charge.
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In the second step, an electron pair of an oxygen atom of a methanol or other alcohol
performs a nucleophilic attack and tetrahedral intermediate is formed. In the third step,
the intermediate rearranges to form the corresponding fatty acid methyl ester and
diglyceride. (Schuchardt et al. 1998)

Figure 4 Transesterification mechanism in acid catalyzed reaction (Schuchardt et al. 1998)

3.1.5 Heterogeneous acid catalyzed transesterification

Heterogeneous acid catalyst is seen as a good way to reduce the amount of free fatty
acids, for example in a two-step process where the acid catalyst is used in the direct
esterification followed by alkali catalyzed transesterification. The heterogeneous acid
catalyst is thus suitable for free fatty acids and can also be used for simultaneous
esterification and transesterification. However, the acid catalyst requires higher
temperatures to operate. Some of the more studied heterogeneous transesterification
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acid catalysts include zirconium oxides, titanium oxides, tin oxides, zeolites, and
sulfonic ion exchange resins. (Mardhiah et al. 2017; Lam et al. 2010.)

The catalyst used in the heterogeneous transesterification acts in its own phase,
making it easier to separate and reuse. Compared to separation of the homogeneous
catalyst which consumes more energy and brings more costs, which is why
heterogeneous catalysts have been studied and tested. Heterogeneous catalysts also
allow the use of fixed bed reactors. (Abbaszaadeh et al. 2012.) The advantages of this
method are its lower catalyst consumption and the potential for catalyst reuse and
regeneration, which also affects production costs. However, they are not widely used
because their disadvantages named earlier in table 3. Additionally to those, also the
mass transfer associated with the formation of phases between alcohol and oil is seen
as disadvantage which causes a lower reaction rate. (Sani et al. 2012.)

Used cooking oil has been used in many studies where various heterogeneous acid
catalysts have been investigated. The molar ratio of methanol among these studies
has ranged from 6:1 to 70:1 and temperatures from 65°C to 460°C. The amount of
catalyst has varied from 2 to 10 wt.-% relative to the amount of oil and reaction times
have varied between 0.4 and 20 hours. Titanium oxide has received a lot of attention
due to its acidic properties. The sulfuric group further enhances the acid strength of
titanium oxide and can be attached to a secondary metal such as silica. The addition
of silica also increases the specific surface area. Cotton seed oil containing 50% oleic
acid which was esterified and successfully transesterified with this catalyst. Under
optimal conditions, FAME yield of greater than 90% was achieved at a temperature of
200°C and using methanol to oil molar ratio of 9:1 with 3 wt.-% of catalyst and a
reaction time of 3 hours. However, these temperatures are very high compared to
homogeneous catalysis. (Lam et al. 2010)

3.2

Esterification methods

Esterification reaction takes place between fatty acids and alcohol to form
corresponding fatty acid alcohol ester, for example FAME or FAEE (fatty acid methyl/
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ethyl ester). As it can be seen from Figure 5, one mole of alcohol is needed for one
mole of fatty acid to make one mole of corresponding ester. Since esterification
reaction is an equilibrium reaction it requires more than one mole of alcohol to achieve
more complete reaction towards the product side. The protonation of the carboxylic
group of has been found as the rate limiting step and the reaction is first order towards
the products and second order for the reversible reaction. (Araújo et al. 2012)
Sendzikiene et al. (2004) concluded that the reaction rate changes along the reaction
time and at the beginning reaction order was ~0.7 and after first hour ~1.5 and
calculated reaction order was close to ~1. (Supardan & Satriana. 2009)

Figure 5 Esterification of free fatty acid molecule with alcohol (Misi et al. 2010)

3.2.1 Homogeneous acid catalyzed esterification

There are not many studies focusing solely on the esterification of low-quality oils
consisting of free fatty acids with homogeneous acid catalysts. Most studies focus on
transesterification of oils containing free fatty acids or two-step esterification and
transesterification. Many different homogeneous acid catalysts can be used to esterify
fatty acids, such as sulfuric acid, phosphoric acid, trichloroacetic acid and methane
sulfonic acid. In Aranda et al. (2008) studies it was seen that sulfuric acid and methane
sulfonic acid are the most efficient catalysts and easily achieve more than 90%
conversion in a 1-hour reaction time. Although the initial FFA content was not
mentioned but it is likely not very high because the feed was palm oil. The used
temperature was 130°C and the molar ratio of methanol to oil was 3:1. The most
effective amounts of catalyst were 0.1 and 0.05%. Using phosphoric acid and
trichloroacetic acid, only 30-50% conversion was achieved. Most of the studies about
two-step processes reducing the initial FFA use sulfuric acid as pretreatment method
in the first step where the high FFA content is esterified or used as one step process
where esterification and transesterification are done simultaneously with acid catalyst.
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For example, acid oil with high FFA (59 wt.-%) was successfully converted to FAME
using only one step and sulfuric acid. (Moser. 2009)

Marchetti et al. (2008) tested simultaneous high free fatty acid esterification and
transesterification with model compound consisting 10.7% FFA and 89.3%
triglycerides. Different temperatures, alcohol to oil ratios, catalyst amounts and initial
FFAs were tested. Using higher ethanol ratio ended up in higher conversion but with
lower ratio the reaction rate was faster. Higher ethanol ratio to oil leads to stronger
dilution of the reactants in the mixture. This decreases the reaction rate, but the
reaction ends up in higher conversion compared to lower ethanol where the reaction
is more rapid, but conversion is lower as ethanol is not excessively available anymore
as the reaction proceeds. Results showed that the amount of catalyst has a direct effect
on the reaction rate as well as the conversion of FFA. With ~5.1 wt.-% sulfuric acid
catalyst the reaction reached completion after 2 hours but already with lower addition
of ~2.3 wt.-% sulfuric acid content at least reaction time of 3 hours is needed for
satisfying FFA conversion. Reaction temperatures were tested with 35°C, 45°C and
55°C where the highest reaction rate was achieved with the highest temperature.
Conversion was also highest with 55°C but compared to other temperatures there was
not significant difference and equilibrium was reached after same reaction time of 240
min. The rate of the reaction with different temperatures proves that the reaction is
endothermic and reaching higher conversions requires also higher temperature if
shorter reaction times are needed. Initial FFA content was also studied with 3.8 wt.-%,
10.7 wt.-% and 27.2 wt.-% FFA. Increasing the amount of FFA caused correspondingly
an increase in the reaction rate and conversion. This is because the reaction is an
equilibrium reaction in which the addition of one component causes a shift in the
direction of the products.

For pretreatment of free fatty acids National renewable energy laboratory (NREL) have
suggested a 19.8:1 methanol to FFA ratio and 5% of sulfuric acid for the esterification
of free fatty acids without applying any optimization of dosage. This is roughly 2.25
grams of methanol and 0.05 grams of sulfuric acid for every gram of free fatty acids.
(Chai et al. 2014). However, several esterification steps may be required, and water
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formed in the reaction needs to be removed if esterification is used as pretreatment
method for very high FFA feedstock. Water removal is important because active
catalyst in the reaction mixture becomes unavailable when it transfers to water phase.
(Leung et al. 2010; Banković-Ilić et al. 2014.) The effect of water on homogeneous
acid-catalyzed esterification is obvious. According to a study by Marchetti et al. (2008),
a water content of 5% already has a significant effect on the success of acid
esterification. However, this can be manipulated by increasing the molar ratio of
methanol thereby reducing the effect of water.

3.2.2 Heterogeneous acid catalyzed esterification

Acid catalysts in heterogeneous esterification and transesterification are essentially
similar and simultaneous esterification and transesterification is possible, as previously
noted in this work, but transesterification with an acid catalyst occurs more slowly
relative to free fatty acids, so applications are often limited to free fatty acids.
Heterogeneous or solid catalysts have the potential to replace homogeneous catalysts.
Examples of these are zeolites, synthetic polymers (ion exchange resins), super acids
like sulfated zirconium oxide (zirconia), tin oxide and titanium oxide. Their use
simplifies the separation of the catalyst from the product and reduces corrosion.
However, solid acid catalysis still have several problems such as requirement for
harsher conditions, slower reaction rates, poor conversion and high costs. In several
studies concerning esterification with heterogeneous acid catalysts temperatures of up
to 200°C have been used and are much higher than in e.g. conventional base or
homogeneous acid transesterification or esterification. Zirconium oxide has been found
to have good performance but is expensive to use because zirconium being rare and
expensive metal. It works well as a catalyst because it provides many Brønsted acid
sites, which is one important criterion when choosing a catalyst support material.
(Knothe et al. 2010; Borges & Díaz. 2012)

There are already commercially available acidic polymeric catalysts or ion-exchange
resins for the esterification of free fatty acids. The most typical of these are Amberlyst
15, 35, 16 and Dowex HCR-W2. Amberlyst catalysts consist of cross-linked
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polystyrene beads to which functional groups such as sulfonic acid has been attached
to. However, slow reaction rates, low conversion and limited service life have been
observed in these. Amberlyst BD20 catalyst has proven to be better than the latter
mentioned. It also contains sulfonic acid groups and works very well for the
esterification of low free fatty acid contents but at higher FFA concentrations (20%) the
yield decreases, and the reaction becomes slower. This is also related to the formation
of water in the esterification and the fact that sulfonic acid binds water around itself
making the reaction closer to equilibrium (Knothe et al. 2010.) Catalysts such as
Amberlyst are also prone to swelling, leaving the acidic sites inaccessible and thus
slowing down the reaction. They have also been reported to be thermally unstable at
high temperatures whereby the reaction rate is also limited to the temperature used.
However, some ion exchange resins have achieved up to 90% conversion of free fatty
acids and proved to be reusable. Zeolite-based catalysts can be more easily adapted
by modifying pore size, crystal structure, acid strength and silicon-aluminum ratio.
(Kiss. 2014; Borges & Díaz. 2012) Table 6 below shows few different solid catalysts
and their disadvantages and advantages for acid catalyzed esterification collected by
Kiss (2014) from different sources.

