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Abstract: The review will discuss the methods that have been optimized so far for the enzymatic
hydrolysis of soapstock into enriched mixtures of free fatty acids, in order to offer a sustainable
alternative to the procedure which is currently employed at the industrial level for converting
soapstock into the by-product known as acid oil (or olein, i.e., free fatty acids removed from raw
vegetable oil, dissolved in residual triglycerides). The further biocatalyzed manipulation of soapstock
or of the corresponding acid oil for the production of biodiesel and fine chemicals (surfactants,
plasticizers, and additives) will be described, with specific attention given to processes performed in
continuous flow mode. The valorization of soapstock as carbon source in industrial lipase production
will be also considered.

Keywords: biocatalysis; enzymes; soapstock; edible vegetable oil

1. Introduction

Raw vegetable oil, obtained from seeds by a combination of pressing and solvent
extraction, is a complex mixture of fatty acids, mono-, di-, and triglycerides, phosphatides,
pigments, sterols, tocopherols, trace amounts of metals, flavonoids, tannins, and glycolipids.
The recovered crude oil is necessarily submitted to a multi-step procedure, usually referred
to as refining process, for removing non-triglyceride fatty materials, making it suitable for
human consumption, and improving its organoleptic properties. Free fatty acids (FFAs)
and other components (phospholipids, waxes, aldehydes, and ketones) contribute to
undesirable flavor, odor, and appearance and their amounts are to be reduced to improve
the nutritional quality and palatability of edible oil. Physical refining can be used, but the
most preferred procedure is presently based on chemical methods, according to the scheme
depicted in Figure 1.

The waste products originated by oil refinement in largest quantities are acidic water,
soapstock, and deodorizer distillates. Their disposal poses serious issues regarding the
environmental impact and the overall economic cost of the refining process.

Particular interest has been devoted in the last years to the manipulation and valoriza-
tion of soapstock, the by-product produced during the neutralization step. After a preliminary
treatment (degumming) with phosphoric acid or citric acid to eliminate the so-called gums or
lecithins (a mixture of phospholipids and other minor components [1] which are recovered
and commercialized as a dietary supplement), a neutralization step follows to reduce
the acidity of the oil. The degummed oil is treated with an alkaline solution, typically
diluted NaOH, to neutralize free fatty acids and any excess of phosphoric acid present
from the previous step. In this process a modest loss of oil occurs, and a small quantity
of triglycerides is hydrolyzed by the alkaline treatment. The reaction of lye water with

Sustain. Chem. 2021, 2, 74–91. https://doi.org/10.3390/suschem2010006 https://www.mdpi.com/journal/suschem

https://www.mdpi.com/journal/suschem
https://www.mdpi.com
https://orcid.org/0000-0002-1315-7248
https://orcid.org/0000-0001-5861-9269
https://orcid.org/0000-0002-3106-0247
https://doi.org/10.3390/suschem2010006
https://doi.org/10.3390/suschem2010006
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/suschem2010006
https://www.mdpi.com/journal/suschem
https://www.mdpi.com/2673-4079/2/1/6?type=check_update&version=1


Sustain. Chem. 2021, 2 75

fatty acids leads to the formation of soap. The separated soapy material is referred to
as soapstock, i.e., a heavy alkaline aqueous emulsion of lipids, containing usually water
(nearly 45%, but the percentage varies according to the operating conditions), fatty acid
sodium salts (10%, determined as free acids), triacylglycerols and diacylglycerols (12%),
residual phospholipids (9%), pigments, and other minor components (24%) [2,3]. Soapstock
is generally about 6% v/v of refined crude oil [1,4]. It is continuously separated from crude
oil by centrifugation. Any soap remaining after the first separation is removed by further
washings with hot water at 10–15%, at a temperature suitable to prevent emulsification,
generally 82.0–90.5 ◦C [5].
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Figure 1. Chemical refining process of crude vegetable oil.

Soapstock is submitted to a so-called splitting procedure, with the aim of stabilizing it
and reducing weight for shipment. It is treated with sulfuric or hydrochloric acid, to recover
FFAs and partially hydrolyze the residual oil, affording oleins, also known as high-acid oil or
acid oil or acidulated soapstock [6]. The concomitant generation of acidic wastewater with high
content of either sulphates or chlorides represents a major concern in the waste management
of the refinery, constituting the greatest contribution to environmental pollution and to
the waste disposal costs of the entire refining process [7]. The product resulting from acid
splitting is a dark colored mixture of triglycerides containing FFAs, with small amounts of
mineral acids, phospholipids and sterols [7]. It is separated from the acid water by settling
and/or centrifugation.

A sustainable production process should reduce waste significantly. When waste
generation cannot be avoided, its economic value ought to be recovered and its impact
on the environment and on climate avoided or minimized [8]. The consumption of edible
oils is constantly rising because of the steep growth in human population. It is, therefore,
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important to improve the sustainability of refining processes and convert the related
waste into high-value-added materials, with the aim of reducing the social, economic, and
environmental impact of the whole procedure.

The introduction of enzyme-mediated biocatalytic steps into crude oil refinement
represents a definite improvement toward a cleaner industrial production of edible oils,
since enzymes are intrinsically renewable, less toxic and polluting than chemical reagents,
and catalyze reactions at near ambient conditions with high specificity and fast rate. Such
mild reaction conditions have the advantage to promote the reduction of both energy and
waste treatment costs and to suppress the formation of byproducts. The acid splitting of
soapstock at the end of the neutralization step allows the recovery of FFAs from soaps
and promotes the partial hydrolysis of oil, thus increasing the amount of FFAs in the final
acid oils, but still leaving unreacted triglycerides. If soapstock is submitted to enzymatic
hydrolysis, a better by-product can be obtained, richer in FFAs, which are the most valuable
components of the whole mixture, and the use of strong mineral acids can be avoided.

• The enzymatic routes developed in the last decade for the hydrolysis of soapstock will be
discussed in this review (Section 2. Sustainable procedures for soapstock hydrolysis by
enzymatic methods).

