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1Synthesizing Precursors for Functional Food Structured Lipids from
Soybean Oil Deodorized Distillates

Ramelito Casado Agapay1 · Yi‑Hsu Ju1,2,5 ·

8Phuong Lan Tran‑Nguyen3 · Artik Elisa Angkawijaya2 · Shella Permatasari
Santoso4 · Alchris Woo

Go2 Received: 24 May 2020 / Accepted: 26 October 2020 © Springer Nature B.V. 2020 Abstract A “green”
scheme of synthesizing diglycerides as a means of valorizing an oil processing by-product, specifically
soybean oil deodorized distillate (SODD), was established. Different glycerol dosing strategies were
implemented in the solvent-free lipase catalyzed esterification of free fatty acids with glycerol within molar
ratios of 2–4 and temperatures of 40–60 °C. The process responses were compared with non-dosed
systems in this study and other similar processes reported in literature. Better 1,3-diglyceride selectivity at
comparable yields were observed with glycerol dosed-systems over non-dosed systems. The presence of
molecular sieves negatively affected 1,3-diglyceride selectivity, total diglyceride selectivity and yield.
Selectivity of 0.91 ± 0.01 g diglycerides/g (mono + triglycerides), free fatty acid conversion of 57.87 ± 3.46%,
and yield of 30.59 ± 1.26 g diglyceride/100 g raw material is obtained with SODD at 40 °C, overall free fatty
acid to glycerol molar ratio of 2, 4 wt% Novozyme 435 and 48 h. The process scaled better than most
solvent-based ones supported with hygroscopic sorbents in terms of reaction mass efficiency. Graphic
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Statement of Novelty A green scheme of precursor synthesis from SODD that improved selectivity and yield
without the use of solvents, hydroscopic sorbents & specific lipases was established. Introduction
Diglycerides (DG) are versatile compounds used as addi- tives for various products and as precursors for
more complex compounds. DG, together with monoglycerides (MG), form a group called partial glycerides
(PG), which are nonionic but possess both hydrophilic and lipophilic functional groups. Because of this, they
function largely as emulsifiers [1] especially in food products, but are also important components of
nutraceuticals or functional food [2, 3], pharmaceuticals [4], and cosmetics [5]. When reacted with certain
ligands, DG can be converted to struc- tured triglycerides (STG) with unique or important prop- erties such
as radical scavenging or anti-oxidative activ- ity with ferulic [6] and caffeic acids [7], weight control activity
with D-galactopyranose and pinolenic acid [8], and anti-inflammatory, anti-proliferative & anti-cancer effects
with n-3 polyunsaturated fatty acids [9] making them indispensable in human diet and wellness. The
synthesis of DG proceeds through several schemes of reactions allowing for the use of reactants from
varied sources including waste products [10]. Among synthesis routes that are commonly investigated are
alcoholysis of oils using either ethanol [2] or glycerol [11], and

9direct esterification of free fatty acids (FFA) with glycerol [12, 13].

Transesterification or interesterification of

oils with either fatty acids or other oils/triglycerides (TG) also pro- duce DG as by-products [14–16].
Esterification is desir- able among these routes because it produces less by-prod- ucts at high conversion,
requiring minimal purification steps to attain high quality. A number of studies involving the

6esterification of oleic acid (OA) and glycerol carried

out by the same group of researchers focused on

8the effects of temperature, molar ratio, catalyst type and loading

[17], water activity [18], and addition of solvents with vary- ing polarities [19] on 1,3-diolein production, and
further using response surface methods to optimize 1,3-diolein yield in the process [13]. These works
reported that opti- mum diolein yield and 1,3-diolein/diolein of about 87% are achieved at ~ 60 °C, ~ 2.5 OA
to glycerol molar ratio (OA:G), 7.5 wt% Novozyme 435 and 4.8 wt% t-butanol with respect to OA. Another
work involving diolein pro- duction using the same reaction system but catalyzed with lipase TL IM, which is
sn-1,3-specific [20], implemented OA dosing strategies to investigate

2their influence on yields. It was observed that higher diolein yield was
obtained if all OA was fed into the reaction in the begin- ning rather than
adding batch-wisely during reaction
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. Addition of solvent minimizes mass transfer problems as the immiscible reactants can be dissolved in it
and that product selectivity can be influenced depending on sol- vent concentration and hydrophobicity [19,
21]. Solvent- free esterification, however, can give better conversions over solvent-based systems in certain
cases

