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Abstract

Lesser-polluting and carbon-efficient systems are the new standards of energy, globally.
Biodiesel is an excellent bioenergy source due to its industrial feasibility and engine
adaptability. However, biodiesel resource inventory still lacks feedstock flexibility on a
commercial scale and mostly relies on vegetable oils for production. This creates a problem
regarding allotment of resources for biodiesel production, at the cost of the food supply. An
alternative is to consider the low-grade non-edible sources of oil, which contain high free fatty
acids such as the crude vegetable oil refining rejects and waste cooking oil. To make it worst,
the surplus crude glycerol glut is caused by the increased biodiesel production. Crude glycerol
is refined for numerous other purposes such as for chemical synthesis. However, re-routing the
crude glycerol in-situ for the pre-treatment of low-grade feedstock is suggested as one of the
ways in increasing biodiesel profitability and sustainability. This review is focused on the use
of glycerolysis reaction as a method of reducing free fatty acids content. A broad spectrum of
different catalysts such as enzymatic, homogeneous and heterogeneous, as well as hybrid
systems, was reviewed and discussed. Based on the findings, suggestions regarding the
development of the glycerolysis reaction were made. In comparison to the homogeneous
catalyst, more yield at the increased residence time is obtained for the heterogeneous catalyst.
However, leaching, thermal degradation and swelling are the known problems of the
heterogeneous catalysts, while product separation is a challenge with homogeneous catalysts.
Development of homogenous-based catalysts is suggested as a focus for future studies in
glycerolysis reactions.

Highlights

¢ Glycerolysis to improve quality of low-grade feedstock is reviewed.

e In-situ crude glycerol valorisation to increase biodiesel profitability.

e Advance process intensification techniques provide better mass-transfer.

e Homogenous catalysts based glycerolysis give better FFA conversion profile.
e Homogenous catalyst gives low monoglycerides selectivity.
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List of abbreviations

Amberlyst

ATPB
PTSA
DAG
DES
DG
DMC
Eact
FFA
FAAE
FAME
GC
Gly
HHV
KOH
MAG
MG
NaOH
N2
SBA-15
SC-CO2
TAG
TG
UuCco
WtE

Trade name of a range of sulfonic acid ion exchange resins with suffix as -

15, -16, and -31, representing

Allyl triphenylphosphonium bromide
Para toluene sulfonic acid (PTSA)

Diacylglycerol/glyceride
Deep eutectic solvents
Diglyceride

Dimethyl carbonate
Activation energy

Free fatty acid

Fatty acid alkyl esters

Fatty acid methyl esters
Glycerol carbonate
Glycerol

High heating value
Potassium Hydroxide
Monoacylglycerol/glyceride
Monoglyceride

Sodium Hydroxide
Nitrogen

Santa Barbara Amorphous-15
supercritical carbon dioxide
Triacylglycerol/glyceride
Triglyceride

Used cooking oil

Waste to energy

different types.
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1 Introduction

The development of modern civilisation has laid tremendous stress on the earth by utilising
prehistoric fossil deposits for energy [1]. Recently, the need for a steady transition to alternative
energy systems has been triggered by climate change and energy security. The global energy
demand is expected to reach 10° Exajoules or more by the end of 2050 if the current economic
growth continues [2]. However, in contrast to renewable fuels, fossil fuels are more energy-
intensive, hold the major share of capital, infrastructure and investments, globally [3].
Therefore, the question is: Can the new alternative energy systems co-exist with an established
crude oil market, competitively?

The transportation sector consumes a great share of fossil fuels and more than three-quarters
of automotive users are diesel-fuelled [4]. To replace this fossil fuel dependency, biodiesel has
been researched intensively and still is a priority research area [5]. In addition to being



renewable, biodegradable and less polluting, biodiesel is essentially similar to that of diesel, so
that it can fuel existing diesel-engines with minor modifications, if required [6].

1.1  Alternative feedstock and associated challenges

Currently, most of the biodiesel production uses edible oils from palm, sunflower, canola,
soybean and corn [7-10]. The major drawback of using the edible feedstock is that the prices
for these oil yielding crops have been increasing over past decades and these make up an
important part of human diet [11]. In addition, when there is a consistent demand for feedstock
for biodiesel production, change in land usage pattern is observed, this indirectly depreciates
the carbon footprint of biodiesel [12, 13]. Since 2000, there has been significant growth in palm
oil production, which is the highest oil yielding crop among major oil crops such as soybean,
sunflower and rapeseed [14]. This has resulted in the exploitation of agricultural and forest
land, by converting them solely for these oil crops [15]. Globally, prices for these vegetable
oils are influenced by various factors such as weather and competition within producing
countries; thus, are volatile [16]. To avoid such drawbacks, biodiesel production via dominant
non-edible feedstocks as listed in Table 1, among other non-edible feedstocks has been
investigated [17-20].

Table 1
Studies reporting biodiesel production from non-edible feedstock and their FFAs content.
S.no Feedstock FFA % Ref.
1 Jatropha 0.18-77.5 [21-23]
2 Animal fats 5-30 [24]
3 Inedible tallow 2-5 [25]
4 Vegetable oil soap-stock & 30-95 [26-28]

Vegetable oil deodorizer distillates

5  Yellow greases <15 [29, 30]
6 Brown (or trap) grease >15

7 Microalgae <15 [31-36]
8  Waste cooking oil 2-7 [37-39]

Following Kinast [40], the feedstock can be divided into four classes on the basis of FFA
content: 1) refined oil (FFA <1.5%); 2) low FFA (FFA <4%); 3) medium FFA (FFA 4-20%)
and 4) high FFA (FFA >20%). For biodiesel production, waste cooking oils has been one of
the most tested feedstock while other wastes or side-streams of oil processing industry were
used in lesser quantities [41]. When these low grade oils are used for biodiesel production,
difficulties arise owing to high FFAs content, water and other impurities. [42]. Extensive
technical reviews [43-46] and research reports [47] are available on biodiesel production from
low-grade non-edible feedstocks. Usage of these non-edible lower quality feedstocks such as
used cooking oil (UCO), has seen steady growth in the past decade, as per a report published
by Union for the Promotion of Oil and Protein Plants (UFOP), as shown in Fig. 1.
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Fig. 1. Feedstock consumption trend in the European Union (EU) for biodiesel and hydrotreated vegetable oil
production [48].

FAME mass conversion diminishes with increasing FFA content, as shown in Fig. 2. Degraded
sunflower oil catalysed by KOH [49] and WCO catalysed by NaOH [50] are studied for the
influence of the FFA content in the feedstock, on biodiesel production. It is seen that
homogeneous base-catalysed transesterification, which is an established technology for
biodiesel production, is sensitive to feedstock-purity. One reason for such sensitivity is the
occurrence of the saponification side reaction between FFAs and the base catalyst [51].
Consequently, a required limit for initial FFA content is set to < 0.5% [52]. To reduce the FFA
content in the low-grade biodiesel feedstock, three alternate pathways reported in the literature
are:

1. Neutralisation with an alkaline catalyst [11],
2. Direct Acid-catalysed transesterification for converting FFA into biodiesel [53].
3. Esterification of free fatty acids [54].
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Fig. 2. Effect of initial FFA percentage on the FAME mass conversion. WCO is preheated and filtered at 70°C
for 30 minutes.
Reaction conditions: 5:1 methanol to oil molar ratio, NaOH 0.01 wt%, 60°C for 2 hours [50].
1:5 mass ratio of methanol to oil, T = 65°C, t =45 min, 0.5 wt% KOHJ[49].
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However, these pathways have their individual problems. In the case of neutralisation and
direct acid transesterification, no pre-treatment unit is used, and low-grade feedstock is
introduced in the transesterification unit directly. As a result, in the case of the alkaline
neutralisation, a certain amount of catalyst is used up in neutralizing the free fatty acids
resulting in soaps; this additional amount is calculated using titration [51]. It also results in a
reduction in the ester content as neutral oils are also lost by saponification [52, 55].
Saponification also negatively affects the washing units downstream because of the product
emulsification, resulting in product loss [56-58].

On the other hand, in acid transesterification, longer reaction times, higher reaction temperature
and corrosion problems render its use [59]. Also, the water produced from the reaction stops
the reaction usually well before reaching the completion by inhibiting the acid catalysis [60].
To overcome the above limitations a single-pot combination of acid esterification, as pre-
treatment of FFAs, followed by alkali transesterification of triglycerides is also possible[53].
To counteract the hindrance caused by water produced during acid esterification of FFAs, high
molar ratios of alcohol (up to 40 moles CH3OH per mole of oil) is added, so that water does
not limit the reaction[53]. This in turn requires more energy to recover this excess alcohol. One
thorough review of the biodiesel production via acid catalysis is done by Lotero, et al. [61].

Esterification of FFAs is a pre-treatment step to improve the feedstock quality. In the
esterification, methanol is used owing to its lower cost and high reactivity [62]. Here also,
higher molar ratios of methanol to oil (20-40) are required with acid catalysts such as sulphuric
acid in a reaction [24]. Thus this also carries similar problems discussed above. Another route
for esterification is using glycerol as the esterifying alcohol moiety; the reaction is commonly
named as glycerolysis [63].

The biodiesel industry needs to find some solutions for commercial space competition with a
conventional fuel dominated market. There are significant economic and environmental
differences between the two fuels, especially in raw material procurement. The technology for
crude oil exploration, in the case of fossil fuel, has been improving continuously and is
extensively adopted during the past century [64, 65]. In the case of biodiesel, the production
phase is comprehensive and consumes approximately three-quarters of total energy and
resources [66, 67]. Its direct effect can be seen in the price difference between diesel and
biodiesel. As of July 2019, The United States Department of Energy reported that across the
US, the average retail cost for every gallon of 100% Biodiesel was USD 0.60 higher than that
of fossil diesel fuel on a national average [68], even when biodiesel price is inclusive of the
government subsidies [69].

1.2 Crude glycerol applications

Another point of consideration in the biodiesel industry is its bulk production of crude glycerol,
which has flooded the market globally and opened up new research scopes for better utilisation
of this by-product [70, 71]. For every ton of biodiesel produced, 100 kg of crude glycerol is
produced [72].

Pure glycerol found in the market is refined and contains less than 5% impurities, which is not
the case with crude glycerol obtained from biodiesel production. Crude glycerol is produced
via either oil saponification (16% impurities), hydrolysis (10-12% impurities) or



transesterification (25-30% impurities) [73, 74]. Many other grades of glycerol are
commercially produced such as United States Pharmacopeia (USP) standardised glycerine
(<99% pure), methylated (10-20% methanol) and demethylated (<1% methanol) glycerol [75].
Apart from the impurities, one difference between these grades is the variations in higher
heating value HHV (MJ/Kg), which 16.0, 21.8 and 20.8 in the order mentioned respectively
[75].

The magnitude of glycerol market was over 2 billion USD in the year 2017 and its consumption
was estimated to increase at a compounded annual growth rate of over 5% to 4x10° tons by the
year 2024 [76]. The biodiesel industry is growing and with it, the derived crude glycerol
market. Crude glycerol market is forecasted to exceed USD 3.5 billion by the year 2024.

There is a wide range of applications for glycerol in the food, pharmaceutical, and cosmetic
industries. A more elaborate insight into the global glycerol market is shown in Fig. 3. As of
2011, the crude glycerol production has spiked and the refined glycerol production has
consistently decreased [72], showing that refining of crude glycerol is dominant in comparison
to production through hydrolysis of fats or oils.
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Fig. 3. Glycerol market flow chart, assisted with a pie chart showing percentage share of different applications.
Data adapted from [59, 77].

However, this consumer-related industry is highly sensitive to the quality and source of
glycerol production. Crude glycerol carries up to 30% of impurities in the form of glycerides,
alcohol, water and salts of an alkaline catalyst, which are used in the transesterification process
[78]. Thus, biodiesel derived crude glycerol has lesser applicability in these fields because of
its impurities [79]. Also, the averages prices of 80% pure crude glycerol and 95% pure refined
glycerol are $300/ton and $800/ton, respectively; implying the significant impact of its price
on any process [80, 81]. Instead of refining the crude glycerol, other applications where the
inferior quality of glycerol can be adopted is also an option. For example, the in-situ
consumption of crude glycerol in the same biodiesel facility might be looked into. In this
regard, applying glycerol for the production of fuel additives is one way of utilising the by-
product, which may be more appropriate if done onsite [82, 83]. Investigations into the



production of mono-, di- and tri-tertiary butyl ethers of glycerol were investigated using
heterogeneous catalysts [81, 84]. Production of triacetin using glycerol and acetic acid is also
reported in the literature [85].

A glycerol based catalyst development was reported by Devi et al. [86]. They studied the
carbonisation and sulphonation of crude glycerol to use it as an acidic catalyst for esterification
of palmitic acid. However, high temperatures (180 °C), water washing and 1:4 w/w glycerol to
sulphuric acid were used to synthesise this catalyst, making the whole scheme more energy-
intensive. An alternative way of crude glycerol consumption is its combustion, a potential
secondary on-site energy source. Bohon et al. [75] experimented with methylated and
demethylated glycerol combustion in a laboratory custom made refractory burner. They
reported a range of emissions from combustion and concluded that a high rate of emissions,
especially oxides of nitrogen (NOx) raises serious issues with crude glycerol combustion. Thus,
making it not suitable for burning.

Crude glycerol production from biodiesel can also be avoided by selecting glycerol-free
biodiesel production route. One such possibility is by adopting enzyme-catalysed
transesterification, Novozym 435 is one such commercially available lipase having potential
in bio-catalysed biodiesel production [87]. Similarly, instead of alcohol, DMC is used in bulk
for transesterification of corn oil with Novozym 435 to produce FAMEs and glycerol carbonate
[88]. However, the higher cost of lipases and its inhibition by alcohol, render them less
attractive [89-91]. One comprehensive review in glycerol market demand and supply analysis
was done by Ayoub et al. [70]. In this study, investigators systematically addressed various
aspects of the modern glycerol market. Similarly, Anitha et al. [92] reviewed the glycerol
market and possible application fields for glycerol utilisation. Region-wise crude glycerol
production, market supply drivers and inversely proportional relation between crude glycerol
price and its biodiesel-based generation have been very effectively displayed in their study.
However, this study does not takes in-situ crude glycerol consumption as a possible usage
scenario.

On considering the various aspects reviewed above sections, high FFAs containing feedstocks
need to be explored for expanding biodiesel production. Also, the crude glycerol remains
oversupplied in the market, given its production is directly proportional to biodiesel production.
Thus, in this review, the primary consideration is on the glycerolysis as the pre-treatment of
fatty acids in the biodiesel production. This has been one of the growing research areas in the
last decade in crude glycerol incentivisation. In a recent study, animal fats (FFA>90%) after
high temperature ZnSOs4-catalysed glycerolysis, were efficiently blended (up to 10%) with
diesel and satisfied current blended fuel standards [93]. Since Sonntag’s [63] critical
commentary on glycerolysis of fats and esters, other reviews [94, 95] have examined
glycerolysis from a food-industry perspective, due to heavy usage of glycerides as emulsifiers
and additives. In this review, systematic reporting and comprehensive study of all the methods
and techniques in reducing the FFA content of these non-edible feedstocks through the process
of glycerolysis was undertaken. Glycerolysis of FFAs is studied from the viewpoint of usage
solely in the biodiesel production. To the best of the authors’ knowledge, to date no similar
review has been made in the available literature, which explains the potential of this work for
furthering the research in the area of sustainable biodiesel production from the highly acidic
feedstock.



2 Glycerolysis

The glycerolysis reaction is used to convert free fatty acids into respective mono, di and tri acyl
glycerol by esterifying them with the hydroxyl groups present in the parent oil or in the glycerol
[96]. From this perspective, it is the esterification process in which glycerol acts as the alcohol
to convert FFAs into the respective glycerides. Water is produced as a by-product. It is usually
applied when FFA content is higher than 5% [97].