Another strategy to improve the sustainability of oil refinement is the valorization of
waste. Being soapstock a rich source of fatty acids, it is increasingly being used as animal
feed additive. However, long chain fatty acids are difficult to be digested by animals;
therefore, they must be added in small amounts (approximately 3.5%). Moreover, not all
soapstocks can serve such purpose: cottonseed soapstock, for instance, is to be avoided,
because it contains gossypol, a toxic polyphenol [2].

Much effort is also devoted to investigating the use of this edible oil processing by-
product in the production of second-generation biofuels, which are considered greener
alternatives to fossil fuels and also to conventional first-generation biofuels, i.e., those
obtained directly from edible feedstocks in competition with food industry [9]. Specific
applications in this field are represented by the use of soapstock as biomass for anaerobic
digestion to produce biogas, or its conversion into fatty acid methyl esters (FAMEs) or
ethyl esters (FAEEs) for biodiesel production. For the latter application, soapstock needs to
be purified, to remove water and other impurities, such as residual phospholipids that are
responsible for emulsion.

A possible alternative for valorization is to employ soapstock as renewable bio-
based feedstock for the production of high-value chemicals, such as surfactants, plas-
ticizers, and additives, in order to give it a second chance of extensive usage before
complete digestion for biogas production or incineration as biodiesel. The optimization
of synthetic procedures in continuous-flow represents a successful strategy to increase
process productivity.

• Some of the recent strategies developed for the valorization of soapstock in the production of
biodiesel and the synthesis of fine chemicals by using enzymatic methods will be described.
The possibility to use soapstock as carbon source in industrial lipase production will be also
considered (Section 3. Enzymatic valorization of soapstock).

• The application of continuous-flow mode to the enzymatic manipulation of soapstock will be
discussed considering reactor configurations, results and advantages (Section 4. Enzymatic
manipulation of soapstock in continuous-flow mode: reactors configurations and processes). A
final section will describe future perspectives on the topics herein discussed.

Figure 2 summarizes the topics discussed in the paper.
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2. Sustainable Procedures for Soapstock Hydrolysis by Enzymatic Methods

The biocatalytic method for the hydrolysis of fats and oils based on the use of lipases
has been long known [10]. However, until now, it has not become an industrial large-
scale alternative to chemical hydrolysis mainly because of high enzyme loading, long
reaction times and low process efficiency. Most of the published papers refer to lab-scale.
Conversion close to quantitative can only be obtained after long reaction times, with an
inevitably high loss of enzymatic activity [3,11].

However, the introduction of enzymatic hydrolysis for soapstock manipulation di-
rectly within the refining process would bring several advantages to the whole refinery
plant. Glycerides and phospholipids can be hydrolyzed concomitantly by using a mixture
of suitable enzymes (lipases and phospholipases), affording a sample of FFAs with low
by-product content and no traces of strong acid residue, which is already suitable for feed
applications or biodiesel production without any further purification. The increased quality
of the sample reduces costs and enhances profits of the overall process. An ideal lipase
for fat hydrolysis should possess at least the following features: it should be non-specific
towards the positions of triacylglycerols, it should not have narrow substrate specificity,
and it should be highly active and stable under process conditions.

Although several reports have been published on the use of lipase for hydrolysis
of fats and oils, very few are available on the hydrolysis of soapstock. The first paper
discussing the enzymatic treatment of soapstock was published by Haas et al. in 1995 con-
cerning the lipase-mediated hydrolysis of soybean soapstock [12]. This soapstock showed
a high content of phospholipids (32% w/w on dry mass) and small amount of oil and
FFAs (12 and 10% w/w on dry mass, respectively). The work was aimed at hydrolyzing
both phospholipids and acylglycerides without any soapstock pretreatment, in the pres-
ence of high water content (45% w/w) and alkaline pH (10.3), using hexane for substrate
dilution. Four commercially available lipolytic enzymes were tested: Lipozyme IM-20
(immobilized Rhizomucor miehei lipase), SP-435 (immobilized Candida antarctica lipase B),
AY-30/Celite (from C. rugosa), and a phospholipase preparation (Amano phospholipase
B). Unfortunately, at high pH, only Lipozyme IM-20 was active on non-neutralized soap-
stock, hydrolyzing all triglycerides, 70% of phosphatidylethanolamine, and about 20% of
phosphatidylcholine in 20 h. This enzyme displayed good activity on triglycerides at all
the tested pH values, and also hydrolyzed phosphatidylethanolamine moderately well at
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pH 3.5. SP-435 and AY-30/Celite were active only on soapstock that had been neutralized
with HCl before being dissolved in hexane. SP-435 displayed significant activity only on
phosphatidylethanolamine under these conditions, whereas AY-30/Celite hydrolyzed only
triglycerides. Regardless of pH, phospholipase B hydrolyzed neither triglycerides, nor
phospholipids. The catalyst was apparently hygroscopic, and formed rapidly a liquid
layer at the bottom of the reaction tube, resulting in poor mixing of the enzyme with the
organic phase.

Some years later, Brunner et al. [11] published a patent regarding the complete en-
zymatic hydrolysis of crude vegetable oil for the production of FFAs. The advantages
of this operation were attributed to the economics of the process, since the enzyme cost
was much lower than the investment cost for a classical pressure plant for vegetable oil
chemical hydrolysis (Colgate-Emery process, 250 ◦C, 50 bar [13]), and to the reduced safety
concerns. Besides raw oil, the process was meant also to employ soapstock as starting
material without prior neutralization. The reaction was performed using discontinuously
operated loop reactors. A first separation was conducted in a self-cleaning centrifugal
separation. FFAs were recovered while the partially hydrolyzed organic phase was fed
back into the reactor. As an example, 30 kg of raw, non-refined sunflower oil and 7 kg
of buffer solution were fed into the reactor and circulated under stirring by means of a
centrifugal pump at 35–40 ◦C. Finally, 30 g of C. rugosa lipase were added, and the reaction
was monitored by measuring the acidity value.