Table 6 Comparison of different solid catalysts of heterogeneous acid esterification (Kiss. 2014)

Type of catalyst

Advantage

Disadvantage

Super acids, e.g. sulfated Causes high activity, can

Works poorly in the

zirconia

be regenerated by

presence of water and

calcination, selective,

deactivates

good thermal stability
TungstoPhosphoric acid

Excellent activity

Soluble in water

Zeolites

Better control of

Poor activity and small

hydrophobicity and acidity

pore sizes

Ion-exchange resins, e.g. Excellent activity, simple

Poor thermal stability,

Amberlyst

leaching

Supported

regeneration
metal

oxide Tolerable to water and

catalysts, e.g. Al2O3ZnO

free fatty acids

Poor yields
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Heterogeneous and homogeneous acid-catalyzed mechanism has been found to be
similar. However, there is one important difference in the reaction mechanisms
associated to the surface hydrophobicity and activity of the solid catalysts. When the
acid catalyst is in hydrophobic environment (alcohol and fatty acids are considered
lipophilic i.e. hydrophobic) the reactions depend on the hydrophobicity of the catalyst
and the number of acid sites. When one isolated acid site is in such an environment,
the hydrophobic tail of the fatty acid is adsorbed parallel to catalyst surface. In a
situation where there are a few acid sites close together, the fatty acid molecules are
adsorbed in perpendicular position to the surface and forms local hydrophobic regions.
When acid sites are abundant, it can cause the water, which is formed during the
esterification reaction, to adsorb to the surface, covering the active acid sites and
preventing the reaction. (Kiss. 2014)

3.2.3 Two-step method

Having already moved towards low-grade feedstocks, it has also been necessary to
develop new methods for the esterification and transesterification of fats and oils with
high fatty acid contents. Feedstocks in excess of (>4%) FFA are problematic due to
saponification, emulsion formation, and yield losses in alkaline transesterification. As
a result, these new methods seek to convert glycerides and free fatty acids to FAME.
This increases the complexity of the process but the savings in acquiring lower quality
feedstocks reduce overall costs by 25-40% compared to e.g. virgin oils. Another option
would be to use only acid-catalyzed esterification, but its use has not become
widespread due to the corrosiveness of acid catalysts. Other disadvantages are the
lower reaction rate and thus also the longer reaction times and the requirement for
higher temperatures. In two-step processes, sulfuric acid is generally preferred as the
catalyst because of its low cost. (Knothe et al. 2010.) Banković-Ilić et al. (2014) have
made an extensive review of the studies considering esterification of animal fats, which
also describes homo- and heterogeneous two-step processes under acidic and
alkaline conditions. In a two-step process, the first step generally tends to esterify the
free fatty acids in the feed by acid catalysis to a level that is still acceptable for alkali
catalysis, generally less than 0.5% FFA.
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To mention few animal fats that have been used in these experiments are e.g. tallow,
yellow grease, brown grease and pork fat. Important variables that affect the acid
number in the first step and the yield of esters in the second step are the amount of
catalyst, the molar ratio of alcohol to oil, reaction temperature, time used for the
reaction and the type of feedstock. Most commonly used homogeneous acid catalyst
in the first step of esterification has been sulfuric acid. Phosphoric and sulfamic acid
were not very effective catalysts because they did not significantly reduce the amount
of fatty acids. The same effects were noted in the acid esterification as previously
reported in this work, esterification is an equilibrium reaction and a higher
concentration of FFA increases the rate of the reaction and regardless of the amount
of FFA at the beginning, the reaction slows towards the end. (Banković-Ilić et al. 2014)

In the second step, potassium hydroxide was mainly used as the homogeneous alkali
catalyst and rarely sodium hydroxide or sodium methoxide was used. Acid catalysts
were used in very varying amounts, but the amount of base catalyst was mainly low,
as it is often the case in transesterification. The amount of acid catalyst ranged from
0.5 to 20% while the amount of base catalyst ranged from 0.4 to 1%. The efficiency of
the acid catalyst is reduced by the water formed in the esterification reaction and it
decreases as the reaction proceeds. This is because some of the homogeneous acid
catalyst mixes with the water and thus no longer participates in the esterification.
(Banković-Ilić et al. 2014)

3.3

Other biodiesel processes

There are currently several other biodiesel processes in use at experimental or
industrial level. These include continuous processes combining esterification and
transesterification, enzymatic processes, multi-step processes and reactive separation
processes. (Kiss. 2014.)

Continuous processes combine esterification and transesterification, but these
processes still struggle with homogeneous catalysts. Several reactive distillation
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processes have also been studied. On a commercial scale, however, there is the
ESTERFIP-H process, developed by the French Institute of Petroleum. In the first step
the free fatty acids are esterified, in the second step the triglycerides are
transesterified, in the third step the crude FAME is distilled and methanol is separated.
In the last step the light and heavy fractions are distilled off from the final FAME
product. This process uses a solid catalyst based on aluminum and zinc oxides, the
process uses temperature of 210-250°C and pressure of 30-50 bar. However, the
process requires high quality oil, which is likely to mean low FFA and low water content.
Enzymatic processes use mild conditions and have relatively low energy consumption.
The reaction takes place at atmospheric pressure and at a temperature of 50-55°C.
This method have not yet achieved high conversions or acceptable reaction times.
Multi-step processes combine the hydrolysis of triglycerides and the esterification of
free fatty acids. Glycerol is obtained as a by-product of the hydrolysis and the free fatty
acids can be esterified with solid acid catalysts, thus avoiding neutralization and
washing steps. The reactive separation process is based on esterification or
transesterification reactions in which homo- or heterogeneous catalysts and integrated
units such as reactive absorption, reactive extraction, membrane reactors and reactive
distillation can be applied. (Kiss. 2014.)

4 CATALYST-FREE ESTERIFICATION METHODS
Catalyst-free esterification is possible with subcritical and supercritical methods where
high pressures and temperatures are used to convert triglycerides or free fatty acids to
fatty acid methyl esters. Following chapters 4.1 and 4.2 will concentrate on these
methods with more focus on the subcritical method since it is our main interest in this
work.

4.1

Subcritical method

Catalyst-free esterification in subcritical conditions in different studies refer to direct
esterification reactions that are occurring under pressure where certain component in
the reaction mixture is wanted to maintain at subcritical temperature or pressure, for
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example water or methanol in esterification reaction without any alkaline or acidic
heterogeneous or homogeneous catalysts but using only autocatalysis. Subcritical
temperature means a temperature that is higher than the boiling point of the
component, but below its critical point. High pressures are used to overcome the vapor
pressure of the component to keep it in liquid state. For example, water have a boiling
point of 100°C and critical temperature of 374°C and subcritical state is between these
temperatures. At 200°C water vapor pressure is 15 bars and to keep it in liquid state a
higher pressure than 15 bars is needed. According to recent studies about catalystfree transesterification and esterification of triglycerides and free fatty acids it is clear
that supercritical process conditions are not required in order to convert these
compounds to FAME. However, these studies have not been successful to combine
the high free fatty acids together with glycerides with high conversion. Go et al. (2014)
stated that water could work as an acid-base catalyst under subcritical conditions
because the water molecules dissociate into hydroxide and hydroxonium ions. The pH
of the water in different pressures and temperatures can change from pH~7 to around
pH 5-5.5 when temperature is increased to 250-300°C at pressures of 1 to 500 bars.
There is an increase in the concentrations of H3O+ and OH- that are hundred times
greater at these temperatures and pressures compared to ambient water. For one
mole of OH- there will be also one mole of H3O+ which makes it theoretically neutral,
but the catalytic effect comes from the hydroxonium ion which has a pKa of -1.74 and
which is able catalyze the reaction to the FAME side. Methanol could also act as a
catalyst when the pressures and temperatures are close to supercritical conditions and
it is available at large amounts in the reaction. In Go et al. (2014) studies the effect of
water working as a catalyst at temperatures under 200°C does not seem apparent. (Go
et al. 2014; Ju et al. 2013) Different studies on subcritical method are listed with used
conditions and feeds in the table 7 below and discussed after.
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Table 7 Different studies on catalyst-free subcritical esterification and transesterification and conditions
used in the studies
Author

Temperature

Methanol

Pressure

Time

Water

°C

ratio

(bar)

(hours)

w/w-%

Feed

Conver
sion %

Oil:MeOH
w/w-%
Go et al.

205

1:2

28

4

5

(2014)
Ju et al.

Pure oleic acid or

96.5

palmitic acid
175

1:24

35

4

5

Soybean oil
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Go et al. (2014) studied the conversion of pure oleic and palmitic acid to FAME and
how different water and methanol content and temperatures affect to the conversion.
Water was kept under subcritical conditions, but pressure is lower than the vapor
pressure of methanol. Their method (max. 205°C, 28 bars) is less severe than
supercritical method where temperatures can be even 350°C and over 400 bars. Pure
(98%) palmitic acid 16:0 and oleic acid 18:1 were used as model compounds in the
test runs. Free fatty acids with methanol and deionized water was placed in a batch
reactor and put under 20-28 bar pressure with nitrogen gas which was used to avoid
oxidation reactions and to keep the water under subcritical conditions. Effects of
temperature, water and methanol were studied and compared to more conventional
direct acid catalyzed reaction under ambient pressure where sulfuric acid was used as
a homogeneous catalyst. Best yield of FAME was achieved at temperature of 205°C
with free fatty acid-methanol-water ratio of 1:2:0.05 (w/w/w) in 3–4 hours which ended
up in 96.5% conversion of fatty acids.
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Ju et al. (2013) did similar study earlier using refined soybean oil and a mixture of
soybean oil and palmitic acid with high oil to methanol ratio 1:24 (w/w). The conversion
with plain soybean oil was 96.4% using 5 wt.-% of water and 4-hour reaction time under
subcritical water conditions (175°C, 24 bar). With initial 10 wt.-% FFA concentration
the conversion to FAME was only 42.4 wt.-% and with 100 wt.-% FFA the conversion
was even lower, 35.0 wt.-%. They mention that the method can be applied to high FFA
oils but without sulfuric acid catalyst the conversion was not at acceptable level. With
sulfuric acid catalyst in the subcritical process the conversion was 94.2 wt.-% using 10
wt.-% FFA content, sulfuric acid 0.5 wt.-% of oil and 2-hour reaction time. Excessive
use of sulfuric acid in combination with longer reaction time resulted in incomplete
conversion and polymerization of unsaturated fatty acids and esters and organic sulfur
compounds.

Huynh et al. (2012) studied catalyst free esterification of activated sludge which
consisted of approximately 67 wt.-% of crude oil of which neutral lipids covered 42.5
wt.-% and crude wax and gum 57.5 wt.-%. Methanol ratio to dried sludge was
approximately 1:24 w/w (30 ml MeOH per 1 gram of dried sludge). Conditions were
subcritical for water and methanol. Higher and lower ratios were also tried, but lower
ratio with 20 ml of MeOH the conversion was 64.4% and with higher 40-50 ml the
conversion was even lower, 39-46%. This is in line with more recent studies by Ju et
al. (2013) and Go et al. (2014) where the excess methanol did not have positive effect
on the conversion. After one-hour reaction time the conversion was 53%, after 8 hours
80.1% and after 24 hours 89.4%. After the 24 hours there was still 5.8% of FFA and
4.8% of acylglycerols.

In esterification and transesterification carbon chain length and carboxyl moieties are
related to reactivity, for example between oleic acid 18:1 and palmitic acid 16:0, oleic
acid has lower activation energy in acid catalyzed reaction due to the polarity of the
existing double bond. (Aranda et al. 2008, 25.) This results to different conversions
between the fatty acids as it can be noticed from Go et al. (2014) tests with oleic and
palmitic acid where FAME conversion was higher with oleic acid, 41.4 wt.-% after 30
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min of heating with 1:2 oil to methanol w/w ratio. Whereas with palmitic acid highest
conversion after 30 min heating was approximately 30 wt.-% with same ratio.

4.1.1 Effect of methanol

Ju et al. (2013) studied similar method as Go et al. (2014) using palmitic acid and
methanol with ratio of 1:24 PA:MeOH w/w and only 35% FAME conversion was
reached in 4 hours. The reaction mechanism of the esterification of free fatty acids is
equilibrium reaction and supports the fact that the excess methanol would have a
positive effect on the conversion but instead it decreased. Go et al. (2014) confirmed
these results by test runs with methanol ratios from 1:1 to 1:32 where the highest FAME
conversion was acquired with 1:2 ratio and lowest conversion was achieved with 1:32
ratio. Similar effect about higher methanol ratio was also reported using supercritical
conditions where with ratio about 1:1 94 wt.-% FAME yield was reached and with ratio
of 1:5.4 only 80 wt.-% yield.

The excess use of methanol is able to suppress the reverse reactions from FAME side
back to fatty acids. As seen from Ju et al. (2013) and Go et al. (2014) studies, by using
too much methanol, it will dilute the concentration of fatty acid to a level that negatively
affects the reaction rate. Under subcritical conditions, i.e. below the critical point of
methanol, two phases may still occur which is able to limit the reaction rate when
compared to supercritical conditions. Thus, the rate of the reaction would depend on
the solubility of methanol with the oil phase under subcritical conditions. (Pinnarat &
Savage. 2008.)