2.1 Reaction mechanism

The reaction between FFAs and glycerol is an alternative to conventional esterification pre-
treatment to bring down FFA content (acid value < 1 mg KOH/g) [98] so that base-catalysed
transesterification can occur along the process chain. A typical simplified glycerolysis reaction
scheme is shown in Fig. 4. Glycerol has three hydroxyl groups attached to it and it is a
hydrophilic molecule and hence it is decidedly less soluble in organic solutions; for example,
it is only 4-5% soluble in common fats which are hydrophobic themselves [63]. This low
solubility hinders the reaction and unless the reaction is carried out with a catalyst, it takes a
longer reaction time at higher temperatures around 250°C, where glycerol solubility is
approximately 45% [63]. This limit is owing to the pyrolytic instability of fats which is due to
thermal sensitive double bonds in the carbon chain [99]. The saturation position in the carbon
chain affects the reaction rate by reducing it considerably if the double bond is adjacent to the
carboxylic group in olefinic acids, as expected from the electronic theory of organic chemistry
[100]. In this continuous reaction scheme, FFAs react with glycerol producing MGs and from
there the reactants further esterified into DGs and TGs [101]. Thus, at any moment all the three
glycerides are present in the product. The by-product water produced is neither absorbed nor
eliminated and must be removed by either nitrogen purging, or other methods, to keep the
reaction in the desired forward direction [63].



HO
(o]
)|\ + H,0
o] R
OH

OH Monoglyceride
HO\)\/OH
Glycerol (o]

R o R
AT Y OH \r
-——— > +
N O\/l\/o 0
)I\ Diglyceride

R (o]

T
o
/“\ + H,0
R o
h T
°© Triglyceride
Fig. 4. Reaction scheme for the high-temperature glycerolysis of FFAs, adapted from [97, 102].

Of the total monoglycerides produced through glycerolysis, 2-acyl or beta-monoglycerides
form frequently at every temperature, being 5-8 % at lower temperatures and around 30% at
very high temperatures [63]. When carried out under adequate homogeneity, glycerolysis is a
reversible reaction and thus subjected to the Mass Action law [63]. Conventionally, an excess
of glycerol is required to push the reaction forward. Typically, towards near completion in a
high-temperature glycerolysis reaction, this excess glycerol is usually removed. However,
following the Mass Action law, the reaction shall reverse itself towards the formation of more
glycerol. Hence the reaction mixture is cooled to room temperature or even below to ensure
that no reverse reaction takes place, owing to the low miscibility of reactants at lower
temperatures [103]. Overall, glycerolysis is a straightforward reaction involving two reactants
stirred at high temperatures, yet it is one of the most complicated reactions in oleo chemistry.

For the kinetics of glycerolysis of oleic acid, the second-order rate kinetic is mostly reported
in the literature [53, 62, 69]. For reactions at high temperatures (230°C), Tu et al. [104],
reported first-order reaction kinetics with a rate constant -1.4245 hr'! and activation energy of
69.14 kJ/mol. In the later phases of the reaction, there is a decrease in MAGs concentration
due to conversion of MAGs to DAGs which later on react with FFAs to form TAGs [104]. The
reaction is fundamentally bimolecular and, when studied for glycerolysis of peanut oil fatty
acids, the rate constant in the early phase of the un-catalysed reaction is substantially higher
than near the completion phase [105]. The change in the MAGs concentration at the early and
final phases of the reaction might be a reason behind such difference in rate constants. Also,
the glycerol solubility is inversely proportional to TAG content, percentage of which increases
at final stages of the reaction [106]. An effort in continuous extraction or separation of MAGs
from the reaction mixture can possibly keep the reaction at higher rate constants, thereby
enhancing the MAGs yield.
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2.2 Parameters affecting glycerolysis

2.2.1 Temperature

As previously discussed, to prevent oil degradation, the upper limit of temperature is around
250°C. The reaction is also blanketed from external agents, as air interactions above 200°C
increase the acidity and peroxide value of the reaction system [63]. This increased acidity in
the reaction may cause glycerol conversion to acrolein, which is very toxic, at the upper limits
of temperature, though normally not in the case of alkaline catalysts [107, 108]. Hence,
nitrogen purging is employed to alleviate these problems and sweep out the water molecules
formed in the reaction. However, vacuum distillation and silica gel are also other options [49].
Prominent variation in glycerolysis was observed between 180 to 220°C, as shown in Fig. 5.
The increase in the homogenisation due to the increase in temperature is the reason behind this
enhancement [97]. At temperatures beyond 220 °C, a slight increase in the selectivity of
diglycerides and triglycerides is observed, shown in Fig. 1. Other investigators reported similar
trends with, Mi¢i¢ et al. (81% conversion) [49] and Blanco et al. (90% conversion) [109]
achieving the highest conversion of FFAs at 220°C and consequently reported that both FFA
conversion and MG selectivity in the product, slightly decreased and then stabilised beyond
this temperature, respectively. No reasoning behind such trend is provided by the authors. This
may be because of the increased rate constants for the glycerolysis reaction, which in turn
affected MG to DG to TG conversions in near completion stages of the reaction. Since, the
glycerol solubility is inversely proportional to triglyceride content, with slight increase in TG
selectivity in the product, this may have further caused slight decrease in FFAs conversion.
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Fig. 5. Effect of temperature on the FFAs conversion and MG, DG and TG selectivity in a non-catalysed
glycerolysis. Oleic acid to Glycerol- 1:6, 600 rpm. Data adapted from [110].

2.2.2  Reactor type

A batch reactor is most commonly used in the glycerolysis reaction [63, 111]. The rationale
behind it being typically the discontinuous supply of non-edible feedstock and non-uniformity
in the feedstock characteristics. In such scenario, a batch reactor is the most economic and able
to handle the adjustments needed for varying characteristics of discontinuous feedstock supply
[112]. Islam et al. [106] studied the laboratory-scale batch reactor using Artificial Neural
Network, to study the reaction kinetics of glycerolysis of palm fatty acid distillate, carried out
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in an open reactor system with N2 purging and feeding 4% excess of glycerol. They reported
over 98% reduction from the initial acid value (85 mg KOH/ g) in 90 minutes at 200°C.
Effective water removal via N2 purging, showed strong dependency with the reaction rate, by
increasing molecular collisions.

However, modern researchers have also experimented with continuous micro-reactors [113].
In another study, a single bubble cap tray-continuous stirred tank reactor was studied by Negi
et al. [114]. Higher ester conversion (98%) but lower MG selectivity (40%) were reported in
the base-catalysed glycerolysis of fatty acid methyl esters (FAMESs) carried out at 143°C under
atmospheric pressure with a residence time of 85 minutes and gas velocity of 1.6 m/s. While
for continuous stirred tank reactor (CSTR) with a residence time of 100 minutes, operating at
140 °C, 500 rpm and 0.3 bar, the ester conversion and MG selectivity were, 65% and 36%,
respectively. In comparison to the aforementioned two types of reactors, in case of the batch
reactor operated at 135°C under atmospheric pressure, the ester conversion and MG selectivity
was 98% and 48% in 125 minutes, respectively. N2 purging was applied for methanol stripping
in both CSTR and batch reactor. In the bubble reactor setup, when equal volumes of the liquid
hold-up were used with multiple cascaded trays instead of a continuous tray, there was a drop
in conversion. The reason is that even in a single bubble cap tray reactor, the inferior initial
mixing regime was seen, evident from the reaction kinetic studies. So, for multiple cascading,
the mixing regime deteriorated further. Hence, such reasons imply that the bubble cap tray
reactor brought no further improvement over stirred tank reactors. Continuous reactor-based
investigations, for the glycerolysis of FFAs, has not been reported so far in the literature.
However, such an investigation is important to verify the results reported in glycerolysis of
FAMEs, in the case of glycerolysis of FFAs. Similarly, there hasn't been any investigations on
the use of the continuous microreactors in glycerolysis of FFAs. However, at the present, the
batch reactors are the most preferred types of reactors.

2.2.3 Molar ratio

As it is already established, the reaction is reversible in nature and hence an excess of glycerol
is required. Since the reaction takes place in the FFA phase and not in glycerol phase, there
will be an upper limit to concentration for glycerol in FFA phase where the reaction takes place
and beyond this concentration will not be actively participating and will just increase glycerol
phase volume. The effect of the molar ratio of oil to glycerol on the reaction kinetics and
conversion rate has been well researched and reported in the literature. Initially, the
investigators only reported constant molar ratios in their studies, such as equimolar, equivalent
mass [115, 116] or specified molar ratios [117]

A molar ratio of 6:1 glycerol to oil at 220°C and 300 kPa is reported as the optimum condition
when the waste cooking oil was used as a feedstock [49]. The ratio of 6:1 glycerol to oil is in
line with similar glycerolysis studies [97, 110]. The excess of glycerol past this ratio usually
has no appreciable effect on conversion [110], as shown in Fig. 6, (a). This behaviour may be
understood from the perspectives of excess and limiting reagents in any reaction [118, 119] i.e.
the excess of one of the reactant can push the reaction forward to a certain extent only. The
yield of the monoglycerides also follows the same trends as that of oleic acid conversion,
showing the correlation between these two in the non-catalyzed glycerolysis whereas, for the
diglycerides and triglycerides, it follows inversely as shown in Fig. 6, (b).

12



=rr=Nlonoolein =—>=0leic acid conversion

00 o e — o
95
< o0
=
=
- g5 |
80
75
1:1 1:2 14 1:6 1:8 1:10
Molar ratio
()

=>=Dilolein =O=—Triolein
20
18
16

X
14 | \x

X

Yield, %
]

[ IR R O = T - -
0

1-1 1:2 14 1:6 1:8 1-10

Molar ratio
L]

Fig. 6. Effect of oleic acid to glycerol molar ratio on; a) oleic acid conversion and monoolein yield and b)
diolein and triolein yield in the product. Data adapted from [110]. Reaction conditions- 220°C, 600rpm, 300-
minute reaction time, 80ml/min N, purging.

2.2.4 Solvent

The solubility of glycerol in different kinds of free fatty acids is shown in Fig. 7. Apart from
caprylic and capric acid, glycerol is not much soluble in other FFAs. Furthermore, the
percentage esterified in glycerolysis reaction at 180°C, follows a similar trend, i.e. caprylic
acid being the most while stearic acid being the least converted, in the equivalent mix of FFAs

with glycerol [116]. This implies that the solubility has significant effects in the glycerolysis
reaction.

13



100

m Caprylic acid Capric acid
- 90
2 80 | Lauric acid Myristic acid
Qo
3 0 ® Palmitic acid m stearic acid
S 60
g 50 | W oleic acid B Linoleic acid
on
S 40 G
%D 30 - —p
'g Longer the carbon chain, lower the solubility
20
X
10
0 B pow N N

Different Free Fatty acids
Fig. 7. Solubility of glycerol in different FFAs at 180°C. Data adapted from [116].

In the glycerolysis reaction, performed at higher temperatures (180-300°C) and using water
under pressure (1-27 bar) as a solvent, a monophasic system is obtained [ 120]. This application
of water under pressure, in addition to increasing the solubility of glycerol in the oil phase and
monoglycerides selectivity, also avoids the formation of acrolein at 280°C [121]. However, the
reaction higher input costs are associated with the described temperature and pressure; in
comparison to the main transesterification reaction which works at rather mild conditions. A
solvent or co-solvent may be employed in a catalysed reaction to facilitate the miscibility [122].

One fundamental study in this field was reported by Hartman et al. [116] in 1966. They
investigated the esterification of glycerol with eight free fatty acids having different saturation
levels. Equimolar/ Equivalent amounts of glycerol and acids were subjected to 180°C in solvent
dowtherm A. Tert-butanol, dimethylformamide, monoolein, diglyme and dimethyl sulfoxide
were some of the solvents in which high quantities of oleic acid and glycerol were found
soluble [115]. Other solvents such as hexane, pyridine, phenol, toluene, o-cresol and quinolone
have been studied in the glycerolysis reaction [116, 123-125]. At lower temperatures, the effect
of solvents such as toluene, dimethylformamide, diglyme and dowtherm A, on the free fatty
acid conversion was negligible, showing inhibition of thermal reaction at the same temperature,
owing to modification of reactants surface properties. With a reaction time of 16 hours at 110°C
and equimolar concentration of stearic acid to glycerol; toluene, dimethylformamide and
diglyme gave 6%, 5.5% and 7.5% of FFA conversion, respectively whereas without solvent
30% of FFA conversion was achieved [126]. Similarly, the influence of tert-butanol and
dowtherm A on the non-catalysed glycerolysis of oleic acid was also investigated, shown in
Fig. 8. For all the solvents aforementioned, selectivity towards monoglycerides obtained was
above 98%, suggesting solvent usage provides higher MG selectivity. This implies that in
particular configuration the addition of solvent led to reduction in autocatalytic reaction
(conversion 30%); marking inhibitory effects of the solvents.

Addition of a Tin—Organic Framework Catalyst to the tert-butanol system defined in Fig. 8§,
increased the oleic acid conversion to 40% maintaining similar MG selectivity [115]. However,
lower oleic acid conversions imply that though solvents increase the mass transfer
considerably, a catalyst is required to increase the reaction rates. Another plausible reason
might be the equimolar ratio of oleic acid to glycerol i.e., not enough glycerol was available
for reaction in the oleic acid phase. In addition, the lower glycerol molar feed avoids steric
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hindrance of FFA by the glycerol molecules and opens up the FFA molecule for possible
reaction with tert-butanol, producing undesired butyl esters. When higher molar ratios of oleic
acid to glycerol (1:6) were investigated in the presence of tert-butanol in a tubular continuous
reactor, higher MG selectivity (95%) with increased oleic acid conversions was achieved; 30%
at 200 °C and 74% at 240 °C, respectively in 2.5 hours [127]. However, in contrast, no
significant effects of glycerol to FFA molar ratio, from 1 to 10, with similar reaction
configuration were observed when phenol was used as a solvent [128].
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Fig. 8. Performance of solvents in glycerolysis of oleic acid. The ratio in brackets is oleic acid to glycerol molar
ratio. For tert-butanol, total reaction mixture: solvent = 1:6.28 (w/w), 150°C and 20 hours of reaction time. For
dowtherm A (both molar ratios), 0.1 molar solution of oleic acid in the solvent at 180°C for 72 hours. Data
adapted from [115, 116].

Complexities arise in using solvents as well as recovering the solvent. Its recyclability is
difficult owing to the reactants’ miscibility in the solvent used. Therefore, a solvent with a
different boiling point must be selected to ease the separation. Higher boiling point is a
prerequisite for any solvent to be used in glycerolysis to limit the solvent vaporization. In terms
of green chemistry, the use of the aforementioned solvents adds their intrinsic toxicity in the
reaction [ 122], hence, increasing the environmental footprint of a reaction. Thus, in accordance
with green chemistry, either a new class of green solvents should be investigated or the use of
solvents from the reaction shall be eliminated. The immiscibility problems in absence of a
solvent can be circumvented by optimizing the other reaction parameters such as temperature,
pressure, molar ratio and mixing regime, with or without the catalyst.

2.2.5 Agitation unit

Agitation is required to facilitate the interactions between the two reactants that are almost
immiscible as discussed in section 2.1.4. Thus, without mixing the reaction is essentially a
Liquid-Liquid biphasic reaction. So, to increase the mass transfer, agitation is usually done
through conventional means i.e., mechanical stirring in batch reactors. Felizardo et al. studied
glycerolysis in a batch reactor and varied the stirring velocity from 300 to 500 rpm [97]. No
substantial enhancements in reaction kinetics were observed in this range. This might be due
to the axial (vertical) stirring in the lower half of the vessel, unable to enhance homogeneity
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within the studied velocity range. Marginal gains in oleic acid conversion were reported when
stirring speed is increased from 600 to 800 rpm [110]. The reaction was carried out at 1:6 oleic
acid to glycerol molar ratio, 220°C for 5 hours. Thus, many researchers [110, 129], reported
600 rpm as an adequate stirring speed which increases the reaction kinetics. In-depth study of
the physical characteristics of the conventional agitation unit has not been found in the
literature so far. More energy-intensive mixing regimes like hydrodynamic cavitation and ultra-
sonication have been investigated [129, 130]. These methods provide better turbulence which
further facilitates reductions in the required molar ratios, temperature, reaction time and
enhances performance in comparison with mechanical stirring [132]. These advanced process
intensification techniques though to reduce the reaction time by overcoming the mass-transfer
limitations imposed on conventional mixing, are at the present moment cost ineffective and
require further development [133]. Gogate et al. [134] in their critical review on advanced
agitation reactors, concluded that although hydrodynamic cavitation reactors and sonochemical
reactors provide advantages as aforementioned but, at the present, the sheer cost and
operational requirements make these method unappealing for the industry. Since, glycerolysis
is considered as a potential in-situ pre-treatment step, efforts are focused on its maximum
efficiency at minimum cost, and thus these advanced methods do not fit the equation.