Another patent published by Kempers et al., in 2013 [14], proposed a way to prepare
FFAs directly from the alkaline soapstock without any treatment. An alkalophilic lipase
with optimal activity at alkaline pH (from Thermomyces lanuginosus or from Pseudomonas
alcaligenes) was added directly to soapstock for complete hydrolysis, and the mixture
obtained was then acidified. Aqueous and fatty phases were separated by settling and
centrifugation. The production of FFAs was meant for further methanol esterification,
using a lipase which was unable to transesterify sterol fatty acid esters (like lipase from
Thermomyces or alternatively from C. antarctica B). The idea was to recover these sterol esters
(which are valuables additive in food and pharmaceutical industry) from the resulting
mixture of FFAs and FAMEs with a final distillation. As another option, soapstock was
previously neutralized until reaching pH 4.0–6.0, and the lipids were hydrolyzed by
addition of a non-regioselective lipase, for instance lipases from C. rugosa, Chromobacterium
or Geotrichum. Typical concentrations for each lipase were 1% at process temperatures
of 10–70 ◦C. The enzymes were used both in free and immobilized form, whereby free
form was preferred due to higher activity. In one of the examples reported in the patent,
100 kg of soapstock containing 40% water and mainly free fatty acids (95.2%) were mixed
after acidification with 9.0 kg of methanol followed by 0.03 kg of a liquid preparation of
C. antarctica lipase B. The total amount of crude methyl esters after neutralization and
distillation was 53.1 kg.

To achieve complete hydrolysis, several parameters should be considered. Extensive
investigations have been performed working on vegetable crude oil. Some of them are
herein reported to highlight the key parameters that should be optimized when applying
lipase-mediated hydrolysis to soapstock residues.

Santos et al. [15] studied the effect of an emulsion system formed by long alkyl chain
ionic liquids on the enzymatic hydrolysis of olive oil. They demonstrated that although at
low water concentrations (water-in-oil emulsion) the presence of emulsion does not present
any advantage for the hydrolysis reaction, at high water content (oil-in-water emulsion),
the ionic liquid acts as an enhancer of lipase catalytic activity, super-activating 1.8 times
the enzyme. Complete hydrolysis could be obtained with 85% v/v water content.

Hydrolysis of palm oil by lipase in aqueous phase was studied by Noor [16] et al.,
considering the effect of agitation speed, concentration of the surfactant, concentration
of palm oil, and type of enzyme on the initial reaction rate. They showed that a high
interfacial area between oil and the aqueous phase, which contains the enzyme, enhances
the rate of hydrolysis. Vigorous agitation is needed to disperse the oil phase in the form of
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an emulsion. However, excessive agitation speed can have a detrimental effect because
of the increased shear effect on the enzyme. Complete hydrolysis of palm oil could be
achieved in 1.30 h.

Freitas et al. [17] tested the hydrolysis of soybean oil to yield a mixture enriched
in polyunsaturated fatty acids (linoleic and linolenic acids) using lipases from microbial
(C. rugosa, T. lanuginosus, Lipolase) and animal sources (porcine pancreatic lipase—PPL).
It was demonstrated that PPL showed the most satisfactory specificity towards the hy-
drolysis of ester bonds involving polyunsaturated fatty acids (linoleic and linolenic acids).
Optimal parameters for the process were 40 ◦C, pH 7.0–8.0, 24 h, with maximum 23%
hydrolysis. Higher conversions and lower selectivity were obtained with microbial lipases,
C. rugosa lipase and Lipolase, reaching 70% and 53%, respectively. C. rugosa lipase dis-
played the highest reaction rate, achieving the maximum hydrolysis percentage in less than
6 h reaction.

Liu et al. [18] studied the effect of ultrasound on lipase-catalyzed hydrolysis of soy oil
in solvent-free system by using a relatively inexpensive commercial enzyme, C. lipolytica li-
pase. Compared with the process performed in shaking bath, optimal reaction temperature
and lipase inactivation temperature were about 5–10 ◦C higher in ultrasonic bath, while
pH effect was similar. Under optimal conditions, the reaction time in the ultrasonic bath
process (5 h) was nearly 2-fold shorter than that in the shaking bath process (12 h).

3. Enzymatic Valorization of Soapstock
3.1. Enzymatic Biodiesel Production

Biodiesel is considered worldwide one of the key alternatives to fossil fuels, in order to
address issues related to petroleum shortage and CO2 emissions. It is non-toxic, biodegrad-
able, and, with respect to petroleum-based fuels, has also the advantage to be sulfur and
aromatic-free [19–25]. More than 95% of biodiesel produced worldwide is derived from
edible vegetable oils by transesterification reactions with methanol or ethanol. Ethical
problems (competition between food and energy) together with elevated costs (vegetable
oil price contributes from 70% to 95% of the final cost of biodiesel) urged research to look
for different oil sources, such as non-edible vegetable oils (e.g., Jatropha and Pongamia
oils) [26,27], cooking waste (exhausted frying oil) [28,29], or lipid-rich algae and bacteria
(the so-called “third generation” feedstock) [30]. In this scenario, oil-refining wastes, like
soapstock, could represent a precious, though challenging, source for biodiesel [2,31,32].

One of the problems met in the synthesis of FAMEs/FAEEs starting from soapstock
is represented by the huge variability of the feedstock due to its intrinsic heterogeneous
composition, depending on vegetable source and production/storage conditions. The
high content of FFAs is then an obstacle to alkaline catalysis: NaOH/KOH/alcoxides are
consumed by acids forming emulsions, which make the separation of organic phase from
glycerol harder. On the other hand, acid catalysis presents technical issues, as well, because
of the high pH of the starting material; moreover, the reaction under acidic conditions
is known to be much slower than in alkaline conditions. For these reasons, biocatalysis,
which has been extensively explored for biodiesel production from vegetable oils, attracted
the attention of researchers also for soapstock valorization.

Since triglycerides and free fatty acids content is usually comparable, three are the
main biocatalytic procedures (Figure 3) described in the literature which employ soapstock
as the starting material: (a) chemical hydrolysis to FFAs, followed by enzymatic esterifi-
cation, representing the most investigated approach; (b) direct enzymatic esterification of
acidulated soapstock; and (c) transesterification/esterification of soapstock after drying
or acidification.
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Figure 3. Strategies for the conversion of soapstock into biodiesel: (a) biodiesel production by enzymatic esterification
of soapstock without preliminary acidification; (b) biodiesel production by enzymatic esterification of soapstock with
preliminary acidification; (c) biodiesel production by enzymatic transesterification of soapstock.