4.1.2 Effect of temperature

Increasing the temperature affects to the reaction equilibrium but also to the reaction
rate (Go et al. 2014). Though, it seems that a 100% complete conversion is not
possible. They also reported about several other studies that have also achieved
similar conversion of ~96% with subcritical and supercritical methods. Thus this seems
to be the equilibrium in the reaction, but increasing the temperature shortens the
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reaction time significantly, for example in Go et al. (2014) tested temperatures between
175°C and 205°C. At 175°C in 30 minutes the FAME yield was approximately 30%
when at 205°C in 30 minutes the yield was 60%. Compared to the supercritical
conditions the reaction time is much shorter but also the conditions are more extreme
(270-350°C and 200-430 bar). The same equilibrium was also achieved with
homogeneous ionic catalyst which has superior catalytic activity compared to sulfuric
acid. (Go et al. 2014)

4.1.3 Effect of water

As mentioned earlier, water content has a negative effect on both conventional
transesterification and direct esterification reactions of acylglycerols and free fatty
acids. In transesterification water causes saponification, yield and catalyst losses and
in esterification it causes already converted fatty acid methyl esters to hydrolyze back
to fatty acids and deactivation of catalysts. In base-catalyzed biodiesel production the
water limit is at 0.05% whereas subcritical method can tolerate higher, even 5% water
depending on the temperature (Go et al. 2014). However, Huynh et al. (2012) used a
very high water content (83 wt.-%) in the esterification of dried activated sludge under
subcritical conditions and the conversion was still quite high (80.9%) which shows that
even using very high water content the esterification can lead to satisfying results.

Go et al. (2014) studied the effect of water to FAME yield with w/w ratios from 0 to 0.2
at 175°C and 205°C. Highest yield was achieved with water ratio of 1:0.02 and 1:0.05
(2% and 5% of the weight of oleic acid) with FAME yield of 91.5 wt.-% and 96.5 wt.-%
but after that the yield started to decrease when water amount was increased. The
effect of water was much greater at lower temperature (175°C) where the difference
between lowest and highest yield was about 9 wt.-% while at higher (205°C)
temperature the difference was only 3 wt.-% between the different water contents
used. The lowest yield at both temperatures was with 1:0.2 oleic acid-water ratio (water
content 20% of the weight of oleic acid).
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4.1.4 Thermal stability

The decomposition of fatty acid methyl esters has been studied using supercritical
methanol method in the production of biodiesel. Degradation was studied by
performing several supercritical experiments at temperatures of 250°C to 350°C and a
pressure of 120 to 430 bar. By monitoring the yield of methyl linoleate (C18:2) as the
reaction proceeded and comparing the peaks of the chromatograms, it was observed
that decomposition at 300°C and above began to occur after the highest yield during
the reaction was reached. The study concluded that the degradation products were
mainly derived from methyl esters of unsaturated fatty acids containing two or more
double bonds. It was also found that the methyl esters of saturated fatty acids did not
decompose considerably, and their decomposition products were only detected at a
temperature of 350°C using pressure of 430 bar (Quesada-Medina & Olivares-Carrillo.
2011). Shin et al. (2011) had come to similar conclusions by testing different fatty acid
methyl esters. In addition, cis-trans isomerization, hydrogenation, and pyrolysis
reactions were observed as the temperature was raised. All fatty acid methyl esters
tested remained stable at 325°C and short as well as saturated FAMEs were found to
be more stable under supercritical methanol conditions.

Thus, under subcritical water or methanol conditions, degradation of esters is hardly
possible. Also, if the critical point of methanol is moderately exceeded (e.g. using 250270°C), decomposition is unlikely to occur.

4.2

Supercritical method

Utilizing supercritical conditions can reduce the amount of catalyst used or can be
completed wholly without any acid or base catalyst. The critical conditions for methanol
are above 240°C and 79.5 bar. Above this critical point (pressure and temperature) the
oil dissolves in methanol and together they form a single phase. As a result, the
reaction proceeds much faster and also reaches equilibrium very quickly. The
supercritical method also tolerates some water as well as free fatty acids. Under
supercritical conditions, soap formation is also prevented. (Müller. 2019.)

35

Supercritical catalyst-free transesterification the reaction is assumed to be first order.
Kusdiana & Saka (2001) proposed this idea and their model assumes the reaction
proceed as a function of the TAG and reaction temperature. They experimented with
rapeseed oil to produce methyl esters with MeOH using temperatures from 200 °C to
500°C. Temperatures under the critical temperature of methanol could also be
assumed as subcritical and provides understanding of progression of the subcritical
catalyst-free transesterification reaction. For example, rate constant k at 200°C was
~400 times smaller than at 487°C. The reaction rate constant plot of the rapeseed oil
showed that the rate significantly increases after 270°C. At 300°C the rate constant is
ten times higher than at 270°C and increases almost linearly to 487°C. Simulation
based on this model and experimental data proposes that at supercritical area the
reaction proceeds almost linearly at temperatures between 400°C to 500°C.
Simulations at subcritical temperatures required longer reaction times and started to
approach equilibrium after two hours and reaction slowed down and the conversion
was still under 75% after 2 hours.

The disadvantage of the supercritical method is the high temperature and pressure
which require more energy than for example subcritical method. However, some of this
energy can be recycled by efficient heat exchangers. This method is not seen as
commercially feasible because the costs may be very high but large biodiesel
producers may find this method attractive. (Go et al. 2014; Müller. 2019.)

In the supercritical state, the compounds are not liquid or vapor but a single phase
which properties are between the two, for example the density may vary depending on
the pressure used in the supercritical method. When applied to the transesterification,
glyceride and alcohol form a single phase which greatly accelerates the reaction. (Saka
& Kusdiana. 2001) The advantage of supercritical conditions is the simultaneous
esterification of free fatty acids, which eliminates the need for a two-step process.
Other advantages include fast reaction rates and a catalyst-free reaction that eases
the purification of FAME and the separation of glycerol. The difference in cost when
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compared to biodiesel produced by the conventional method is almost double with
supercritical method. (Knothe et al. 2010.)

The dielectric constant, viscosity, specific gravity, and polarity of methanol changes
when high temperatures and pressures are applied. In liquid form methanol is polar,
but under supercritical conditions the hydrogen bond of the hydroxide group in
methanol decreases. This in turn reduces the polarity of the methanol and helps the
non-polar oil to dissolve in it. Increasing the pressure also increases the amount of
ions, so that methanol can also act as an acid catalyst in the esterification. (Kulkarni &
Dalai. 2006.)

Kusdiana and Saka (2004) have proposed a reaction mechanism for the
transesterification of triglycerides under supercritical conditions (Figure 6). First, the
oxygen electron pair in methanol makes a nucleophilic attack on the carbonyl group of
the triglyceride. The transesterification reaction ends with the transfer of methoxide to
form a diglyceride and a fatty acid methyl ester. At high pressure and temperature, the
degree of hydrogen bonding in methanol OH-group decreases and allows methanol to
undergo nucleophilic attack. The hydrogen bond weakens under supercritical
conditions to about 0.7 as bonding number while at ambient conditions the bonding
number is about 1.9.
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Figure 6 Transesterification of TAG to diglyceride in supercritical conditions using methanol
(Kusdiana and Saka. 2004)

Most studies related to supercritical transesterification have used high pressures, 190450 bar and high temperatures 230-350°C. It is noteworthy that a very high molar ratio
of alcohol to oil has often been used in this method, which in most studies has been
40:1-42:1 (alcohol:oil). These together cause the reaction to be very fast (4-40 min).
Conversions between 77-98% were achieved. Different reactor types with different
dimensions have been tested, such as tube reactors, flow tube reactors, and cylindertype autoclave reactors with volumes ranging from 5 ml to 200 ml. (Pinnarat & Savage.
2008)

Free fatty acids and water have little negative effect under supercritical conditions. On
the contrary, free fatty acids in the feed may even improve the conversion. Up to 50%
water content has been tested and no major effect on yield was observed. A mixture
of water and methanol together at high temperature have both hydrophobic and
hydrophilic properties, and water is capable of dissolving most organic non-polar
compounds at temperatures above 250°C. Water can hydrolyze triglycerides and form
free fatty acids. However, free fatty acids formed are esterified faster and more easily
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than in the transesterification reaction, so hydrolysis is not detrimental to the reaction
rate in supercritical conditions. (Pinnarat & Savage. 2008)

5 PURIFICATION
After transesterification or esterification or combination of these, the product phase
must be separated from the glycerol. Gravitational settling and centrifugation can
generally be used for FAME (880 kg/m3) and glycerol (1050 kg/m3) because they
separate well due to their density differences. However, FAME also contains other
impurities such as small residues of oil’s own impurities, catalyst, glycerol residues,
and unreacted alcohol. Various methods can be used to purify FAME, as shown in the
Figure 7 below. Another type of distillation is molecular distillation where the vacuum
is very low, even 1.0 Pa (0.01 mbar) as in work by Wang et al. (2010) where FAME
made of used cooking oil (acid value of ~66 mg KOH/g) was purified after two-step
process. Polyferric sulfate and NaOH were used as catalysts for esterification and
transesterification. The highest yield of purified FAME was 98.3% when an evaporation
temperature of 120°C was used. (Bateni et al. 2018; Wang et al. 2010)
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Figure 7 There are various applied separation methods to purify FAME (Bateni et al. 2018.)

In the experimental part, vacuum evaporation and adsorption (bleaching) are used for
purification of the product so only these will be introduced in this literature part even
though other techniques exist. Vacuum evaporation/distillation is widely used in
different chemical separation and purification purposes and bleaching as well but the
principle behind them is very different from each other.

Crude biodiesel generally contains residues from the catalyst, unreacted methanol,
glycerol, and soap generated during transesterification. Studies have shown that four
different methods can be used for purification, which are water washing, solid
adsorbent and water washing, dry cleaning, and membrane extraction. Water washing
effectively removes methanol, glycerol, sodium salts and soap. Warm acidic water
should be used for washing to minimize ester precipitation and emulsion formation.
Acidic water also helps remove contaminants such as calcium and magnesium. After
the washing step, the water is separated by either centrifugation or settling at separator
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funnel. Solid adsorbents are capable of removing unreacted glycerides as well as
glycerol. Dry cleaning uses ion exchange resins and magnesium silicate, which
reduces glycerol to some extent and effectively reduces soap. However, in dry
cleaning, the removal of methanol cannot be affected. Membranes can be applied
already in the reaction phase by using membrane reactors and later by a separating
ceramic membrane. The ceramic membrane is usually an inorganic and microporous
material. Membrane reactors efficiently separate unreacted oil from biodiesel in
transesterification. One disadvantage of water washing is the increased cost and the
effluent formed, but it is also very effective in removing contaminants, while in dry
cleaning, for example, the formation of effluent is not a problem, but it also does not
remove contaminants as effectively. (Tariq et al. 2012)

The wastewater from the production of biodiesel mainly comes from wet washing
where undesired compounds such as soap, catalyst, excess methanol, glycerol, water
formed in the reaction and free fatty acids (in transesterification) are removed from the
biodiesel. However, water washing can cause decrease in yield when methyl esters
are leached with water, in which case the quality of the water also decreases due to
contamination. The washing process may need to be repeated two to five times
depending on the amount of impurities in the FAME. Wastewater generated in washing
can be from 20 to 120 liters per 100 liters of FAME, but in Thailand for example,
biodiesel plant that produces 350,000 liters of biodiesel every day generates roughly
70,000 liters of wastewater. The highest concentrations of contaminants in biodiesel
wastewater are COD (chemical oxidation demand), SS (suspended solids), oil and
grease. The pH of the water also varies a lot and depends mainly on the process used.
The process effluent is usually opaque white water. Wastewater also tends to have
only small amounts of nitrogen and phosphorus which makes it unfavorable for
microbial growth. (Daud et al. 2015.)