2.2.6 Glycerol purity

Crude glycerol is basic, with reported pH around 10 while for pure glycerol it is 6.4 [103]. This
rise in pH is due to the residual alkaline catalysts from transesterification [135]. This opens up
the possibility of alkaline catalysis, which should enhance the base-catalysed glycerolysis,
though saponification will decrease the yield and generate additional water molecule. Lyazzat
et al. [110], studied the non-catalysed glycerolysis reaction for 300 minutes of reaction time
and reported optimum conditions to be 220 °C, 600 rpm stirring speed, 80 ml/min N2 purging
and 1:6 molar ratio of oleic acid to glycerol for an efficient conversion of approximately 99.7%
with a selectivity towards mono, di and tri-olein as 83.1%, 13.0% and 3.5% respectively.
However, this was the case only when USP grade glycerol and oleic acid were used. When
crude glycerol from soybean methyl esters biodiesel was used, the conversion rates and mono-
olein selectivity dropped to 62.9% and 49.7% respectively, indicating that impurities such as
water, methanol and sodium salts have adverse effects on glycerolysis [110]. Fig. 9 provides
validation of the above point. It is seen that glycerolysis efficiency decreases with the increase
in the impurity level of glycerol.
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The decrease in available glycerol per mole of the crude glycerol, in comparison is one major
factor behind the decrease in FFA conversion. Impurities such as methanol, ash, water and soap
interfere with the reaction, as discussed here. The characterization of cure glycerol is shown in
Fig. 10. Kong et al [136], investigated the effect of impurities in glycerol, on the microwave-
assisted glycerolysis of oleic acid. In comparison to the pure glycerol, usage of 70% and 86%
purity glycerol was studied. It was observed that the moisture content in the crude glycerol
adversely affected the FFA conversion. This was in turn proven when the conversion was
higher in the case of 70% purity glycerol than in the 86% purity glycerol; as moisture content
for the later grade of glycerol was higher. Also, the water formed during the was swept out of
the reaction system by N2 purging, to keep the reaction in the forward direction. Thus, the
presence of additional moisture as an impurity in glycerol, causes a decrease in the yield, as
observed in the study aforementioned. This is due to the formation of more FFAs by the
hydrolysis of ester linkages; also, it is aided by the hygroscopic nature of glycerol [106]. Low
amount of methyl oleate was also detected in the reaction mix, as some methanol in the crude
glycerol, reacted with the oleic acid. In addition, if considerable in amount, methanol presence
will decrease net available energy content when it evaporates at its lower boiling point.
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2.2.7 Catalyst type

In FAMESs production, when FFA content in the feedstock is above 5%, the additional alkaline
catalyst is required. This results in a considerable amount of soap formation during
transesterification as the FFAs react with alkoxides (i.e. KOH and NaOH) to produce alkaline
soap, as discussed in section 1. To effectively treat lower quality feedstocks, acid-catalysed
esterification of FFAs to alkyl esters avoids saponification and thus, this process has been
recognised as a pre-treatment step in the present biodiesel production scheme [102]. Pouilloux
et al. [126], emphasised this very choice between alkaline and acidic nature of catalysis in their
study where they esterified stearic acid in the presence of sodium carbonate and para toluene
sulfonic acid (PTSA) as well as without any catalyst, as shown in Fig. 11. Without a catalyst,
FFA reduction is less than 30%; however, the conversion increases when a catalyst was used.
Amongst the catalysts used, PTSA exhibits almost double the conversion as compared to that
of sodium carbonate. A possible reason behind the lower conversion in case of the sodium
carbonate is the saponification side reactions, resulting in the loss of the desired product, as
discussed above. However, in the glycerolysis product, MAG content is higher for sodium
carbonate (68.5%) than for PTSA (32.3%), showing the higher selectivity of the basic catalyst
for monoglycerides at 110°C. Reason for such observation is that the relative reactivity of the
1" and 2" hydroxyl groups of the glycerol towards mono-esterification and di-esterification, is
depended on the basicity of the catalyst [126], which is expected to be more for sodium
carbonate.
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2.3 Problems associated with glycerolysis

So far, it has been established that, for the glycerolysis reaction to proceed effectively, high
temperatures, longer reaction times, vigorous stirring and continuous water removal are
required. The reaction is reversible and requires rapid ice-cooling to bring down the
temperature of the reactor to eliminate any chances of the reverse reaction, near completion to
maintain the desired products [137]. In comparison to methanolysis or ethanolysis, glycerolysis
is a more complex reaction due to the polyhydric function of glycerol [116].

The problems associated with the use of glycerolysis reaction are summarized as follows:

1. Glycerol is a bulky polyalcohol, thermally stable and a weak nucleophile in a
nucleophilic acyl substitution reaction [11, 129].

2. Glycerolysis is reversible [138], thus requires the use of catalyst.

3. The need of catalyst removal/neutralisation that is energy-intensive in a homogenous
catalyst system is common while using a heterogeneous catalyst, there is a multi-phasic
system having an improper degree of contact between catalyst and reactant [63].

4. The reaction takes place in the organic phase and there is a negligible amount of
reaction in the glycerol-rich phase [139].

The acyl part of fatty acids: R-C=0, needs to be attacked by glycerol. The primary strategy to
alleviate this is to use a catalyst for protonation of the fatty acids" carbonyl group, followed by
an electrophile-induced nucleophilic attack of the a-hydroxyl bonds in glycerol to make it a
better nucleophile [140]. Consequently, producing glycerides and creating water as a by-
product. The next step in this review is to consider the different types of catalytic systems
reported in the literature, for the glycerolysis of FFAs.

3 Catalysis

The need for the catalysis in the glycerolysis arises from the fact that catalysis application will
offer an energetically favourable pathway. This implies a reduction in the reactor size with
milder reaction conditions in terms of temperature and pressure could be possible. At the same
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time, a catalyst increases the selectivity towards the desired products and reduces the
production of by-products.

Broadly, there are three types of catalyst classes: enzyme/bio-catalysis, heterogeneous and
homogenous catalysis; while the combination of these types generally categorised under hybrid
catalyst class. In general, industrial applications, glycerol esterification is primarily done by
employing homogenous catalysis such as mineral acids for producing MAG [140, 141].
However, the homogeneous catalysis requires intensive downstream purification and
separation units, thus generating large quantities of waste downstream [102]. Enzymatic
catalysis offers milder operating conditions with wider substrate flexibility and higher product
selectivity (MAG), followed by simple purification processes [143]. However, the higher cost
of enzymes, lipase inhibition due to impurities, longer reaction times and need for other
components such as solvents or reaction media make enzymatic catalysis infeasible at this
present stage [91]. Heterogeneous catalysts have more stability and can be made from low-cost
ingredients such as waste biomass [144-146]. Moreover, in a continuous production system,
both homo- and heterogeneous catalyst can perform simultaneous
esterification/transesterification reactions [59]. Nevertheless, the costly preparation, leaching
in the reaction medium and post-reaction recyclability remain a challenge for the
heterogeneous catalysis. Deteriorations of the catalyst such as catalyst leaching and inhibition
due to the reactants or by-products decrease their efficiency. Being a three-phase system there
are limits to mass transfer increasing in the reaction times and temperatures [147].

3.1 Enzymatic catalysis

Of the three types of catalysis, enzymatic catalysis is the least commercially used catalysts in
the biodiesel production due to its high cost [148]. Although glycerolysis can be done
chemically with acid or base catalysis, enzyme catalysis provides the best-in-class benefits:
mild operating conditions, minimal side-reactions and increased selectivity for desired
products [149]. Lipase catalyses fatty acids in the presence of alcohol to produce esters and
water [150]. Lipozyme IM-20 was reported to successfully esterify acid oils to the respective
fatty acid esters of short and long-chain alcohols in a dual-step enzyme catalysed reaction at
high yields [151]. Kahveci, 2009 [152] tested ionic liquids as a substitute media for enzymatic
glycerolysis of Triolein for DG synthesis using Novozym 435, Lipozyme RM IM and
Lipozyme TL IM as lipases. 45% diglycerides yield in 12 hours were observed for ionic liquid,
trioctylmethylammonium bis (trifluoromethylsulfonyl)imide [TOMA Tf:N], while 43%
diglycerides yield in 12 hours were observed when Ammoeng 120, a quaternary ammonium
sulfate, were used respectively. In all the 17 types of ILs studied, only 1-methyl-3-
octylimidazolium hexafluorophosphate ([OMIM][PF6]) and [TOMA Tf:N], was able to
provide proper mixing of reactants and provide a suitable microenvironment for the lipases to
work. The suitability of these ILs originates from their cations and anions. The ILs were able
to bind the hydrophobic glyceride molecule with a hydrophilic glycerol molecule. The
bulkiness of cation molecule may be attributed for this. Prior to the glycerolysis, emulsification
of the substrates also improves the efficiency in a lipase/oil/glycerol phase. This has also been
demonstrated in case of sardine oil catalysis using Lipozyme 435 [153]. When the experiment
was carried out using the super-critical carbon dioxide (SC-CO») as the reaction medium, the
same study also found that the change in pressure (15 to 25 MPa) has no positive effect on the
reaction. However, increasing the temperatures from 40 to 90°C increased reaction rates in
both systems. Though, the reaction pressure should have a significant effect to the diffusivity
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of oil in the reaction medium, no pressure effect was observed. This might be due to the
diffusion of the triglycerides into the SC-CO2 medium, rendered it not available for the
reaction.

Bio-silicification, a process to encapsulate lipases in SiO2, was anticipated to improve the
activity and reaction efficiency in comparison to the unsupported enzymes by providing the
improved mechanical and thermal stability, which would improve the catalyst recyclability
[154]. Pervaporation process can be used to remove water to enhance the reaction [155]. Some
of the studies on enzymatic glycerolysis are summarised in Table 2. In Table 2, it is found that
the ultrasonic pre-treatment is a good option for reducing the reaction times, in addition to the
emulsification of the reactants. It provides many enhancements for the reaction rates. Of all the
lipases studied, Novozyme 435 gave better conversion which increases when lipase is
supported [156]. ChCl- based DESs successfully solvates the enzyme catalysis, providing the
highest conversion (91.80%) and yield (85.22%) in comparison to other organic solvents such
as dimethylsulfoxide and other ionic liquid used [157].
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Table 2

Summary of the notable literature for the Lipase catalysed glycerolysis.

. . . Conversion Selectivity % Ref
Lipase Optimum Conditions o, MAG DAG TAG Remarks
MASI (strain W007 Lipase loading of 163.8 unit/gm substrate, 82 15.6 7.9 76.5 Non-regioselective MAS1, immobilised on to a particular resin isused [158]
from marine 4.13:1- Ethyl Ester: glycerol molar ratio at in facilitating glycerolysis of ethyl esters in producing n-
Streptomyces sp.) 65°C, achieving a final acid value 0f 0.03 mg 3polyunsaturated rich triglycerides. The study is mostly aligned with
KOH/g in 24 hrs. the food processing industry, however, shows that enzymatic catalysis
possesses great scope in the glycerolysis area, thus in biodiesel
production. However, at the same time, the time of reaction is
somewhat unsuitable for industrial biodiesel applications.
Lipozyme® RMIM Pre-treatment - ultra-sonication at 45°C for 5 76.88 - 46.91 - Pre-treatment step reduced the reaction time from 11 hours to 4 hours [155]
minutes at 250-Watt power. Lipase-Lard after an initial 5 minutes of ultra-sonication. However, probe cost and
ratio 4:100 on a weight-to-weight basis, then energy input in a pre-treatment step must be accounted as well for
4 hrs of glycerolysis reaction at 50°C with better understanding, since no other difference is seen in products or
180 rpm. reaction.
Novozym 435 3-5 wt. % lipase at 60°C for 12 hrs in 50ml 98.8 1237 69 18.38  Effect of glycerol concentration was null on DAG, but TAG and MAG [156]
(acrylic resin round-bottom flask containing 30gm high- content improved in products. Stability of lipase was good for ten
immobilised CalB) acid soybean oil with 2.4gm glycerol cycles of reuse, without loss in its activity.
agitated at 500rpm with N, purging. The acid
value of oil =50.
Organic-modified 0.2gm modified lipase in 0.184gm glycerol 84.24 29.36  54.88 - The study reveals that organic modification in immobilising the lipase [160]
SBA-15 Immobilised  to 3.52gm soybean oil at oil bath (60°C) with on mesoporous silica, significantly improves overall reaction activity,
Lipase Rhizomucor 200rpm magnetic stirring for 24 hrs. selectivity and stability. Effect of the organic group attached to SBA-
michei (RML) 15 RML,, is studied. It is seen that with increasing carbon groups in the
organic part, DAG/MAG ratio decreases. Benzyl-SBA-15 RML
showed the least DAG/MAG ratio=1.99.
Candida antarctica Glycerol/ palmitic acid — 4:1, 20 mg 48 1.4 0 High activity preparation of lipase increased the performance. High [161]
lipase B (CALB) is Molecular sieve and 4 ml acetone, incubated MAG selectivity is obtained than previous studies. Conversions were
modified with — at 50°C at 300 rpm. 50pl of modified lipase. not reported.
1. Cross-linked For un-modified lipase reaction time- 24 hrs. - 81 4.5 0
enzyme aggregates Use of polar solvent, acetone and comparatively shorter residence time
(CLEAs) For modified lipase reaction time-12 hrs. of 12 hrs, was a probable reason behind lower DAG content.
2. Protein coated 82 4 0 Thus, polar solvents aid to the MAG formations. Use of molecular
microcrystals sieves increased the conversions for both MAG and DAGs.
(PCMCs)
3. Cross-linked 87 3.3 -
protein coated
microcrystals
(CLPCMCs)
Immobilised lipase Glycerol/anchovy oil molar ratio — 3:1, with 76.90 2432  52.99 - The study operated in the solvent-free system keeping a focus on [162]
PS-DI from 9.0 % (w/w) lipase without a solvent. oxidative stability of the products for the first time. They achieved a

Burkholderia cepacia

45.8°C, 200rpm for 4hr.

significant 68% increase in induction time from 0.84hour. Oxidative
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stability is vital in the industrial application of glycerolysis, and thus
this study is crucial. Factors affecting the oxidative stability are
Gly/TAG molar ratio, reaction conditions, TAG composition, among
others.

Novozym 435

T= 65°C, methyl caffeate (MC) =50g/l, 96.46
MC/lipase=1:5 (w/w), DES/Gly=1:10 (v/v),

180rpm, flow rate- 2pl/min, residence time

of 2.5hr in continuous flow micro-reactor.

Enzymatic glycerolysis of caffeic acid in a Sml micro-reactor with a
co-solvent DES (Choline chloride: urea). On comparison with the
batch reactor in a conventional system, time is reduced by 75% and
yield up by 6%.

[113]

Novozym 435

Enzyme load 8%, 8 hr reaction time, DES 75.80
dosage 10%, TAG/glycerol molar ratio 1:4,
80°C and zero saturation.

DAG production from soybean oil is studied in presence of glycerol-
based DES. Out of ChCl, ethanol and butanol, ChCI and glycerol at
1:2 molar ratio, showed the best capability as reaction medium with no
water added. Lipase reusability obtained is up to 5 times.

[157]

- data are not available.

23



3.2 Heterogeneous catalysis

Due to easy separation and recovery of the catalyst, this class of catalysts is widely adopted
industrially. The main challenges for homogeneous catalysts are durability, reusability, cost-
effectiveness and greenness of the process. Various heterogeneous catalysts suffer from
extensive and costly catalyst preparation or deactivation due to their stability problems,
inhibition by impurity or the reactant, or the poor structural design [163].

Considering the case of the metal oxides, metal (M) oxides (O): M-O solid acts as a weak
Lewis acid (M) and strong Brensted base (O) pair. Building up on M-O catalysed methanolysis
mechanism proposed by Cristina et al [164], a mechanism for glycerolysis is proposed as
following: Initially, the hydroxyl group at a-carbon positions, the hydroxyl group at 1 and 3
positions being more available than B-position carbon owing to steric hindrance with glycerol
molecule, is activated by the catalyst. Consequently, H' is bonded by O site and the remaining
glycerol anion (C3HsO3") is bonded to Ms site on the catalyst surface. Simultaneously, owing
to resonance in the acyl group of fatty acid, there is a partial positive and negative charge on
the C=0 double bond. This is also bonded weakly on M:s site [165, 166]. The role of Ms site is
to stabilise the negatively charged reaction intermediates, glycerol and fatty acid, while Os site
is there to extract the proton from alpha hydroxyl group in glycerol. After this, desorption of
intermediates take place in which water and the desired product gets generated, and the catalyst
is again available for the next cycle. In heterogeneous catalysis, many other mechanisms are
possible and have been studied [164-168].