3.1.1. Biodiesel Production by Enzymatic Esterification of Soapstock (Approaches (a)
and (b))

Sato et al. [33] patented, in 2008, a process for soapstock esterification carried out
starting from an almost completely hydrolyzed soapstock (around 95% w/w of FFAs)
(approach (a)). Soapstock was acidified to a final pH of 3.5–6.0 and then submitted to
lipase esterification without water removal, choosing an enzyme active in presence of high
water content, soaps and other impurities. The patent proposes C. antarctica lipase B as the
preferred enzyme and claims that esterification of this unpurified fatty acid mixture was
more effective than that of pure fatty acids.

Shao et al., in 2008 [34], introduced a statistical approach for the analysis of reaction
parameters in the enzymatic esterification of soapstock promoted by C. rugosa lipase
immobilized on chitosan. The authors employed the response surface methodology (RSM)
in order to find an optimum by changing different parameters, such as methanol/substrate
molar ratio, enzyme loading, water content, and reaction temperature. Rapeseed soapstock,
employed as FFAs source, was completely saponified with a 0.5 M sodium hydroxide
solution, and then acidified with sulfuric acid to pH 2.0–3.0 (approach (a)). The final FFAs
content was up to 95%, and the solution was dried and distilled. A conversion of 63.6% into
the corresponding methyl esters by using immobilized lipase was achieved in optimum
conditions, using methanol/substrate molar ratio 4:1, enzyme loading 8%, water content
6% and reaction temperature 45 ◦C.

The search of the best reaction conditions for enzymatic esterification was also the
object of the paper by Cruz et al. in 2018 [35]: acidified soapstock from mixed seeds
vegetable oil was tested for esterification promoted by Novozym 40,116 (from T. lanuginosus)
(approach (b)). Authors aimed at determining the influence of some parameters on the
reaction, such as enzyme and alcohol amount. While enzyme concentration was found to be
critical in enhancing conversion in the range tested (1–4% w/w), alcohol concentration had
scarce influence. Moreover, no differences were observed between ethanol and methanol
and fractionated addition of alcohol resulted unsuccessful. Thus, the best conditions,
affording 80% conversion, were: acid/alcohol molar ratio 1:1.5, enzyme loading 4% w/w,
35 ◦C, 24 h.

An innovative method to esterify FFAs from soapstock was described by Soares et al. in
2013, using lipases produced by solid-state fermentation [36]. Soybean soapstock together
with other fatty sources, such as soybean oil, beef tallow, and waste cooking oil, were
completely hydrolyzed in a continuous non-catalytic process in the presence of subcritical
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water (60 atm and 250 ◦C) (approach (a)). The lipase-producing microorganism, a strain of
Burkholderia cepacia, was obtained in a solid-state fermentation from a mixture of sugarcane
bagasse and sunflower seed meal, and then dried to be used as solid catalyst in a lab-scale
packed-bed reactor. The esterification reaction was conducted in presence of ethanol in
a solvent-free system. A conversion of 92% was reached after 31 h at 50 ◦C with a 1:3
fatty acids/ethanol ratio. Further details on the process will be described in Section 4.
During these experiments, the authors observed a retention of reaction medium in the
solid catalyst up to 30% which led them to investigate the phenomenon in a successive
paper [37]. Lipase production, reactor configuration and reaction conditions were kept
unchanged, but the reactor was operated in a batch mode by recirculating reaction medium
in a closed-loop system, in order to favor the formation of a third phase, absorbed onto
the solid catalyst, that was submitted to analysis. The results showed a substantially
different composition from the reaction medium, mainly in terms of a remarkably higher
polarity, with a much higher content of water and ethanol, which was interpreted as the
microenvironment of the lipases. The observed phenomenon has important implications
since ethanol causes inhibition and denaturation of lipases and its accumulation around
the enzymes can represent a detrimental factor in process durability.

In the works published by Soares et al. [36,37], the employed microorganism Burkholde-
ria, which is actually an opportunistic pathogen, could cause some serious issues for large
scale production, requiring particular safety considerations and containment systems. For
this reason, Botton et al. tried to implement the same concept with a different microor-
ganism, the harmless Rhizopus microspores [38]. Free fatty acids production from soybean
soapstock is the same described in references [37,38], and the microorganism is grown
through solid-state fermentation from sugarcane bagasse with the addition of urea and
soybean oil. A conversion of 84.1% was obtained after 48 h at 40 ◦C with a molar ratio of
5:1 of ethanol to fatty acids.

A different microorganism was used by Aguieiras et al. [39] employing the same
strategy. The substrate was obtained via acidulation of soapstock produced in oil refining
with an acidity grade of 100% and, thus, was a suitable substrate for esterification reac-
tion. Lipases were produced by solid-state fermentation of R. miehei grown on babassu
cake. Using ethanol as acyl acceptor, a final conversion of 80% was reached after 6 h at
45 ◦C. Furthermore, reusability tests were performed, and the biocatalyst was shown to be
reusable for up to 5 times after being washed with hexane, in order to remove the absorbed
reaction medium.

3.1.2. Biodiesel Production by Enzymatic Transesterification of Soapstock (Approach (c))

With respect to refined oil, soapstock usually contains a comparable concentration of
FFAs and acylglycerides, which means that any attempt to perform a direct transesteri-
fication to methyl/ethyl esters has to be combined with FFAs esterification. Performing
enzymatic transesterification and esterification in a one-pot systems is a challenging task:
water, already contained in soapstock and also produced by the esterification reaction,
competes with the alcohol in the transesterification process determining equilibrium limita-
tions. Therefore, a successful enzymatic esterification-transesterification reaction implies at
least suitable pretreatments of soapstock, such as solvent extraction and distillation, aimed
mainly at removing water to complete dryness. Indeed, some examples are reported in
literature where almost complete conversion of soapstock was reached by means of lipases.