1such as in the enzyme-catalyzed esterification of caprylic acid and

glyc- erol where the conversion reached more than 10% higher as compared to systems using cyclohexane,
octane, and dioxane as solvents [22]. This difference is attributed partly on the inhibiting effect of solvent on
lipase activity. Also, when exposed to a combination of organic solvent, compounds with surfactant
properties, and moderately high temperature, immobilized lipase can be desorbed from its matrix [23]
making them less active in succeeding cycles of use. Fur- thermore, solvents pose some health risks to
users [24] apart from contributing to the cost of materials and operational cost in downstream processing.
Solvents also serve to dilute glycerol in the reaction sys- tem as high glycerol concentration was reported to
be inhibi- tory towards lipase activity [25, 26]. As dilution by using solvents is not an option in solvent-free
esterification of alco- hol and fatty acid, a means to avoid this inhibitory effect is to implement alcohol dosing
strategies. Dosing of alcohol, e.g. methanol and ethanol, during enzymatic esterification has long been
applied in alkyl ester synthesis particularly in biodiesel production to prevent inhibition [27], but has not been
exploited in fatty acid and glycerol systems. In esterification, water is a by-product that influences the
equilibrium concentration of the desired product. When in excess, the reaction proceeds in reverse breaking
down the partial glycerides and triglycerides that have been formed. However, water is required in some
quantity (~10 wt%) as some lipases are not as active without them [18, 28]. Regula- tion of water activity by
removal of excess water has been per- formed through the addition of hygroscopic sorbents such as
molecular sieves [29] and silica gel [20]. It is noted that silica gel has been used as an adsorbent for glycerol
and the resulting material utilized as a glycerol reservoir to regulate its release in the glycerolysis of TG [30].
It also known to adsorb different classes of lipids at various degrees, more strongly with partial glycerides,
making it useful in lipid separation [31]. These could compete with the adsorption of water during solvent-
free esterification. Preferably, silica gel is used in combination with solvents such as n-hexane to attain
better conversions of the free fatty acids to acyl glycerides [32]. Certain molecu- lar sieves also have the
capacity to adsorb fatty acids [33] and other lipids [34]. Instead of hydroscopic sorbents, there were also
cases where reactions were carried out at vacuum conditions for the purpose of removing water from the
reacting system [35]. Although this involved no additional material, specialized equipment was necessary to
perform the reac- tions. Auxiliary materials (and/or equipment) may have certain advantages when used or
added to the systems above but their presence consequently lowers the reaction mass efficiency of the
process, which translates to its reduced “greenness”. A by-product of oil processing and refining that is
relevant and potentially a cost-efficient raw material in DG produc- tion are fatty acid distillates [36, 37].
Soybean oil deodorizer distillates (SODD), in particular, are in adequate supply and rich in

9unsaturated fatty acids such as oleic and linoleic

acids [38], which make them appropriate in the production of DG or precursors for symmetrical ABA-type
(unsaturated-satu- rated-unsaturated) STG. Such fatty acid distillate has been utilized mainly in the
synthesis of alkyl esters [38] applied as biodiesel, and as a source of bioactive compounds including
tocopherols [39], steroidal hydrocarbons [40] and squalene [41]. Functional food precursors, therefore, are
high-value derivatives that can alternate with biodiesel in making use of its major component, the FFA.
There has been a study previ- ously conducted regarding DG production using SODD and sn-1,3-specific
lipases with Lipozyme RM IM as the preferred enzyme resulting in a product containing 69.9 wt% DG [42].
To achieve higher DG concentration (86.3 wt% DG) in the product, a purification step was required. The ratio
of 1,3-DG isomers over 1,2-DG in this product was about 56:44, which is significantly lower than 87:13 that
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can be obtained in an OA- glycerol system using solvents and a non-specific lipase [13]. This presents a
challenge for improving 1,3-DG to 1,2-DG ratios in solvent-free systems, as higher ratios can be achieved
with solvents even without employing downstream processing or purification steps. Considering the cases
presented above, it is the objective of this study to explore a minimalist approach to improve process
responses, including conversion, product distribu- tion, selectivity, and yield in the production of diglycerides
as structured triglyceride precursors from soybean oil deodorizer distillates. Employing OA and glycerol as a
model reaction system, glycerol dosing strategies were tested prior to imple- menting promising schemes to
a system using SODD. This is to verify the hypothesis that process responses, most especially product
distribution and (regio-)selectivity, can be improved in esterification processes without using solvents, in-situ
water adsorbents, and sn-1,3-specific enzymes. Materials and Methods Materials

1Oleic acid (99%, Showa Chemical Co. Ltd., Japan

) and glyc- erol (≥ 99.5%, JT Baker, USA) were used as model reactants for esterification, with soybean oil
deodorized distillate (80% FFA, TTET Union Corporation, Taiwan) as the source of FFA, replacing OA, in the
later system or application. In all trials performed, Novozyme 435, a non-specific lipase from Candida
antarctica

3immobilized in acrylic resin (10,000 U/g, Novo-Nordisk, Denmark) was

used to catalyze the reac- tions. Ethyl acetate (99.9%, Echo,

1Taiwan), n-hexane (95%, Tedia High Purity Solvents, USA), ethyl ether (99

%, Echo, Taiwan), and formic acid (≥ 98%, Sigma-Aldrich, Germany) were the solvents used in the
separation of products. A lipid mix standard consisting of mono-, di- and triolein (1787- 1AMP, Sigma-
Aldrich),

6and 1,3-diolein standard (≥ 99% GC, D3627-10MG

,

2Sigma-Aldrich) were used for identi- fication and calibration of components in
the analysis of samples

.

6Esterification of OA or SODD with Glycerol A

15-ml

6mixture of OA and glycerol with an OA:G
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of 0.3–5.7

3was prepared in a 50-ml Erlenmeyer flask. This was incubated without cover in
an orbital shaker incubator at

40–60 °C and 150 rpm. Lipase of 4 g

1per 100 g of total reac- tants was added to start the reaction. Aliquots of

220–25 mg were taken at predetermined times for analysis using gas
chromatography. After the reaction, the crude product mix- ture was separated
from the lipase by settling and decan- tation. It was then stored at –20 °C prior to

