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ARTICLE INFO ABSTRACT

Keywords: Non-polar oil and polar short-chain alcohols, used as reactants in the transesterification reaction,
Biodiesel biofuel are immiscible. Transesterification reactions can only occur on the phase boundary and they are
Catalysis

therefore diffusion-limited. Several methods are employed to overcome the limitation of mass

Co-solvent transfer by increasing miscibility and thereby accelerating the reaction. Co-solvents are additional
Mass transfer . . . . :
Methanolysis solvents that should be soluble in the oil and alcohol phase; this could lead to an increase in the

reaction rate and a reduction in the temperature and the reaction time. This work aims to provide
a comprehensive literature review on the influence of co-solvents on the processes of catalysed
methanolysis for the biodiesel production. Most authors have not systematically determined and
justified the effects of cosolvents. So far it seems impossible to establish which cosolvents are the
most suitable for which methanolysis systems. The purpose of this work is to highlight and justify
the differences or similarities in co-solvent impacts among the various publications by examining
the chemical structure of the respective co-solvents, including the functional groups and the
resulting physicochemical properties such as the dielectric constant or the log P value. Besides
biodiesel, co-solvents like THF and acetone seems to be the best choices for alkaline methanolysis
systems due to successful broadly applications with different oils, catalysts and reaction condi-
tions. Moreover, THF and n-hexane are essentially advisable for in-situ methanolysis.

1. Introduction

Biodiesel is a non-petroleum-based fuel for use in compression ignition engines that comprises of mono-alkyl esters of long chain
fatty acids derived from vegetable oils or animal fats [1,2]. Transesterification is the most commonly-used chemical conversion process
to produce biodiesel, reducing the viscosity of the oil or fat [3,4]. Transesterification involves three consecutive reversible steps.
Overall, 1 mol of triglycerides react with 3 mol of short-chain alcohols to form 3 mol of fatty acid alkyl esters (FAAE) as the desired
product and 1 mol of glycerine as a by-product. The respective reaction intermediates are consequently di- and monoglycerides.
Methanol (MeOH) is the most commonly-used alcohol due to its low cost and overall availability. When methanol is used, the resulting
esters are known as fatty acid methyl esters (FAME) [5]. The EN 14214 standard includes the minimum content of FAME with 96.5 wt
%.

The transesterification can run without any catalysts [4], but they are essential for an economically feasible production. Catalysts
include homogeneous and heterogeneous catalysts.
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List of abbreviations

BSFL black soldier fly larvae
DEE diethyl ether

DME dimethy] ether

FAAE fatty acid alkyl ester
FAME fatty acid methyl ester
FFA free fatty acid

MeOH  methanol

MTBE  methyl tert-butyl ether
N/S not specified

NIA no information available
PFAD palm fatty acid distillate
PTSA p-toluenesulfonic acid

RT Room temperature
STR stirred tank reactor
T temperature

THF tetrahydrofuran
WCO waste cooking oil
&epsiv  dielectric constant

Homogeneous catalysts include acidic and alkaline catalysts [6,7]. These are solved in the alcohol phase prior to transesterification
[8], so it is a two-phase reaction system including immiscible oil and alcohol phase. Heterogeneous catalysts include acidic and
alkaline catalysts and immobilised enzymes. These are solids and form a separate phase to the methanol and oil phase [4,9]; as a result,
the reaction system is a three-phase system.

Due to non-polar oil and polar short-chain alcohols are immiscible, the transesterification reaction can only occur at the limit of the
phase and thus their diffusion is limited. This narrows the reaction rate, especially in the initial phase. Later the di- and monoglycerides
formed act as surfactants, increasing the solubility and thus the reaction rate [10]. Towards the end of the reaction, the reaction rate
slows down again because the biodiesel and glycerol products are likewise immiscible [5]. Resistance to mass transfer resistance is
enhanced by the use of heterogeneous catalysts [11]. Several methods are applied to overcome the limitation of mass transfer by
increasing miscibility. Possible ways include heating and mixing, co-solvent addition, alternative solvents (ionic liquids),
phase-transfer catalysts, as well as the use of supercritical alcohol [3].

Co-solvents are additional solvents that should be soluble in the oil and alcohol phase, and do not react with the reactants nor the
catalyst [9,12]. Co-solvents dissolve the phase boundary between alcohol and oil, by which a three-phase systems turns into a
two-phase system [13], and a two-phase system becomes a single phase system [14]. This should lead to an increased in the reaction
rate and therefore have a positive influence on the parameters which influence the transesterification, such as the reduction of the
temperature and the necessary reaction time needed [15]. After about two decades of co-solvent application, since the research team
around David Boocock started to describe the phase homogenisation with THF [16,17], it is evident that different positive impacts in
catalysed methanolysis systems are possible. However, most of the publications have not determined and justified the effects of
co-solvents in a systematic way. So far it seems impossible to establish which co-solvents are the most suitable for which methanolysis
systems.

This review includes a comprehensive literature study on the effects of co-solvents on the processes of catalysed methanolysis for
the biodiesel production. The purpose of this work is to highlight and justify the differences or similarities in co-solvent impacts among
the various publications by examining the chemical structure of the respective co-solvents, including the functional groups and the
resulting physicochemical properties such as the dielectric constant or the log P value.

2. Properties of co-solvents

In Table 1 the physicochemical properties of the more frequently used co-solvents for the biodiesel production are listed. Both the
chemical structure of the molecules and a selection of physicochemical properties are shown, including two parameters for assessing
the co-solvent polarity. The chemical structure as well as the log P value and the dielectric constant () are listed to examine the
amphiphilic co-solvent character for effective emulsification of MeOH and oil. These propertieswere chosen for a short, concise and
differentiated discussion from others, including the Hildebrand solubility parameter, surface and interfacial tension as well as the
hydrogen bond donor density and hydrogen bond acceptor density [18]. Information about the miscibility of the respective co-solvents
in MeOH, glycerol and fat/oil are also listed in Table 1. This experimental information may support theory-based discussion
approaches.

The log P value (octanol-water partition coefficient P) describes the distribution of a substance in a system that contains a water
phase and a 1-octanol phase in equilibrium under a set temperature [19]. P is the relationship between therespective equilibrium
concentration of the substance in the octanol-rich phase and the water-rich phase. A high log P value means a high attraction to the



Table 1
Physicochemical properties of selected co-solvents.

Substance Co-solvent Chemical Properties Price [€/L] Ref.
i 1
class structure €(20°C) log P Boiling Dynamic Density Miscibility (20 °C) gir(;)pict:;s (7]
(25 °C) point viscosity [g/cm?] Methanol p ! Fat P
Q) [mPa-s] (25 °C) (20°C) cthano yeero a
Alcohol Methanol H 33 —-0.74 64.4 0.544 0.7914 + + - 6.40" [21,22]
H——on
H
1-propanol OH 20.8 0.05 97.2 1.945 0.800 + + + 23.88" [11,23]
P (25°C)
2-propanol OH 20.18 0.25 82.3 2.04 0.7809 + + + 11.00" [11,24]
/I\ (25°C)
t-butanol >£H 12.47 0.35 82.4 4.31 0.7887 NIA NIA NIA 14.40° [25]
Alkane n-hexane P 1.8865 4 68.73 0.300 0.6606 - - + 33.24%P [11,26]
(25°C)
Cyclohexane O 2.0243 0.81 80.73 0.894 0.7738 - NIA NIA 19.08" [27,28]
Aromatic Toluene 2.379 2.73 110.63 0.560 0.8668 + NIA NIA 14.80" [29,30]
hydrocarbons
Ester Ethyl acetate i 6.0814 0.73 77.11 0.423 0.9003 + NIA NIA 17.86° [30,31]
o
Ether DME O NIA 0.1 —24.8 0.122 0.67¢ NIA NIA NIA NIA [32]
(25°C) (N/S)
DEE /\()/\ 4.2666 0.89 34.5 0.224 0.7138 + - + 20.32" [21,33]
MTBE ()\ NIA 0.94 55 0.27 0.7353 + NIA NIA 18.52% [30,32,34]
>< (20°0) (25°C)
Petroleum ether - NIA NIA >50 NIA 0.666 NIA NIA NIA 25.96° [35,36]
(15°C)
THF \ 7.52 0.46 65 0.456 0.8833 + - + 28.24" [11,37]
(25°Q)
()/
Ketone Acetone O 21.01 —0.24 56.05 0.365 0.7845 + - + 9.80°" [11,38]
)J\ (25°C)

e

Based on the prices for 25 L containers. Supelco — EMPLURA.