The main properties measured in wastewater are solids, organic matter content (COD,
BOD), nitrogen and phosphorus. Organic matter in wastewater consists of a wide
variety of organic compounds. The amount of carbonaceous organic matter and water
quality are described by BOD5 and COD. BOD5 describes the biodegradable fraction
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and indicates the amount of oxygen consumed within 5 days. COD, on the other hand,
describes the amount of chemical oxygen demand, i.e., carbon compounds that can
be chemically oxidized. The amount of organic content varies greatly and COD values
of 18,000 to 590,000 have been reported. (Sperling. 2007; Daud et al. 2015)

5.1

Vacuum distillation and evaporation

Distillation is one of the most widely used separation methods in chemical engineering
and understanding it requires knowledge of vapor-liquid equilibria. Many factors must
be considered in the design of distillation columns, including operating conditions and
size. In distillation, the separation of liquids depends on the difference in the volatilities
of the various components of the mixture. The larger the difference in volatilities, the
easier it is to separate. Vacuum is used when it is desired to separate heat-sensitive
components. It is important to make product specification before designing the
separation column. (Towler & Sinnott. 2013)

Evaporation is a unit operation that usually separates liquids from solids by boiling or
evaporating to concentrate the solution and remove volatile compounds such as water.
The difference between distillation and evaporation is that in general the product
concentrated by evaporation is valuable but in distillation the generally condensed
product is valuable. Evaporation can be done either as a continuous or batch process.
In this work, however, evaporation was used in such a way that it was desired to
recover the evaporated condensate product, i.e. FAME. (Bryan & Hackett. 2018)

Vacuum distillation or vacuum evaporation as used in this work may be necessary if
the component to be purified has a high boiling point or there is a possibility that the
product could decompose at high temperatures. Vacuum is usually done with a
vacuum pump or ejector system. Several vacuum pumps can also be connected in
series. (Towler & Sinnott. 2013)
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5.2

Bleaching

Bleaching takes advantage of a phenomenon called adsorption, in which the
concentration of a substance on the surface of a solid body or liquid is higher than in
the whole bulk, for example the attachment of pigments to clay from oil. Adsorption
can take place by means of weak forces, van der Waals forces, which also promote
physical adsorption. Another form of adsorption is chemical adsorption, which
develops at higher heat when adsorbed than in physical adsorption with weak van der
Waals forces. Bleaching is a chemical-physical process in which various impurities in
the oil are removed by means of an adsorbent. Such impurities include small amounts
of metal, phospholipids, decomposition products, chlorophyll and pigment. The
purpose of bleaching is to adsorb impurities to the surface of porous clay which is then
filtered out. The adsorption of impurities into the clay depends on many different
factors, which are the electrostatic force between the impurities and the adsorbent, the
surface area of the adsorbent, its porosity, the size of the impurities and the adsorbent,
and their spacing or mixing with each other. (Gupta. 2017; Gunstone et al. 2007; List.
2009)

Prior to bleaching, the oil is generally acid treated with, for example, phosphoric acid
or citric acid to remove phospholipids and residual metals. Phosphoric acid is generally
cheaper and also more effective than citric acid. However, phosphoric acid may form
compounds with mono- and diglycerides and carbohydrates that may cause darkening
in the deodorizer. These problems, however, do not occur with moderate use of citric
acid. (O’Brien. 2009)

During bleaching it would be important that the oil no longer contains a lot of
substances that compete for places on the clay surface, such as phospholipids, which
are usually partly removed by degumming before bleaching. In order to have
successful bleaching it is crucial to choose a suitable temperature for the oil and clay
and a time used for the bleaching. Too long contact time can cause side effects. The
use of water in bleaching can help in adsorption if used in small amounts. This can be,
for example, 0.1% by weight of the oil, which should not yet affect the dispersion of the
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clay in the oil. Citric acid can be added which acts as a complexing agent before
bleaching and increases the adsorption of residual metals into clay. (List. 2009)

There are several factors affecting to the bleaching, namely temperature, contact time
between clay and oil, amount of clay to oil, pressure conditions of bleaching, moisture
content, acidity, side effects with clay and oil and size of the clay particles. (List et al.
2009) The most important of these are the contact between the bleaching agent and
the oil, the oil temperature and the bleaching time.

List et al. (2009) reported some recommendations related to the bleaching process
and some of these are listed here. Hydrolysis, thermal decomposition and oxidation
reactions must be minimized. Choosing the lowest possible practical temperature.
Bleach under vacuum or in the presence of an inert gas (nitrogen), typically 30 minutes
is long enough at the bleaching temperature, the amount of soap should be low.
Addition of the adsorbent first below 80°C followed by vacuum and raising the
temperature is recommended. Excess use of phosphoric acid can result in the
formation of free fatty acids if free phosphorus is present in a concentration above 5
ppm and is also detrimental at a later stage of oil treatment.

The three most commonly used bleaching methods are atmospheric and vacuum
batch bleaching as well as continuous vacuum bleaching. In atmospheric batch
bleaching, preheated oil (~70°C) is pumped into a heated open tank with agitators. The
bleaching earth is added from above while the agitation is on, the temperature is raised
to the desired level and maintained there for a predetermined time. The oil is recycled
through filtration unit back to bleaching until the oil is clear. In batch vacuum bleaching
a small amount of oil and the bleaching earth is first mixed into a slurry which is then
transferred to vacuum bleaching with the rest of the oil. After bleaching, the reactor is
cooled to ~70°C, the vacuum is released, and the oil is filtered. In a continuous
bleaching process, the bleaching earth is continuously fed to a heated oil stream which
is fed to a vacuum chamber where air and water are separated from the mixture. This
mixture is preheated with heat exchangers and fed to bleaching unit where it is for a
predetermined time. The bleached oil is filtered and cooled before being removed from
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the vacuum atmosphere. Vacuum bleaching protects against oxidation reactions that
are possible in atmospheric bleaching. It also consumes less clay and can be
completed at lower temperatures. Continuous vacuum bleaching is recommended
because it can handle larger amounts of oil without stoppages. (O’Brien. 2009)

In addition to these atmospheric and vacuum methods mentioned above, the bleaching
processes can be wet or dry. The difference between wet and dry bleaching is the
moisture of the oil feed. The water content of the oil fed in wet bleaching should be 0.2
- 0.4%. In case of too little moisture wet bleaching will not succeed. Also, too high
moisture content is not good because the vacuum dryer after the bleaching may not
be able to remove enough water and may cause filtration problems. In dry and wet
bleaching, similar temperatures, mixing and mixing time, clay dosing are used. The
advantage of wet bleaching is lower bleaching clay consumption and clay cleaning
efficiency. The dry bleaching method requires that the moisture content of oil is 0.1%
or less and is usually dried in vacuum dryer before bleaching. (Gupta. 2017.)

EXPERIMENTAL STUDY
The purpose of the experimental part was to test and screen various subcritical water
conditions for the esterification and transesterification of fatty acids and fatty acidglyceride mixture without a catalyst in Parr multi-reactor system. The aim of the
screening was to find such conditions where most of the fatty acids and glycerides can
be esterified and transesterified simultaneously. This information was then applied to
the esterification of the real feedstocks in larger Parr reactor.

Bleaching and vacuum evaporation was then applied separately for the crude FAME
products made of real feedstocks. Bleaching was done as wet bleaching where citric
acid and water was added prior the bleaching and bleaching earth was used in the
bleaching itself. All the chemicals used in this work are listed in table 8 under chapter
6. Also, several analytical methods were used to analyze the composition and
purification of different products. Vacuum evaporation was done with Herzog distillation
apparatus under high vacuum.
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6 MATERIALS AND METHODS
6.1

Materials

All chemicals and other substances used in the experimental work are listed in Table
8. The calculated concentrations of the mixture of palmitic acid and RBDPO are
reported in Table 9. More detailed concentrations of primary and secondary feedstocks
and the amount of impurities are given in Table 10.

Table 8 List of chemicals and other components used in the experimental work.

Chemical or component

Purity

Additional information (quality level,
supplier etc.)

n-Heptane

≥99%

analysis EMSURE®, Sigma Aldrich

Methanol

≥99.9%

HPLC, gradient grade, Sigma Aldrich

Palmitic acid (C16:0)

≥98%

Acros Organics

RBDPO

≥98%

Glycerides

Sodium chloride

≥99.5%

ACS reagent

Primary feedstock

High FFA

62.9% FFA, 35.6% glycerides (detailed
specification under section 7.2)

Secondary feedstock

Medium FFA

17.7% FFA, 82.3% glycerides (detailed
specification under section 7.2)

Citric acid monohydrate

6.2

99.5%

EMSURE®, Merck

Methods

6.2.1 Multi-reactor system

Experiments with model compounds were performed with Parr 5000 multi-reactor
system that can accommodate six 45 ml batch reactors simultaneously. The
temperature can be individually controlled but stirring speed is same for all the reactors.
The reactors are agitated by magnetic rods that are placed inside each reactor prior
the test run. Helium was used in the leak tests and nitrogen in the test runs to allow
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the reaction to take place in the absence of oxygen and to raise the initial pressure to
the desired level before the test run. Maximum capacity of the reactor is 70% of the
total volume of the reactor which is equal to 31.5 milliliters. Each reactor has its
individual pressure sensor and continuous data logging. Maximum temperature is
300°C and maximum pressure is 200 bars for the reactor vessel. PTFE gasket was
used to make the reactors leak proof which can also stand up to 300°C temperatures.

First, depending on the test, the reactors were packed with palmitic acid or a mixture
of palmitic acid and palm oil and additionally with methanol and water. Each test is
specified in Annex 1, which shows the weighed amounts of feed, methanol and water
and their ratios. The reactors were then put to a leak test with high pressure helium
(80-90 bar) and allowed to stand overnight. The reactor is allowed to leak at a
maximum of 0.1 bar per hour in order for it to be accepted. After the leak test, the
helium was removed from the reactor and purged twice with nitrogen at a pressure of
about 2.5 bar, after which the reactors were subjected to initial pressures of 20 bar in
most of the tests. The heating was turned on and heating was done gradually. Agitation
was turned on at about 50°C and raised to 100 rpm and finally to 250 rpm. When the
desired temperature was reached, the heating of the reactor was stopped and kept
constant until the desired reaction time was reached. A total of 24 screening test runs
were done where most of them with the mixture of palmitic acid and RBDPO using 4
hour reaction time. After the run, the cooled reactor was opened and emptied into a
separation funnel and the sample was treated as follows:

1. The emptied reactor was washed with 50 ml of heptane which was also poured
into a separation funnel
2. 50 ml of water was added to the separation funnel and shaken
3. The phases were allowed to separate either at room temperature or in a drying
oven at 60°C depending how well the phases started to separate
4. The separated methanol-water-glycerol phase was drained into a beaker and
the organic phase was drained into a rotary evaporator flask
5. The methanol-water-glycerol phase was poured back into the separation funnel
and another 50 mL of heptane was added
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6. The separation funnel was shaken again and the phases were allowed to
separate after which the methanol-water-glycerol phase was drained off and the
organic phase was drained into the same rotary evaporator flask as before
7. The heptane was evaporated with a rotary evaporator and the amount of
product obtained was weighed and analyzed

6.2.2 Batch reactor

Experiments with primary and secondary feedstocks were performed with 1 liter Parr
reactor. The temperature and agitation can be controlled. The reactors are agitated by
stirrer motor with a variable speed. Helium was used in the leak tests and nitrogen in
the test runs to allow the reaction to take place in the absence of oxygen. Maximum
capacity of the reactor is 2/3 of the total volume of the reactor which is equal to ~667
milliliters. Reactor has its individual pressure sensor and continuous data logging.
Maximum temperature is 350°C and maximum pressure is 138 bars for the reactor
vessel. PTFE gasket was used to make the reactor leak proof which can also stand up
to 300°C temperatures.