analysis

. For experiments with glycerol dosing, the same protocol was followed

1except for the initial OA:G which was set

around 4, and dosing of glycerol according to different strategies to an overall OA:G of ~ 2. Dosing of
additional glycerol was done at 24 h, after the start of the esterification process for single dose (full dose)
systems; at 24 h and 36 h for two- dose (half doses) systems. A full dose is equivalent to 750 µl of glycerol.
The reaction was terminated 12–24 h after the last addition of glycerol, and the whole process lasted for 48
h. In total, seven sets of conditions involving the model reaction system were investigated, each labeled with
ES-T- MRI-DS-MRF, where ES refers to the esterification system undergoing the reaction at temperature T,
an initial molar ratio of MRI, added with DS number of glycerol doses, and resulting in an equivalent/overall
molar ratio of MRF after all doses of glycerol were added. Four of these were non- dosed systems, namely
ES-40 °C-2.0-0-2.0, ES-40 °C-4.4- 0-4.4, ES-60 °C-2.0-0-2.0, and ES-60 °C-4.4-0-4.4, which served as
points for comparison with three glycerol-dosed systems, specifically ES-40 °C-4.4-1-2.0, ES-40 °C-4.4-2-
2.0, and ES-60 °C-4.4-2-2.0. The conditions which resulted in desirable process responses were
implemented in the tri- als involving SODD. The initial free fatty acid to glycerol ratios (FFA:G) of these
systems were based on the total oleic and linoleic acid content of the oil distillate. As the effect of the
presence of molecular sieves was investigated with selected SODD systems, each system with the oil
distillate was labeled with an extended code, ES-T-MRI-DS-MRF- MS. This has the same meaning as the
previous one but with MS referring to the presence of molecular sieve, where zero (0) meant that no
molecular sieve was added to the system and one (1) meant that 0.6 g of 4 Å molecular sieves was added
per g of SODD. All experiments were performed in duplicates. Analysis of Free Fatty Acids and Glycerides
An aliquot of 20–25 mg of the product

1was dissolved in 1 ml of ethyl acetate, homogenized, and then filtered using a
13-mm syringe filter with 0.20-µm PTFE membrane (Acrodisc syringe filters,
Pall Corporation, Life Sciences

). A 1.5 µl-volume of the filtrate was injected into a gas chro- matography unit (
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10Shimadzu GC-2010 Plus) installed with a ZB-5HT Inferno column (15 m × 0.32
mm × 0.1 µm), and

2equipped with a split injector and FID. It was operated on a program

to separate different types of fatty acids and acyl- glycerides as described in Go et al. [43].

11The injector and detector temperatures were set at 370 °C and the initial col-

umn temperature at 80 °C. The column temperature was

ramped to 370 °C with

1a total analysis time of 29 min. Nitro- gen gas flow in the column was 1.4
ml/min and the injection split ratio was 50. The peaks were

1identified individually or classified in groups using fatty acid and lipid
standards

. The

1peak areas in the chromatograms were then converted to weight
percentages using calibration curves established with these standards

. In product analysis, product distribution PDi (g/100 g), refers to the mass of a component, mi (g), e.g.
residual OA or acylglyceride, that is contained in 100 g of glycerol-free product, mGFP (g). PDi 100g mGFiP
× 100 g = [ ] m (1) Glyceride distribution Ci (g/

1100 g), is the ratio of the mass of a

glyceride species, mi (g) to 100 g of total glycer- ides in the product, mtotG (g). Ci 100g mtoitG × 100 g = [ ]
m (2) To determine the distribution of 1,2- and 1,3-DG,

1100 mg of crude glyceride product was dissolved in 0.5 ml of n-hex- ane, and
10 µl of the resulting mixture was blotted on a TLC Silica gel 60 F254 plate
(Merck) previously dried in an oven at 100 °C for 1 h. The separation of
components was then carried out in a glass chamber using a pre-mixed
solvent composed of 80:20:2 v/v/v of n-hexane/ethyl ether/ formic acid. The
plate was air-dried and developed using iodine vapor to show the bands of
separated glycerides. The bands for 1,2-DG and 1,3-DG were scraped off
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from the plate and separately placed in vials. Ethyl acetate (1 ml) was used
to extract the diglycerides from the scraped material. The mixture was then
filtered and the filtrate subjected to GC analysis. The

amount of each diglyceride isomer was determined using previously established calibration curves and 1,3-
DG concentration (g/100 g total DG) was calculated from the masses of 1,2-DG, m1,2-DG (g), and 1,3-DG,
m1,3-DG (g), respectively, as follows: 1,3DG g 100g = m1,3−DG × 100 [ ] m1,2−DG + m1,3−DG (3)
Calculation of Conversion, Selectivity, Yield, and Reaction Mass Efficiency The moles of each component
present in 100 g of glycerol- free product were determined using the weight percentages obtained from
chromatograms. OA conversion, 𝜉OA (%), was then calculated using the following equation: 𝜉OA[%] = nMG
+ 2 × nDG + 3 × nTG [ nOA + nMG(+ 2 × n)DG (+ 3 × n)TG ] × 100 ( ) ( ) (4) where nOA,

12nMG, nDG, and nTG are the moles of residual OA, monoglyceride (MG),

diglyceride (DG), and triglyceride (TG) in the product, respectively

. From the OA:G value, the amount of glycerol, nGlyOH (mol), originally used in esterification was
determined on the same basis as the other components. Glycerol conver- sion, 𝜉GlyOH (%), was then
calculated based on the following equation: 𝜉 GlyOH [%] = MG +nGnlDyOGH+ nTG 100 n × ( ) (5)
Diglyceride selectivity, SDG (g/

1g), is calculated as the ratio of the mass of

total diglycerides mDG (g) in the product to the total amount of monoglycerides mMG (g) and triglyc- erides
mTG (g). SDG g⁄g = mMGm+DGmTG (6) Yield, YDG (

1g/100 g), is defined as the mass of

total [ ] diglycerides mDG (g) in the product that can be obtained from 100 g of the reactants used. YDG
100g g = mDG [ ] m OAi + mGlyOHi × 100 (7) where mOAi and mGlyOHi are the total amounts of OA and
glycerol used as reactants, respectively.