Supelco- EMSURE.

5 L plastic canister; Supelco — EMPLURA.

Liquid form.

25 L stainless steel drum; Supelco for denaturation.

% 20q T

900£12 (£20Z) 6 UOA1oH



Table 2

Use of co-solvents in homogeneous alkaline catalysed methanolysis.

Co- Catalyst Reactor type Feedstock Pre- Reaction conditions Yield Ref.
d
solvent treatment Co-solvent amount Catalyst amount =~ MeOH/ Time T Stirrer Special (wt.%")
(Wt.%", v.%", mol%“") (Wt.%", mol%) oil molar ratio (min) Q) (rpm) conditions
Acetone KOH STR Canola oil - 154 v.% 1 4.5:1 30 25 N/S - 98.30 [39]
Catfish oil - (25 wt%) 0.5 60 25 97.50 [21]
- 1 30 35 97.02 [39]
Jatropha curcas L. 0il - 1 30 25 97.91 [39]
- 0.5 60 25 97.80 [21]
92 v.% 1 6:1 30 40 90 [40]
(20 wt%)
Acetone KOH STR WCO - 154 v.% 1 4.5:1 30 25 N/S - 98 [39]
(25 wt%)
Biodiesel KOH STR Soybean oil - 20 v.% 0.8 6:1 60 70 100 - ~95°¢ [14]
(5 wt%)
DEE KOH STR Rapseed oil - 256 v.% 0.7 9:1 120 30 700 - 97.6 [15]
(100 mol%") [41]
Microtube Sunflower oil - 187 v.% 1 8:1 93s 25 E 92.8° [32]
(73 mol%")
NaOH STR Soybean oil - 144 v.% 1.07 5.65:1 30 34 500 98.35 [42]
(56 mol%")
DME KOH Oscillating zylinder ~ Sunflower oil - 100 mol%" 1 6:1 20 25 2.6 Hz 500 kPa ~99%8 [32]
shaking
n-hexane CH3ONa  STR Castor oil - 15v.% 1 6:1 120 60 600 - 95.5 [43]
KOH STR Cyprinus carpio 150 v.% 0.60 5:1 30 50 600 97.24 [44]
fish oil
(fish waste)
Pork lard 214 v.% 2.0 10:1 120 50-60 600 98.2 [45]
(65 wt%)
Microreactor Soybean oil 45 vol% 1 33.3 v.%° 9.05s 57.2 B 98.8 [41]
(used)
NaOH STR Jatropha curcas L. oil 2 40 v.% 1 8:1 7 60 N/S 96.50 [47]
Rapeseed oil 3 5g 0.80 5:1 120 55 1600 94 [48]
soybean oil
(1:1)
MTBE KOH STR Rapeseed oil - 296 v.% 0.7 9:1 120 30 700 - 97.5 [15]
(100 mol%")
NaOH Microwave Rapeseed oil 165 v.% 1.3 12:1 1 60 400 2.45 kHz 95 [49]
cell (batch) Soybean oil (no ratio given) 97 [49]
Microwave Soybean oil 97 [49]
cell (continuous)
Petro- NaOH Sonication vessel Soybean oil - 265 v.% 1.0 3:1 30 50 E 20 KHz 92 [50]
Diesel (30 wt%) 750 W
250n
2 s Off
THF NaCl Electrolysis cell Corn oil - 50 v.% 0.56 24:1 120 Nyst 186V 97 [51]
(25 mol%") 2 wt% water
KOH STR Mahua oil 4 125 v.% 1 6:1 180 45 N/S - 998 [52]
STR Rapeseed oil - 202 v.% 0.7 9:1 120 30 700 98.3 [15]
(100 mol%") [41]

(continued on next page)

% 20q T

900£12 (£20Z) 6 UoL1oH



Table 2 (continued)

Co- Catalyst Reactor type Feedstock Pre- Reaction conditions Yield Ref.
solvent treatment ) , K (wt.%%
Co-solvent amount Catalyst amount ~ MeOH/ Time T Stirrer Special
(Wt.%", v.%", mol%"?) (wt.%", mol%") oil molar ratio (min) Q) (rpm) conditions
Oscillating bottle Thespesia populnea - 25 v.% 1.5 5.5:1" 120 60 500 97.8 [53]
biomass
NaOH STR Jatropha curcas L. oil 1 100 v.% 0.5 4:1 10 40 200 98.04 [54]
KM Micromixer WCO 5 30 v.% 1 12:1 - 70 B 60 ml/h 97 [55]

" regarding the oil volume.

1: esterification.

2: degumming, esterification and drying.
3: neutralisation, purification and heating.

4: ethyl acetate and saturated sodium bicarbonate solution were shaken with the oil followed by settling period.

5: filtration and esterification.
 regarding the oil weight.
b regarding the MeOH volume.
¢ regarding mole MeOH.
4 %FAME yield.
¢ estimated from diagram.
f no agitation.
8 %conversion.

" MeOH volume to biomass weight ratio.

% 20q T

900£12 (£20Z) 6 UoL1oH



Table 3
Use of co-solvents in homogeneous acidic catalysed methanolysis.
Co- Catalyst ~ Reactor type Feedstock Pre- Reaction conditions Yield Ref.
solvent treatment , - K K K K (Wt. %)
Co-solvent amount Catalyst amount (wt.%") ~ MeOH/oil molar ratio ~ Time T Stirrer Special
(Wt.%>", v.%°, mol%) (min) (°C)  (rpm) conditions
DME PTSA Oscillated vial Corn oil - 176 v.% 4 10:01 120 80 shaking 500 kPa 97.1 [64]
2.6 Hz
MTBE H,S04 STR PFAD - 39v.% 10 7:1 70 55 300 - 96.80 [65]
(25 wt%")
n-hexane H,S04 STR BSFL powder 1 50 v.% 1.2 ml 12 ml MeOH 90 120 N/S - 94.14 [66]
Jatropha curcas 2 10 v.% 15 7.5 ml/g 24h 60 99.80 [67]
L. seeds
THF AlCl3 STR Canola oil - 90 v.% 5 24:1 18h 110 N/S - 98’ [68]
(100 wt%")
H,S04 Vial Chlorella vulgaris 50 v.% 21 60:1 180 60 -8 95 [69]
microalgae lipid (25 mol%)
Oscillated flask ~ Coconut meat 2 40 v.% 25% (v/wt.) 60:1 N/S 60 shaking 96.7 [70]

Reduction in particle size.
1. (<0.25 mm).
2. (<0.355 mm).

a
b
c

d

¢ %FAME yield.

-

% oil conversion.

8 no agitation.

regarding the oil weight.
regarding methanol weight.
regarding the MeOH volume.
regarding mole MeOH.