ZnCl» catalysed glycerolysis of the waste FFAs was studied by Mostafa et al [137]. Using a
batch reactor at 195°C, 500 rpm of stirring speed and equimolar reactant mixture fed with 0.3
wt. % of ZnCl2 gave over 99% FFA conversion in just 100-minute mark. The same authors
also studied the extent of the reversible reaction and the effect of three different cooling
mechanisms in stopping it. The final FFA content after employing different cooling
mechanisms including air-cooling, water-cooling and refrigeration cooling was 87%, 97% and
99%, respectively. This shows that rapid cooling is necessary, to quickly separate the glycerol
phase from the FFAs and stop the reaction effectively. The difference between the rate of
sample cooling and thus the cooling time taken, is proportional to extent of reversible reaction
that can happen. Therefore, the extent of reversible reaction is higher when air-cooling is used
and lowest when rapid cooling is used. The same authors also did process simulation using
ASPEN HYSYS, to analyse the scale-up effects of using the fatty acids up to 100 tons daily.
This resulted in 96% ester and 4% glycerol as the products, at the bottom of the distillation
unit. 73% of unreacted glycerol was recovered at top of the distillation tower. When Zn and
Zn-acetate were used as the catalysts (0.1 wt. %) in the glycerolysis of an acidulated soap-
stock, similar temperature (200°C) and molar ratios resulted in 93% FFA conversion in 60
minutes [97]. The results in these reported studies somewhat differ, however it can be said that
using metallic catalysts enhances the reaction kinetics, in the otherwise longer reaction.

In Table 3 metal oxides (ZnO, MgO, SnO), metal halides (BuSnCls, ZnClz), modified metal
organic frameworks (M. Mofijur, #33) and other heterogeneous catalysts used for glycerolysis
found in the literature have been listed. In the case of SO4>/ZrO>—Al>03, a sulphated metal
oxide complex, though the conversion was over 98%, almost equal distribution of product into
MAGs, DAGs and TAGs was obtained [172]. A possible reason behind this low MAGs
selectivity might be longer reaction time (4 hours) and inefficient which may cause increased
MAG to DAG or TAG conversions. Further investigations on the effect of higher molar ratios
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of reactants, might have been done, to reflect on the product distribution. Perhaps, this might
be due to the lesser selectivity of the complex.

Complete conversion of the oleic acid to glycerides was obtained, when the tin—organic
framework (Sn-EOF) was used as a catalyst with reaction conditions, 1:10 oleic acid to glycerol
molar ratio and 1 wt.% catalyst at 180°C [115]. However, even non-catalysed glycerolysis gave
89% conversions as well. Hence, the effect of Sn-EOF, was superimposing only. Similarly, for
other MOFs used in the same study, similar catalytic activity as that of a non-catalysed high
temperature glycerolysis reaction was obtained. It was clear from the study that the glycerolysis
reaction conditions are less suitable for catalysts with Cu3(BTC)2, a metal-organic framework
consisting of copper metal ions and benzyl trimesic acid as the organic linker; this was due to
its degradation and subsequent mixing in the reaction. This might be due to the fact that
Cu3(BTC)2 and it modified forms are more suited to catalyse ester hydrolysis reaction pathway
[173]. Hence, these applied operating conditions might not have been in the catalysts” operating
range or further optimization of the catalysed reaction could be done on the current parametric
range. Oleic acid at the temperature above 150°C, causes degradation of Sn-EOFs and thus
temperature was limited to 150°C to preserve the catalyst and thus conversion reduced to 26%
and 40% in 8-hour and 20-hour reaction time, respectively. The application of MOFs in the
presence of tert-butanol solvent shows good catalytic activity. Problems due to the reactants,
such as degradation by oleic acid and inhibition by glycerol are also some of the issues with
heterogeneous catalysts. Acidic ionic-exchange resins show higher selectivity towards
monoglycerides [101, 170] but with the restriction in temperature as they are prone to swelling
in the reaction mixture [175], limits their applications.
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Table 3

Studies reported in the literature for the heterogeneous catalyst performance and reaction conditions in glycerol-esterification with FFAs.

a . : : Ref.
Catalyst Feedstock (;l" ) g,; (Trlli?le) Con\‘/;)rswn MQ G D;Z G T%G Remarks
Sulfated Zirconia Loaded SBA-15 Lauric acid 160  4:1 360 94.9 834 5.61 1.79  Investigators incorporated sulfated ZrOCl, onto SBA-15  [176]
Catalyst to get improved mesopore surface area. Due to lower
(0.58 g of ZrOCl,.8H,0 with 16 wt% micropore area and increased ZrOCl, content in the
loading) heterogeneous catalyst, the molecular-sieving effect was
observed. This sieving effect enhanced the esterification
reaction.
Sulphated SBA-15 Lauric acid 160  4:1 420 94 70.2 23 2 At 5 wt.% catalyst loading, successful glycerolysis of [177]
lauric acid has been done, under reduced pressure (0.65
bar) in a batch reactor. Reusability up to four cycles was
obtained.
12 tungstophosphoric acid Lauric acid 160  4:1 360 70 50 - - Successful addition of HPW anions into SBA-15 was [178]
(H3PW12,040) SBA-15 reported to increase catalytic performance. Higher than
20wt% of HPW resulted in choking of pores, resulting
in a decrease in performance.
Solid superacid WCO (initial 200 1.4:1 240 98.4 31.1  28.7 39.6 Apart from inherent metal toxicity in the catalyst, this [172]
S04*/Zr0-AlLO; Acid value process achieves good conversion with easy separation
~88 mg of catalyst and glycerol from the product, with a low
KOH/g) catalyst loading of 0.3 wt.%. However, such high
temperature and complex catalyst preparation increase
reaction expenses.
ZnO Catalyst loading (0.5% w/w) Oleic acid 150 4:1 360 62.82.68 70.21 25.12 4.67 Heterogeneous ZnO-Zeolite was studied in this paper. [139]
ZnO + Zeolite support 150 41 360 89.85 6741 2840 4.19 Besides, akinetic modelis proposed to explain the main
Catalyst loading (0.5% w/w) and side reactions. The study reported place of the
reaction is in oleic acid-rich phase, while glycerol
extracts the produced water during the reaction to help
shift the reaction in the desired direction. Leaching is
reduced due to zeolite supporting.
MgO Stearic acid 160  1:1 1440 67.5 60.8 375 1.7  Comparative studies on the effects of applying basic and  [126]
7n0O 160 1:1 1440 36.5 79 20 1 acidic catalysts were done in this study. Basic catalysts
) ) can limit secondary reactions and decrease product
ZnO with solvent diglyme 1o 1: 960 63 825 175 - conversion percentage. ZnO was found to be a better
ZnO with solvent diglyme Lauric acid 110 1:1 960 56.1 733 26.7 - solid basic catalyst as others are more prone to
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Ref.

Catalyst Feedstock ©C) P (min) %, o o, o Remarks
ZnO with solvent diglyme Oleic acid 110 1:1 960 45.1 90.7 9.3 - saponification. Diglyme presence in ZnO catalysis
further enhances its activity and selectivity, showcasing
that reagent’s and product’s, solubility and solvation, are
important in glycerolysis. In addition, in diglyme, the
activity of ZnO is affected by the composition of fatty
acids, being highest in stearic and lowest in oleic acid.
[Me/SOsH]-MCM-41 mesoporous Oleic acid 150 1:1 360 96 41.6 - - Modified MCM-41, is charged with simultaneously with  [179]
material sulfonic acid and alkyl groups to make a hybrid catalyst.
L It is reported that tuning the alkyl/sulfonic acid ratio in
[Me/SO;H]-MCM-41 mesoporous Lauricacid 120 1:1 480 92 68 - " catalyst affects the activity, 1.8 milli-equivalent Me
material (methylation)/ gm of catalyst is optimum for 63% of
monolaurin content. The effect is less pronounced in
oleic acid glycerolysis.
Coated silica gel-SO3;H Lauric acid 112 1:1 720 97 51 - - Monolaurin  synthesis via siliceous mesoporous [180]
modified materials like silica gel, HMS (hexagonal
HMS-SO:H 1320 91 52 - - mesoporous silica), MCM-41 and H-USY (ultrastable
Silylated MCM-41-SOsH 1440 81 53 } ) Y) zeolite is done. These materials are modified with
propyl-sulfonic acid groups. Study of catalyst synthesis
Coated MCM-41-SO;H 1440 77 47 - ©  via different routes and their effects on catalytic activity
Amberlyst-15 708 72 44 - - and efficiency was reported. In the esterification process,
Zeolite H-USY (Si/Al=14.5) 1410 55 36 - - reactants are fed into 100 ml round bottom flask heated
at 200 rpm and catalyst loading of 5wt. % with respect
to glycerol is done. Silica gel coated with propyl sulfonic
acids had better FFA conversion profile but as with
others, MAG selectivity is not much. This is due to the
autocatalyzing effect of lauric acid, it reacts with MAGs
to produce DAGs and TAGs.
Layered double hydroxide - complex Oleic acid 160  3:1 180 90 65 33.7 1.-3 2 wt. % of catalyst gives the best conversion without [168]
MgAICO; having product browning as seen at 180°C, concerning
the food industry.
Blank Oleic acid 120  1:1 180 30 75 24 1 When tert-butanol was wused as a solvent for [115]
180 180 89 51 40 9 homogenising the tin-organic framework (Sn-EOF),
480 45 62 35 1 leaching was limited and catalyst stayed active.
HPW/Cu3(BTC),¢ (1wt% loading) 180 180 97 39 49 12 However oleic acid was responsible for catalyst
degradation at high temperatures, above 150°C. The
Nano HPW/ Cu3(BTC), 180 180 99 21 35 9 metal centre acts as a Lewis acidity catalytic centre and
HSiW/Cu3(BTC), 180 180 88 50 43 7 is behind the catalytic activity. Over 98% MAG

selectivity with 40% conversion is achieved at 150°C,
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Ref.

Catalyst Feedstock (;F ) ?1; (Trlllilrlf) COH\(/)ZI‘SIOH MQ G DOA/O G T(/)ZG Remarks
Ultrastable Y zeolite (1wt% loading) 120 480 45 63 34 3 but in the absence of solvent 100% conversion and 48%,
180 180 92 47 43 10 MAG content is reported. Thus, it is seen that in
Sn-EOF (in metal- organic framework, 180 180 100 48 42 10 presence of solvent the monoglycerides to di- and
where 4,40-dibromobiphenyl is organic triglycerides conversion is halted due to separation of
linker) product as they are formed, from the catalytic centres.
Sn-EOF with solvent- tert-butanol 150 480 40 98 2 0
BuSnCl; Oleic acid 180  1:1 180 87 494  40.2 10.34 Various organotin (IV) compounds were studied for [181]
Bu,SnLau, 79 58.22 379 3.8  glycerolysis of oleic acid. At 0.01 moles of catalyst w.r.t
Bu,SnCl, 78 564 359 6.4  glycerol, activity is in order- BuSnCl; >Bu,SnLau,
Bu,SnO 71 54.5 38 8.4  >BuSnCl; >Bu,SnO >BuSnO(OH). It was concluded
BuSnO(OH) 65 36.9 4777 15.5 that the most active catalysts act as typical Lewis acids
Catalyst dosage (.01mole with 1:1 (BuSnCls, Bu;SnLau,, and BuaSnCly) while the least
reactant mixture) active ones follow ligand exchange concept (Bu,SnO
and BuSnO(OH)). A higher stirring rate was used
(2000rpms).
Ion-exchange resin® - Oleic acid 90 6:1 1440 The reaction is carried out in glass batch reactor agitated [101,
Amberlyst 31 at 800rpm with 7 wt.% catalyst. Four resins and effect of ~ 170]
without swelling 68 80 17 3 swelling on their conversion and selectivity is studied.
with swelling 75 82 14 4 Swelling in reactants or water or a solvent is considered.
Amberlyst 16 For Amberlyst 31 swelling in glycerol increased its
without swelling 37 83 12 5 selectivity but significantly reduced its conversion
with swelling 42 77 19 4 ability, this might be due to selective inhibition. While
K1481 swelling in oleic acid had positive overall effects. Water
without swelling 49 78 21 0 had a significantly detrimental effect on results, with
with swelling 45 83 17 0 88% drop in conversion for Amberlyst 31. It is removed
by molecular sieving (3 Angstrom) after which
conversion increased by 1.32 times. Increasing carbon
chain length decreases conversion rate due to lesser
accessibility to active sites in resin.
Fe—Zn double-metal cyanide Lauric acid 180  1:1 60 75.0 66.0  28.8 5.2 During the catalyst synthesis, the temperature at which [182]
(7 wt.%) Myristic acid 75.9 69.4 24.0 6.6 the ZnCl, solution was added to the potassium
Stearic acid 62.2 77.7 19.0 3.3 ferricyanide solution had marked positive effect on the
Oleic acid 63.4 67.3 31.7 1 surface area, which affected the product yield. Water
addition up to 0.5 wt.% resulted only a slight decrease in
yield due to hydrophobicity of catalyst. Catalyst retained
the yield for 2 consecutive cycles.
Hydrophobic Oleic acid 160 1:1 240 80 59.4 346 6.0  Increasing temperature and catalyst concentration [183]

Z10,-Si0,-Me&Et-PhSO3;H

decreased MAG selectivity. Catalyst acid strength and
availability of these acid sites on surface influence yield
whereas the pore volume and induced hydrophobicity to
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Catalyst Feedstock ©C) P (min) %,

MAG DAG TAG

%

%

%

Remarks

Ref.

zirconium catalyst dominates the selectivity in the end
product. When the reaction time was doubled, ~8%
increase in conversion was seen with lowered MAG
selectivity, due to MG further converting to DG and TG.

- data are not available.

2 Reaction temperature.

b Glycerol to FFA (feedstock) molar ratio.

¢Technical Olein is from the vegetable oil refining process.

4 HPW/ Cus(BTC); catalyst- copper benzene tricarboxylate MOF having encapsulated HPW.
¢ swelling in oleic acid for all resins.
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3.3 Homogenous catalysis

Homogeneous catalysts perform better at catalysing the reaction as they provide faster reaction
rates as all the reactants, including the catalyst itself, are in the liquid phase [184]. The
corrosion of equipment, side-reactions and difficulty in separation are few associated problems
with homogenous catalysts [185].

Researchers have used sulphuric acid, PTSA, heteropolyacids and other similar catalysts for
homogeneous acid-catalysed glycerolysis. These homogenous catalysts behave as a
protonating agent in the reaction [186]. For alkaline catalyst, NaOH (1.75 wt. %) was studied
in the re-esterification of crude jatropha oil [187] and crude castor oil [ 188] with glycerol. The
conversions of over 99% were obtained only around 60°C with an equimolar feed for 75-85
minutes. Dani et al [189], investigated effects of a co-solvent (hexane) in NaOH catalysed-
glycerolysis of WCO with acid value 12mg KOH/g. 1.3% of NaOH in hexane with oil to co-
solvent weight as 2:1, reduced up to 92% acid value in 20 minutes. However, the strict
regulations on using petro-derived solvents such as hexane cause applicability problems [190].

Modifying heterogeneous catalysts with homogeneous catalysts leads to the development of a
physically heterogeneous and chemically homogenous hybrid catalyst [191]. Isahak [192]
synthesised silico-tungstic acid in bulk (STAB) and silica sol-gel (STA-SG) for esterification
of glycerol with oleic acid at 100°C for 8 hours at oleic acid to glycerol molar ratio of 6:1 and
then compared the results with homogenous sulphuric acid. H2SO4 and STAB produced total
conversion of 100% and 98%, respectively, but were lower in MAG selectivity; approximately
81% and 90% respectively. Nevertheless, silica sol-gel modified silico-tungstic acid showed a
higher conversion of 94% and a higher selectivity of 95% for monoolein. Higher selectivity of
STA-SG is due to the increased number of active sites, due to a higher BET surface area of
STA-SG (460 m?/g) in comparison to STAB (0.98 m?/g). Also, STA-SG was easy to separate
after the reaction, as it was insoluble in the product. Studies conducted in this area are listed
with remarks in Table 4.