1Reaction mass efficiency, RME, is defined as the ratio of the mass of

total diglycerides mDG (g) in the product over the

2total mass of raw materials, ƩmRMi (g), used in the reac- tion mixture

including the catalyst mcat (g), solvents msol (g), sorbents msor (g), and other reagents. RME g mDG g =
mDG m = [ ] RMi mOAi + mGlyOHi + mcat + msol + msor + … ∑ (8) Results and Discussion Effect of
Temperature and Molar Ratio on Conversion, Distribution, and Selectivity Solvent-free esterification of OA
and glycerol was carried out over a wide range of OA:G and different temperatures for 24 h in order to verify
their effects on conversion, and more importantly, the distribution of glycerides in the prod- uct (Fig. 1).
Complete conversion of glycerol (ξGlyOH) can be achieved at OA:G ≥ 3.2, but OA conversion (ξOA) can
only reach 84% maximally even at the lowest OA:G and the highest temperature investigated. Diglycerides
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were predom- inantly produced in all cases except at 60 °C and OA:G ≥ 3.2 where products were largely
composed of TG (> 50 g/100 g total glycerides). Specifically, diglyceride distribution (CDG) reached 61.27 ±
0.34 g/100 g of total glycerides at 40 °C and an OA:G of 3.2. Triglyceride distribution (CTG), on the other
hand, reached 55.99 ± 2.12 g/100 g of total glycerides at the same OA:G but at a higher temperature of 60
°C. Monoglyc- eride distribution (CMG) was low to moderate in all cases, not exceeding 31.94 ± 2.22 g/100
g of total glycerides. Diglyc- eride selectivity (SDG) ranged

6from 0.42 to 1.58 g/100 g (MG + TG

), peaking at the condition where CDG was also maximum. In general, DG, or more broadly PG, tend to be
formed at higher concentration when the reaction is carried out at lower temperature and high OA:G. This
ostensibly validates the idea that at high OA:G where the fatty acid is considerably in excess over glycerol,
the inhibiting effect of glycerol on lipase activity is minimized [21, 22], although some fatty acids can also
have either inhibiting or promot- ing effects [27, 28]. Whichever effect is dominating in the reaction, it is
desirable to perform esterification of

6OA and glycerol at 40 °C and OA:G

within 2.0–4.4 considering the results obtained if CDG or SDG were prioritized. This is supported by
previously reported works on DG produc- tion where the optimum molar ratio was found around 3.5 at 40 °C
[20], and between 2 and 2.5 at 60–65 °C [17, 44]. The effects of temperature and time on product distri-
bution and glyceride selectivity were further explored at the upper end of this OA:G range and are illustrated
in Fig. 2. Maximum product distribution in terms of total glycerides (PDtotG) slightly increased with
increasing tem- perature (Fig. 2a, c, and e), reaching 54.90 ± 3.32 g/100 g glycerol-free product at 40 °C,
59.31 ± 2.14 g/100 g at 50 °C, and 60.97 ± 0.15 g/100 g at 60 °C. This was pos- sible because a higher
reaction temperature increases both the rate of reaction and the mutual miscibility of reac- tants, leading to
higher conversions and more products [45]. Also, maximum selectivity for both DG (SDG) and PG (SPG)
occurred earlier but within a narrower period as the temperature was increased (Fig. 2b, d, and f). In par-
ticular, maximum SDG and SPG were attained in 18–24 h at 40 °C, 10–15

8h at 50 °C, and 4–8 h at 60 °C

. A longer period of high SDG (or SPG) implies a more flexible process when the intermediate components
are the desired prod- ucts. In all three temperatures, the magnitudes of the SDG and SPG are close and are
within the ranges of 1.05–1.30 g DG/g (MG + TG) and 3.30–3.80 g PG/g TG, respectively. Apart from these,
the equivalent ξOA and ξGlyOH at the stated time ranges also have similar values of 37.69% and 99.98% at
40 °C, 37.88% and 93.51% at 50 °C, and 39.68% and 100% at 60 °C. Similar trends were