% 20q T
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Table 4
Use of co-solvents in heterogeneous alkaline catalysed methanolysis.
Co-solvent Catalyst Reactor type Feedstock Pre- Reaction conditions Yield Ref.
treatment - ) , , (wt.
Co-solvent amount  Catalyst amount (wt. MeOH/oil molar Time T Stirrer  Special %)
(Wt.%", v.%", mol %) ratio (min) (°C) (rpm) conditions
%°)
Acetone CaO STR Palm oil - 10 v.% 5 12:1 120 65 300 - 95.28 [72]
(River snail
shells)
CaO Flask Beef tallow/ 36 v.% 150 - 85.3 [11]
(scallop shells) soybean oil
1:1)
CayAl,05 STR WCO 1 92 v.% 1.2 6:1 25 55 N/S 97.98" [73]
(20 wt%)
Waste cement Electrolysis WCO - 40 v.% 12 7:1 120 25 300 30V 95.5 [74]
(calcined with cell (10 wt%) 2 wt%
K5CO3; 1:4) water
Zeolite/ Electrolysis WCO 40 v.% 1 180 RT 100 40V 93 [75]
chitosan/ cell (10 wt%) 2 wt%
KOH composite water
Crude CaO STR Sunflower - 34 vol% 41.5 7.1:1 90 52 N/S - 98.9 [771
biodiesel oil (10 wt%) 8/Liotal volume
n-hexane CaO STR Sunflower - 110 v.% 5.82 6:1 240 60 N/S - 98.8 [60]
oil (20 wt%)
CaO Microreactor WCO 3 58 v.% 8.17 51.3 v.%® 10 62 -© 97.03 [78]
(1:1.95)
Na/NaOH/ STR Soybean oil - 55v.% 217 9:1 120 60 300 94 [79]
¥-Al>03
2-propanol CaO Packed- Palm oil - 20 v.% 30 mg 20:1 6.5 65 =€ - 98.3 [71]
microchannel (14.5 wt%)
1-propanol CaO STR Palm oil - 10 v.% 5 12:1 120 65 300 - 95.69 [72]
(River snail 90 94.44
shells)
THF CaO STR Fish oil 3 100 v.% 2.5 10:1 90 65 650 - 95 [80]
(waste crab
shells)
CaO STR Palm oil - 10 v.% 5 12:1 120 65 300 96.68 [72]
(River snail
shells)

(continued on next page)
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Table 4 (continued)

Co-solvent Catalyst

Reactor type Feedstock Pre- Reaction conditions Yield Ref.
treatment ] R . . (wt.
Co-solvent amount  Catalyst amount (wt. MeOH/oil molar Time T Stirrer  Special %)
(wt.%", v.%", mol %) ratio (min) (°C) (rpm) conditions
%°)
CaO STR Rapeseed oil 62 v.% 2.5 12:1 360 60 600 97 [81]
(30 wt%)
ZnO-Sr(NO3), STR Soybean oil 91 v.% 5 12:1 240 65 N/S 96.8" [82]
(44.5 wt%)
CaO STR Sunflower 82 v.% 5.82 6:1 240 60 N/S 98.1 [60]
oil (20 wt%)
Limescale Microreactor WCO 3 62 v.% 8.13 50.8 v.%8 10 645 -© 95.21 [78]
(1:1.97)
Zeolite/ Electrolysis WCO - 35v.% 1 7:1 180 RT 100 40V 93 [75]
chitosan/ cell (10 wt%) 2 wt%
KOH composite water

1: filtrated and dried.
2: filtration, drying and esterification.
3: esterification.

? regarding the oil weight.

b regarding the MeOH volume.

¢ regarding mole MeOH.

4 %FAME yield.

¢ no agitation.

f 9% oil conversion.

8 regarding the oil volume.

% 20q T
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Table 5
Use of co-solvents in heterogeneous acidic catalysed methanolysis.
Co- Catalyst Reactor Feedstock  Pre- Reaction conditions Yield Ref.
1 t treat t t.
solven type reatmen Co-solventamount  Catalyst amount (wt.%")  MeOH/oil molar ratio  Time T Stirrer  Special (E/ZY)
(Wt.%®, v.%") (min) (°C)  (rpm) conditions
Biodiesel  Sulphated tin oxide STR WCO - 50 v.% 6 15:1 90 150 350 10 bar 88.2 [94]
supported with silica
THF Cellulose STR + PFAD 1 0.3v.% 3 6:1 20 60 1200 20 kHz 86 [82]
(carbonated ultrasonic horn (0.2 wt%) 120 W
and sulfonated) 8 s ON/
2's OFF
Toluene WO3-ZrO, Vessel PFAD 2 10 v.% 0.5 5:1 120 80 d - 90.3 [95]

1: hydrolysis.
2: melted previously at 60°C.
? regarding the oil weight.
b regarding the MeOH volume.
¢ %FAME yield.
4 No agitation.

% 20q T

900£12 (£20Z) 6 UoL1oH
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octanol phase due to non-polar molecule structures, whereas small values means more polar functional groups, which favour the
accumulation in the water phase [19]. Although it is possible to make a statement about the hydrophilicity or hydrophobicity, in the
present work this parameter is primarily used to estimate how well the co-solvents can interact with the oil phase.

In order to estimate the ability for hydrogen bonding and consequently to interact with the polar MeOH phase, the dielectric
constant was chosen over the permanent dipole moment, expressed in Debye, and the hydrogen bond donor density and hydrogen
bond acceptor density. Rubino and Yalkowsky [18] defined the latter two as the product of the number of proton donor groups or
non-bonding electron pairs with the co-solvent density and the factor 1.000, divided by the co-solvent molecular weight. This is why
MeOH can be both an acceptor as well as a donor molecule with its hydroxyl group. Therefore, with the two free electron pairs from the
oxygen atom in the hydroxyl group, a hydrogen bond acceptor density of about 49 and one partial positively-charged proton, a
hydrogen bond donor density of about 26 results [18]. Accordingly, a suitable co-solvent should be more of a hydrogen bond donator
to better interact with the MeOH.

The e was chosen as this parameter is mathematically related to the permanent dipole moment and polarizability as individual
molecular properties. A correlation between the solubility and the e has been proven, especially for molecules with similar bonding
characteristics [18]. Water molecules could develop more hydrogen bonds on average, the higher the respective € [20]. The solubility
parameter developed by Hildebrand — which represents all attractive forces surrounding a molecule in one value [18] — was not chosen
due to the limited availability of suitable sources.

Tables 2-5 show data on the use of co-solvents in homogeneous alkaline, homogeneous acidic, heterogeneous alkaline and het-
erogeneous acidic catalysed methanolysis, respectively. The test that achieved yields higher than 90 wt% were included. Publications
that found no influences, negative influences or did not provide sufficient information are discussed in the text. All specifications
regarding the dosage of co-solvents used in this work were recalculated to v.% regarding the MeOH volume to facilitate the overall
comparability. The original information regarding the co-solvent amount stated from the respective publication is always in paren-
theses besides or underneath the recalculated value.

3. Co-solvents in homogeneously alkaline catalysed methanolysis

The co-solvents used in homogeneously alkaline catalysed methanolysis are shown in Table 2. Influence of acetone, 2-propanol,
ethers, n-hexane and bio-/petroleum diesel are discussed.

3.1. Influence of acetone and 2-propanol

Maeda et al. [21] applied different co-solvents in the methanolysis of catfish oil and Jatropha curcas L. oil. Acetone, 2-propanol,
tetrahydrofuran (THF), diethyl ether (DEE) and acetonitrile positively affected the reaction system. The co-solvents tested effec-
tively transferred the two-phase system into a single phase. Accordingly, the reaction rate increased in the first 3 min of reaction and
yields near the equilibrium were reached after only 10 min in the different co-solvent systems. By comparison, in the co-solvent free
system, the yield increased even after 60 min and almost reached the yield of the methanolysis with acetonitrile at this point, which
had the lowest maximum yield of the co-solvent systems. The highest yields occurred under the use of 2-propanol and acetone (>97 wt
%).