Test runs were done in the same way as in the screening test runs. Except for the
initial pressure which was cut down to ~0.5 bar due to higher pressure rise in the
reactor during heating. The higher pressure is due to the smaller head space volume
inside the reactor and the high vapor pressure caused by methanol. In 45 milliliter Parr
reactors, the head space is much larger due to the equipment. Annex 2 shows all the
experiments performed with primary and secondary feedstocks and also more detailed
information on the weighed amounts of feedstock and methanol. The sample treatment
was done in the same way as in the screening but the reactor was not washed with
heptane. Greater amounts of heptane (2 x 200 mL) and water (200 mL) were also used
in the washing step. In addition, the product extracted into heptane was centrifuged at
4400 RPM for 15 minutes to improve the separation prior the evaporation. The
precipitate between the phases also separated due to this. The centrifuged organic
phase was pipetted into a rotary evaporator flask and heptane was evaporated from
the product.
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6.2.3 Bleaching

The purpose of bleaching is to remove impurities from the crude FAME. Water, citric
acid and bleaching earth were used to treat FAME. Initially, the sample is heated to
the desired temperature and nitrogen is introduced into the flask at the same time.
Next, citric acid and water are added, followed by stirring. After mixing, the sample is
warmed to the bleaching temperature and adsorbents are added and a vacuum is
drawn in and mixing is continued. After bleaching, the vacuum and temperature are
raised to remove water.

In the filtration step, a pre-cake is first made in the filtration equipment with adsorbent
and pure oil. When the pre-cake is ready, the bleached sample can be filtered through
it and data is collected from the filtration.

6.2.4 Herzog vacuum distillation

Herzog vacuum distillate was used to purify the crude FAME. The device is suitable
for biodiesel and petroleum products that could otherwise decompose at atmospheric
pressure during distillation. The device is suitable for samples which evaporate
completely or partially at 400°C under vacuum of 1-50 mmHg (0.13-6.7 kPa). The
starting point for distillation is the vapor temperature that is measured when the first
drop of product drips from the condenser. The end point of the distillation is the highest
steam temperature reached during the distillation, which can be decided separately.

The method corresponds to the resolution of one theoretical distillation column tray
and the temperatures are changed to correspond to the equivalent temperature of
atmospheric pressure. Prior to distillation, a suitable distillation program was selected,
the mass of the sample and density of the sample was measured at 50°C and put into
the program. Sample is poured into a distillation flask and boiling stones are added
and the joints are lubricated with vacuum fat. The flask placed in the heat bath and the
temperature sensor is inserted. The flask is lifted onto the distiller by elevator and the
top of the flask is insulated so that less heat escapes from the distillation flask. At the
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end of the distillation, the apparatus gives a distillation curve and information on the
progress of the distillation.

6.2.5 TAN and free fatty acids

The acid number and the amount of free fatty acids were determined according to
ASTM D664 (ISO660) to make follow ups on how much of free fatty acids were left in
the samples. The acid number is the number of milligrams of potassium hydroxide
required to neutralize free fatty acids per gram of fat or oil and is expressed as mg
KOH/g.

This method is a potentiometric endpoint titration. A known amount of oil or fat is
dissolved in 100 ml of a mixture of isopropanol and toluene and titrated with 0.1 molar
KOH solution. The instrument has a pH-calibrated electrode that measures millivolts
during titration and determines the equivalent point. However, sometimes you have to
determine the point yourself if the samples are challenging and the device cannot
determine the point itself. Blank and the reference sample are always titrated first. Limit
values have been defined for the reference sample within which the acid number must
fall. The samples themselves are then titrated and the reference is titrated again every
four samples. It is important for the success of the assay that the electrode is in good
condition and that there is enough electrode solution inside the electrode. It must also
be ensured that the sample is completely dissolved in the titration solvent. In the
expression of the acidity the method covers at least lauric acid, palmitic acid, eruric
acid and oleic acid.

Acid value is calculated with equation 1

𝑊𝑎𝑣 =
Where

(56.1 ∗ 𝑐 ∗ 𝑉)
𝑚

56.1

molar mass of KOH

c

concentration of KOH solution

V

volume of KOH solution used

(1)
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m

mass of sample

Free fatty acid content is calculated with equation 2

𝑊𝑡 − % =
Where

𝑉 × 𝑐 × 𝑀 × 100
1000 × 𝑚

V

volume of KOH solution used [mL]

c

concentration of KOH solution [mol/L]

M

molar mass of free fatty acid [g/mol]

m

mass of sample [g]

(2)

6.2.6 Glycerides, fatty acids and FAME

The distribution of glycerides, fatty acids, and FAME could be assessed by gel
permeation chromatography (GPC), in which compounds are classified based on their
molecular size. Thus, it is not possible to measure the amount of FFA, mono-, di- and
triglycerides and oligomers by the analysis, but all the compounds corresponding to
their size. The apparatus is assembled from an HPLC apparatus with a GPC column.
Oil and fat samples are diluted with eluent. The components of the sample are
identified by their retention times and the distribution of the different compounds is
determined by the peak areas using UV and RI detectors. The UV detector can be
used to identify impurities in the sample. Chlorophylls are filtered out of the sample
because they interfere with the identification of diglycerides.

6.2.7 Water content

Water content was measured prior bleaching because water has to be added to a
sample containing too little water. The water content should correspond to the optimal
wet bleach water content.

The sample is weighed into a septum bottle and placed in the oven. The needle pierces
the septum and dry nitrogen flows into the flask, which transports the vaporized water
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from the bottle into titration unit. In the titration reaction, free iodine reacts quantitatively
with water. Iodine is produced electrochemically in the electrolyte. The amount of
iodine produced and the electrical charge have a quantitative relation. The device
measures the amount of electric current produced in the titration, which the device
calculates as the water content and finally the water concentration in ppm with the
weighed sample volume. A blank is always run before the sample in order to eliminate
the effects of humidity.

6.2.8 Other methods

Metals and phosphorus
Metals and phosphorus were determined from the feedstocks, crude FAME and
purified FAME products with ICP-MS. The method is meant for very small
concentrations to analyze the main metal impurities (Al, Ba, Ca, Cd, Cr, Cu, Fe, K, Mg,
Mn, Mo, Na, Ni, P, Pb, Si, Sn, V, Zn) that are present in the feedstock and what is left
in the products after processing. In ICP-MS method sample is dissolved in organic
solvent and sprayed to plasma torch. Metals are ionized in the plasma and delivered
through quadrupoles to mass spectrometer which detects the ions.

Chloride
Organic chloride is determined according to ASTM D4929-15a (Standard Test
Methods for Determination of Organic Chloride Content in Crude Oil).

Nitrogen
Nitrogen was determined according to ASTM D5762 (Standard Test Method for
Nitrogen in Liquid Hydrocarbons, Petroleum and Petroleum Products by Boat-Inlet
Chemiluminescence). Sample is weighed into quartz sample boat which is injected to
oven at 1050°C. The nitrogen in the sample is oxidized to nitric oxide (NO) in the
presence of oxygen. With the help of ozone, nitric oxide is converted to excited nitrogen
dioxide (NO2) which emits light when it returns to its normal state. The emitted light is
measured with photomultiplier tube and the signal is a measure of the nitrogen content
of the sample.
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COD
Determination of chemical oxygen demand (COD) was done according to ISO 15705
(method for the determination of the chemical oxygen demand (ST-COD) using the
sealed tube method).

Glycerol
Determination of glycerol was done according to internal method with LC-MS

7 RESULTS AND DISCUSSION
7.1

Model compounds

This section presents and explains the results made with the model substances.
Esterification

and

simultaneous

transesterification

were

tested

at

different

temperatures and varying amounts of methanol. Few experiments also tested the
effect of pressure and exceeding the critical point of methanol.

As previously mentioned, fatty acid distillate (FAD), pure palmitic acid (PA) and a
mixture of palmitic acid and palm oil (PA-RBDPO) were used as model compound in
the experiments. The mixture of PA-RBDPO simulated the glyceride and fatty acid
distribution of low quality feedstocks and it consisted of 60% of free fatty acids and
40% of glycerides. Table 9 presents the more detailed contents of the model
compounds. Total of 24 test runs were performed, of which 2 runs were performed with
FAD, 5 test runs were performed with pure palmitic acid and 17 test runs were
performed with the mixture. FAD was used only in two test runs in the beginning
because purer FFA feed was desired and it was replaced with pure palmitic acid.
Table 9 Composition of model compounds

Model

FFA %

Triglyceride %

Diglyceride %

Monoglyceride %

98

-

-

-

compound
Palmitic acid
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FAD
PA

RBDPO

85.9

7.4

5.3

1.3

59.04

36.8

2.5

0.1

mixture

7.1.1 Palmitic acid test runs

Figure 8 presents all of the experiments that are done using pure palmitic acid. The
stated pressures are the pressures reached at set point temperature. Nitrogen
pressure of 20 bar was used as the initial pressure before heating the reactors. The
ratios are weight per weight ratios, for example 1:2:0.05 palmitic acid:methanol:water
ratios with 6 grams of palmitic acid means 12 grams of methanol and 0.3 grams of
water.

Figure 8 Pure palmitic acid test runs

The feed was assumed to contain 100% palmitic acid. From these results it can be
seen that the experiment performed at 175°C is not sufficient to achieve high
conversion with methanol to water ratios of 2 and 0.05. The amount of FAME in the
sample was only 73.4% and 26.5% of palmitic acid remain unreacted. With same
methanol to water ratios but using higher temperature of 205°C the conversion was
already much higher. The amount of FAME in the sample was 90.4% and 9.5%
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unreacted palmitic acid. At same temperature but using higher water ratio of 0.1 there
was clearly an increase in the conversion leading to FAME content of 93.9% and 6.0%
of unreacted FFA.

Raising the temperature to 230°C did not lead to considerably better conversion than
what was already achieved at 205°C using ratios of 1:2:0.1. In contrast, when the
amount of methanol was increased to 1:3 at 205°C, the conversion increased from
90.4% to 96.6% and only 3.3% of unreacted fatty acids remained. These results are
well in line with Go et al. (2014) who obtained 96.5% conversion at 205°C using
1:2:0.05 ratios. The only difference compared to their tests is the amount of reaction
mixture and pressure was 38 bar in this work and 28 in their work.

As previously stated in the literature review in section 4.1.2, raising the temperature
has an effect on the equilibrium of the reaction, but also on the rate of the reaction.
However, the reaction rate was not studied in this work, but it could be assumed that
a test run at 175°C is much slower in reaction rate than runs at 205°C or 230°C. This
was noted by Go et al. (2014) study which observed the conversion at different reaction
times and temperatures between 175-205°C. Kusdiana & Saka (2001) discovered in
their work a model for supercritical catalyst-free esterification but they also tested
subcritical conditions which showed that at 200°C and 230°C the reaction was still
under 75% conversion after two hours and the reaction rate constant was many times
smaller than with higher (>270°C) temperatures at supercritical area.