2observed in the esterification of OA and glycerol

at initial molar ratios of 2.0–4.0, carried out between 40 and 60 °C but in the presence of 15% Lipozyme TL
IM (w/wOA), the solvent toluene, and molecular sieves [20], as well as, in non- catalyzed solvent-free
systems at the same molar ratios but at a higher temperature range of 150–200 °C [31]. The peaks of DG
selectivity also occurred faster within a nar- row time frame as the reaction temperature was increased,
although their occurrences were observed at much shorter periods (> 4 h) alongside steep increases in TG
because of a higher enzyme loading in the former and higher tem- peratures in the latter compared to the
current study. As the conversion of glycerol was practically complete at maximum SDG, the decrease in
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selectivity with time after this point is a result of the remaining OA further reacting with DG to form TG
according to the established reaction mechanism between OA and glycerol [46]. Because TG is an
undesirable product in DG production, the concentra- tion of unreacted OA must be kept low after this stage.
In biodiesel production, the stepwise addition of methanol ensured that the conversion of FFA to methyl
esters was high or nearly complete such that residual acids were neg- ligible and that the product met
certain standards [27, 47]. It was, therefore, hypothesized that glycerol dosing would also be a simple but
effective strategy to push the reaction towards higher FFA conversion and, possibly, minimal TG formation.
Thus, at the periods when the maximum DG had been achieved, dosing of glycerol was performed to
increase ξOA while still maintaining relatively high instan- taneous OA:G. g/100 g GlyOH-free Product 80 80
% Conversion 100 100 60 60 40 40 20 20 0 0 g/100 g GlyOH-free Product 80 80 60 60 40 40 20 20 %
Conversion 0 0 0.3:1 0.6:1 1.2:1 1.9:1 3.2:1 4.4:1 5.7:1 OA:GlyOH Ratio (mol/mol) Residual OA Total
Glycerides Conversion, OA Conversion, GlyOH (a) 100 100 g/100 g GlyOH-free Product 80 60 40 20 0 80
60 40 20 % Conversion 0 100 0.3:1 0.6:1 1.2:1 1.9:1 3.2:1 4.4:1 5.7:1 OA:GlyOH Ratio (mol/mol) Residual
OA Total Glycerides Conversion, OA Conversion, GlyOH (c) 100 0.3:1 0.6:1 1.2:1 1.9:1 3.2:1 4.4:1 5.7:1
OA:GlyOH Ratio (mol/mol) Residual OA Total Glycerides Conversion, OA Conversion, GlyOH (e) g/100 g
Total Glycerides 100 80 60 40 20 0 0.3:1 0.6:1 1.2:1 1.9:1 3.2:1 4.4:1 5.7:1 OA:GlyOH Ratio (mol/mol) g/100
g Total Glycerides 100 80 60 40 20 0 MG DG TG (b) 0.3:1 0.6:1 1.2:1 1.9:1 3.2:1 4.4:1 5.7:1 OA:GlyOH
Ratio (mol/mol) g/100 g Total Glycerides 100 80 60 40 20 0 MG DG TG (d) 0.3:1 0.6:1 1.2:1 1.9:1 3.2:1 4.4:1
5.7:1 OA:GlyOH Ratio (mol/mol) MG DG TG (f) Fig. 1 Product distribution and reactant conversion during
esterification of OA and glycerol catalyzed by Novozyme 435 (4 g/100 g reactants) at 40 °C (a, b), 50 °C (c,
d), and 60 °C (e, f) for 24 h Effect of Glycerol Dosing on Conversion, Distribution, Selectivity, and Yield The
effects of glycerol dosing that were initially assumed were confirmed in an experiment, with its results
illustrated in Fig. 3. The profiles showed its advantages in the following ways: (a) further reduction in residual
OA from 50

6g/100 g glycerol-free product in the non-dosed system

to approxi- mately

120 g/100 g glycerol-free product in

a dosed one, and (b) maintenance of low MG and TG concentrations thereby sustaining high DG selectivity
after glycerol addition. Different glycerol dosing strategies were then carried out to determine specific effects
on a number of process responses including selectivity and yield, summarized in Table 1. Without glycerol
dosing, increases in conversion were achieved by performing the reactions at higher tem- perature as can
be seen with ES-40 °C-2.0-0-2.0 against ES-60 °C-2.0-0-2.0, or ES-40 °C-4.4-0-4.4 against ES-60 °C-4.4-0-
4.4. It is already well-established that temperature affects rates of reaction generally in a positive direction,
i.e. increasing the temperature increases the reac- tion rate. Also, the catalyst influences the range at which
Fig. 2 Product distribution and

3glyceride selectivity during esterification of OA and

glyc- erol at an initial

3OA:G of 4.4, catalyzed by Novozyme 435 (4 g/100 g reactants) carried out
under 40 °C
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(a, b), 50 °C (c, d), and 60 °C (e, f) Fig. 3 Esterification of

3oleic acid and glycerol at an initial OA:G of 4.4 catalyzed by 4 g Novozyme
435/100 g reac- tants carried out under 40 °C

a without glycerol dosing, ES-40 °C-4.4-0-4.4 and b with 750-µL glycerol dose at 24 h, ES-40 °C-4.4-1-2.0

3g/100 g GlyOH-free Product g/100 g GlyOH-free Product

3g/100 g GlyOH-free Product g/100 g GlyOH-free Product

100 80 60 40 20 0 0 20 40 60 80 100 Hours Residual OA Total Glycerides (a) 100 80 60 40 20 0 0 20 40 60
80 100 Hours Residual OA Total Glycerides (c) 100 80 60 40 20 0 0 20 40 60 80 100 Hours Residual OA
Total Glycerides (e) 100 80 60 40 20 0 0 20 Hours 40 MG TG Residual OA DG (a) 1.2 4.0 g DG/g MG+TG
1.0 0.8 0.6 0.4 3.0 2.0 g PG/g TG 0.2 1.0 0.0 0.0 1.4 0 20 40 60 Hours DG (b) 80 PG 100 4.0 g DG/g
MG+TG 1.2 1.0 0.8 3.0 g PG/g TG 0.6 2.0 0.4 0.2 0.0 1.0 0.0 1.2 0 20 40 60 Hours DG (d) 80 PG 100 4.0 g
DG/g MG+TG 1.0 0.8 3.0 g PG/g TG 0.6 0.4 0.2 0.0 2.0 1.0 0.0 100 0 20 40 60 Hours DG (f) 80 PG 100
g/100 g GlyOH-free Product 80 60 40 20 Glycerol Dose 0 0 10 20 Hours 30 40 MG TG Residual OA DG (b)
Table 1 Effect of different strategies on conversion, distribution, selectivity, and yield Strategy (ES-T-MRI-DS-
MRF)a Conversion (ξOA), % Glyceride Distribution, g/100 g Total Glycer- ides CMG CDG CTG DG
Selectivity (SDG), DG Yield (YDG), g DG/g (MG + TG) g DG/100 g RM ES-40 °C-2.0-0-2.0 74.47 ± 0.55
28.95 ± 0.04 56.30 ± 0.20 14.75 ± 0.24 1.29 ± 0.01 40.68 ± 0.10 ES-40 °C-4.4-0-4.4 45.98 ± 0.09 21.28 ±
0.60 53.89 ± 0.38 24.83 ± 0.98 1.17 ± 0.02 25.52 ± 0.15 ES-60 °C-2.0-0-2.0 86.82 ± 0.00 15.37 ± 0.00 54.84
± 0.02 29.79 ± 0.02 1.21 ± 0.00 45.01 ± 0.03 ES-60 °C-4.4-0-4.4 58.08 ± 0.77 14.90 ± 0.40 29.33 ± 0.10
55.76 ± 0.50 0.42 ± 0.00 16.95 ± 0.15 ES-40 °C-4.4-1-2.0 66.44 ± 0.50 25.14 ± 0.38 56.90 ± 0.99 17.97 ±
0.61 1.32 ± 0.05 37.80 ± 0.41 ES-40 °C-4.4-2-2.0 69.54 ± 0.64 16.39 ± 0.08 65.31 ± 0.16 18.30 ± 0.08 1.88
± 0.01 45.03 ± 0.48 ES-60 °C-4.4-2-2.0 87.62 ± 0.14 14.34 ± 0.18 54.16 ± 0.18 31.49 ± 0.36 1.18 ± 0.01
45.64 ± 0.09 aTotal process time is 48 h; Code (ES-T-MRI-DS-MRF) refers to the following: Esterification
System (ES) with the reaction carried out at T— reaction temperature, MRI—initial molar ratio, DS—number
of glycerol doses implemented, and MRF—overall molar ratio after all glycerol doses have been added; a
single-dose system is added with a full dose of glycerol at 24 h, and a two-dose system is added with equal
doses at 24 h and 36 h, all