Moreover, the use of 2-propanol had the feature that only a MeOH/oil molar ratio of 3:1 was sufficient for a similar yield in the
same reaction time as with acetone. An excess of MeOH (typically 6:1) for a complete conversion of oil in a short reaction time is no
longer needed with 2-propanol. This may reduce chemical costs, thermal energy for evaporation and product purification time, and
thus partially offset the increased costs by the additional co-solvent. An high initial reaction rate, a higher maximum yield and
consequently a reduced reaction time were checked by Thanh et al. [39] with the additional information that a minimum of 123 v.%
(20 wt% regarding the oil weight) of acetone was required for a homogenous phase formation. The results presented by Luu et al. [40]
underline the increased yield. A difference between the application of acetone and 2-propanol was that acetone is not miscible with
glycerol, whereby this by-product is separated, whereas with 2-propanol it remains in the single phase reaction mixture. Glycerol as a
separate phase involves that the catalyst and the polar MeOH are dissolved in it and therefore they are not present for the methanolysis
reaction [21,39]; and consequently, the reaction rate decreases. On the other hand, the glycerol separation means a product with-
drawal and thus supports an increased product formation. These two effects are counteracting. However, because the methanolysis
with 2-propanol needs less MeOH compared with the acetone system, its withdrawal seems to affect the conversion predominantly.
Nonetheless, even with acetone, a MeOH/oil molar ratio of 4.5:1 is lower than the typically-applied MeOH amount in co-solvent free
systems. Because the reaction takes place on a molecular level in the homogenous phase [39], the excess of MeOH can be reduced to
reach an adequate contact frequency between the reactants. Besides, with an excess of co-solvents miscible with glycerol like 2-prop-
anol, the solubility of glycerol in biodiesel will increase. In this case, glycerol acts as an impurity and is suspected to favour the
backwards reaction of FAME [15].

Acetone showed a further advantage in terms of how the separation time for glycerol and biodiesel is decreased from usually 24 h
down to 30 min. The co-solvent accumulates in the biodiesel phase due to the immiscibility with glycerol. According to the EN 14214
standar, biodiesel has a density of 860-900 kg/m3, whereas the density of acetone is only around 785 kg/m3 (Table 1). Together with
the lower viscosity of 0.365 mPa s (3.5-5 mPa s for biodiesel), both characteristics support the separation process [21,42]. Thanh et al.
[39] added that with an increase of the acetone amount from 123 v.% up to 185 v.% (20 wt% to 30 wt%), the separation time increased
from 37 min to 50 min. The stated reason was that with less acetone, the MeOH and glycerol concentration is higher and therefore the
collision frequency increases, which supports a rejection of glycerol in a separate phase. One final advantage of acetone refers to the

10
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acceptable water content. Maeda et al. [21] determined that 5 wt% of water did not negatively interfere with the methanolysis,
whereas without the co-solvent the FAME yield dropped to 15 wt% after 60 min. Perhaps acetone diluted the water [19], which
decreased the contact of the catalyst with it and therefore the formation of soap.

3.2. Influence of different ethers

A variety of ether compounds like THF, DEE, methyl tert-butyl ether (MTBE), dimethyl ether (DME), isopropyl ether and petroleum
ether have been tested in different methanolysis processes. Although publications often refer to THF as a broadly- and successfully-
used co-solvent concerning the early works of Boocock et al. [16,17], which introduced THF for phase homogenisation, MTBE and
DEE also count among the most fruitfully-applied co-solvents in homogeneously and heterogeneously catalysed methanolysis
(Tables 3-5). Consistent with the chemical ether structures and the corresponding log P values listed in Table 1, it is evident that the
hydrophobicity and therefore the solubility in the oil phase increase together with the degree of methyl group branching from DME
over DEE and MTBE to isopropyl ether. On the other hand, researchs have supported the assumption of a correlation between the
degree of molecular branching and the solubility in oil [56,57]. By contrast, THF combines a comparably high ability to interact with
polar MeOH (e = 7.52) with a log P value of 0.46, which is in between DME and DEE in a spatially compact molecule form (Table 1).

DEE has been applied successfully, among others with different determined positive influences on the respective methanolysis
systems [15,32,41,42]. In a direct comparison with an earlier work, Wu et al. [42] were able to demonstrate a reduction in activation
energy through the use of DEE from 31.03 kJ/mol to 23.73 kJ/mol.

Besides, the role of agitation in the methanolysis changes with the use of co-solvents. Encinar et al. [41] stated in an earlier work
that agitation no longer has a significant influence in the homogeneous phase generated by DEE in the range of 500-1100 rpm. In a
later work, this outcome was underlined with exact yield values, which vary between 95.1 and 97.6 wt% in the same stirring speed
range. Mohammed-Dabo et al. [54] verified that agitation had no significant influence with THF and concluded in another work that
with cyclohexane only 100 rpm was sufficient, compared with 600 rpm without a co-solvent [58]. Wu et al. [42] estimated the in-
fluence of agitation over 500 rpm as only slightly significant. A co-solvent can homogenise the oil and MeOH phase within the first
seconds or minutes of the reaction, whereby increasing the phase solubility by agitation in this initial phase becomes neglectable [21,
39]. The mission of stirring is to disperse the methanol and oil phase, thus increasing the phase boundary. Since co-solvents increase
the solubility at the molecular level, this effect seems to be more critical than the effect of stirring. However, stirring may initially
disperse the co-solvent in both phases, which increases the effect on phase solubility by the co-solvent.

Guan et al. [32] determined a reduction in the biodiesel viscosity with DME, DEE, MTBE and THF in this order, which corresponds
with the order of the respective co-solvent viscosities. For DEE, high yields were achieved in methanolysis systems with temperatures
of 34 °C or lower (Table 2), which is because the boiling point of DEE is only 34.5 °C. Besides the low temperature, Wu et al. [42] could
determine — in comparison with their previous work without DEE — that the optimal MeOH/oil molar ratio could be diminished from
7.41:1 down to 5.65:1. The maximal yield of the co-solvent free system was achieved with DME about 10 min earlier. As a gaseous
co-solvent, DME offered the ability to be separated from the reaction mixture by depressurisation, which is a more appropriate process
than thermal separation process. An excessive application of DME resulted in a dilution effect of reactants [32]. Most of the literature
attributes a decrease in yield, above a certain co-solvent quantity, to a dilution effect on the reactants.

Many authors have found yield increases and elevated reaction rates in the initial phase with the use of THF [15,32,41,51,53,55].
The yield increases were around 30 wt% [51,53,55] (Table 2). Bhargavi et al. [53] applied THF in an in-situ methanolysis of Thespesia
populnea seeds and could determine that the extraction rate was the highest with THF over that of chloroform, toluene and benzene
compared with a conventional n-hexane extraction. With a log P value of 0.46 compared with —0.74 of MeOH, THF is more able to
solve and therefore extract oil out of the seeds. Moreover, with the moderate ability to interact with polar substances, it is able to
extract both polar and neutral lipids. The time needed for a phase homogenisation with 50 v.% THF was 30 min. Kumar et al. [52]
established a comprehensive kinetic study with the use of THF (125 v.%) in the methanolysis of Mahua oil and Jatropha curcas L. oil; for
both oils, the increase in the reaction rate was higher at a low temperature of 28 °C compared with 45 °C. The reaction rate itself with
Jatropha curcas L. oil was significantly higher even without THF, so that the improvement with this co-solvent was smaller. Conse-
quently, a 99 wt% yield was achieved after 30 min at 45 °C, with the conclusion that no THF was needed, while with Mahua oil 99 wt%
could only be achieved after 180 min at 45 °C and with THF. In this system, the triglyceride conversion increase about 300% at room
temperature in the first minute. After 30 min, the increase was only 5%, which highlights the idea that co-solvents have only a minor
effect after phase homogenisation.