In 1996, Haas et al. reported the enzymatic esterification of soapstock [3] obtained
from soybean oil refining. This material contained an equal amount of acylglycerides and
FFAs, with high water content. It was dried before submitting it to a chemical step of
transesterification with KOH and different alcohols (from methanol to isoamyl alcohol).
Since a percentage of the final products, depending on the employed alcohol, is represented
by FFAs, the authors completed the transesterification reaction by means of an enzymatic
step. A few commercial lipases were tested: Lipozyme IM 20, SP-435, Amano PS30 (Pseu-
domonas sp.), CE (Humicola lanuginosa). Since none of these enzymes were found to work in
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alkaline environment, pH had to be adjusted at a value below 8.0. Ethanol was chosen as
the preferred alcohol and only SP-435 catalyzed significantly the transesterification of FFAs
at an optimal pH range of 6.0–7.0.

In 2011, Wang et al. [40] described the production of fatty acids ethyl esters from
camellia oil soapstock using diethyl carbonate both as solvent and acyl acceptor. Diethyl
carbonate has the advantages of being a greener solvent than ethanol and of affording
glycerol carbonate as a by-product, instead of glycerol which is usually responsible for
catalyst deactivation. The starting material, containing 35–40% crude oil and 45–50% water,
was previously submitted to acid splitting to obtain anhydrous acid oil (44.3 g of acid
oil were obtained from 100 g soapstock), with an estimated fatty acid content of 36.6%.
Two lipases were tested (Novozym 435 and Lipozyme TL IM) in a range of conditions of
temperature, reaction time, and diethyl carbonate/soapstock molar ratios. The authors
found Novozym 435 (immobilized C. antarctica lipase B) as the best performer, providing
98.4% yield in a solvent-free system. Optimal reaction conditions were determined: molar
ratio 3:1, lipase loading 5%, 50 ◦C, 24 h. Moreover, 10 subsequent batch cycles could be run
without any significant loss of lipase activity.

In a report by Su et al. in 2014 [41], an acid oil containing approximately 40% FFAs and
50% triglycerides was submitted to a lipase-mediated methanolysis employing Novozym
435. In order to cope with water formation, the addition of tertiary alcohols was studied
to improve the hydration layer surrounding the immobilized lipase and a 76.4% yield
was reached. To further improve yield, the addition of 3 Å molecular sieves was required
to remove water and shift equilibrium: 95% of conversion was obtained after 10 h at
methanol/oil molar ratio of 5:1, 45 ◦C, and 4% lipase content.

Choi et al. in 2016 [42] tested ethanolysis of an acid oil from rice bran using Lipozyme
TL IM (immobilized lipase from T. lanuginosus) in a packed-bed reactor. Substrate FFAs
amounted to 54% w/w and acylglycerides (mainly triglycerides) to 40%. The work was
aimed at the investigation of reaction optimum parameters: initial water content, reaction
temperature and molar ratio of the substrates. A small initial amount of water was
considered mandatory since the selected lipase was found poorly active in anhydrous
conditions. As a compromise between catalytic activity and competition with hydrolysis,
an optimal water content of 4% was chosen, for a final yield of 92%, reached after 4 h and
with a molar ratio of 4:1 (ethanol/acid oil). In Section 4, further information on the process
will be reported.

3.2. Lipase Production from Soapstock

Lipidic sources are fundamental inducers in lipase production and can also be used as
the only carbon source in cultivation of lipase-producing microorganisms [43–46]. Many
different vegetable oils are reported to be added in lipase production by fermentation, and
fatty acid-derived surfactants, like Tween80, are popular enzyme inducers [45–48]. The
high availability and low price of soapstock made it an interesting lipid source which was
investigated in the last decades as profitable nutrient in large-scale lipase production.

The first example was reported in 1987 by Hesseltine et al. [49], examining the produc-
tion of various microorganisms (yeasts, fungi, bacteria and actinomycetes) from soapstock
as the only carbon source. Soybean soapstock was added to the fermentation medium at a
concentration of 2% w/v in distilled water and the microorganisms were incubated for five
days at 28 ◦C. At different pH values ranging between 8.0 and 11.0, more than 100 strains
could be successfully cultivated, demonstrating soapstock as an effective raw material for
microorganism cultivation.

In 2000, Davranov et al. [50] tried to hydrolyze neutral cotton oil soapstock using
nonspecific lipases produced by Oospora lactis F-500. Poor hydrolysis conversion was
obtained, but it was observed that soapstock could be more conveniently added as carbon
source during microorganism growth.

Damaso et al., in 2008 [51], studied three by-products from corn oil refining as inducers
in lipase production from a strain of Aspergillus niger in solid state fermentation on wheat
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bran. In addition to soapstock, also stearin and a mixture of FFAs were tested, and final
lipase activity evaluated. As a benchmark, solid state fermentation was conducted using
olive oil as lipid source, with a resulting lipase activity of 34.1 U/g of dry substrate.
Soapstock proved to be the best inducer, achieving an activity value of 62.7 U/g of dry
substrate, while the FFAs mixture was shown to inhibit enzyme activity.

Aspergillus niger was grown on soapstock also by Silveira et al. in 2016 [52], comparing
solid-state and submerged fermentation. For submerged fermentation, the authors em-
ployed a growing broth containing olive oil and glucose, while solid state fermentation was
entirely aimed at exploiting palm oil refining waste: soapstock and palm fiber. Alkaline
soapstock was added at 3% v/v, while palm fiber at 4% w/v and lipase activity monitored.
In solid-state fermentation, a maximum lipase activity of 15.41 U/mL (corresponding to
77.04 U/g of dry substrate) was reached after 72 h, while with submerged fermentation
the peak was obtained after 48 h and amounted to 10.46 U/mL. The results showed that
the two techniques are at least comparable in terms of final lipase productivity, but from
an economical point of view, the possibility of employing only wastes as raw materials in
solid-state fermentation makes the latter more interesting for larger scale production. Fur-
thermore, solid-state lipase production was submitted to a statistical analysis to determine
the optimum conditions, finding out a fairly wide range of acceptable pH values (4.0–6.5)
and temperatures (37–55 ◦C), with a maximum at pH 5.0 and 45 ◦C.