Observations regarding the effect of free fatty acid chain length on product yield were reported
by Kotwal et al, [182]. FFA conversion was directly in proportion with the solubility of the
respective FFA in glycerol, as is shown in Fig. 7. This confirms that reactant miscibility i.e.,
the mass transfer, has a significant effect on product yield and the reaction kinetics.

In the case of the basic Ionic liquids 1-Butyl-3-methylimidazolium imidazolide ([Bmim]Im)
[193] as reported in Table 4, it has comparable basicity to KOH and [Bmim]OH, when pH
values of their aqueous solutions were evaluated. However, the yield in case of the latter two
was lower, with 30% and 3.6%, respectively. As per the authors, the difference between KOH
and IL can be understood based on the dispersibility of the two. [Bmim]Im, due to its structure
is better dispersed throughout the reaction mixture in comparison to KOH. While, in the case
of 1-Butyl-3-methylhydroxide ([Bmim]OH), early degradation was observed at 90°C, thus
limiting its capability in reaction.

Recently, deep eutectic solvents (DES) has been increasingly researched in the chemical
synthesis field, owing to their potential as green solvents with inherent advantages such as low
vapour pressure, biodegradability and being their tune-ability [194]. DES consists of a mixture
of a hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA), which when heated
together in a specific molar ratio, yield a eutectic mixture. The DES based on quaternary
phosphonium salt and PTSA showed lower selectivity towards MAG and more selectivity
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towards DAG [129]; this is listed in Table 4. This preference towards diglycerides could be
understood from the perspective of Bronsted-acidity like the behaviour of the acidity in DES,
which favours diglycerides more than mono-glycerides. A similar observation was made in
case of PTSA in subsection 2.2.7.

Extending this study, Zhang et al. [195], studied the same DES in glycerolysis of vegetable oil
deodorised distillate, a reject from the edible oil refining industry. They obtained 90% FFA
conversion, considering optimum conditions being 160 °C, Swt% DES loading, and 10 min
reaction time. The presence of water reported in their work limits the equilibrium conversion
at 90%. Further investigation in this reaction specifically in effective water removal might be
looked into to increase equilibrium conversion.

To summarize on the catalyst performance, the FFA conversion profiles were plotted in Fig.
11 for different sets of homogeneous and heterogeneous catalysts. Organo-functionalised
catalysts such as coated silica gel-SOsH and HMS-SOsH esterified lauric acid at 112°C,
achieved 90% conversion in approximately 10 hours. For the similar conversion, homogenous
catalysts [Bmim]Im and Phosphonium based DES take lesser time, 4 hours and 0.5 hours,
respectively. However, the selectivity towards monoglycerides is an important aspect as well.
Homogenous catalysts show inferior MG selectivity as compared to heterogeneous catalysts.
Future research studies may be invested in exploring better selectivity in homogeneous
catalysis or perhaps the development of a hybrid catalytic system adopting advantages of both
homogeneous and heterogeneous catalysts.
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Table 4
Studies reported in the literature for the homogeneous catalyst performance and reaction conditions in glycerol-esterification with FFAs.

Catalyst Catalyst Feedstock T G: Time Conversion MAG DAG TAG Remarks Ref
loading (°C) F*>  (min.) % % % %

HPW 2.5 wt.% Lauric acid 160 4:1 240 97 59.8 - - Despite higher conversion monoglycerides selectivity is less.  [178]

Initially, the yield was around 65% at the 120-minute mark
but gradually dropped to 61% at the end. This drop is due to
lauric acid reacting with monoglycerides to form di- and
triglycerides.

H>S04 8ml/L Lauric acid 90 6:1 330 69 - - - In comparison to ZnCl, (66.8%) used in the study, a slight [196]

increase in conversion is obtained. This might be due to the
mass transfer limitations of the heterogeneous catalyst.

H,SO4 0.01mole with  Oleic acid 180  1:1 180 60 56.7 38 5 Higher stirring rate is used (2000 rpm). With the same [181]
1:1 reactant catalyst and similar loading strategy as above, change in
mixture molar ratio and carbon chain length in reactant affects the

thermal energy required.

p-toluensulfonic  0.5% w/w Oleic acid 100 1:1 360 100 <30 - - Lesser selectivity towards MAGs, in the case of acidic [197]

acid 120 60 36 - - catalysts is observed.

NaOH 0.5% w/w) *Ci20 150 1:1 318 - 48.3 - - Effectiveness of alkaline soaps in the esterification of fatty [198]
glycero:NaOH  Ci4o 360 - 48.2 - - acids from medium to long-chain has been investigated. The
soap Ciso 384 - 48.4 - - soap formed during transesterification is intended to be
=1:1:0.07 Ciso 444 - 49.4 - - diverted to glycerolysis for catalysing the esterification
(mol) reaction. With varying catalyst dosage and temperature, no

KOH 0.5% w/w) Ci2o 432 - 47.4 - - appreciable difference in conversion and yield of different
glycerolKOH  Ci4y 462 - 46.3 - - fatty acids, when analysing irrespective of reaction time.
soap Ciso 486 - 46.8 - - However, a descending trend in rate constants is observed
=1:1:0.07 Ciso 546 - 46.3 - - with increasing chain length in fatty acids. This could be the
(mol) reason behind higher reaction time required in the case of

longer chain fatty acids, for achieving similar yields. Fatty
soaps formed in the first step, increase the rate of reaction
and also provide emulsification of glycerol in them. The
reaction was done under vacuum (0.8 Bar) to eliminate the
water generated.
NaOH 0.5% wiw Waste Cooking 210 1.4:1 240 99.6 56.5 252 17.5 For the first run, NaOH is added to a vacuum pressurised (.05 [199]
Oil (initial acid bar) esterification unit and there onwards it uses alkaline
value of 124.9 soap. Remarkably, the soap-maintained activity for 13 times
mg KOH/g) and no separation of catalyst and glycerol excess needed for

transesterification. The energy required for additional
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processing of WCO, in terms of heating (200°C), in this
study or in general is higher than the regular processing cost
in the transesterification method. Nonetheless, up to 45%
savings are obtained, since there has been saving in feedstock
and catalyst cost by using WCO, crude glycerol and alkaline
soap back in the process. More development in the
application of alkaline soap recycling is needed.

([Bmim]Im) 8 wt. % Soybean oil 170 6:1 240 80 63.75 - The ionic liquid catalyst used has strong basic nature as [193]
(0.51 mg comparable to KOH and is thermally stable. MAG yield of
KOH/g) 63.75% achieved at optimum conditions, which is higher in
comparison to MgO or hydroxides of potassium, sodium,
calcium.
DES (ATPB: Swt. % Oleic acid 150  6:1 30 95 27 58 Over 85% of mono and di-acyl glycerol are produced and [129]
PTSA) catalyst activity maintained until 5 cycles. Novel study in its
In molar ratio of application of acid-DES in glycerolysis of oleic acid
1:3 optimised the reaction to a new level in terms of the

greenness of overall reaction and reaction conditions.

-Not reported or data are not available.

3(Ciz:0 - Carbon chain, 12- length and 0- no of double bonds)
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3.4 Other catalytic systems

Biodegradable methane sulfonic acid, an excellent Bronsted acid catalyst in the esterification
was studied in a microwave assisted glycerolysis of oleic acid [136]. 800 W microwave output
power was used to heat the reaction instead of the conventional heating mantle 91% conversion
with 0%, 13% and 87% selectivity towards MAG, DAG and TAG respectively, were obtained
at the optimum conditions: 191°C, 0.4 bar pressure, 0.3 wt. % of catalyst, 3:1 oleic acid to
glycerol molar ration and 104 minutes of reaction time. In comparison to the conventional
heating, microwave heating resulted in a reduction in the reaction time (33%) and an increase
in the final conversion (50%). This enhancement in reaction rate is attributed to the better and
rapid heating provided by the microwave since the radiation was able to directly penetrate into
the mixture. In a zinc-acetate catalysed glycerolysis of FFAs, microwave irradiation in
comparison with the conventional stirring resulted in a six times faster reaction rate with a
similar decrease in energy requirement (203.6 to 35.3 kJ/g). Reductions in initial reaction time
(89%) and temperature (47%) were also found [200].

More et al. [201] investigated the effects of ultrasound as the pre-treatment on the glycerolysis
of the caprylic acid to the medium-chain triglycerides (MCTs) in the presence of HCl, H2SO4
and PTSA with and without silica-gel as adsorbent support. The optimum pretreatment
conditions were reported as 60 minutes of irradiation at 50°C at 20kHz, 240W at 60% duty
cycle. After this pre-treatment, 1 wt.% catalyst at 4:1 caprylic acid to glycerol molar ratio, 1
wt.% loading of silica gel, 0.33 atm vacuum, 170°C, 400 rpm and 9 hours. They reported
96.6%, 94.4% and 92.7% yield of MCTs in the case of H2SO4, HC1 and PTSA respectively.
The reduction in the reaction time from 24 hours to 9 hours was observed. Mohod et al, [196],
also investigated the effect of ultrasonication (US), as a means of agitation, in the glycerolysis
of lauric acid, with H2SO4 as homogeneous catalyst and ZnCl: as heterogeneous catalyst. The
results for conventional stirring are listed in Table 4. Two configurations were studied 1.e., the
US-longitudinal horn and US-bath with operating conditions and catalyst loading remaining
similar to that of conventional stirred reactor. The reduction in the reaction time to 270 minutes
for both catalysts types was obtained. With the US-longitudinal horn, as a means of agitation,
72.3% and 77.5% conversions were obtained for ZnCl> and H2SO4, respectively. While these
numbers drop slightly in case of US-bath operated reactor. This is due to the
placement/geometry of transducers in the two configurations, in the case of the longitudinal
horn, sonication is done more effectively as the transducer is extended into the mixture, while
for US-bath, and the operation is done from the periphery. Operating energy consumption for
US-longitudinal, US-bath and conventional stirring per unit reduction in acid value was
calculated as 15.4 MJ/mg, 16.8 MJ/mg and 16.85 MJ/mg, respectively. However, no reporting
of'yield or selectivity was done, which could have furthered the analysis. Similar intensification
strategy i.e., ultrasound or sol-gel based glycerol adsorption, aforementioned studies, could be
applied to glycerolysis of FFAs, for analysis.

Novel use of a DES (ChCI-Gly) with a heterogeneous catalyst (Amberlyst-15 beads) has been
investigated recently for the esterification of lactic acid with ethanol for ethyl lactate
production, in the pharmaceutical based research area [202]. An increase from 33.8% to 69.3%
in the yield of ethyl lactate. The work showed the scope of the typical hybrid catalyst systems,
which is capable of overcoming various limitations in the esterification reaction. Similar
investigations for glycerolysis of FFAs in biodiesel-research area have not been done and
remains as an opportunity.
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Glycerolysis in the supercritical reaction conditions is also an attractive alternative to the
conventional catalyst systems discussed earlier. Whenever any mixture, compound or element
has pressure (Pc) and temperature (T¢) above its critical values, it loses the distinction between
liquid/gas phases, its density changes and it behaves as a supercritical fluid [203]. It can then
dissolve materials and permeate through solids. SC-CO2 was used in the lipase-catalysed
glycerolysis reactions [204, 205] owing to its relatively low critical parameters and low
toxicity. Common fluids reported in literature, with their supercritical conditions (Pc, Te, pc)
are H20 (22.12, 374.3, 348), CO2 (7.3, 31.3, 469), CH30H (8.09, 239, 272) and C3HeO (4.70,
235, 278); in MPa, °C and g/L respectively [203].

One important factor while applying supercritical conditions is the stability (at high T and P)
of reactants and products as both of them should not degrade under these conditions [206]. One
study concluded that fats, oils and FAMEs themselves get partially decomposed at high
temperatures and high pressures, especially FAMEs (>330°C) where isomerisation to cis- and
trans- isomers takes places [207].

Tai et al [208] studied the lipase-catalysed esterification of glycerol and palmitic acid in
acetone as a solvent, with CO2 as the co-solvent at 65-85 bar and 40-60°C. The reported
optimum conditions from the investigation were 85 bar at 50°C and 25% w/w enzyme
(Novozym 435), leading to 77% palmitic acid conversion. In this system, the gas-expanded
solvent system, SC-CO2 added to acetone, reduced the reaction time to 5 h from 24 h. These
advantages are due to alterations in the physicochemical properties such as dielectric constant,
H-bonding and viscosity of the solvent [209]. However, there is a significant increase in the
cost owing to SC-CO:z in the reaction.

In the glycerolysis of FFAs, a process intensification [133] study by Chuah et al., concluded
that microwave and ultra-sonication techniques are still not completely viable for industrial
adoption but that hydrodynamic cavitation performs more efficiently in terms of yield, reaction
time and energy consumption. Recorded patents cover a number of tailored, glycerolysis
reactants and products. These are listed in Table 5. Kochar and Bhatnagar 1962 [210], reported
CO»-catalysed glycerolysis of fats and oils. With aqueous COz in the reaction mixture acting
as a catalyst, MAG vyield of up to 82.5% was reported in the case of castor oil by the
investigators. No such study reporting using only COz as the catalyst in the glycerolysis was
found in the literature and thus further investigation to check the validity of their results is
required.
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Table 5

Granted Patents since 2010 in the field of glycerolysis.

Year  Patentee and assignee Remarks Ref
2010  Allan Donald Roden, Jeremy Butz Base catalysed glycerolysis at 204 °C for reducing FFAs concentration in waste vegetable oil. 1:4 US20100175312A1
w/w ratio of glycerol to (50%) caustic solution in 1L of WVO.
2013 Ma Chuanguo et al. (Henan University of Lipase glycerolysis of high acid value degummed rice bran oil. CN102268464B
Technology)
2013  Deng Zeyuan et al. (Nanchang University) Immobilised lipase (Lipozyme RMIM) catalysed glycerolysis of deodorised fraction from tea seed CN102342331B
oil by employing molecular sieves and mild reaction condition.
2014  Guan Youyun et al. (Henan Jiuda Industrial Co., Process optimisation for two-step biodiesel production process, Reactor I glycerolysis and Reactor CN203890322U
Ltd.) II transesterification, are connected serially.
2014 Wang Yonghua et al. (South China University of Immobilised lipase (Lipase TI) is used in partial glycerolysis reaction under a 10~500 Pa vacuum for CN103060394B
Technology) 2-6 hours at 75-95 °C after which centrifugation is done. Re-esterification with glycerol is done for
edible oils (palm, soybean etc.)
2015  Coon Lo et al. (Sime Darby Berhad, Malaysia) Di-acyl glycerol enriched-oil targeted immobilised lipase glycerolysis reaction. Lipase is supported JP5782130B2
on hydrophilic siliceous material. Patent more suitable for food processing engineering.
2017  Sanjeev Agarwal (Technochem Co) A feedback loop scheme, specialising in FFAs treatment in an oil involving de-aeration, pre- US20160152924A1
distillation, steam-distillation, condensation and glycerolysis in a continuous feedback loop. Pre-
treatment process intensification is done and glycerolysis is thermally-auto catalysed.
2017 Rongsheng Ruan et al. (China Agricultural Auto-catalysed high temperature glycerolysis is a part of the multi-step process in producing US9745530B2
University, University of Minnesota) biodiesel from scum.
2017  Michael Phillip Doyle and Glenn Richards Heterogeneous catalyst placed in fluidized-bed multiple-reactor, based glycerolysis of feedstock (2- WO2018102793A1
100% FFA) in a heating vessel with 1.2:1 Gly to oil (w/w) at 196°C. Calcined catalyst is a mix of
90% silica, 18% ZnO powder and ~ 2.3% CuO.
2018  David A. Slade et al. (REG Seneca LLC) High temperature auto-glycerolysis is part of two-step multi-feedstock biodiesel production process. US9909077B2
2018  Wang Yonghua et al. (South China University of Lipase (Lipozyme Rm) catalysed glycerolysis of grease, in a configuration preferring diglycerides CN104830920B
Technology) production up to 10 circulations of grease.
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4 Conclusion and future trends

For biodiesel to contribute to the renewable energy sector by the mid-century, biodiesel
production has to be a market competitive with the conventional diesel. One way to do so is to
increase the process efficiency and economics by the process intensification for example by
utilising by-product crude glycerol. To maintain sustainability in terms of feedstock flexibility,
the biodiesel industry needs to switch to non-edible sources of lipids or oils. This can be done
by utilising crude glycerol in-situ for the pre-treatment of non-edible low-grade feedstock such
as waste cooking oil, by glycerolysis. With the above considerations, it is seemingly necessary
to have a review dedicated to the glycerolysis of high FFAs feedstock. To the best of the
authors' knowledge, the work presented here for the first time reviews glycerolysis of the FFAs
present in the low-grade non-edible feedstock, in the context of biodiesel production.