Encinar et al. [15,41] and Guan et al. [32] also tested MTBE. The resulting yields were very similar to the FAME contents achieved
with THF and DEE in each case (Table 2). Hernando et al. [49] could show that microwave as a heating source for batch and continous
systems has a significant influence on the reaction rate.

3.3. Influence of n-hexane

It is evident, from the polarity parameters and the chemical structure listed in Table 1, that n-hexane is a hydrophobic substance,
with a high orientation to the oil phase and a limited ability to form hydrogen bonds over the weak dipole resulting from the low
electronegativity difference of the C-H bonds. Latter ones are orientated very symmetrically in the molecule, which also diminishes the
dipole moment by mutual cancellation. This makes it well suited to act as a solvent for non-polar substances but makes it inappropriate
to interact with polar molecules like MeOH. Based on this theoretical view, it seems unsuitable to increase the overall solubility be-
tween methanol and oil with n-hexane as a co-solvent. However, authors have reported a yield increase by using n-hexane as the co-
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solvent in the range of 7 wt% up to 35 wt% [43-48,59].

The authors reported that a phase homogenisation occurred. Todorovic et al. [60] examined the exact molar ratios of different
co-solvents for a phase homogenisation with sunflower oil at 60 °C per volumetric titration of the respective co-solvents in an
oil-MeOH mixture until the point at which the system changed from turbid to transparent. It was indeed possible to achieve a single
phase with n-hexane. The necessary amount (190 v.%) was higher than for other substances like DEE (90 v.%) or THF (60 v.%). In most
of the research works (Table 2), the amount of n-hexane applied was 45 v.% or lower with expectations of 214 v.% (64 wt%). However,
the co-solvent amount researched by Todorovic et al. [60] seems to be the point where the system turns instantly miscible. Therefore,
even smaller amounts can support the phase homogenisation. Besides, temperature and catalyst concentration — which influence the
phase homogenisation- are similar in most works listed in Table 2 for n-hexane. The only explanatory approach given why n-hexane is
suitable for increasing the miscibility of oil and MeOH was given by Escobar et al. [47]. The co-solvent molecules arrange between the
oil molecules and thus reduce the cohesive forces between them, whereby small MeOH molecules can more frequently interact with the
oil compounds with the development of a pseudo-homogeneous phase. Moreover, with the viscosity lower than MeOH and oil, it also
improves the miscibility [44].

A further advantage of n-hexane is the reduced reaction time to achieve the highest yield of the co-solvent system compared with
the respective maximal yield of the co-solvent free system [44,47]. Fadhil et al. [44] determined that the influence of n-hexane is high
in combination with a low temperature (30 °C). Rahimi et al. [46] indicate that the temperature in higher ranges (45 °C) has a more
decisive influence than that of the co-solvent. These results validate the kinetic study presented for THF [41]. Escobar et al. [47]
validated the notion that the separation time of glycerol and biodiesel is diminished due to the immiscibility of n-hexane and glycerol.
In addition, in the methanolysis with n-hexane were significantly less soap existent, which promotes the separation of glycerol and
biodiesel [43].

3.4. Influence of bio-/petroleum diesel

The idea to use the product biodiesel itself as a co-solvent is since a separation process is not needed after the reaction, in the step of
product purification. The FAAE molecules comprise a small polar region made up from the ester connection at one end of the molecule
and a long non-polar carbon chain to the opposite direction. The length and degree of unsaturation influence the polarity of the non-
polar region and the ability to interact with the oil components via Van der Waals forces by the resulting curvature. With this
amphiphilic structure, FAME molecules can interact with the MeOH and the oil in the initial phase of the methanolysis reaction [61].
Moreover, unreacted mono- and diglycerides in the biodiesel can also effectively act as emulsifiers with the hydroxyl group(s) and fatty
acid chain(s) [62]. Within the natural spatial orientation of a di- or monoglyceride, the hydroxyl group(s) and partly the
double-bonded oxygen atom of the ester connection(s) are orientated to the same side, while the fatty acid(s) are orientated contrary
[63].

Park et al. [14] — who applied biodiesel — and Parida et al. [50] — who used petroleum diesel — verified a yield increase and an
elevated reaction rate in the initial phase. In the case of Parida et al. [50], the co-solvent free system only reached an equilibrium yield
that was around 47 wt% lower than that with 265 v.% (30 wt%) co-solvent. Both systems reached the respective maximal yield after
30 min [50]. The co-solvent free methanolysis system of Park et al. [14] was able to develop a similar yield to that of the conversion
with biodiesel [20 v.% (5 wt%)], although 45 min later (at 60 min of reaction time). However, the methanolysis with biodiesel was
pursued until 60 min due to a small ongoing yield increase. A distinctive lag phase (about 35 min) in which the yield only grew by a few
percent, was observable due to the phase mixing only by application of heat and slow stirring. With the biodiesel addition, the lag
phase was no longer existent; rather, the reaction started immediately. After the first 5 min, the reaction rate strongly increased. Park
et al. [14] deliberately applied a slow agitation in the co-solvent free system to show this long lag phase. With biodiesel, the time to
reach a complete phase homogenisation was diminished from 30 to 20 min and the reaction rate slowed strongly down after 20 min,
where the co-solvent no longer had any effect [14]. The authors stated that the homogenisation time further depends on the catalyst
concentration and the temperature. This emphasizes the argument that the agitation is not a significant influence factor on the use of a
co-solvent. Besides, Park et al. [14] determined that over a catalyst concentration of 0.55 wt%, the influence of the co-solvent was
inferior to the impact of the catalyst to form a single phase.

Parida et al. [50] proved that with a MeOH/oil molar ratio of 6:1 and 9:1, the impact of petroleum diesel on the methanolysis was
almost non-existent, whereas with a ratio of 3:1 the maximal effect of 46 wt% yield increase was observed. It was concluded that with
the higher MeOH amounts, the ultrasound applied was sufficient to achieve a yield higher than 90 wt% in the first few minutes of
reaction. These results support the assumption that a reduction in MeOH can be achieved when co-solvent is used. The 265 v.% of
petroleum diesel applied [50] seems uneconomical if it is possible to achieve related results with a small amount of biodiesel, apart
from the fact that petroleum diesel does not fit with the idea of eco-friendliness or renewability.

4. Co-solvents in homogeneously acidic catalysed methanolysis

Few publications were found on the use of co-solvents in a homogeneously acidic catalysed methanolysis. Table 3 provides a
concise overview of the results. In all of them, the application of co-solvents led to an improvement of the individual methanolysis
process.

Guan et al. [64] investigated the effect of the co-solvent DME in the methanolysis of corn oil (0.45 mg KOH/g) with p-toluene-
sulfonic acid (PTSA) as catalyst. In order to imitate a high FFA (free fatty acid) content, oleic acid was added in a range of 2-15 v.%
(regarding to the oil volume). Moreover, the amount of water was changed from 0.5 to 5 wt% (regarding the oil weight). The maximum
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yield was 97.1 wt% with the reaction parameters stated in Table 3. Without the use of DME, the yield reached only 66.3 wt%. The
observation of the reaction system revealed that the co-solvent amount was sufficient to form a single phase. The authors stated that
the transfer to a homogeneous phase was the main reason for the accelerated reaction rate. With the addition of water, the yield
reduced. This effect was attributed to the water, which destabilised the single-phase system in the presence of DME. The successful
application of DME as a co-solvent requires a water content less than 0.5 wt%. Water promotes the hydrolysis of glycerides and FAME,
resulting in a yield reduction. In contrast to acetone, DME does not appear to be polar enough to dilute the water to such an extent that
hydrolysis is reduced. Besides the water, an increase in the FFA content also led to a diminished yield. The authors specified that
esterification occurs homogeneously even in a two-phase system. It seems to be logical that FFA are more soluble in MeOH than
triglycerides due to their amphiphilic nature with a polar carboxylic group and a non-polar carbon chain together with the smaller
molecular weight.