Submerged fermentation for soapstock-based growth of lipases was used with other
microorganisms by Abdelmoez et al. [10] and Dobrev et al. [53]. Abdelmoez et al. investi-
gated the production of C. rugosa lipase ATCC (American Type Culture Collection) 14830
by submerged fermentation starting from different substrates as lipid sources. First, the
three substrates were tested independently: olive oil, fatty acid residues (collected as waste
from FFAs distillation step) and soapstock from sunflower oil refining produced lipases
with activity values respectively of 12 U/mL, 7 U/mL, and 7.4 U/mL. Then, a mixture of
the three substrates was formulated to produce lipase with a final activity of 10 U/mL.

Dobrev et al. studied the production of Aspergillus carbonarius lipase in submerged
fermentation by investigating the effects of different vegetable oils (sunflower, soybean,
olive, unrefined rapeseed and corn) and soapstock from sunflower oil, added to the
cultivation medium as the only carbon source. The highest lipase activity was achieved
in the presence of unrefined rapeseed oil (195.61 U/L), soybean oil (155.00 U/L), and
soapstock (149.00 U/L). Notably, soapstock was found to have a much more pronounced
inducing effect on lipase biosynthesis compared to refined sunflower oil, with a lipase
activity about four times higher.

3.3. Fine Chemicals Production from Soapstock

Enzymatic synthesis of fatty acids-based surfactants is not a recently emerging research
topic [54–60], the process being mainly accomplished through lipase-mediated esterification
of fatty acids. Being soapstock so rich in FFAs, it is unsurprising that one of the most
important forms of soapstock valorization is its conversion in different types of surfactants.

The first paper dealing with surfactant production from soapstock was published in
1990 [61]. Shabtai used Acinetobacter strains to produce two specific surfactants, Emulsan
and Biodispersan (PS-A2), both extracellular heteropolysaccharides. Their synthesis was
accomplished through a controlled fed-batch fermentation process using acid oil as carbon
source. Since the two selected strains of A. calcoaceticus grew on hydrocarbon source
different from glucose, like fatty acids and triglycerides, soapstock was the ideal substrate,
since the low content of triglycerides avoided the accumulation of glycerol in the cells.
Fermentations were carried in a 16 L fermenter, with an initial content of soybean soapstock
of 2% w/v. Under computer-controlled and coordinated feeding of carbon and nitrogen
(urea) sources, reaction conditions were optimized, and high productivities were reached
(7 g/Lh for Emulsan and 0.25 g/Lh for Biodispersan).

Benincasa et al. described the synthesis of biosurfactants from soapstock in two
papers [62,63]. In 2002 [62], surface-active rhamnolipids were produced by a new bacterial
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strain of Pseudomonas aeruginosa newly isolated from contaminated soil. Fermentation
was carried out in batch conditions with 1% v/v of sunflower oil soapstock as the only
carbon source, with a maximum rhamnolipid concentration of 15.9 g/L and a final yield
of 70% after 54 h. Soapstock was found a much more valuable carbon source than other
lipid sources, such as crude oleic acid, soybean oil, and sunflower oil, that provided
much lower rhamnolipid concentration (around 4.9 g/L). In 2008 [63], the production of
rhamnolipids from P. aeruginosa was investigated considering a further exploitation of oil
refining process waste. Besides soapstock, wastewater from sunflower oil refining was also
used: since soapstock requires the addition of mineral acid to reach the physiological pH
for microorganism growth, acidic wastewater was employed to directly replace neutral
water and mineral acid in the reaction medium. By changing the aqueous solution, these
residues could be converted into rhamnolipids in significant amounts (up to 7 g/L) and
with reasonable yields.

Biocatalytic esterification of free fatty acids from soapstock was exploited by Aguieiras
et al. in 2019 [39] for the production of wax esters, i.e., long chain esters obtained by
esterification of fatty acids with fatty alcohols, which are widely used in the pharmaceutical
and cosmetic industry for their non-toxicity and excellent wetting behavior. Lipases
are obtained by solid state fermentation of R. miehei from babassu cake, and acidulated
soapstock from soybean oil and palm fatty acid distillate were employed as fatty acid
source. Esterification was conducted in a solvent-free system, and the alcohol (cetyl or oleyl
alcohol) was supplied with a molar ratio 1:1 to fatty acids. Using soapstock, conversion to
wax esters with oleyl and cetyl alcohols, after 24 h at 50 ◦C, was 81% and 79%, respectively.
Tests for catalyst reusability were also conducted and lipase was efficiently reused for
five batches.

Another interesting application is the production of β-carotene from the yeast
Rhodotorula rubra [64]. Soapstock is used together with glucose as carbon source for
growing yeast. The highest carotene concentration in the culture (about 2.33 g/L) was
recorded after 96 h, with a yield of carotenoids production 5.27 times higher with respect
to the sole glucose. After 4 d, 81% of the initial fatty acids were consumed by the cells. The
details of process intensification will be described in Section 4.

Epoxide derivatives of fatty acids and triacylglycerols are attracting the attention of
the oleochemical industry because they have recently found industrial applications as
biodegradable plasticizers for polyvinyl chloride. In addition, epoxidized fatty acids can
be used as diluents for paints, intermediates for polyurethane-polyol production, corrosion
protecting agents and additives for lubricating oils [65,66]. The only method applied on in-
dustrial scale for the epoxidation of fatty acids and oils is the Prilezhaev reaction, in which a
peroxycarboxylic acid, which is generally produced in situ by reaction of the corresponding
acid with hydrogen peroxide in the presence of a strong mineral acid, adds a single oxygen
atom to each C=C double bond of the fatty acid chains. However, this chemical method
for epoxidation has some disadvantages. Firstly, side reactions occur, mainly via oxirane
ring opening, leading to diols, hydroxyesters, estolides, and other dimers. As a result, the
selectivity of this process never exceeds 80%. Moreover, the presence of a strong acid in an
oxidative environment can cause equipment corrosion. Finally, the acid must be recycled
or neutralized before being discharged into the environment [65].