2to an overall molar ratio of 2.0

optimum activities are observed. Novozyme 435, which is used in this study, often exhibits significant
activities within the range of 40–90 °C [48], and reached maximum activities close to 60 °C in solvent-free
systems [49]. At a fixed reaction temperature of 40 °C, dosing with glycerol resulted in a significant increase
in OA conversion for both ES-40 °C-4.4-1-2.0 and ES-40 °C-4.4-2-2.0 when compared to the non-dosed
system ES-40 °C-4.4-0-4.4, but were lower when compared to ES-40 °C-2.0-0-2.0. The increase in con-
version of the dosed systems relative to ES-40 °C-4.4-0-4.4 was expected because, upon dosing, more
glycerol became available for the residual fatty acids to react, especially when at 24 h of reaction, ξGlyOH
was already at 100% (Fig. 1a). The difference in conversion of dosed systems when compared to ES-40 °C-
2.0-0-2.0 can be explained along the same line of reasoning, although in this particular case, more glycerol
was already available right at the beginning of the process for system ES-40 °C-2.0-0-2.0 than for the
glycerol-dosed systems. Implementing both dosing and increase in tem- perature, specifically with ES-60
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°C-4.4-2-2.0, yielded the highest conversion among the strategies, which supported the assumption that
glycerol dosing consistently improves conversion at different temperatures. Fatty acid dosing, how- ever, did
not result in a better process response expressed in terms of DG yield as reported in the synthesis of 1,3-
diolein catalyzed by Lipozyme TL IM with t-butanol as solvent [20]. In such case, it was observed that the
yield decreased when the dosing frequency was increased at lesser amounts per dose, and that the best
result was obtained when all of the fatty acid was added at the beginning of the reaction. No explanation
was offered as to why this occurred in the said study, but apparently, OA dosing gave an opposite effect
compared to glycerol dosing. As higher conversions do not always translate to higher concentration of the
desired prod- uct when pertaining to glyceride synthesis, other indicators were also considered such as
yield, distribution, or selectiv- ity in order to determine the best conditions to be adopted. Diglyceride
distribution (CDG) or selectivity (SDG) becomes a critical factor to consider when complete sepa- ration
between the total glycerides and residual reactants can be achieved. Selectivity (SDG) follows the same
trend as CDG because it is essentially the same response but with the effects of CMG and CTG
incorporated into one value. In this perspective, the system with the highest CDG or SDG will result in higher
product yields in terms of the desired component. Dosing had a positive influence on CDG as can be
observed in all glycerol-dosed systems at 40 °C. They had consistently larger CDG values when compared
against both non-dosed systems. It also appeared that the frequency of dosing, i.e. more doses at
correspondingly lower amounts (ES-40 °C-4.0-2-2.0 versus ES-40 °C-4.4-1-2.0), increases the same
response. With more glycerol introduced at first dose in ES-40 °C-4.4-1-2.0 than in ES-40 °C-4.4-2-2.0,
there is a tendency to form more partial glycerides particularly MG than TG. The second dose of glycerol in
ES-40 °C-4.4- 2-2.0 resulted in the same overall OA:G for both systems, which could have allowed
glycerolysis of DG and TG to occur in order for their compositions to be the same at equi- librium. But
because glycerolysis is a slower process than esterification, as implied in a separate study comparing
dicapryl glycerol production via esterification of caprylic acid and glycerol against the glycerolysis of TG
containing tricaprylin [22], ES-40 °C-4.4-2-2.0 ended up being richer in DG and TG when compared to ES-
40 °C-4.4-1-2.0 after 48 h. However, temperature had a negative effect as it low- ered CDG when increased
from 40 to 60 °C (ES-40 °C-4.4- 2-2.0 versus ES-60 °C-4.4-2-2.0). This is owing to the fact that at higher
temperature the formation of TG, which is an undesirable product in DG synthesis, increased as shown in
Fig. 1f. This occurrence has been consistently observed in several studies on DG production based on
esterification processes [31, 49]. The DG yield (YDG) is another response that is important to consider as it
gives a more practical basis of process efficiency. Because it is influenced by conversion and selectivity, the
observed trends with dosing can differ from the trends of both responses when taken separately. In this
case, dosing generally improved yields at both tempera- tures investigated, with selectivity contributing
largely for the increase at 40 °C whereas conversion played a larger role at 60 °C (Table 1). The
implementation of dosing at high temperature resulted in the highest YDG which suggests that this
combination is best for DG production when the type and amounts of other glycerides is not a critical matter.
Overall, glycerol dosing is an effective means of improv- ing process responses, with effects on the
selectivity for diglycerides that are the most consistent. Among all schemes implemented, ES-40 °C-4.4-2-
2.0 is evidently the most appropriate one to explore further or apply to other systems as it had collectively
the best results upon considering dif- ferent process responses. Esterification of SODD with Glycerol
Soybean oil deodorizer distillates (SODD) contain FFA in substantial concentrations ranging from 28% [50]
to as much as 85.5% [51], with > 75% unsaturated fatty acids with respect to the total FFA [38, 51]. The
higher the FFA con- centration the more suited it is for conversion to DG [52]. In this study, the SODD
collected comprised of 80.07 ± 0.34 wt% FFA mainly oleic and linoleic acids, 14.89 ± 0.41 wt% TG, 5.04 ±
0.06 wt% unsaponifiable matter mostly toco- pherols, and traces of MG and DG. Following the con- ditions
of ES-40 °C-4.4-2-2.0 and the reference system ES-40 °C-2.0-0-2.0, esterification was performed between
SODD and glycerol, labelled ES-40 °C-4.4-2-2.0-0 and ES-40 °C-2.0-0-2.0-0 respectively, and the results
listed in Table 2, together with one response added, which is the 1,3- DG concentration with respect to the
total DG. The values obtained for all process responses were lower with SODD than those achieved with the
correspond- ing systems involving OA and glycerol. This is possibly influenced by the presence of other
components already in SODD prior to esterification, most notably TG, which altered the effective