For glycerolysis, the conventional path requires excessive energy input, making the whole in-
situ glycerol valorisation uneconomical. The behaviour of reactants and products during these
transformations is complex and require a better understanding. Glycerol is a bulky, thermally
stable and weak nucleophilic attacker in the esterification reaction, implying the need for a
suitable catalyst to enhance the reaction. It is observed that in the case of heterogeneous and
homogenous catalysts: dispersibility, thermal stability, the acidic strength and hydrophobicity
of the catalyst, are the key parameters that affect the activation energy, reaction rate and product
yield. Most of the studies reported in the literature have used pure glycerol and pure FFAs,
however, at the industrial levels, crude glycerol and waste oils are to be employed. This creates
an ambiguity towards the reported results since the very composition of the reactants is
different. It has been shown in this work that glycerol purity affects the glycerolysis reaction
considerably. Similarly, any deviations from the pure FFAs in the glycerolysis reaction would
surely produce differing results. For example, in the application DES, oleic acid and VODD
has been reported under the homogenous catalysis. For glycerolysis of these two with pure
glycerol, using the same catalyst dosage, one can see the difference in the operating conditions
especially reaction temperature and time, in addition to a drop in conversion. Other than this
all other parameters have been well investigated and have reached optimum values through the
research based development and verification by various investigators.

For enzymatic catalysts, lipase sensitivity towards impurities, in addition to higher costs, poses
challenges in upscaling them to an industrial level. Techniques such as bio-silicification of
lipases should be focused on to improve lipase stability. Green solvents such as Choline based
DES have also proved to be a better solvent in lipase-catalysed reactions. While their use was
well researched and reported, the use of strong acids and strong bases in homogeneous catalysis
should be avoided to reduce water usage in downstream purification techniques.

In accordance with green chemistry principles, the best performing catalyst systems such as
metal derivatives, ionic liquids, heteropolyacids and heterogeneous catalysts like Amberlyst-
15, mesoporous silica and hydrotalcite, are not entirely environmentally benign. However,
deep eutectic solvents, emerging green solvents, were successful in the glycerolysis of FFAs,
performing at par with the best-known catalysts. Advantages such as ease of preparation, low
cost, greenness in their production, operation and disposal, are unique to this class of
homogeneous catalysts. Over 95% FFA conversion has been reported in the glycerolysis of the
oleic acid at 150°C in 30 minutes, however, the monoglycerides selectivity (27%) is way lower
in comparison to other catalysts. This opens up a research gap and should be investigated in
future studies. Similarly, in-situ application of fatty soaps produced during FAMEs production,
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as a catalyst in glycerolysis also carries potential. Catalyst recyclability in this system has been
remarkable and requires more investigations. A hybrid (homo-heterogeneous) catalyst system,
is also an anticipative alternative to an individual catalyst system, with the potential to combine
the advantages of both types of catalyst. In the case of supercritical fluids, apart from CO2,
other fluids make the process very energy-intensive.

Almost all the work reported in the literature studied glycerolysis in a batch reactor. Other
comparative reactor technologies such as continuous stirred type reactor and microchannel
reactors shall be considered as well. In process intensification through enhanced mixing
techniques, ultrasonication, hydrodynamic cavitation and microwave irradiation display
significant advantages but are energy-intensive as compared to conventional heating and
mechanical stirring, thus requiring more feasibility studies in the future. Though there have
been progressive research studies in the field of glycerolysis reaction, an industrially
accomplished and environmentally benign process still is not available. No hybrid catalyst
systems have been hitherto reported in literature specific to the glycerolysis in biodiesel area.
Future studies should also focus on developing the glycerolysis process by improving on
catalytic system, to make reaction conditions milder, and on process intensification through
novel reactor design and optimisation studies. However, studies addressing the issues of
economic feasibility must be done before considering the relevance of any process.

5 Acknowledgement
We acknowledge the New Zealand Government through the Ministry of Foreign Affairs and
Trade (MFAT) for providing New Zealand Development Scholarships.

39



References

[1] Erb K-H, Gingrich S, Krausmann F, Haberl H. Industrialization, Fossil Fuels, and the
Transformation of Land Use. Journal of Industrial Ecology. 2008;12:686-703.

[2] Moriarty P, Honnery D. Can renewable energy power the future? Energy Policy. 2016;93:3-
7.

[3] Murphy DJ, Hall CAS. Energy return on investment, peak oil, and the end of economic
growth. Annals of the New York Academy of Sciences. 2011;1219:52-72.

[4] ITF ITF. Towards Road Freight Decarbonisation. 2018.

[5] Stanc¢in H, Mikul¢i¢ H, Wang X, Dui¢ N. A review on alternative fuels in future energy
system. Renewable and Sustainable Energy Reviews. 2020;128:109927.

[6] Karmakar B, Halder G. Progress and future of biodiesel synthesis: Advancements in oil
extraction and conversion technologies. Energy Conversion and Management. 2019;182:307-
39.

[7] Rashid U, Anwar F, Moser BR, Ashraf S. Production of sunflower oil methyl esters by
optimized alkali-catalyzed methanolysis. Biomass and Bioenergy. 2008;32:1202-5.

[8] Ong HC, Mahlia TMI, Masjuki HH, Honnery D. Life cycle cost and sensitivity analysis of
palm biodiesel production. Fuel. 2012;98:131-9.

[9] Guan G, Kusakabe K, Sakurai N, Moriyama K. Transesterification of vegetable oil to
biodiesel fuel using acid catalysts in the presence of dimethyl ether. Fuel. 2009;88:81-6.

[10] Spinelli D, Jez S, Pogni R, Basosi R. Environmental and life cycle analysis of a biodiesel
production line from sunflower in the Province of Siena (Italy). Energy Policy. 2013;59:492-
506.

[11] Bailey’s industrial oil and fat products. Sixth ed: Wiley-Intersciemce; 2005.

[12] Manaf ISA, Embong NH, Khazaai SNM, Rahim MHA, Yusoff MM, Lee KT, et al. A
review for key challenges of the development of biodiesel industry. Energy Conversion and
Management. 2019;185:508-17.

[13] Naylor RL, Higgins MM. The political economy of biodiesel in an era of low oil prices.
Renewable and Sustainable Energy Reviews. 2017;77:695-705.

[14] Sumathi S, Chai SP, Mohamed AR. Utilization of oil palm as a source of renewable energy
in Malaysia. Renewable and Sustainable Energy Reviews. 2008;12:2404-21.

[15] Bentivoglio D, Finco A, Bucci G, Zolin MB. Asian Palm Oil Production and European
Vegetable Oil Market: What Can We Learn in Terms of Sustainability? In: Andreosso-
O’Callaghan B, Jaussaud J, Zolin MB, editors. Asian Nations and Multinationals: Overcoming
the Limits to Growth. Cham: Springer International Publishing; 2018. p. 83-99.

[16] UFOP.de. Vegetable oil prices, UFOP. 2020.

[17] Chhetri A, Tango M, Budge S, Watts K, Islam M. Non-Edible Plant Oils as New Sources
for Biodiesel Production. International Journal of Molecular Sciences. 2008;9:169-80.

[18] Gui MM, Lee KT, Bhatia S. Feasibility of edible oil vs. non-edible oil vs. waste edible oil
as biodiesel feedstock. Energy. 2008;33:1646-53.

[19] Murugesan A, Umarani C, Chinnusamy TR, Krishnan M, Subramanian R, Neduzchezhain
N. Production and analysis of bio-diesel from non-edible oils—A review. Renewable and
Sustainable Energy Reviews. 2009;13:825-34.

[20] Patil PD, Deng S. Optimization of biodiesel production from edible and non-edible
vegetable oils. Fuel. 2009;88:1302-6.

[21] Berchmans HJ, Hirata S. Biodiesel production from crude Jatropha curcas L. seed oil with
a high content of free fatty acids. Bioresour Technol. 2008;99:1716-21.

[22] Endalew AK, Kiros Y, Zanzi R. Heterogeneous catalysis for biodiesel production from
Jatropha curcas oil (JCO). Energy. 2011;36:2693-700.

[23] Achten WMJ, Verchot L, Franken YJ, Mathijs E, Singh VP, Aerts R, et al. Jatropha bio-
diesel production and use. Biomass and Bioenergy. 2008;32:1063-84.

40



[24] Encinar JM, Sanchez N, Martinez G, Garcia L. Study of biodiesel production from animal
fats with high free fatty acid content. Bioresource Technology. 2011;102:10907-14.

[25] Hanna DZMA. PREPARATION AND PROPERTIES OF METHYL ESTERS OF BEEF
TALLOW. Bioresource Technology. 1996.

[26] Haas MJ. Improving the economics of biodiesel production through the use of low value
lipids as feedstocks: vegetable oil soapstock. Fuel Processing Technology. 2005;86:1087-96.
[27] Piloto-Rodriguez R, Melo EA, Goyos-Pérez L, Verhelst S. Conversion of by-products
from the vegetable oil industry into biodiesel and its use in internal combustion engines: a
review %J Brazilian Journal of Chemical Engineering. 2014;31:287-301.

[28] Dumont M-J, Narine SS. Characterization of soapstock and deodorizer distillates of
vegetable oils using gas chromatography. 2008;20:136-8.

[29] Bankovi¢-Ili¢ IB, Stojkovi¢ 1J, Stamenkovi¢ OS, Veljkovic VB, Hung Y-T. Waste animal
fats as feedstocks for biodiesel production. Renewable and Sustainable Energy Reviews.
2014;32:238-54.

[30] Trentini CP, Fonseca JM, Cardozo-Filho L, Reis RR, Sampaio SC, Da Silva C.
Assessment of continuous catalyst-free production of ethyl esters from grease trap waste. The
Journal of Supercritical Fluids. 2018;136:157-63.

[31] Demirbas A. Production of biodiesel from algae oils. Energy Sources, Part A: Recovery,
Utilization, and Environmental Effects. 2008;31:163-8.

[32] Pan Y, Alam MA, Wang Z, Huang D, Hu K, Chen H, et al. One-step production of
biodiesel from wet and unbroken microalgae biomass using deep eutectic solvent. Bioresource
Technology. 2017;238:157-63.

[33] M. Mofijur MGR. Recent Development in the production of the third generation biodiesel
from Microalgae. 5th International Conference on Power and Energy Systems Engineering,
CPESE 2018. Nagoya, Japan: Energy Procedia; 2018.

[34] Naeini MA, Zandieh M, Najafi SE, Sajadi SM. Analyzing the development of the third-
generation biodiesel production from microalgae by a novel hybrid decision-making method:
The case of Iran. Energy. 2020:116895.

[35] Taher H, Al-Zuhair S, Al-Marzouqi AH, Haik Y, Farid M, Tariq S. Supercritical carbon
dioxide extraction of microalgae lipid: Process optimization and laboratory scale-up. The
Journal of Supercritical Fluids. 2014;86:57-66.

[36] Volkman JK, Jeffrey SW, Nichols PD, Rogers GI, Garland CD. Fatty acid and lipid
composition of 10 species of microalgae used in mariculture. Journal of Experimental Marine
Biology and Ecology. 1989;128:219-40.

[37] Meng X, Chen G, Wang Y. Biodiesel production from waste cooking oil via alkali catalyst
and its engine test. Fuel Processing Technology. 2008;89:851-7.

[38] Zhang Y, Dubé MA, McLean DD, Kates M. Biodiesel production from waste cooking oil:
1. Process design and technological assessment. Bioresource Technology. 2003;89:1-16.

[39] Zhang Y, Dubé MA, McLean DD, Kates M. Biodiesel production from waste cooking oil:
2. Economic assessment and sensitivity analysis. Bioresource Technology. 2003;90:229-40.
[40] Kinast JA. Production of Biodiesels from Multiple Feedstocks and Properties of
Biodiesels and Biodiesel/Diesel Blends: Final Report; Report 1 in a Series of 6. United
States2003.

[41] Canakci M. The potential of restaurant waste lipids as biodiesel feedstocks. Bioresource
Technology. 2007;98:183-90.

[42] Ambat I, Srivastava V, Sillanpdd M. Recent advancement in biodiesel production
methodologies using various feedstock: A review. Renewable and Sustainable Energy
Reviews. 2018;90:356-69.

41



[43] Enweremadu CC, Mbarawa MM. Technical aspects of production and analysis of
biodiesel from used cooking oil—A review. Renewable and Sustainable Energy Reviews.
2009;13:2205-24.

[44] Math MC, Kumar SP, Chetty SV. Technologies for biodiesel production from used
cooking oil — A review. Energy for Sustainable Development. 2010;14:339-45.

[45] Hajjari M, Tabatabaei M, Aghbashlo M, Ghanavati H. A review on the prospects of
sustainable biodiesel production: A global scenario with an emphasis on waste-oil biodiesel
utilization. Renewable and Sustainable Energy Reviews. 2017;72:445-64.

[46] Maddikeri GL, Pandit AB, Gogate PR. Intensification Approaches for Biodiesel Synthesis
from Waste Cooking Oil: A Review. 2012;51:14610-28.

[47] Chakraborty R, Gupta AK, Chowdhury R. Conversion of slaughterhouse and poultry farm
animal fats and wastes to biodiesel: Parametric sensitivity and fuel quality assessment.
Renewable and Sustainable Energy Reviews. 2014;29:120-34.

[48] UFOP. Biodiesel 2018/2019. Report on Progress and Future Prospects — Excerpt from the
UFOP Annual Report. 2019.

[49] Mi¢i¢ R, Tomi¢ M, Martinovi¢ F, Kiss F, Simiki¢ M, Aleksic A. Reduction of free fatty
acids in waste oil for biodiesel production by glycerolysis: investigation and optimization of
process parameters. Green Processing and Synthesis. 2019;8:15-23.

[50] Ribeiro A, Castro, F. and Carvalho, Joana. Influence of free fatty acid content in biodiesel
production on non-edible oils. WASTES: Solutions, Treatments and Opportunities 1St
International Conference: Centre for Waste Valorization; 2011.

[51] Van Gerpen J, Shanks B, Pruszko R, Clements D, Knothe G. Biodiesel production
technology. National renewable energy laboratory. 2004;1617:80401-3393.

[52] Freedman B, Pryde EH, Mounts TL. Variables Affecting the Yields of Fatty Esters from
Transesterified Vegetable-Oils. J Am Oil Chem Soc. 1984;61:1638-43.

[53] M. Canakci JVG. Biodiesel production from oils and fats with high free fatty acids.
American Society of Agricultural Engineers. 2001.

[54] Roslan NA, Abdullah N, Abidin SZ. The synthesis of sulphonated hypercrosslinked
exchange resin for free fatty acid esterification. Comptes Rendus Chimie. 2019.

[55] Singh S, Singh RP. Deacidification of High Free Fatty Acid-Containing Rice Bran Oil by
Non-conventional Reesterification Process. Journal of Oleo Science. 2009;58:53-6.

[56] Ma FH, Milford A. Biodiesel production: a review. Bioresource Technology. 1999;70:1-
15.

[57] Marchetti JM, Miguel VU, Errazu AF. Possible methods for biodiesel production.
Renewable and Sustainable Energy Reviews. 2007;11:1300-11.

[58] Fatty Acids - Chemistry, Synthesis, and Applications: AOCS Press; 2019.

[59] Lam MK, Lee KT, Mohamed AR. Homogeneous, heterogeneous and enzymatic catalysis
for transesterification of high free fatty acid oil (waste cooking oil) to biodiesel: A review.
Biotechnology Advances. 2010;28:500-18.

[60] Leung DYC, Wu X, Leung MKH. A review on biodiesel production using catalyzed
transesterification. Applied Energy. 2010;87:1083-95.

[61] Lotero E, Liu Y, Lopez DE, Suwannakarn K, Bruce DA, Goodwin JG. Synthesis of
Biodiesel via Acid Catalysis. Industrial & Engineering Chemistry Research. 2005;44:5353-63.
[62] Munack A. Books: Biodiesel — A comprehensive handbook. Martin Mittelbach, Claudia
Remschmidt (Ed.). Biotechnology Journal. 2006;1:102-.