The same epoxidation reaction can be achieved also by enzymatic catalysis. The
capability of certain lipases to catalyze the perhydrolysis (i.e., lysis by hydrogen peroxide)
of carboxylic acids or corresponding esters, hence forming peroxycarboxylic acids, in
aqueous hydrogen peroxide solutions was patented by Clorox co. in the late eighties.
In 1990, Björkling et al. [67] reported the generation of peracids mediated by Novozym
435 for the first time. Subsequently, the same group showed that the lipase-mediated
synthesis of peracids from carboxylic acids and hydrogen peroxide can be used to perform
in situ epoxidation of alkenes and for the Baeyer-Villiger reaction [68]. A few years later,
Warwel et al. [69] described that when unsaturated fatty acids or their esters are treated
with hydrogen peroxide in the presence of Novozym 435, epoxidized derivatives are
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obtained. Very recently, we employed this enzyme-promoted epoxidation to convert
commercial oleic acid into 9,10-dihydroxystearic acid by intermediate oxirane opening.
The diol derivative was then submitted to chemical oxidative cleavage to afford azelaic
and pelargonic acid [70].

This chemo-enzymatic process involves a two-step synthesis: the biocatalyst acts
as a perhydrolase to produce peracids, and then the resulting unsaturated peroxy- or
carboxylic acids are epoxidized via an uncatalyzed Prilezhaev reaction that is often referred
to as “self-epoxidation” reaction [65]. The active site of lipases is formed by a catalytic
triad composed of Ser-Asp/Glu-His residues, and perhydrolysis presumably occurs with
the nucleophilic attack at the carbonyl group of the substrate by the hydroxy residue of
serine, resulting in the formation of an acyl-enzyme intermediate stabilized by an oxyanion
hole. In a perhydrolysis reaction, hydrogen peroxide acts as the nucleophile instead of
water in the deacylation step of the acyl-enzyme intermediate, inducing the release of the
peroxycarboxylic acid and the regeneration of the catalytic site. Other authors proposed
that peracid could also be formed by direct attack of hydrogen peroxide on carboxyl
group without the formation of the acyl-enzyme intermediate. In this mechanism, the
catalytic serine is involved as hydrogen bond donor to stabilize the carbonyl oxygen of the
carboxylic acid [66,71].

The enzymatic epoxidation of the unsaturated fatty acids of soapstock was investi-
gated by Mashhadi et al. [72] in a solvent- free system, using a commercial C. rugosa lipase
in a stirred-tank bioreactor and in a micro-channel bioreactor. The results indicate that only
about 24% of the theoretical oxirane oxygen content was experimentally obtained in the
stirred-tank bioreactor when operated in the batch mode. A comparison between batch
and continuous mode, done under the same reaction conditions (36 ◦C, initial pH 6.5, and
H2O2/C=C molar ratio 1:1 for 30 min) showed a 2.8-fold higher yield with the latter con-
figuration. The improvement was ascribed to the increased mass transport and decreased
biocatalyst deactivation in the flow reactor. Further details will be discussed in Section 4.

4. Enzymatic Manipulation of Soapstock in Continuous-Flow Mode: Reactors
Configurations and Processes

As illustrated before, the most investigated valorization of soapstock is represented by
its conversion into biodiesel. This production is required at a large scale, and benefits from
the widespread availability (generally 6% v/v of total refined vegetable oil production) [1,4]
and low price of this kind of by-product. The enzymatic treatments of soapstock described
here (for biodiesel, as well as for fine chemicals synthesis) could more advantageously meet
large scale and high productivity by means of continuous-flow reactors. The principles
of flow chemistry have been applied also to biocatalysis very successfully, and many
papers and reviews have been published concerning the matter, especially connected to
lipase-mediated reactions for biodiesel production [73–78].

Actually, due to their robustness, lipases were the first enzymes to be investigated for
immobilization and flow applications [79]. As it has been already described in Section 3.1.2
among the examples of enzymatic transesterification, Choi et al. in 2016 [42] selected the
immobilized lipase Lipozyme TL to perform the reaction under continuous-flow condi-
tions, with the aim of shortening reaction time and providing a continuous separation of
products from the biocatalyst. The authors employed a small-scale packed bed reactor
composed of a 5.1 cm-long stainless-steel tube with an inner diameter of 0.48 cm, packed
with approximately 0.5 g of Lipozyme TL IM. By running multiple reaction cycles, the
authors observed that washing enzyme with ethanol before the following cycle signifi-
cantly increased transesterification conversion. This operation was enabled by the use of
a packed column, without the need of separating and reloading the enzyme at any cycle:
continuous-flow operations proved fundamental in cyclic operations when reactions and
bed-washing stages need to be alternated. The intermittent washing of the biocatalyst
with ethanol helped glycerol removal, increasing the half-life of the enzyme and allowing
operational stability for up to 45 cycles.
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Instead of using immobilized lipases for running esterification reaction in continuous-
flow, Soares et al. in 2013 [36] prepared a solid catalyst by solid-state fermentation of
lipase-producing B. cepacia (see Section 3.1.1) and loaded 12 g in a 2.7 cm ID (internal
diameter) column to obtain a bed-length of 16 cm. According to the authors, this was the
first example of FFAs esterification conducted in a reactor packed with lipase prepared
via solid-state fermentation. To demonstrate the efficiency of packed-bed process, with
the same ratio of fermented solid to fatty acids (12% w/w), the esterification reaction was
run under both batch conditions in shake flasks and continuous-flow conditions in the
packed-bed reactor, obtaining with the former a conversion of 84% after 74 h, and achieving
the same conversion after only 43 h with the latter. As it has been already explained in
Section 3.1.1, in optimized conditions the use packed-bed bioreactor gave 92% conversion
in 31 h at 50 ◦C. When the packed-bed reactor was reused in successive 48 h esterification
reactions, conversions of over 84% of the fatty acids to esters were maintained for five
cycles at 50 ◦C and for six cycles at 45 ◦C.