Soriano et al. [68] used AlCl3 as acid catalyst and THF as the co-solvent in the methanolysis of canola oil. The authors reported that
a volume ratio of 1:1 of THF to MeOH is sufficient to form a single phase in case of MeOH/oil molar ratios of 24:1 and higher. Below a
molar ratio of 6:1, the system occurred heterogeneously, even in the presence of the co-solvent. In the two-phase system, the catalyst
tends to augment in the polar MeOH phase together with THF. Therefore, the catalyst cannot activate the carbonyl carbon of the
triglycerides molecules, which hinders the reaction rate, besides the fact that the reaction can only occur at the phase boundary. The
degree of oil conversion without THF under the same reaction conditions was only half of the maximum conversion (98%).

Nguyen et al. [66], Shuit et al. [67] and Khang et al. [70] performed an in-situ methanolysis with H,SO4 as the acidic catalyst. Shuit
etal. [67] used 10 v.% n-hexane and achieved a yield of 99.8 wt% after 24 h at 60 °C while processing Jatropha curcas L. seeds. An oil
extraction of more than 90% was possible with the combination of methanol and n-hexane. With its high lipophilicity (log P = 4), the
non-polar n-hexane is a suitable extraction reagent for oil. Thus, it supports the oil extraction process and simultaneously accelerates
the transesterification rate by increasing the miscibility with the surrounding MeOH. Ngyuen et al. [66] — who also used n-hexane as
the co-solvent (50 v.%) — processed the powder of black soldier fly larvae (BSFL) in the methanolysis and obtained a 94.14 wt% yield in
only 90 min (Table 3). Compared with Shuit et al. [67], the reaction temperature was 120 °C, twice as high. Acetone, chloroform and
petroleum ether were also tested, and the corresponding yields were 54.83 wt%, 48.50 wt% and 35,67 wt%, respectively. It was
emphasised that n-hexane is eco-friendly and cheap. Khang et al. [70] used ground coconut meat as the feedstock and THF as the
co-solvent (40 v.%). The reaction rate in the first 5 h was substantially increased by increasing the THF to MeOH volume ratio.

Lam and Lee [69] evaluated the influence of THF on the methanolysis of crude microalgae lipid with HySO4 as catalyst. The lipid
had a high viscosity with 243.4 mPa s (40 °C) and an acid value of 63.9 mg KOH/g. Besides the mass transfer resistance between
alcohol and triglycerides, the viscosity also hinders the miscibility. In order to attain a 95 wt% yield in a two-phase system, a MeOH/oil
molar ratio of 180:1 was needed to reduce the viscosity, increase the overall miscibility and promote the product formation. Besides,
35 wt% catalyst in combination with a reaction time of 6 h were the other required reaction conditions to fulfil the production with a
temperature of 60 °C. The addition of 50 v.% THF significantly improved this costly and energy-intensive methanolysis. It reduced the
reaction time by half and the MeOH/oil molar ratio by a factor of three. Beyond that, 21 wt% catalyst was sufficient in the co-solvent
system.

Other co-solvents like toluene and n-hexane worked less suitably than THF regarding the yield; toluene performed better than n-
hexane in the work of Lam and Lee [69]. Both are suitable to extract oil but are by contrast less suitable to interact with MeOH
compared with THF (Table 1). On the other hand, methyl acetate, ethyl acetate, chloroform and ethanol had no significant effect. It
should be noted that chloroform has a higher e than toluene (4.8 vs 2.378), while they show similar log P values (1.97 vs 2.73) [19].
Therefore, chloroform should favour a phase homogenisation more effectively with a resulting yield increase. As previously reported,
in the case of Nguyen et al. [66], chloroform again could not support the methanolysis system in a similar effective way than n-hexane
and functioned even inferior to the polar acetone in terms of increasing the biodiesel yield. Additionally, methyl acetate and ethyl
acetate have similar dielectric constants to THF (7.07, 6.08 and 7.52, respectively) with log P values surrounding that of THF (0.18,
0.73 and 0.46, respectively) [19]. From this perspective, these co-solvents should show a higher impact as determined. The co-solvent
comparison was made after 60 min, so perhaps a sufficient homogenisation did not occur by then. Finally, ethanol can react with the
glycerides by itself, so only a negligible amount of FAME can occur.

5. Co-solvents in heterogeneously alkaline catalysed methanolysis

The co-solvents used in heterogeneously alkaline catalysed methanolysis are shown in Table 4. Impact of acetone, propanol, n-
hexane, THF and biodiesel are discussed.

5.1. Impact of acetone

Besides THF, acetone is a broadly-used co-solvent in heterogeneously alkaline catalysed methanolysis (Table 4). In most of these
works, acetone led to an improvement in the biodiesel yield, even if other tested co-solvents partly achieved greater yields [11,72-75,
83]. By contrast, a minority of works presented negative results by using acetone [80,81].

Soares Dias et al. [11] analyzed the catalyst surface after the co-solvent supported methanolysis of soybean oil mixed with beef
tallow. Several positive effects of acetone were highlighted. For instance, acetone prevented the formation of calcium diglyceroxide,
which can inactivate the catalyst due to the leaching of calcium species and therefor contaminate the glycerol phase [84]. Due to the
immiscibility in glycerol, acetone can replace it from the catalyst surface directly after the formation; consequently, the co-solvent
prevented a further reaction to an inhibiting substance. Furthermore, due to the accelerated oil conversion, the contact time of the
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reactants with the catalyst is diminished; as a result, the oil is unable to be adsorbed on the catalyst surface. The authors also related the
increased yield to the effect of the immiscibility of acetone with glycerol. Moreover, Singh et al. [73] could observe that the density
difference between biodiesel and glycerol at the end of the process was increased, thus the subsequent separation was improved.
Besides the positive impact of acetone on the reaction system and the reactants, it is a considerably cheap co-solvent (Table 1) and
readily available [75].

Other researchers doubt the suitability of acetone as a co-solvent or were unable to verify the reported positive influences. One
argument concerns the polarity of acetone, since it is one of the most polar co-solvents (Table 1). Accordingly, it is more suitable
soluble in MeOH than in oil, which reduces the function as an oil carrier to the MeOH phase [72]. The log P value of —0.24 supports the
description as a hydrophilic substance with the tendency to accumulate in the polar phase. Galli et al. [81] and Madhu et al. [80]
determined a yield decrease with the application of acetone. It was speculated that the methoxide ions performed a nucleophilic attack
on the carbonyl group of acetone [81]. This side reaction means an elimination of the co-solvent and methoxide as a catalyst.

5.2. Impact of propanol

Chueluecha et al. [71], as well as Roschat et al. [72], tested 2-propanol as a co-solvent, among others. In comparison with THF and
ethyl acetate, 2-propanol achieved a similarly high yield as the other two, but in a shorter residence time and/or a smaller quantity
[71]. Without 2-propanol as co-solvent, the same yield was reached within a longer residence time (2.4 min) [71]. Chueluecha et al.
[71] determined a reduction in the MeOH amount (from 24:1 M ratio to 20:1), a slightly increased yield (from 98.1 wt% to 98.3 wt%)
and an increased productivity when 2-propanol was applied. Moreover, an energy analysis revealed a reduced total amount of energy
(155.68 MJ-142.63 MJ), which also means an elevated energy efficiency. A cost analysis highlighted that the total costs increased due
to the additional costs for the co-solvent. Compared with the homogeneous alkaline catalysed methanolysis, in this particular case a
MeOH/oil molar ratio of 20:1 is far from the 3:1 M ratio determined by Maeda et al. [21]. It is possible that because the catalyst forms a
separate phase and the reaction can therefore only take place on the surface, considerably more MeOH is still required.