[63] Sonntag NOV. Glycerolysis of Fats Status, Review and and Methyl Esters-- Critique.
Journal of the American Oil Chemists' Society. 1982.

[64] Zhai G, Hu J, Zhao W, Zou C. History, achievements and significance of scientific
exploration wells: For the 30th anniversary of the Scientific Exploration Well Program.
Petroleum Exploration and Development. 2016;43:167-81.

42



[65] Mu L, Ji Z. Technologcial progress and development directions of PetroChina overseas
oil and gas exploration. Petroleum Exploration and Development. 2019;46:1088-99.

[66] Kemp WH. Biodiesel: basics and beyond: a comprehensive guide to production and use
for the home and farm: Tamworth, Ont.: Aztext Press; 2006.

[67] Kulkarni MG, Dalai AK. Waste Cooking Oil an Economical Source for Biodiesel: A
Review. Industrial & Engineering Chemistry Research. 2006;45:2901-13.

[68] Energy Do. Clean Cities Alternative Fuel Price Report (AFPR). United States2019.

[69] Demirbas A. Biodiesel A Realistic Fuel Alternative for Diesel Engines: Springer-Verlag
London Limited; 2008.

[70] Ayoub M, Abdullah AZ. Critical review on the current scenario and significance of crude
glycerol resulting from biodiesel industry towards more sustainable renewable energy industry.
Renewable and Sustainable Energy Reviews. 2012;16:2671-86.

[71] Gargalo CL, Cheali P, Posada JA, Gernaey KV, Sin G. Economic Risk Assessment of
Early Stage Designs for Glycerol Valorization in Biorefinery Concepts. Industrial &
Engineering Chemistry Research. 2016;55:6801-14.

[72] Quispe CAG, Coronado CJR, Carvalho Jr JA. Glycerol: Production, consumption, prices,
characterization and new trends in combustion. Renewable and Sustainable Energy Reviews.
2013;27:475-93.

[73] Tan HW, Abdul Aziz AR, Aroua MK. Glycerol production and its applications as a raw
material: A review. Renewable and Sustainable Energy Reviews. 2013;27:118-27.

[74] C. Thompson J, B. He B. Characterization of crude glycerol from biodiesel production
from multiple feedstocks. Applied Engineering in Agriculture. 2006;22:261-5.

[75] Bohon MD, Metzger BA, Linak WP, King CJ, Roberts WL. Glycerol combustion and
emissions. Proceedings of the Combustion Institute. 2011;33:2717-24.

[76] Research PM. Glycerin Market during 2018 to 2028. Bloomberg; 2019.

[77] Research MM. Global Glycerol Market Industry Analysis and Forecast (2019-2026). 855
Civic Center, San Francisco, CA 94107, USA: MAXIMIZE MARKET RESEARCH PVT.
LTD.; 2019.

[78] Hajek M, Skopal F. Treatment of glycerol phase formed by biodiesel production.
Bioresource Technology. 2010;101:3242-5.

[79] Dasari M. Crude glycerol potential described. Feedstuffs; 2007.

[80] Ciriminna R, Pina CD, Rossi M, Pagliaro M. Understanding the glycerol market. European
Journal of Lipid Science and Technology. 2014;116:1432-9.

[81] Bozkurt OD, Tung FM, Baglar N, Celebi S, Giinbas ID, Uzun A. Alternative fuel additives
from glycerol by etherification with isobutene: Structure—performance relationships in solid
catalysts. Fuel Processing Technology. 2015;138:780-804.

[82] Herrada-Vidales JA, Garcia-Gonzélez JM, Martinez-Palou R, Guzman-Pantoja J. Integral
process for obtaining acetins from crude glycerol and their effect on the octane index. Chemical
Engineering Communications. 2020;207:231-41.

[83] Cornejo A, Barrio I, Campoy M, Lazaro J, Navarrete B. Oxygenated fuel additives from
glycerol valorization. Main production pathways and effects on fuel properties and engine
performance: A critical review. Renewable and Sustainable Energy Reviews. 2017;79:1400-
13.

[84] Bozkurt OD, Yilmaz F, Baglar N, Celebi S, Uzun A. Compatibility of di- and tri-tert-butyl
glycerol ethers with gasoline. Fuel. 2019;255:115767.

[85] Veluturla S, Narula A, D SR, Shetty SP. Kinetic study of synthesis of bio-fuel additives
from glycerol using a hetropolyacid. Resource-Efficient Technologies. 2017;3:337-41.

[86] Prabhavathi Devi BLA, Gangadhar KN, Sai Prasad PS, Jagannadh B, Prasad RBN. A
Glycerol-based Carbon Catalyst for the Preparation of Biodiesel. ChemSusChem. 2009;2:617-
20.

43



[87] Carlos Luna CV, Enrique D Sancho, Diego Luna, Juan Calero, Alejandro Posadillo,,
Romero FMBaAA. Production of a biodiesel-like biofuel without glycerol generation, by using
Novozym 435, an immobilized Candida antarctica lipase. Bioresources and Bioprocessing.
2014.

[88] Min JY, Lee EY. Lipase-catalyzed simultaneous biosynthesis of biodiesel and glycerol
carbonate from corn oil in dimethyl carbonate. Biotechnol Lett. 2011;33:1789-96.

[89] Meher L, Vidyasagar D, Naik S. Technical aspects of biodiesel production by
transesterification—a review. Renewable and Sustainable Energy Reviews. 2006;10:248-68.
[90] Yun H, Wang M, Feng W, Tan T. Process simulation and energy optimization of the
enzyme-catalyzed biodiesel production. Energy. 2013;54:84-96.

[91] Guldhe A, Singh B, Mutanda T, Permaul K, Bux F. Advances in synthesis of biodiesel via
enzyme catalysis: Novel and sustainable approaches. Renewable and Sustainable Energy
Reviews. 2015;41:1447-64.

[92] Anitha M, Kamarudin SK, Kofli NT. The potential of glycerol as a value-added
commodity. Chemical Engineering Journal. 2016;295:119-30.

[93] Ndiaye M, Arhaliass A, Legrand J, Roelens G, Kerihuel A. Reuse of waste animal fat in
biodiesel: Biorefining heavily-degraded contaminant-rich waste animal fat and formulation as
diesel fuel additive. Renewable Energy. 2020;145:1073-9.

[94] Satriana, Arpi N, Lubis YM, Adisalamun, Supardan MD, Mustapha WAW.
Diacylglycerol-enriched oil production using chemical glycerolysis. European Journal of Lipid
Science and Technology. 2016;118:1880-90.

[95] Bornscheuer UT. Lipase-catalyzed syntheses of monoacylglycerols. Enzyme and
Microbial Technology. 1995;17:578-86.

[96] Kumoro AC. Experimental and modeling studies of the reaction kinetics of alkaline-
catalyzed used frying oil glycerolysis using isopropyl alcohol as a reaction solvent. Research
Journal of Applied Sciences, Engineering and Technology. 2012;4:869-76.

[97] Felizardo P, Machado J, Vergueiro D, Correia MJN, Gomes JP, Bordado JM. Study on
the glycerolysis reaction of high free fatty acid oils for use as biodiesel feedstock. Fuel
Processing Technology. 2011;92:1225-9.

[98] Felizardo P, Correia MJ, Raposo I, Mendes JF, Berkemeier R, Bordado JM. Production
of biodiesel from waste frying oils. Waste Manag. 2006;26:487-94.

[99] Praveen R. Muniyappa SCB, Hossein Noureddini. IMPROVED CONVERSION OF
PLANT OILS AND ANIMAL FATS INTO BIODIESEL AND CO-PRODUCT. Bioresource
Technology. 1996.

[100] Sudborough JJG, James Mylam. XX.—The esterification constants of the normal fatty
acids. Journal of the Chemical Society, Transactions. 1908;93:210-7.

[101] Y. Pouilloux SA, C. Vanhove, J. Barrault. Reaction of glycerol with fatty acids in the
presence of ion-exchange resins - Preparation of monoglycerides. Journal of Molecular
Catalysis A: Chemical. 1999.

[102] The Biodiesel Handbook: AOCS Publishing (2005); 2005.

[103] Glycerine Producers A. Physical properties of glycerine and its solutions. New York:
Glycerine Producers' Association; 1963.

[104] Tu Q, Lu M, Knothe G. Glycerolysis with crude glycerin as an alternative pretreatment
for biodiesel production from grease trap waste: Parametric study and energy analysis. Journal
of Cleaner Production. 2017;162:504-11.

[105] Feuge RO, Kraemer EA, Bailey AE. Modification of Vegetable oils. IV. Reesterification
of fatty acids with glycerol. Oil and Soap. 1945;22:202-7.

[106] Islam A, Masoumi HRF, Teo SH, Abdollahi Y, Janaun J, Taufig-Yap YH. Glycerolysis
of palm fatty acid distillate for biodiesel feedstock under different reactor conditions. Fuel.
2016;174:133-9.

44



[107] Muraza O. Peculiarities of Glycerol Conversion to Chemicals Over Zeolite-Based
Catalysts. 2019;7.

[108] Hoang TQ, Zhu X, Danuthai T, Lobban LL, Resasco DE, Mallinson RG. Conversion of
Glycerol to Alkyl-aromatics over Zeolites. Energy & Fuels. 2010;24:3804-9.

[109] Blanco M, Beneyto R, Castillo M, Porcel M. Analytical control of an esterification batch
reaction between glycerine and fatty acids by near-infrared spectroscopy. Analytica Chimica
Acta. 2004;521:143-8.

[110] Lyazzat Zhanenova SB, Mohammed M. Farid. Improving the economics of biodiesel
production through esterification of free fatty acid with waste glycerol. Engineering Our
Future: Are We up to the Challenge? Barton, ACT: Engineers Australia; 2009.

[111] Negi DS, Sobotka F, Kimmel T, Wozny G, Schomécker R. Glycerolysis of Fatty Acid
Methyl Esters: 1. Investigations in a Batch Reactor. Journal of the American Oil Chemists'
Society. 2006;84:83-90.

[112] Sarker BR, Wu B, Paudel KP. Modeling and optimization of a supply chain of renewable
biomass and biogas: Processing plant location. Applied Energy. 2019;239:343-55.

[113] Zhang L, Li Y, Liu Q, Li W, Xing W. Fabrication of ionic liquids-functionalized PVA
catalytic composite membranes to enhance esterification by pervaporation. Journal of
Membrane Science. 2019;584:268-81.

[114] Negi D. Base Catalyzed Glycerolysis of Fatty Acid Methyl Esters: Investigations
Towards the Development of a Continuous Process: Technical University of Berlin; 2006.
[115] Wee LH, Lescouet T, Fritsch J, Bonino F, Rose M, Sui Z, et al. Synthesis of
Monoglycerides by Esterification of Oleic Acid with Glycerol in Heterogeneous Catalytic
Process Using Tin—Organic Framework Catalyst. Catalysis Letters. 2013;143:356-63.

[116] Hartman L. Esterification rates of some saturated and unsaturated fatty acids with
glycerol. Journal of the American Oil Chemists’ Society. 1966;43:536-8.

[117] Choudhury RBR. The preparation and purification of monoglycerides. Journal of the
American Oil Chemists' Society. 1960;37:483-6.

[118] Chieh CP. Excess and Limiting Reagents. 2015.

[119] Silva DJRd. The Basis of the Limiting Reagent Concept, Its Identification and
Applications. World Journal of Chemical Education. 2017;5:1-8.

[120] Roger L L. METHOD OF MAKING GLYCEROL MONOESTERS. In: America USo,
editor. United States of America2010.

[121] Martin A, Armbruster U, Atia H. Recent developments in dehydration of glycerol toward
acrolein over heteropolyacids. European Journal of Lipid Science and Technology.
2012;114:10-23.

[122] Gu Y, Jérome F. Bio-based solvents: an emerging generation of fluids for the design of
eco-efficient processes in catalysis and organic chemistry. Chemical Society Reviews.
2013;42:9550-70.

[123] Emtir MM, Guner FS, Kabasakal OS, Erciyes AT, Ekinci E. Kinetics of Esterification
Reaction between Glycerol and Oleic Acid in the Presence of Pyridine. 1995;97:347-51.
[124] Hilditch TP, Rigg JG. Experiments on the direct esterification of higher fatty acids with
glycerol and with ethylene glycol. Journal of the Chemical Society (Resumed). 1935:1774-8.
[125] Osman F, Ashour AE, Gad AM. Monoglycerides: I. Synthesis by Direct Esterification
of Fatty Acids and Glycerol. Fette, Seifen, Anstrichmittel. 1968;70:331-3.

[126] Yannick Pouilloux SbMt, Joe"l Barrault. Synthesis of glycerol monooctadecanoate from
octadecanoic acid and glycerol. Influence of solvent on the catalytic properties of basic oxides.
Surface chemistry and catalysis. 2000.

[127] Herskowitz M, Landau MV, Koukouliev S, Zarchin R, Nehemya RV, Wee LH, et al.
Homogeneous Tubular-Flow Process for Monoolein Preparation. Journal of the American Oil
Chemists' Society. 2015;92:1525-9.

45



[128] Williamson ST, Shahbaz K, Mjalli FS, AlNashef IM, Farid MM. Application of deep
eutectic solvents as catalysts for the esterification of oleic acid with glycerol. Renewable
Energy. 2017;114:480-8.

[129] Patil A, Baral SS, Dhanke P, Kore V. Biodiesel production using prepared novel surface
functionalised TiO2 nano-catalyst in hydrodynamic cavitation reactor. Materials Today:
Proceedings. 2019.

[130] Kelkar MA, Gogate PR, Pandit AB. Intensification of esterification of acids for synthesis
of biodiesel using acoustic and hydrodynamic cavitation. Ultrasonics Sonochemistry.
2008;15:188-94.

[131] Gole VL, Naveen KR, Gogate PR. Hydrodynamic cavitation as an efficient approach for
intensification of synthesis of methyl esters from sustainable feedstock. Chemical Engineering
and Processing: Process Intensification. 2013;71:70-6.

[132] Chuah LF, Klemes$ JJ, Yusup S, Bokhari A, Akbar MM. A review of cleaner
intensification technologies in biodiesel production. Journal of Cleaner Production.
2017;146:181-93.

[133] Gogate PR. Cavitational reactors for process intensification of chemical processing
applications: A critical review. Chemical Engineering and Processing: Process Intensification.
2008;47:515-27.

[134] Kong PS, Aroua MK, Daud WMAW, Cognet P, Pérés Y. Enhanced microwave catalytic-
esterification of industrial grade glycerol over Brensted-based methane sulfonic acid in
production of biolubricant. Process Safety and Environmental Protection. 2016;104:323-33.
[135] Hu S, Luo X, Wan C, Li Y. Characterization of Crude Glycerol from Biodiesel Plants.
Journal of Agricultural and Food Chemistry. 2012;60:5915-21.

[136] Mostafa NA, Maher A, Abdelmoez W. Production of mono-, di-, and triglycerides from
waste fatty acids through esterification with glycerol. Advances in Bioscience and
Biotechnology. 2013;04:900-7.

[137] Zhou L, Al-Zaini E, Adesina AA. Catalytic characteristics and parameters optimization
of the glycerol acetylation over solid acid catalysts. Fuel. 2013;103:617-25.

[138] Singh D, Patidar P, Ganesh A, Mahajani S. Esterification of Oleic Acid with Glycerol in
the Presence of Supported Zinc Oxide as Catalyst. Industrial & Engineering Chemistry
Research. 2013;52:14776-86.

[139] Zhou L, Nguyen T-H, Adesina AA. The acetylation of glycerol over amberlyst-15:
Kinetic and product distribution. Fuel Processing Technology. 2012;104:310-8.

[140] Melero JA, van Grieken R, Morales G, Paniagua M. Acidic Mesoporous Silica for the
Acetylation of Glycerol: Synthesis of Bioadditives to Petrol Fuel. Energy & Fuels.
2007;21:1782-91.

[141] Gongalves VLC, Pinto BP, Silva JC, Mota CJA. Acetylation of glycerol catalyzed by
different solid acids. Catalysis Today. 2008;133-135:673-7.

[142] Hama S, Noda H, Kondo A. How lipase technology contributes to evolution of biodiesel
production using multiple feedstocks. Curr Opin Biotechnol. 2018;50:57-64.

[143] Bagheri S. Catalysis for Green Energy and Technology: Springer International
Publishing; 2017.