concentrations of the reactants and consequently, the distribution of glycerides as well as the selectivity at
the end of the process. In a previous study [52], pretreatment by enzymatic hydrolysis of mixed deo- dorized
distillates prior to lipase-catalyzed esterification of the product with glycerol eliminated the interference of
acyl glycerides and improved DG concentration from 46.0 to 66.8 wt%. The trend in conversion remained
the same as with the model system, slightly decreasing with glyc- erol dosing, but apparently there is no
significant difference between ES-40 °C-4.4-2-2.0-0 and ES-40 °C-2.0-0-2.0-0 when looking at other
process output variables. However, glycerol dosing has drawn out an increase in the selectiv- ity for 1,3-
diglycerides. This constituted an improvement in the process even though other product characteristics such
as glyceride distribution and yield remained practically the same. To verify further whether this observation
was not an artifact but a result of dosing, a lower initial FFA:G was implemented, still within 2.0–4.0, plus
dosing with glycerol to a final FFA:G of 2.0 (ES-40 °C-3.2-1-2.0-0). The con- version increased when
compared to both ES-40 °C-4.4-2- 2.0-0 and ES-40 °C-2.0-0-2.0-0, but DG yield and selectivity decreased
as CMG increased at the expense of both DG and Table 2 DG production using SODD and glycerol with
modified dosing strategies Strategy FFA Conversion (%) Glyceride Distribution Selectivity, SDG (

3g 1,3-DG DG Yield (g/100 g

(ES-T-MRI-DS- (g/

3100 g Total Glycerides) DG/g MG + TG) (g/100 g

total RM) MRF-MS)a CMG CDG CTG DG) ES-40 °C-2.0-0- 2.0-0 62.44 ± 2.82 ES-40 °C-4.4-2- 2.0-0 57.87
± 3.46 Effect of the presence of molecular sieves ES-40 °C-3.2-1- 2.0-0 64.89 ± 2.07 ES-40 °C-3.2-1- 2.0-1
65.03 ± 0.83 23.67 ± 2.91 47.86 ± 0.09 28.47 ± 3.00 0.92 ± 0.00 23.70 ± 3.75 47.67 ± 0.24 28.63 ± 3.51
0.91 ± 0.01 60.97 63.96 32.41 ± 1.14 30.59 ± 1.26 29.05 ± 0.20 44.18 ± 0.21 26.78 ± 0.02 0.79 ± 0.01 21.32
± 0.85 39.00 ± 0.35 39.69 ± 0.50 0.64 ± 0.01 63.35 59.26 30.02 ± 0.83 26.11 ± 0.46 aTotal process time is
48 h; Code (ER-T-MRI-DS-MRF-MS) refers to the following: Esterification System (ES) with the reaction
carried out at T—reaction temperature, MRI—initial molar ratio, DS—number of glycerol doses
implemented, MRF—final/overall molar ratio, and MS— presence of molecular sieves where 0 has no
molecular sieves (activated at 175 °C under vacuum for 24 h prior to their use) & 1 has 0.6 g of 4 Å
molecular sieves per 1 g of SODD; a single-dose system is added with a full dose of glycerol at 24 h, and a
two-dose system is added with equal doses at 24 h and 36 h

2to an overall molar ratio of 2.0

TG (Table 2), which are consistent with the result between ES-40 °C-4.4-1-2.0 and ES-40 °C-4.4-2-2.0
(Table 1) involving the model reactants. More importantly, the amount