The epoxides synthesis proposed by Mashhadi et al. in 2018 [72], already introduced
in Section 3.3, had implications concerning process issues. In the report, the epoxidation
reaction was first tested in a stirred-tank reactor (a 50 mL cylindrical glass reactor): in
a batch mode by adding all of the required hydrogen peroxide at the beginning of the
reaction, and under semi-batch conditions by adding hydrogen peroxide dropwise at a rate
of 0.3 mL/min. Afterwards, continuous-flow conditions were tested running the reaction
in a microreactor, consisting in two adjustable syringe pumps for dispensing separately
organic and aqueous phase in a T-junction followed by a 100 cm-long channel with an
internal diameter of 0.8 mm. The reactor temperature was controlled by a thermostatic
chamber. The enzyme, a commercial lipase from C. rugosa, was used in its free form and
mixed to the organic phase. In particular, before the reaction, 60 mg of C. rugosa lipase were
dissolved in 20 g of a pH-adjusted soapstock (pH 6.5, adjusted with 2 M hydrochloric acid)
and then the components mixed at 150 rpm for 30 min. This pre-treatment of the enzyme
had an important role in stabilizing it during the epoxidation reaction.

Batch conditions afforded 24% epoxidation yield, while, in the semi-batch mode,
hydrogen peroxide inhibition demonstrated to be less detrimental, with a yield increase to
40%. The best results were obtained with the microchannel reactor providing a yield of 68%.
Observing the beneficial effects of running the epoxidation reaction in this microdevice
(this biphasic, exothermic reaction clearly took advantage of the enhancement of mass and
heat transfer inside the channel), the authors improved the system by a statistical approach
by analysis of variance (ANOVA), with the aim of finding the optimal reaction parameters:
a final yield of 85% could be achieved at 36 ◦C, with a molar ratio of H2O2 to C=C bonds of
1.61 and a flowrate of 43 mL/h.

A process intensification study for β-carotene production, although not in continuous
conditions, was carried out by Alipour et al. in 2017 [64] by fermentation from soapstock,
as already introduced in Section 3.2. After demonstrating the efficiency of the process, the
authors designed an airlift photobioreactor where cells were entrapped in natural loofa
sponge. The reactor consisted of a vertical glass column (6 cm ID, 25 cm height) containing
an inner tube of 3.75 cm diameter for air flowing. The system was also equipped with
120 small white LED lamps distributed around the bioreactor. A thermostatic chamber
was used to keep the temperature constant at 30 ◦C. The column was filled with pieces of
loofa sponge and R. rubra was grown directly inside the reactor, entrapped in the sponge
to provide a supported solid catalyst. The design and use of this airlift bioreactor were
justified by the uniform distribution of energy due to air recirculation. Furthermore, the
lack of an agitation system brought technical advantages, like simplicity of construction
and low power consumption. The system was further studied by means of statistical tools
in order to optimize the operative conditions. In this way, a final β-carotene productivity
of 22.65 mg/gcell/day could be reached.
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5. Conclusions and Future Prospects

Soapstock, obtained as a by-product during the neutralization step of vegetable oil
refining process, is a valuable source of saturated and unsaturated fatty acids, according to
the botanical origin of the starting seeds.

Literature results on the enzymatic hydrolysis of soapstock are very encouraging.
Further investigations are needed to find other more effective enzymes capable of
catalyzing the reaction without any specific soapstock pretreatment. Some enzymatic
mixtures are already commercially available for the purpose, which require only a mild
acidification of starting soapstock to pH 5.0 with phosphoric acid [80]. This approach
would favor the integration of enzymatic hydrolysis into vegetable oil refining process,
with the advantage of increasing the FFA percentage in the final product, avoiding the
generation of high volume of wastewater rich in sulfates/chlorides, and increasing the
sustainability of the whole process. However, at the industrial level, the evaluation of
costs and benefits for the transition from chemicals to enzymes is rather slow. Many
aspects are to be carefully considered: on one side (i) the modification of the production
plant to substitute acid treatment with enzymatic hydrolysis; (ii) enzyme costs; (iii) the
real possibility to find a market for the acid oils produced with increased enrichment
in FFAs; on the other side (iv) the reduction of the volume of acidic wastewater and of
the related content of sulfates/chlorides, resulting in lower waste disposal costs; and
(v) the increased earnings due to the transformation of acid oils into a higher quality
material [81].

The valorization of soapstock represents another recommended strategy to increase
the sustainability of the refining process, by both reducing the amount of waste, and
promoting the preparation of useful chemicals from renewable feedstocks. The market of
vegetable seed oil is a key feature of the Italian and European economy. In 2019/2020 (from
June to July) [82], the total production of vegetable seed oils in EU reached nearly 18,000
thousand metric tons. Since soapstock corresponds to about 6 vol% of refined crude oil,
it can be inferred that 1000 thousand metric tons have been available in Europe during
this period. It is advisable to develop effective methods to exploit this huge quantity
as bio-based starting material, in order to give a second chance to the chemical richness
(carbon-carbon single and double bonds, carboxylic moieties) introduced by Nature in
their structures.

Biodiesel production from soapstock (as from other by-products of crude oil refining
rich in FFAs) seems to be a good strategy to achieve its valorization, in order to avoid
first-generation feedstock. Due to the heterogeneity of its components, it is necessary
to pretreat soapstock by acidification (splitting to obtain oleins or acid oil) or by either
chemical or enzymatic hydrolysis of triglycerides, before esterification of free fatty acids.
The transesterification route requires to dry the sample to avoid competing hydrolysis, and
it is normally followed by esterification of FFAs. In any case, a final distillation step is often
required to obtain good quality biodiesel.

Interesting results have been obtained in the use of soapstock as nutrient for the indus-
trial of lipases, some of the most robust and exploited enzymes in preparative applications.

The use of soapstock as a source of FFAs for the synthesis of fine chemicals is to be
further investigated to expand the variety of products that can be obtained. The possibility
to prepare other biodegradable surfactants [83], monomers for bio-based biodegradable
new-generation polymers [84,85], and additives for the cosmetic industry [86–88] has to be
carefully investigated.
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