Positive effect was observed when the water content was increased from 0.05 to 0.1
at 205°C. Go et al. (2014) also tested the effect of water content on FAME yield and
found that 0.02 water ratio was optimal for oleic acid but similar yields were also
obtained with a scale of 0-0.2 water ratios at 205°C. Increasing the water ratio from
0.02 to 0.2, the FAME yield also decreased, but not radically. The amount of water had
greater negative effect at 175°C and Go et al. mentioned that the catalytic effect of
water would only begin to show at 200°C.
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In the esterification of pure palmitic acid at 205°C, increasing the ratio of methanol to
1:3 gave the best conversion and was at the same level as the test at 230°C with ratio
of 1:2 methanol. Go et al. (2014) experiments for palmitic acid esterification had an
optimal methanol ratio of 1:2 but those tests were not full length test runs and only 30
minutes were used to heat the mixture to 175°C so the final optimal amount of
methanol could be anything between 1:2 and 1:4. However, increasing the ratio of
methanol in their experiments forward from 1:2 ratio the conversion began to decline,
1:4 ratio being the next data point in the study.

Methanol and reaction temperature in PA esterification was seen as the most crucial
variables. Harmonizing between the amount of methanol and suitable temperature is
possible and high conversion is still achievable when pure FFA is used. At least 205°C
and 1:2 methanol weight ratio is needed for the esterification of plain free fatty acids to
FAME with acceptable conversion. Higher water content (5-10%) at 205°C can
improve the esterification reaction and water might have small catalytic effect at 205°C
which can be seen from increasing the water ratio.

To define the correct term for this esterification method of pure free fatty acids, it is
important to look at how the process conditions locate on the vapor pressure curves of
methanol and water based on pressure and temperature, as well as look at the state
of methanol and water during the test runs (Figure 9). All points are between the vapor
pressure curves of methanol and water. This means that the water in the reaction
remained mainly liquid. However, since the points are below or near the limit of the
vapor pressure curve of methanol, it means that the methanol has been at least
partially vaporized in the reaction because the pressure in the reaction is not sufficient
to keep the methanol liquid at these temperatures. However, water has a higher boiling
point and higher critical point than methanol and requires also lower pressure to remain
liquid. The method can thus be called catalyst-free esterification under subcritical water
conditions, which is also abbreviated as SWC in literature.
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Figure 9 Methanol and water vapor pressure curves and selected pure palmitic acid test runs

7.1.2 Palmitic acid – RBDPO mixture test runs

A total of 17 test runs were performed with a model compound simulating low quality
feedstock, which consisted of 60% palmitic acid and 40% palm oil, a more detailed
description of the contents can be found under section 7.1 in table 9.
7.1.2.1 Effect of temperature

Figure 10 presents three different test runs performed at different temperatures while
keeping other variables the same. With pure palmitic acid 205°C was enough to
convert almost all palmitic acid to FAME but with a mixture of palmitic acid and palm
oil, the conversion is much lower at that temperature. This is because the reactions of
glycerides, especially triglycerides, are slower than those of free fatty acids. At 175°C,
only about 42.6% of FAME conversion was obtained and ~37% of glycerides and ~20%
of fatty acids remained. By increasing the temperature to 205°C, the conversion was
still quite low, 63.5%, but the amount of triglycerides decreased considerably and the
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concentration of glycerides shifted mainly to diglycerides and monoglycerides and only
9% of FFA remained. When the temperature was increased to 230°C, the conversion
was at satisfactory level, 84.7% FAME. The content of glycerides was only 11.5% and
the FFA content was 3.7%. These test runs indicate that a significantly higher
temperature is required to drive the reaction more rapidly toward FAME and to convert
glycerides along with free fatty acids.

Figure 10 Effect of reaction temperature to the esterification and transesterification of model
mixture on the left side with Feed: MeOH: Water ratio of 1:2:0.05 w/w/w

7.1.2.2 Effect of water

Figure 11 shows the effect of water at two different temperatures. At lower temperature
(red rectangle) of 205°C, with water ratio of 0.05, the conversion of FAME is 63.5%
while increasing the water ratio to 0.1 the conversion increases slightly to 65.7%. The
same phenomenon was also observed in the tests of pure palmitic acid. Here,
however, the effect of water is much smaller which is probably due to the slower
reactions of glycerides. The effect of water was also tested at higher temperature of
230°C, with a water ratio of 0.05 and without water. At water ratio of 0.05, the sample
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contained ~85% FAME but without water the FAME content was 90%, suggesting that
at higher temperatures, the water inhibits simultaneous transesterification and
esterification under subcritical water conditions. Go et al (2014) pointed out that the
catalytic effect of water would not begin to show until after a temperature of 200°C but
only pure fatty acids were used in their tests. Thus, it may be that the catalytic effect
of water is not yet visible at these temperatures for mixtures that also contain
glycerides, as the required temperatures are also higher than with palmitic acid alone.
However, at 230°C, we are already approaching the critical temperature of methanol
(240°C), allowing methanol to act more strongly as a catalyst.

Figure 11 Effect of water to the esterification and transesterification of model mixture on the left
side at 205°C (red rectangle) and 230°C (green rectangle)

7.1.2.3 Effect of methanol

Methanol was found to have a small positive effect on FAME yield at certain
temperatures (Figure 12). Test runs at 205°C (red rectangle) did not show very clearly
whether the amount of methanol had any effect because the results are quite near
each other. With 1:2 methanol ratio the FAME content was 63.5% while using 1:3
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methanol ratio, the FAME content was 61.9%. In addition, there was 0.05 water ratio
used in these two test runs. It may also be that because the conversion is so low at
205°C, the final result and effect would only have been visible in a longer test run.
However, runs at 240°C (green rectangle) with 1:2 and 1:3 methanol without water
addition shows that the addition of methanol had a positive effect on the conversion.
The FAME content using 1:2 ratio was ~88% while using 1:3 ratio it was ~91%. The
same trend was also observed at 250°C (blue rectangle) with 1:2 and 1:3 methanol
ratios. The positive effect of methanol was no longer observed when the ratio was
further increased to 1:4. This may be due to the fact that the reaction mixture is diluted
too much with methanol, so that less reactions can take place as discussed in literature
part. Test run at 250°C with a 1:3 ratio of methanol without the addition of water
achieved the highest conversion with the model mixture.

Figure 12 Effect of methanol to the esterification and transesterification of model mixture on the left at
205°C (red rectangle), 240°C (green rectangle) and 250°C (blue rectangle)

As it can be seen from Figure 13 below, model mixture test runs are similarly located
on the vapor pressure curves of methanol and water. From the test runs selected for
the graph, it is also quickly observed that mixtures containing glycerides in addition to
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FFA require much higher temperatures to achieve the same level of conversion,
although these test runs did not achieve as high (~96%) conversion as with plain
palmitic acid. One of the points on the graph is the test run above the critical point of
methanol but which is still below the vapor pressure curve of methanol. This
experiment had 1:4 methanol ratio and 86 bar pressure. The critical point for methanol
is 240°C and ~81 bar. Exceeding the critical point did not appear to have an effect and
one cannot speak of supercritical conditions when comparing the temperatures and
pressures of the supercritical method reported in the literature. Also, with mixtures like
palmitic acid and methanol the critical point can be different than with pure substances.
The critical point of the mixture, for example for palmitic acid and methanol, the critical
pressure is lower and critical temperature higher because of the physical properties of
palmitic acid which has lower critical pressure but higher critical temperature.

Figure 13 Methanol and water vapor pressure curves and selected mixture test runs

Esterification of the feed to FAME and achievement of high conversion, according to
these test runs, requires different conditions depending on the quality of the feed, i.e.,
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how low or high amount of free fatty acids and glycerides it contains. The composition
of the fatty acid profile can also affect the conversion, as shown in the literature section.
Esterification of free fatty acids alone does not require as high temperatures as a
mixture that also contains glycerides.

7.2

Low quality feedstock

This section presents the results of the experiments with actual feedstocks which we
call primary and secondary feedstocks. The primary feedstock has more impurities and
higher content of FFA. The secondary feedstock consists mostly of glycerides as
shown in Table 10. Crude FAME was made with both feedstocks at 230°C with 1:3
methanol ratio and at 250°C with 1:2 methanol ratio. Several identical runs were made
with the primary feedstock to have enough material to study purification of crude FAME
by bleaching and vacuum evaporation experiments. The feeds contained also small
amounts of water, ~0.3 wt.-% in primary feed and 0.94 wt.-% in the secondary feed.
Table 10 Primary and secondary feedstock composition with main impurities
Feedstock

FFA %

Triglyceride %

Diglyceride %

Monoglyceride %

Total metals

Nitrogen [ppm]

Primary

62.9

19.1

13.9

2.6

247.6

142.6

Secondary

17.7

74.9

7.16

0

282.3

44.63

Feedstock

Natrium

Silicon [ppm]

Phosphorus

Potassium [ppm]

Calcium [ppm]

Iron [ppm]

[ppm]

[ppm]

[ppm]

Primary

1.6

9.9

10.9

50

75

93

Secondary

19.3

25.8

21.6

24.4

69.4

104.1

7.2.1 Esterification and transesterification in primary feedstock

Two

different

conditions

were

used

for

the

esterification-transesterification

experiments, temperature of 250°C with a ratio of 1:2 methanol and a temperature of
230°C with a ratio of 1:3 methanol, both without the addition of water. The addition of
water was found to inhibit the conversion in previous tests with the model compound
mixture, so it was not desired to test further. Though, the primary feed itself contained
~0.3 wt.-% of water. In addition, bleaching and vacuum evaporation experiments were
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performed separately for the crude-FAME produced from primary feedstock to see how
the impurities in it were removed by each method.

The composition of the feedstock is shown on the left side of Figure 14 where the
glycerides are separated as well as the total glyceride are shown. Tests at 230°C with
1:3 ratio of methanol and at 250°C with a 1:2 ratio of methanol give very similar results
for crude FAME. At both test runs, the FAME concentration is the same, 90.4%. The
concentration of glycerides varies only slightly. At 230°C there was somewhat higher
glyceride content but then again there was also slightly less FFA remained compared
to test run at 250°C. As mentioned earlier from the test runs of the model compound,
the amount of methanol and temperature can be balanced, allowing the use of either
a higher temperature and less methanol or a lower temperature and greater methanol
ratio. 230°C crude FAME contained 153 mg/kg of water and 250°C crude FAME 77
mg/kg of water after the sample processing when the heptane was removed by
evaporation.

At higher temperatures, less methanol has been used but at the same time higher
temperatures can lead to better dissociation of the methanol molecule. The literature
review discussed about the possibility that, in addition to water, methanol could also
act as a catalyst at a sufficiently high temperature. In this process, we are closer to the
critical region of methanol than to the critical region of water, so it may be possible that
methanol, like water, dissociates and is able to act as a catalyst in the reaction. In the
further experiments, no water was used at the beginning, but small amounts of water
is formed in the esterification reaction, but it probably has a marginal effect when
compared to methanol.

In the bleaching of crude FAME products, the composition of the product does not
change much. The concentration of FAME decreases slightly, while the concentration
of di- and triglycerides increases slightly. The vacuum evaporated crude FAME is very
pure with 97.6-98.3% FAME content with a total glyceride content of 0.14-0.23% and
a fatty acid content of 1.5-2%. Most of the impurities and color of the product remained
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in the bottom product. After the bleaching the 230°C crude FAME filtration flux was 400
GPas/kg2 and for 250°C crude FAME 580 GPas/kg².

Figure 14 Primary feedstock (on the left) FAME, FFA and glyceride results for 230°C (red
rectangle) and 250°C (green rectangle) crude FAME, bleached and vacuum evaporated products

It was found that with the real feedstock, the concentrations of glycerides do not
behave in the same way as in the experiments with the model compound. With model
compound, the monoglycerides are at highest concentration when sufficiently high
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temperature is applied (230°C - 250°C), as can be seen from Figure 7. However, with
the primary feedstock here, diglycerides were at highest concentration and this raised
suspicion that the diglyceride peak discovered in GPC would overlap with another
compound that was formed in the esterification-transesterification.