It was related that the higher diffusion coefficient of 2-propanol in contrast to THF and ethyl acetate supported a faster homog-
enisation of the reaction mixture. The chemical structure of 2-propanol is very similar to acetone (Table 1). The polarity is slightly
lower estimated from the e, although the log P value indicates that it is more suitable to accumulate in the non-polar phase. In
conclusion, 2-propanol should be a more effective co-solvent than acetone. The work of Roschat et al. [72] supports this idea, because
besides THF as the most effective co-solvent, 2-propanol covered the third place behind 1-propanol but after acetone. While the au-
thors verified the inertness of 2-propanol, they did not check the same for 1-propanol. As a non-branched acyl acceptor, 1-propanol
could react in the transesterification to the respective propyl ester form. It is stated that a branched methyl structure provides a
steric hindrance for the oil conversion [57]. However, the higher FAME yield in the presence of 1-propanol showed that MeOH was still
a preferred reactant as the formation of propyl esters would otherwise diminish the FAME yield. Besides, with an increased branched
co-solvent structure, the log P value rises and therefore the miscibility in oil increases (Table 1). Consequently, 1-propanol should
perform less effective than 2-propanol. Nevertheless, an insufficient number of publications are available to evaluate the performance
of 1-propanol accurately. No negative examples for the use of propanol species were found in the literature.

5.3. Impact of n-hexane

In the field of heterogeneously alkaline catalysed methanolysis, non-homogeneous results are presented for n-hexane. A slight
majority of authors determined positive influences [60,78-80,85,86], while others reported negative impacts [11,82,83,87]. First of
all, n-hexane is a suitable co-solvent for an in-situ transesterification as it plays a double role with its suitable extraction properties with
a simultaneous phase homogenisation [85]. Unlike n-hexane, MeOH as a very polar substance is a poor solvent for oil. However, the
functionality of n-hexane as a co-solvent is controversially discussed. Listed arguments include the unsuitable polarity described in 3.3
section [87]. Sahani et al. [83] claims that because oil would dissolve in n-hexane, the backward reaction increased to balance the
withdrawal of educt. A disadvantage of n-hexane in combination with CaO is that it can lead to amorphisation of the catalyst and thus
reduce the catalytic activity [11].

Regarding the yield, Kim et al. [79] reported a yield increase of10 wt%, increase which is higher than the increases reported by the
other researchers which was mostly marginal [60,80,86]. Besides, Aghel et al. [78] concluded that n-hexane led to a reduction in the
MeOH amount.

5.4. Impact of THF

Like in homogeneously alkaline catalysed methanolysis, THF is a broadly-applied co-solvent in the heterogeneously alkaline
catalysed conversion. The majority of researchers described positive impacts on the methanolysis [11,60,71,72,75,78,80-82,861;
nonetheless, negative impacts have also been determined [79,87-90]. Galli et al. [81] — who achieved around 90 wt% yield even
without co-solvents under the applied reaction conditions (Table 4) — attained a slight yield increase with THF and other co-solvents.
Besides, the reaction rate was elevated up to 30%. The main effect observed was the ability of THF to transfer the oil phase and MeOH
effectively to a single phase and thus raise the reaction rate, along with increased yield [60,75,78,82,86,91]. Roschat et al. [72] and
Madhu et al. [80] tested a variety of co-solvents, and in both cases THF reached the highest yields. In case of Roschat et al. [72], THF
was superior over very polar co-solvents like acetone as well as propanol variants. THF significantly improved the methanolysis of
palm oil with CaO as the catalyst. The time to reach the maximal yield was reduced from 180 min down to 90 min, and there was no lag
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phase detected. The reaction constant was more than twice as high compared with the co-solvent free system (4.99-10"2 min~! instead
of 1.84-10~2 min1). Moreover, the activation energy was reduced from 67,6 kJ/mol to 57.79 kJ/mol. THF was — as well as acetone —
able to prevent the fat adsorption on the catalytic surface by increasing the reaction rate [11]. Besides, Aghel et al. [78] noticed that
THF reduced the amount of MeOH.

Some authors have used both THF and acetone, among others with different results, THF or acetone being better. In the case of
acetone, it was attributed to the higher miscibility to MeOH due to its higher polarity [11]. In case THF led to a further increase in yield,
the explanation given was exactly the opposite, namely that the polar co-solvents have been solved in the MeOH phase, so contact with
the oil phase is not sufficient [72]. From the physicochemical perspective, THF seems more suitable because it tends to enter into
contact with the oil phase (log P value 0.46) more easily and it also has the ability to act as a hydrogen bond acceptor with the free
electron pairs of the oxygen atom.

Zieba et al. [88] thought that the tested co-solvents supported the addition of glycerol or glycerides to the catalyst surface.
However, because THF is not miscible in glycerol, it should favour the rejection from the catalyst surface instead of promoting the
addition [88].

5.5. Impact of biodiesel

Todorovic et al. [77] includes the use of biodiesel as a co-solvent (Table 4). The results showed a clear lag phase (were no reaction
occurred) in the co-solvent free system. However, with the use of biodiesel, the oil conversion starts directly with an increased reaction
rate and the maximum yield was attained after 120 min, whereas without the co-solvent and a higher temperature (60 °C) the same
yield was achieved after 180 min. By optimising the reaction conditions, the time could further be reduced to 90 min. Besides the
increased reaction rate, another positive impact of biodiesel was a reduced separation time at the end of the methanolysis (from 24 h to
90 min). The added biodiesel increased the total FAME content, which resulted in a viscosity decrease and a higher density difference.
Both supported a fast separation. However, subjoined biodiesel also brings unreacted di- and monoglycerides into the reaction mixture,
which means more educts. Thus, the determined yield growth can perhaps be attributed to the conversion of these other substrates into
FAME [92]. Lopez Granados et al. [93] needed only 5 v.% (3 wt%) of biodiesel in comparison with 34 v.% (10 wt%) by Todorovic et al.
[77]. With this low amount, the authors observed a paste formation in combination with activated CaO. As a positive effect, this paste
protected the catalyst against poisoning with CO5 and H0.

6. Co-solvents in heterogeneously acidic catalysed methanolysis

Heterogeneous acidic catalysts play only a minor role in methanolysis in comparison with heterogeneous alkaline catalysts due to
the lower catalytic activity and often necessarily harsh reaction conditions. The number of works in this case is even further limited.
Table 5 provides a concise overview of the results.

Lam and Lee [94] — who applied sulphated tin oxide supported on silica as a solid-acidic catalyst in the methanolysis of waste
cooking oil (WCO) with the addition of biodiesel as a co-solvent — could achieve a yield increase of around 30 wt%. Besides, the optimal
yield was already set after 90 min instead of 180 min without the co-solvent. The co-solvent become mixed with the catalyst before the
transesterification for 10 h to gain the improved yield within a reduced reaction time, besides the formation of a single phase in the
subsequent methanolysis. However, the necessary reaction conditions are comparatively high (Table 5).

Mongkolbovornkij et al. [95] and Gaikwad and Gogate [82] reported over the methanolysis of PFAD (palm fatty acid distillate), one
with THF [82] and the other with toluene [85] as the co-solvent. Mongkolbovornkij et al. [95] determined a decrease in the amount of
MeOH needed. While a MeOH/oil molar ratio of 5:1 was sufficient with a fixed amount of 10 v.% of toluene to reach a yield of 90.3 wt
%, a ratio of 9:1 was necessary to achieve a yield of 87.7 wt% without a co-solvent. At ratios of 5:1 and below, the effect of toluene was
most explicit. The yield increased around 10-15 wt% at fixed ratios with the use of toluene in this range. At 9:1, the difference was
negligible under consideration of the error bars. This result seems to support the described effect that MeOH in excess not only shifts
the reaction equilibrium to the product side but also elevate the contact probability with the oil and the catalyst. With benzene, the
yields showed the same trend regarding the MeOH/oil molar ratios as described for toluene, but the respective yields were lower,
whereas with n-hexane the determined yields were even lower as in the co-solvent free system.