[144] Al-Zuhair S, Ramachandran KB, Farid M, Aroua MK, Vadlani P, Ramakrishnan S, et al.
Enzymes in biofuels production. Enzyme Res. 2011;2011:658263.

[145] Villeneuve P, Muderhwa JM, Graille J, Haas MJ. Customizing lipases for biocatalysis:
a survey of chemical, physical and molecular biological approaches. Journal of Molecular
Catalysis B: Enzymatic. 2000;9:113-48.

[146] Susumu O, Mieko I, Yoshio T. Synthesis of various kinds of esters by four microbial
lipases. Biochimica et Biophysica Acta (BBA) - Lipids and Lipid Metabolism. 1979;575:156-
65.

46



[147] Shah S, Sharma S, Gupta M. Enzymatic transesterification for biodiesel production.
Indian journal of biochemistry & biophysics. 2003;40:392-9.

[148] Bélafi-Bako K, D6rmd N, Ulbert O, Gubicza L. Application of pervaporation for removal
of water produced during enzymatic esterification in ionic liquids. Desalination. 2002;149:267-
8.

[149] Ghosh S, Bhattacharyya DK. Utilization of acid oils in making valuable fatty products
by microbial lipase technology. Journal of the American Oil Chemists’ Society. 1995;72:1541-
4,

[150] Kahveci D, Guo Z, Ozgelik B, Xu X. Lipase-catalyzed glycerolysis in ionic liquids
directed towards diglyceride synthesis. Process Biochemistry. 2009;44:1358-65.

[151] Solaesa AG, Sanz MT, Melgosa R, Beltran S. Substrates emulsification process to
improve lipase-catalyzed sardine oil glycerolysis in different systems. Evaluation of lipid
oxidation of the reaction products. Food Research International. 2017;100:572-8.

[152] Cebrian-Garcia S, Balu AM, Luque R. Ultrasound-Assisted Esterification of Valeric
Acid to Alkyl Valerates Promoted by Biosilicified Lipases. Front Chem. 2018;6:197.

[153] Sun S, Lv Y, Wang G. Enhanced surfactant production using glycerol-based deep
eutectic solvent as a novel reaction medium for enzymatic glycerolysis of soybean oil.
Industrial Crops and Products. 2020;151:112470.

[154] Wang X, Li D, Wang W, Yang B, Wang Y. A highly efficient immobilized MASI lipase
for the glycerolysis reaction of n-3 PUFA-rich ethyl esters. Journal of Molecular Catalysis B:
Enzymatic. 2016;134:25-31.

[155] Zhao X, Sun Q, Qin Z, Liu Q, Kong B. Ultrasonic pretreatment promotes diacylglycerol
production from lard by lipase-catalysed glycerolysis and its physicochemical properties.
Ultrason Sonochem. 2018;48:11-8.

[156] Zhong N, Kou M, Zhao F, Yang K, Lin S. Enzymatic Production of Diacylglycerols from
High-Acid Soybean Oil. Journal of the American Oil Chemists' Society. 2019;96:967-74.
[157] Zhong N, Chen W, Liu L, Chen H. Immobilization of Rhizomucor miehei lipase onto
the organic functionalized SBA-15: Their enzymatic properties and glycerolysis efficiencies
for diacylglycerols production. Food Chemistry. 2019;271:739-46.

[158] Palacios D, Ortega N, Rubio-Rodriguez N, Busto MD. Lipase-catalyzed glycerolysis of
anchovy oil in a solvent-free system: Simultaneous optimization of monoacylglycerol
synthesis and end-product oxidative stability. Food Chemistry. 2019;271:372-9.

[159] Kapoor M, Gupta MN. Obtaining monoglycerides by esterification of glycerol with
palmitic acid using some high activity preparations of Candida antarctica lipase B. Process
Biochemistry. 2012;47:503-8.

[160] Védrine JC. 9 - Concluding remarks and challenges of heterogeneous catalysis on metal
oxides**Personal views and conclusions/challenges drawn for the different chapters in this
book. In: Védrine JC, editor. Metal Oxides in Heterogeneous Catalysis: Elsevier; 2018. p. 551-
69.

[161] Cristina Santos de Mello M, Gomes D'Amato Villardi H, Ferreira Young A, Luiz
Pellegrini Pessoa F, Medeiros Salgado A. Life cycle assessment of biodiesel produced by the
methylic-alkaline and ethylic-enzymatic routes. Fuel. 2017;208:329-36.

[162] Ramli A, Faroog M, Naeem A, Khan S, Hummayun M, Igbal A, et al. Bifunctional
Heterogeneous Catalysts for Biodiesel Production using Low Cost Feedstocks: A Future
Perspective. 2017.

[163] Ferretti CA, Fuente S, Ferullo R, Castellani N, Apesteguia CR, Di Cosimo JI.
Monoglyceride synthesis by glycerolysis of methyl oleate on MgO: Catalytic and DFT study
of the active site. Applied Catalysis A: General. 2012;413-414:322-31.

47



[164] Zeng Z, Cui L, Xue W, Chen J, Che Y. Recent Developments on the Mechanism and
Kinetics of Esterification Reaction Promoted by Various Catalysts. In: Patel V, editor.
Chemical Kinetics: IntechOpen; 2013. p. 30.

[165] Hamerski F, Prado MA, da Silva VR, Voll FAP, Corazza ML. Kinetics of layered double
hydroxide catalyzed esterification of fatty acids with glycerol. Reaction Kinetics, Mechanisms
and Catalysis. 2015;117:253-68.

[166] Simsek V, Degirmenci L, Murtezaoglu K. Synthesis of a silicotungstic acid SBA-15
catalyst for selective monoglyceride production. Reaction Kinetics, Mechanisms and Catalysis.
2015;117:773-88.

[167] Pan Y, Alam MA, Wang Z, Wu J, Zhang Y, Yuan Z. Enhanced esterification of oleic
acid and methanol by deep eutectic solvent assisted Amberlyst heterogeneous catalyst.
Bioresour Technol. 2016;220:543-8.

[168] Siri-nguan N, Ngamcharussrivichai C. Alkoxide-intercalated Mg—Al layered double
hydroxides as selective catalysts for the synthesis of monoglycerides. Reaction Kinetics,
Mechanisms and Catalysis. 2016;119:273-89.

[169] Sun C-Y, Liu S-X, Liang D-D, Shao K-Z, Ren Y-H, Su Z-M. Highly Stable Crystalline
Catalysts Based on a Microporous Metal-Organic Framework and Polyoxometalates. Journal
of the American Chemical Society. 2009;131:1883-8.

[170] Petrini M, Ballini R, Marcantoni E. Amberlyst 15: A practical, mild and selective catalyst
for methyl esterification of carboxylic acids. Synthetic Communications. 1988;18:847-53.
[171] Lilis H, Hadis A, Samrand S, Ahmad Zuhairi A, Abdul Rahman M. Selective acid-
functionalized mesoporous silica catalyst for conversion of glycerol to monoglycerides: state
of the art and future prospects. Reviews in Chemical Engineering. 2018;34:239-65.

[172] Abdullah AZ, Gholami Z, Ayoub M, Gholami F. Selective Monolaurin Synthesis through
Esterification of Glycerol Using Sulfated Zirconia-Loaded SBA-15 Catalyst. Chemical
Engineering Communications. 2015;203:496-504.

[173] Hermida L, Abdullah AZ, Mohamed AR. Synthesis of monoglyceride through glycerol
esterification with lauric acid over propyl sulfonic acid post-synthesis functionalized SBA-15
mesoporous catalyst. Chemical Engineering Journal. 2011;174:668-76.

[174] Hoo P-Y, Abdullah AZ. Direct synthesis of mesoporous 12-tungstophosphoric acid
SBA-15 catalyst for selective esterification of glycerol and lauric acid to monolaurate.
Chemical Engineering Journal. 2014;250:274-87.

[175] Wang Y, Ma S, Wang L, Tang S, Riley WW, Reaney MJT. Solid superacid catalyzed
glycerol esterification of free fatty acids in waste cooking oil for biodiesel production.
European Journal of Lipid Science and Technology. 2012;114:315-24.

[176] Diaz I, Marquez-Alvarez C, Mohino F, Pérez-Pariente Jn, Sastre E. Combined Alkyl and
Sulfonic Acid Functionalization of MCM-41-Type Silica. Journal of Catalysis. 2000;193:295-
302.

[177] Wim D. Bossaert DEDV, Wim M. Van Rhijn, Joren Bullen, Piet J. Grobet, Pierre A.
Jacobs. Mesoporous Sulfonic Acids as Selective Heterogeneous Catalysts for the Synthesis of
Monoglycerides. Journal of Catalysis. 1999.

[178] da Silva MA, dos Santos ASS, Neto AJS, Giertyas CJ, Bortoluzzi JH, Meneghetti MR,
et al. Evaluation of Esterification of Oleic Acid and Glycerol in the Presence of Organotin(IV)
Compounds. European Journal of Lipid Science and Technology. 2019;121.

[179] Kotwal M, Deshpande SS, Srinivas D. Esterification of fatty acids with glycerol over
Fe—Zn double-metal cyanide catalyst. Catalysis Communications. 2011;12:1302-6.

[180] Kong PS, Péreés Y, Wan Daud WMA, Cognet P, Aroua MK. Esterification of Glycerol
With Oleic Acid Over Hydrophobic Zirconia-Silica Acid Catalyst and Commercial Acid
Catalyst: Optimization and Influence of Catalyst Acidity. 2019;7.

48



[181] Aafaqi R, Mohamed AR, Bhatia S. Kinetics of esterification of palmitic acid with
isopropanol using p-toluene sulfonic acid and zinc ethanoate supported over silica gel as
catalysts. Journal of Chemical Technology & Biotechnology. 2004;79:1127-34.

[182] Jyoti G, Keshav A, Anandkumar J, Bhoi S. Homogeneous and Heterogeneous Catalyzed
Esterification of Acrylic Acid with Ethanol: Reaction Kinetics and Modeling. International
Journal of Chemical Kinetics. 2018;50:370-80.

[183] Lilja J, Murzin DY, Salmi T, Aumo J, Miki-Arvela P, Sundell M. Esterification of
different acids over heterogeneous and homogeneous catalysts and correlation with the Taft
equation. Journal of Molecular Catalysis A: Chemical. 2002;182-183:555-63.

[184] Kombe GG, Temu AK, Rajabu HM, Mrema GD, Lee KT. Low Temperature
Glycerolysis as a High FFA Pre-Treatment Method for Biodiesel Production. Advances in
Chemical Engineering and Science. 2013;03:248-54.

[185] Kombe GG. Re-esterification of high free fatty acid oils for biodiesel production.
Biofuels. 2015;6:31-6.

[186] M. Dani Supardan A, Yanti Meldasari, Yulia Annisa, Mahlinda. Glycerolysis for
Lowering Free Fatty Acid of Waste Cooking Oil. Proceedings of The 5th Annuual
International Conference Syiah Kuala University (AIC Unsyiah) 2015 In conjunction with The
8th International Conference of Chemical Engineering on Science and Applications (ChESA)
2015. Banda Aceh, Indonesia2015.

[187] Yara-Varon E, Fabiano-Tixier AS, Balcells M, Canela-Garayoa R, Bily A, Chemat F. s
it possible to substitute hexane with green solvents for extraction of carotenoids? A theoretical
versus experimental solubility study. RSC Advances. 2016;6:27750-9.

[188] Smith GV, Notheisz F. Chapter 7 - Immobilized Homogeneous Catalysts. In: Smith GV,
Notheisz F, editors. Heterogeneous Catalysis in Organic Chemistry. San Diego: Academic
Press; 1999. p. 247-89.

[189] Isahak WNRW, Ismail M, Nordin NM, Jahim JM, Yarmo MA. Synthesis,
Characterization and Catalytic Performance of Prepared by Sol-Gel Technique. Journal of
Nanotechnology. 2011;2011:6.

[190] More SB, Gogate PR, Waghmare JS. Intensification of acid catalyzed synthesis of
tricaprylin using ultrasound pretreatment. Chemical Engineering and Processing - Process
Intensification. 2017;120:317-29.

[191] Mohod AV, Gogate PR. Intensified synthesis of medium chain triglycerides using
ultrasonic reactors at a capacity of 4L. Ultrasonics Sonochemistry. 2018;42:347-55.

[192] Luo H, Zhai Z, Fan W, Cui W, Nan G, Li Z. Monoacylglycerol Synthesis by Glycerolysis
of Soybean Oil Using Alkaline Ionic Liquid. Industrial & Engineering Chemistry Research.
2015;54:4923-8.

[193] Marcus Y. Deep Eutectic Solvents2019.

[194] Zhang T, Shahbaz K, Farid MM. Glycerolysis of free fatty acid in vegetable oil
deodorizer distillate catalyzed by phosphonium-based deep eutectic solvent. Renewable
Energy. 2020.

[195] Diaz I, Marquez-Alvarez C, Mohino F, Pérez-Pariente Jn, Sastre E. Synthesis,
characterization and catalytic activity of MCM-41-type mesoporous silicas functionalized with
sulfonic acid. Applied Catalysis. 2001.

[196] Szelag H, Zwierzykowski W. Esterification kinetics of glycerol with fatty acids in the
presence of sodium and potassium soaps. Lipid / Fett. 1998;100:302-7.

[197] Cai Z-Z, Wang Y, Teng Y-L, Chong K-M, Wang J-W, Zhang J-W, et al. A two-step
biodiesel production process from waste cooking oil via recycling crude glycerol esterification
catalyzed by alkali catalyst. Fuel Processing Technology. 2015;137:186-93.

49



[198] Unlu AE, Arikaya A, Altundag A, Takac S. Remarkable effects of deep eutectic solvents
on the esterification of lactic acid with ethanol over Amberlyst-15. Korean Journal of Chemical
Engineering. 2020;37:46-53.

[199] Bernal JM, Lozano P, Garcia-Verdugo E, Burguete M1, Sdnchez-Gémez G, Lopez-Lopez
G, et al. Supercritical Synthesis of Biodiesel. 2012;17:8696-719.

[200] Temelli F, King JW, List GR. Conversion of oils to monoglycerides by glycerolysis in
supercritical carbon dioxide media. Journal of the American Oil Chemists' Society.
1996;73:699-706.

[201] Jackson MA, King JW. Lipase-catalyzed glycerolysis of soybean oil in supercritical
carbon dioxide. 1997;74:103-6.

[202] Imahara H, Minami E, Hari S, Saka S. Thermal stability of biodiesel in supercritical
methanol. Fuel. 2008;87:1-6.

[203] Niza NM, Tan KT, Lee KT, Ahmad Z. Biodiesel production by non-catalytic
supercritical methyl acetate: Thermal stability study. Applied Energy. 2013;101:198-202.
[204] Tai HP, Brunner G. Mono- and di-acylglycerol synthesis in COz2-expanded acetone. The
Journal of Supercritical Fluids. 2011;59:87-91.

[205] Peach J, Eastoe J. Supercritical carbon dioxide: a solvent like no other. Beilstein Journal
of Organic Chemistry. 2014;10:1878-95.

[206] Satriana, Arpi N, Supardan MD, Gustina RT, Mustapha WAW. Low-temperature
glycerolysis of avocado oil. AIP Conference Proceedings. 2018;1940:020100.

[207] Gole VL, Gogate PR. Intensification of glycerolysis reaction of higher free fatty acid
containing sustainable feedstock using microwave irradiation. 2014;118:110-6.

[208] Kochar RK, Bhatnagar RK. An improved process for the manufacture of mono-
glycerides. Council of Scientific and Industrial Research, India; 1962.

50



	Abstract
	Graphical abstract

	1 Introduction
	1.1 Alternative feedstock and associated challenges
	1.2 Crude glycerol applications

	2 Glycerolysis
	2.1 Reaction mechanism
	2.2 Parameters affecting glycerolysis
	2.2.1 Temperature
	2.2.2 Reactor type
	2.2.3 Molar ratio
	2.2.4 Solvent
	2.2.5 Agitation unit
	2.2.6 Glycerol purity
	2.2.7 Catalyst type

	2.3 Problems associated with glycerolysis

	3 Catalysis
	3.1 Enzymatic catalysis
	3.2 Heterogeneous catalysis
	3.3 Homogenous catalysis
	3.4 Other catalytic systems

	4 Conclusion and future trends
	5  Acknowledgement
	References