Products from 230°C and 250°C experiments were both fractionated to determine the
potential compound of the overlapping peak. Fractionation was performed with SPEcartridges (solid phase extraction) and SmartPrep2 SPE-apparatus. In fractionation, a
known amount of sample was dissolved to heptane and the SPE-cartridges are wetted
with desired solvents, in this case ethyl acetate, heptane and a mixture of isopropanol
and acetic acid. Heptane elutes oligomers, hydrocarbons, wax esters and esters with
no additional functional groups such as triglycerides. Ethyl acetate elutes phenols,
alcohols and esters with additional functional groups, e.g. mono- and diglycerides. A
mixture of isopropanol and acetic acid elutes carboxylic acids. In fractionation at
230°C, the product was found to consist of 93% of FAME and 5.2% of the compound
overlapping with the diglyceride. This overlapping compound or compounds are
possibly wax esters, sterol esters or compounds derived from oligomers formed
through carbon-carbon bonds. The feed was not analyzed in this detail but it is possible
that it already contained these compounds or other compounds that made the side
reaction possible during the esterification. From fractioning of the 250°C product it was
found that the FAME content would be 93.7% and 3.9% of the compound overlapping
with the diglyceride. The fractionated distribution of the two samples are shown in more
detail in Table 11 below.

Table 11 Composition of fractionated primary feedstock crude FAME samples
FAME

Wax esters/

Fatty

Triglyceride

Monoglyceride

Diglyceride

FFA and

Oligomers

%

sterol esters/

alcohols/

%

%

%

oligomerized

%

oligomer

sterols %

FFA %

derived
compounds
%
230°C

93.0

5.2

0.4

0.8

0.1

0.2

0.6

0.2

93.7

3.9

0.5

0.5

0.4

0.1

1.3

0.1

1:3
250°C
1:2
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The results of the vacuum evaporations are shown in Table 12. There was still some
heptane left in the FAME which was used earlier in the sample processing phase. Here
the heptane effects the yield of distillations but also the yield without the effect of
heptane was calculated and is included in the table. In the real process the use of
heptane or another organic solvent may not be necessary. In the distillation of crude
FAME at 250°C, the yield was 88.9% in the boiling range of atmospheric equivalent
temperature (AET) 257-365°C. The distillation rate was highest around AET of around
337°C. This would go well with the boiling point of methyl palmitate of about 332°C
which is the corresponding and most abundant fatty acid in the primary feedstock. The
bottom was adjusted to 10%, meaning that roughly 10% of the weight of the sample
would stay as a bottom product in the boiling flask. Same AET range and bottom was
set also for the 230°C crude FAME product where the FAME yield was 88.3%. Figure
15 shows the appearance of the crude FAME, bleached product and evaporated
product and its bottom product.

Table 12 Vacuum evaporation yields for heptane, bottom and FAME
Product

Heptane %

Bottom %

FAME % with heptane

FAME yield % without heptane

230°C 1:3

4.7

7.1

88.3

92.6

250°C 1:2

4.2

6.9

88.9

92.8

Figure 15 Bleached product vs. crude FAME (left side) and crude FAME, bottom product and
evaporated purified product (right side)
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7.2.2 Primary feedstock FAME impurities

Figure 16 presents the main impurities of the primary feed and the effect of
esterification and transesterification on the removal of impurities under the
aforementioned conditions at temperatures of 250°C and 230°C. The nitrogen content
dropped by about 50% in the 230°C and by more than 30% in the 250°C test run.
However, the metal content decreased significantly under both conditions but higher
temperature appears to be more effective because the total metal content has dropped
by ~92% while at 230°C the total metals decreased by ~86%. Silica, phosphorus and
potassium appear to be removed efficiently at both temperatures. However, under both
conditions, more than 5 ppm of calcium and iron remained but these were also the
most abundant in the feedstock as iron the most abundant single metal content in the
feed (93 ppm) and roughly 90% of it was removed at 250°C. The amount of calcium in
both crude FAME samples were almost equal.

Phosphorus content was not included in the total metals because it is desired to be
observed separately from the pretreatment point of view as it is also a sign of
phospholipid removal. Based on the amount of phosphorus, most of the phospholipids
are removed or precipitated. The amount of phosphorus in the feed was about 11 ppm
while in the 230°C crude FAME it was 1.8 ppm and in the 250°C crude FAME only 0.8
ppm.

According to the literature part, some of the nitrogen can be bound to the phospholipids
in the feed as nitrogen bases. As told in the literature part, phospholipids are fatty acid
esters of glycerides but it is also an ester of phosphoric acid which can be linked to a
nitrogen base or cations such as sodium, calcium and magnesium. Thus, the removal
of phospholipids may explain not only phosphorus but also the removal of some
nitrogen, calcium and sodium. Although, most of the metals in plant based oil comes
from the ground during growing of the plant or processing.
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Figure 16 Primary feedstock crude FAME nitrogen, phosphorus and metal results

After the test runs and during the treatment of the samples, it was noted that some kind
of precipitate had formed in the reaction mixture which remained on the walls of the
separation funnel and which was also separated by centrifugation before the heptane
was evaporated off (Figure 17). The precipitate remained in the separation funnel
below the organic phase and on top of the aqueous phase.
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Figure 17 Precipitate inside the separation funnel on the walls and water phase

Figure 18 presents the nitrogen, phosphorus and metal results for the treated crude
FAME samples which contain even less impurities when processed by bleaching or
vacuum evaporation, 250°C product (green rectangle) and 230°C product (red
rectangle). In bleached samples, the amount of total metal content was 2.6 ppm, equal
to ~93% reduction from 230°C crude FAME product and 5.8 ppm, equal to ~70%
reduction from 250°C crude FAME product in which the total metal content was already
at lower level than in 230°C product. Of the metals, calcium was the highest in a single
concentration. However, the 250°C bleached product contained significantly more
calcium (2.6 ppm) than the 230°C product (0.2 ppm). The amount of phosphorus in the
bleached products was at a good level, about 1 ppm in both. However, the phosphorus
content has remained at the same level as in the corresponding crude FAME products.

In the evaporated products, the amount of total metals was at excellent level in both
products, 2 ppm in the 250°C product and 6.1 ppm in the 230°C product. However, the
230°C metal result may be elevated by the silicon in the sample. Silicon is likely from
the contamination caused by the vacuum grease used in the evaporation because in
the crude FAME the silicon content was at lower level. Moreover, amount of silicon is
higher in evaporated samples compared to crude FAME samples. If silicon is not taken
into account then the total metal content would be about 0.9 ppm. The 250°C product
also had the most silicon, which may be due to contamination. Without silicon, its total
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metal would be about 0.3 ppm. However, without the vacuum grease, the vacuum
evaporation experiments would not have been possible. The amount of phosphorus in
the evaporated products are very low, between 0.1- 0.3 ppm. Nitrogen levels (not
shown in the figure) in the evaporated products was low, between 6-10 ppm and in the
bleached product the 37-46.5 ppm.

Figure 18 Bleaching and vacuum evaporation results for nitrogen, phosphorus and metal of the 230°C 1:3
oil:MeOH w/w (green rectangle) and 250°C 1:2 oil:MeOH w/w (red rectangle) crude FAME products

7.2.3 Esterification and transesterification in secondary feedstock and impurities

Only crude FAME was made from the secondary feedstock. The aim was to test how
the high triglyceride feedstock is converted to FAME and to monitor how well it is
purified in the process. Figure 19 shows the concentrations of glycerides and fatty
acids in the feedstock and products from 250°C and 230°C temperatures. The feed
had high glyceride content (~82%) and only about 18% free fatty acids. About 75% of
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the glycerides were triglycerides and the rest were diglycerides. It was hypothesized
that triglycerides would be more difficult to convert to FAME because they are more
complex and require longer reaction time. However, it can be seen from the results
that most of the triglycerides and fatty acids are esterified to FAME. At both
temperatures, the products contain about 95% of FAME and are low in glycerides,
between ~3.7–3.8%. The only minor differences are seen in the concentrations of diand monoglycerides.

Figure 19 Secondary feedstock (on the left) FAME, FFA and glyceride results for 230°C oil:MeOH 1:3 w/w
and 250°C oil:MeOH 1:2 w/w crude FAME products

In the secondary feedstock, the amount of nitrogen (~45 ppm) was much lower than in
the primary feed (Figure 20). However, the amount of total metals was roughly 280
ppm which is slightly higher than in the primary feed (~248 ppm). Iron and calcium
were at highest concentrations, 104 ppm and 69 ppm. In 250°C crude FAME, the
nitrogen content decreased by 32% (to 30 ppm) and in the 230°C product the nitrogen
content decreased by 42% (to 26 ppm). The total metal amount decreased by 91% (to
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24.8 ppm) in the 250°C product and by 88% (to 35 ppm) in the 230°C product. Iron
and calcium are still at elevated concentrations in crude FAME, with iron at 15 ppm
and calcium at 5 ppm in both products. Other metals are removed quite well and are
present in concentrations of about 1 to 3 ppm. However, it would appear that the higher
temperature product contains less metals in both the secondary and primary crude
FAME. The secondary feedstock had an organic chlorine content of 11 ppm and a total
chlorine content of 12.5 ppm and the processed crude FAME has a total chlorine and
organic chlorine content of less than 1 ppm so it appears that chloride is removed
efficiently in the sample processing step or dissolved in water during the washing step.

Figure 20 Secondary feedstock (on the left) nitrogen, phosphorus and metal results for 230°C
oil:MeOH 1:3 w/w and 250°C oil:MeOH 1:2 w/w crude FAME products
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7.2.4 Wastewater

In this work wastewater means the water formed in the reaction and the water used to
wash the crude FAME. Most of the water comes from the washing step and only small
amounts of water is formed in the esterification reaction itself. However, industrial
biodiesel production processes also use water to wash the product, which is called wet
washing. In industrial processes, wastewater can be generated up to 120 liters per 100
liters of biodiesel and the COD of the water can be as high as 590,000 mg/l.

In the experiments 200 ml of water per ~175ml of crude FAME was used in the washing
(milliliter amount calculated by using crude FAME density at 50°C which was 848.6
kg/m3). Water was poured to the separation funnel together with the reaction mixture
of unreacted and excess methanol, crude FAME and small amounts of water and
glycerol and unreacted FFA and glycerides. Heptane was also added to the separation
funnel to improve phase separation. Crude FAME together with heptane was drawn
off from the funnel and water was separated from the methanol-water phase in rotary
evaporator and sent for analysis.

Based on the analysis, both wash water samples from the two different conditions
contained large amounts of organic compounds. The filtered and unfiltered COD in the
wash water from 230°C 1:3 conditions was 363,000 mg/l in both. For 250°C 1:2
condition the filtered COD in the wash water was 441,000 mg/l and the unfiltered was
446,000 mg/l. These values are regarded high when compared to the COD scale that
was exposed in the literature part having COD amounts from 19,000 to 590,000 mg/l.
If the wash water used in this study was proportional to the amount of crude FAME,
then about 1.3 times the amount of water would have been used in relation to the
biodiesel produced, which would correspond to 130 liters of water per 100 liters of
FAME. In the literature, the scale was 20-120 liters per 100 liters of biodiesel, so our
calculated amount of water is still close to the same level as in these.