Gaikwad and Gogate [76] applied an ultrasound extension to the reactor in addition to the use of THF. The feedstock was
pre-treated with sulfuric acid (Table 5). Because THF is characterised by a higher polarity (¢ = 7.52) than toluene (e = 2.378), it is
suitable to be more miscible in MeOH by forming hydrogen bonds [96]. The optimal reaction conditions (Table 5) are competitive
compared with those of a homogeneously alkaline catalysed methanolysis (Table 2). However, with an additional device to apply the
ultrasound in combination with THF as an additional chemical substance, it does not seem competitive given to the extra investment
and production costs. Especially, with the extra esterification process prior to the actual use of the heterogeneous acid catalyst for
transesterification which appears unnecessary as this type of catalyst can catalyse both reaction types.

By contrast, a negative influence of toluene was determined by Jiménez-Morales et al. [97] with mesoporous tantalum phosphate as
catalyst in the methanolysis of sunflower oil. The yield under the conditions of 5 wt% catalyst, a 12:1 M ratio of MeOH to oil, 200 °C
and 2 h was 88.9 wt%. With 10 v.% of toluene and 3 wt% catalyst, the yield remained under 60 wt%. The authors stated that the
toluene diluted the reactants; however, the boiling point of toluene is around 110 °C (Table 1), so the co-solvent should evaporate
under a reaction temperature of 200 °C.

An application of a co-solvent to a heterogeneously acidic catalysed methanolysis can support milder reaction conditions to at least
similar levels as listed for heterogeneous alkaline catalysed reaction systems with the advantage of processing acidic low-value
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feedstocks or algae oils.
7. Conclusions and future perspectives

This review reveals that the co-solvents are mostly used in the field of homogeneously alkaline catalysed methanolysis. In this
context, a phase homogenisation of oil and MeOH was mentioned explicitly for acetone, 2-propanol, n-hexane, DEE, biodiesel and
petroleum diesel as co-solvents. It can be assumed that a single phase was formed sufficiently, even if not mentioned explicitly.

The methanolysis with co-solvents and homogeneous catalysts resulted in increased biodiesel yields and/or reduced time to
achieve a similar or higher yield as the co-solvent free system. Co-solvents that are immiscible with glycerol led to a significantly
diminished time reduction in the step of product separation. The impact of agitation — especially in the initial reaction phase — was not
significant after the application of co-solvent. After the co-solvents established the single phase, they no longer had an impact on the
reaction rate. The time needed to achieve a one-phase system was mostly not determined. If it was stated, mostly a period of seconds or
a few minutes was sufficient but partly up to 30 min.

Similar positive influences were established in the field of acidic catalysed methanolysis, however the extent of publications is
considerably small. For DEE, a water content above 0.5 wt% can dismantle the established single phase. Besides, n-hexane and THF
improved the in-situ methanolysis by increasing the oil extraction with a subsequent phase homogenisation. THF and toluene were
successfully-applied. The benefits include yield increases and a time reduction as well as a reduced MeOH amount.

In the field of heterogeneously alkaline catalysed methanolysis, acetone is a widely-researched co-solvent. Acetone prevented the
formation of calcium diglyceroxide as well as oil adsorption on the catalyst surface. Besides, a reduced product separation time was
stated. Nevertheless, due to the solubility in MeOH, acetone can not act sufficiently as an oil carrier. The research results regarding n-
hexane were mixed with slightly more positive recorded impacts, including mostly little yield increases together with a suitability for
in-situ processes. For THF, determined effects included yield increases, increased reaction rates, reduced reaction times regarding the
yield, higher reaction rate constants, as well as a reduced activation energy. Moreover, THF prevented the fat adsorption on the
catalyst surface. With biodiesel, increased yields within a shorter reaction time together with a faster product separation time were
among the observed impacts.

Most of the publications have not determined and justified the effects of co-solvents in a systematic way. So far it seems impossible
to establish which co-solvents are the most suitable for which methanolysis systems. Therefore, the necessary research to assess the
suitability of co-solvents more precisely will be highlighted in the following.

Works focusing on investigating co-solvents should systematically break down the effects occurring with respect to each reaction
parameter. It is essential to provide a direct comparison with a co-solvent free system to determine the effect of the co-solvent.
Additional parameters include the time to achieve the single phase under the given optimal reaction conditions as well as the mini-
mum co-solvent amount for a phase homogenisation.

The discussion of the results should be more detailed, especially with respect to possible interactions of the co-solvent used with the
different oil compounds, the catalyst and the polar MeOH molecules. Considering the above points, it could be possible to system-
atically gain an understanding as to why specific co-solvents perform more or less effectively in different methanolysis systems.

This work has tried to emphasise and justify the differences or similarities of the co-solvent impacts between the different pub-
lications by looking at the chemical structure of the respective co-solvents, including the functional groups and the resulting physi-
cochemical properties like the € or the log P value. However, several other polarity parameters exist like the Hildebrand solubility or
the three-dimensional Hansen solubility (especially the sub-parameter for hydrogen bonding), which are possibly more accurate for
investigating the co-solvent interactions with the oil and MeOH phase. In this way, it seems crucial not to correlate the parameters
individually with the yield but rather to consider them in connection with each other regarding the co-solvent ability to emulsify the
reaction mixture. Comprehensive studies are generally missing that deal with a broad variety of different co-solvents.

There is also a lack of kinetic studies dealing with the effect of co-solvents. More studies should be undertaken focusing on the
activation energy and the reaction rate constants. With the help of these studies, it would be possible to identify the oils and/or
catalysts for which the use of co-solvents is particularly useful. The reaction rate constants are slow in the initial phase of the reaction if
no co-solvent is applied. In addition, it would be possible to determine which co-solvents are especially effective at low temperatures
and low methanol quantities.

Biodiesel itself appears to be a very promising cosolvent. It could provide yield increases in shorter reaction times and reduced
product separation times. Nonetheless, more works are needed to verify biodiesel as an overall suitable co-solvent.

Besides biodiesel, co-solvents like THF and acetone seems to be the best choices for alkaline methanolysis systems due to successful
broadly applications with different oils, catalysts and reaction conditions and the previously discussed benefits. Moreover, THF and n-
hexane are essentially advisable for in-situ methanolysis.

Probably the most important point to evaluate the suitability of co-solvents is the resulting total production costs. It is essential that
the costs for co-solvents do not increase the overall production costs since competitiveness with petroleum diesel production is one of
the main objectives in the development of biodiesel. Suitable cost analysis should include all factors related to the use of the respective
co-solvent. Thus, a possibly lower amount of methanol, a lower catalyst amount, lower energy costs, e.g. due to a lower reaction
temperature as well as the price of the co-solvent and the increased amount of energy required to separate the co-solvent from the
product phases, must be taken into account.

Nowadays, deep eutectic solvents (DESs), a sub-class of ionic liquids have gained wide popularity in various fields of biodiesel
production because of process competence and environmental benevolence. DESs are inexpensive, non-toxic and environmentally
friendly and their various industrial applications have received much attention in recent years. Mamtani et al. [98] and Najaf-Abadi
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et al. [99] studied the application of DESs as a catalyst, cosolvent and extracting solvent in biodiesel production and, the authors
suggested that a fully DESs-based biodiesel production scheme is possible; however, deep eutectic solvents require more research and
identify future possibilities.
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