High levels of COD can also be contributed by residues of FAME, FFA, glycerides and
heptane as well as glycerol, which was not separated from the water phase. The
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glycerol amount of the wash water was 18 g/kg in 250°C sample and 23 g/kg in the
230°C sample. Organic acids were also analyzed from the waste water and total of
167.6–183 ppm of different organic acids were detected from the samples with
following concentrations; hexanoic acid 41.1–45.3 ppm, acetic acid 47.7–37.2 ppm,
lactic acid 38.9–25.2 ppm, formic acid 14.1–15.8 ppm and butyric acid 12.9–15.5 ppm.

The somewhat notable differences in COD and glycerol content between the two
conditions may be due to separation of methanol and water with rotary evaporator and
the fact that some water passed along with methanol during evaporation in rotary
evaporator making the water phase of 230°C product more concentrated than the
water phase of 250°C product.

Total metal amount in the wastewater was between 38.7–47.4 ppm. Potassium was in
highest concentration 28.7–33.6 ppm, sodium 3.7–5.4, calcium 1.8–2.6 ppm and only
small amount of iron and phosphorus. The nitrogen content in the samples was
between 34.0–39.9 mg/l.

7.2.5 Mass balance

The mass balance is based on the FAME produced at 250°C, in which the weight ratio
of feed to methanol was 1:2 w/w and 300 g of methanol and 150 g of feedstock were
weighed for the reaction (Figure 21). After the reaction, the vessel was emptied into a
beaker and the sample was treated as described in 6.2.1 and 6.2.2, washed with water
and heptane and separated the water residues by centrifugation from the organic
phase. It was assumed that no losses occur during the reaction because the reaction
vessel is a closed system and leak tested. After the reaction and water cooling, the
reactor was also allowed to stand overnight to condense any vapors formed in the
reaction. In the vacuum evaporation tests it was also discovered that some heptane
remained in the crude FAME which was pointed out in table 12.
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Figure 21 Mass balance acquired from the test runs at 250°C using 1:2 oil:methanol ratio

The methanol was separated using rotary evaporator, but its accuracy is questionable
even if a vacuum gauge and temperature control were used. The methanol evaporated
very slowly from a mixture of wash water and methanol, which probably also contained
most of the glycerol formed in the reaction. The temperature of the bath had to be
raised quite high and the vacuum very low, below the given guide values from Bühci,
in order to remove all the methanol from the mixture. It is still possible that some
methanol remained in the mixture and may also have been wasted at various stages
of processing the sample. Approximately 243g of methanol was recovered by
evaporation. The amount of total wastewater and glycerol was 237g of which
approximately 4g is glycerol. The amount of glycerol is calculated using the weighed
amount of water sample and the glycerol result of the analysis. Some oil loss is also
present if the information from vacuum evaporation test are used where ~4% of the
crude FAME was heptane. Based on these estimations and calculations, the methanol
and oil loss together would have been about 24 grams of which ~6.5 grams is oil loss.
Thus, crude FAME recovery was ~95.7% containing 93.7% FAME, 3.9% waxes and
sterols, 1.3% of FFA and 1% glycerides.

8 CONCLUSIONS
The model compound experiments were used to determine the favorable subcritical
conditions for simultaneous esterification and transesterification. Based on the test
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runs with the model FFA, a temperature of about 205°C is easily sufficient for the
esterification of palmitic acid alone when using an oil - methanol ratio of 1:2 or 1:3 w/w
High conversions can be achieved, up to 90.4-96.6%. Water did not appear to inhibit
the esterification of pure palmitic acid but, conversely, when the water to oil ratio was
increased from 0.05 to 0.1, the conversion increased from 90.4% to 93.9%. At lower
temperature (175°C) was not sufficient to adequately esterify fatty acids during the
reaction time of 4 hours. Similarly, raising the temperature to 230°C did not raise the
conversion higher than it had been at 205°C.

Model compound experiments were continued with a mixture of 60 wt.-% palmitic acid
and 40 wt.-% palm oil. Using these experiments, it was found that the temperature of
205°C was no longer sufficient for good conversion and, in addition, it was found that
water inhibited simultaneous esterification and transesterification. At least 240°C
temperature was required to achieve high, over 90% conversion and the highest
conversion was achieved at 250°C using an oil-methanol ratio of 1:3 without the
addition of water, resulting in a conversion of about 93%. The addition of methanol
improved the conversion with 1:3 ratio but using 1:4 ratio was already found to have a
lower conversion. Based on the tests, the most important variables in simultaneous
esterification and transesterification are the reaction temperature and the amount of
methanol. In general, the water content of the feeds is not very high so it should not
cause problems in a real process. However, if the water content is as high as 5%, it
may be necessary to remove the water before esterification.

Based on the experiments of the model compounds, it was decided to use a
temperature of 230°C with a 1:3 oil-methanol ratio and a temperature of 250°C with a
1:2 oil-methanol ratio, without the addition of water, for the esterification of the primary
feedstock and under both conditions 90.4% conversion was achieved.

Impurities were effectively removed by esterification-transesterification treatment
alone. The total metal content in the feed was 250 ppm and in the crude FAME the
total metal concentration was 19–36 ppm. The product esterified at higher temperature
contained almost half as few metals. When the product was further processed by
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bleaching and evaporation, the products were further purified from metals. The total
metal contents in the bleached products were only 6 ppm and in the evaporated
products 1.7-6.1 ppm. The phosphorus content was only slightly lower than in the crude
FAME which would suggest that most of the phospholipids were hydratable and the
remaining part would be non-hydratable because they were not removed with water.

In light of the results, bleaching would work better for a 230°C product because it
contains more than half the metals than a 250°C product, but it is difficult to say why it
is or whether it is systematic because no repeat experiments were performed.
However, the vacuum evaporation removes impurities and color much more effectively
from the product, which gives a light yellow-colored clear product and leaves behind a
stiffer heavy and dark product as bottom.

A secondary feed containing more glycerides and less free fatty acids was also tested
under the same conditions. It was assumed that they would esterify much more slowly
and that a large amount of unreacted glyceride would remain in the mixture. However,
the FAME content was very good under both conditions, about 95% and the glyceride
content less than 4%. No abnormal distribution of glycerides was observed in these
samples as in the primary feedstock. The total metal content of the secondary
feedstock was even higher than that of the primary. In crude FAME, the total metal
content was only 25-35 ppm while in the feed it was about 280 ppm. The
concentrations of metals and phosphorus were approximately the same in the primary
and secondary crude FAMEs. Also with this feed, the higher temperature product
contained less total metals.

Thus, it appears that a higher temperature would remove metals slightly more
efficiently. There are only marginal differences in phosphorus concentrations between
products at different temperatures. No total or organic chlorine was determined from
the primary feed, but the concentration of organic and total chlorine in the secondary
feedstock decreased from about 12 ppm to less than 1 ppm.
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In the treatment of samples, the wastewater formed in the washing had a high COD
concentration from 363,000 to 446,000 mg/l. In the literature, the concentration of COD
in biodiesel washing waters has been 19,000 to 590,000 mg/l. In this work, glyceride
remained in the wastewater, which may have some effect because it was present in
the wastewater at a concentration of 18,000–23,000 mg/kg. The amount of wash water
corresponded roughly to the values mentioned in the literature of 20-120 liters per 100
liters of biodiesel and put in perspective to this work we used 130 liters per 100 liters.

The hypothesis of the work was that low quality feeds containing high amounts of free
fatty acids can be esterified under subcritical conditions and the impurities contained
can be removed by further treatment with bleaching or vacuum evaporation. The
objectives of the hypothesis were achieved and good conversion was reached in the
simultaneous esterification and transesterification of the low quality feedstocks. Crude
FAME can be purified by both methods, however, vacuum evaporation or distillation is
clearly more efficient.

Looking to the future it would be a good idea to determine the optimal reaction time
and amount of methanol and to perform repeat experiments. For a possible process,
it is worth considering what kind of continuous or batch process would be good and
how, for example, the bottom obtained from distillation could be utilized further in order
to minimize any losses from the processing. Furthermore, preliminary technoeconomic evaluation should be performed in order to assess, if the developed process
is economically viable.
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APPENDIX 1

Model compound test runs
Test

Reactor

#

Initial

Temperature

pressure

[°C]

[bar]

Reaction

Feed

time

Feed

Methanol

Water

Water

Feed:MeOH:Water

[g]

[g]

[g]

[wt-%]

w/w ratios

[hours]

1

R1

20

175

4

FAD

8

16

0,4

5%

1 : 2 : 0,05

2

R6

20

205

4

FAD

8

16

0,4

5%

1 : 2 : 0,05

3

R1

20

175

4

Palmitic acid

8

16

0,4

5%

1 : 2 : 0,05

4

R5

20

205

4

Palmitic acid

8

16

0,4

5%

1 : 2 : 0,05

5

R2

20

175

4

PA 60% / RBDPO 40 %

8

16

0,4

5%

1 : 2 : 0,05

6

R6

20

205

4

PA 60% / RBDPO 40 %

8

16

0,4

5%

1 : 2 : 0,05

7

R1

20

205

4

Palmitic acid

6

18

0,3

5%

1 : 3 : 0,05

8

R2

20

205

4

Palmitic acid

8

16

0,8

10 %

1 : 2 : 0,1

9

R3

20

205

4

PA 60% / RBDPO 40 %

6

18

0,3

5%

1 : 3 : 0,05

10

R4

20

205

4

PA 60% / RBDPO 40 %

8

16

0,8

10 %

1 : 2 : 0,1

11

R5

20

230

4

PA 60% / RBDPO 40 %

6

18

0,3

5%

1 : 3 : 0,05

12

R6

20

230

4

PA 60% / RBDPO 40 %

8

16

0,4

5%

1 : 2 : 0,05

13

R1

20

230

4

PA 60% / RBDPO 40 %

8

16

0

0%

1:2:0

14

R2

20

230

4

Palmitic acid

8

16

0,4

5%

1 : 2 : 0,05

15

R1

20

240

4

PA 60% / RBDPO 40 %

8

16

0

0%

1:2:0

16

R2

20

250

4

PA 60% / RBDPO 40 %

8

16

0

0%

1:2:0

17

R3

20

240

4

PA 60% / RBDPO 40 %

6

18

0

0%

1:3:0

18

R4

20

250

4

PA 60% / RBDPO 40 %

6

18

0

0%

1:3:0

19

R1

38

250

4

PA 60% / RBDPO 40 %

6

18

0

0%

1:3:0

20

R2

20

270

4

PA 60% / RBDPO 40 %

6

18

0

0%

1:3:0

21

R3

20

270

4

PA 60% / RBDPO 40 %

5

20

0

0%

1:4:0

22

R4

33

250

4

PA 60% / RBDPO 40 %

5

20

0

0%

1:4:0

23

R1

60

250

4

PA 60% / RBDPO 40 %

6

18

0

0%

1:3:0

24

R2

57

250

4

PA 60% / RBDPO 40 %

5

20

0

0%

1:4:0

APPENDIX 2

Primary and secondary feed test runs

Test #

Initial pressure

Temperature

Reaction

[bar]

[°C]

time [hours]

Feed

Feed

Methanol

Feed:MeOH

[g]

[g]

w/w ratios

1

0.5

230

4

Primary feed

145

435

1:3

2

0.5

250

4

Primary feed

150

450

1:2

3

0.5

250

4

Primary feed

150

450

1:2

4

0.5

250

4

Primary feed

150

450

1:2

5

0.5

230

4

Primary feed

150

450

1:3

6

0.5

230

4

Primary feed

150

450

1:3

7

0.5

230

4

Secondary feed

145

435

1:3

8

0.5

250

4

Secondary feed

150

450

1:2