2of 1,3-DG relative to the total DG remained higher than the

non-dosed system but closer and incrementally lower than that of ES-40 °C-4.4-2-2.0-0 having had closer
initial and overall molar ratios. With higher conversion of the fatty acids in ES-40 °C-3.2-1-2.0-0, more water
is expected to be produced which could have increased the rate of hydrolysis that resulted in higher MG
concentration as compared to ES-40 °C-4.4-2-2.0-0. To validate this assumption, trials based on ES-40 °C-
3.2-1-2.0-0 conditions were run with molecular sieves (ES-40 °C-3.2-1-2.0-1) as a means of in- situ water
removal. From the values obtained for CDG, SDG, and YDG, the presence of these hygroscopic sorbents
had a negative impact as the reaction pushed towards higher TG formation. More importantly, the 1,3-DG

javascript:openDSC(744252497, 37, '37');
javascript:openDSC(744252497, 37, '38');
javascript:openDSC(674561826, 37, '25');
javascript:openDSC(674561826, 37, '26');


decreased rela- tive to the total DG formed. Apart from these, the product obtained had a darker hue when
compared to the system without molecular sieves. From the GC chromatograms, it was seen that some
peaks of the unsaponifiable matter, spe- cifically tocopherols, disappeared, which implied that they may
have been oxidized in the presence of molecular sieves. In any case, these showed that employing
molecular sieves also have detrimental effects in solvent-free DG production especially when using SODD.
In fact, the use of molecular sieves may not be necessary as reported in a study involving the production of
high-purity DG via solvent-free esterifi- cation of

2OA and glycerol catalyzed by a Rhizopus oryzae lipase immobilized in
magnetic nanoparticles [53], as

there was no substantial difference in the concentration of 1,3-DG between the systems with and without
this water-adsorbing material. Comparison with Related Esterification‑Based DG Production Systems The
production of DG based on the esterification of OA and glycerol had been studied in several occasions
(Table 3), but employing different reaction strategies. Simply compar- ing the product quality and typical
process performance as obtained from the strategy employed in this study, either with OA or SODD, the
values fall within the ranges previ- ously reported in literature. Among the works presented, the conversion,
distribution, and selectivity of the product from ES-40 °C-4.4-2-2.0 resemble that of the reaction sys- tem
involving Candida sp. 99–125 lipase as catalyst and cyclodextrin as a stabilizer [28]. The two systems were
Table 3 Comparison with lipase-catalyzed systems for DG production reported in literature Temp (°C)/
Reactants FFA:G, Catalyst Auxiliary Materi- ξFFA SDG PDDG/CDG YDG (g/100 g) RME References Time
(h) (mol/mol) (wt%, specificity) als/Special Condi- (%) (g/g) (g/100 g) (g/g) tions (wt%) 40/4 OA & GlyOH 1:5
30/24 OA & GlyOH 1:10 60/7 OA & GlyOH 2.5:1 40/3 OA & GlyOH 3.5:1 65/2 OA & GlyOH 2:1 40/48 OA &
GlyOH 2:1d 40/48 Candida sp. cyclodextrin, 65.9 1.80 44.2/64.3 18.2 0.14 Table 1 [28] 99–125 lipase 1.5:1a
(54.3)b 10, non-sp H2O, 10 Candida rugosa n-hexane, 80 76.9 1.01 39.6/50.1 8.7 0.05 Figure 3 [29] lipase
H2O, 6 4.0, non-sp Novozyme 435 t-butanol, 53 88.0 3.54 69.6/78.0 68.4 0.31 Figure 5 [17] 9, non-sp
molecular sieves, 57 Lipozyme TL IM toluene, 80 40.4 2.12 29.6/68.2 29.1 0.11 Figure 9 [20] 18, sp H2O,
0.33c molecular sieves, 61 Lipozyme RM 0.01 Mpa vacuum 79.6 (87.7) c 2.64 59.1/72.6 55.9 0.53 Figure 5
[44] IM 6, sp Novozyme 435 – 69.5 1.88 46.9/65.3 45.0 0.43 This study 4, non-sp OA + LA (SODD)
Novozyme 435 – 57.9 0.91 30.6/47.7 30.6 0.29 This study & GlyOH 2:1d 4, non-sp Data were calculated
based on available information in figures/tables from respective references; all wt% are relative to the initial
mass of reac- tants,

3SDG is in g DG/g (MG + TG), PDDG in g DG/100 g

glycerol-free product, CDG in g DG/

3100 g total glycerides, YDG in g DG/100 g

total weight of reactants, and RME in g DG/g total raw materials; acyclodextrin/lipase mass ratio, breported
as is in reference, cwater activity, doverall FFA:G both catalyzed by a non-specific lipase and carried out at
40 °C. There is a large difference in terms of YDG, however, mainly because the latter used excess glycerol
(OA:G of 1:5) resulting in a low yield despite of the higher enzyme loading involved. This is consistent with
another study which used a much lower OA:G of 1:10, also catalyzed with a non-specific lipase from
Candida rugosa at 30 °C, that brought in YDG of a much lower value [29]. On the other hand, better conver-
sion, distribution, selectivity, and DG yield were achieved with a system using higher OA:G (2.5:1), t-butanol
as sol- vent, molecular sieves for water removal, and Novozyme 435, which contains a non-specific lipase
from Candida ant- arctica [17]. All these supported the previous results pre- sented in Fig. 1, that led to the
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decision of performing the esterification reactions at higher OA:G. The product from ES-40 °C-4.4-2-2.0-0,
which utilized SODD as the FFA source, had a more unique set of response values, because unlike the
others, SODD contained mixed fatty acids and other components. The use of sn-1,3-specific lipases
generally yielded better DG selectivity as those obtained with lipozyme TL IM [20] and lipozyme RM IM [44].
The former, which worked with high OA:G (3.5:1), molecular sieves, and toluene as solvent resulted in an
SDG of 2.12, whereas the latter with an OA:G of 2:1 but carried out under vacuum produced an SDG of
2.64. The experiments performed at the conditions implemented in this study with the use of lipase RM IM
supported these results as higher SDG of 1.49

3g DG/g (MG + TG) against 1.17 g DG/g (MG + TG

) with Novozyme 435 was achieved while practically having similar total glycerides formed at 40 °C (54.90 ±
3.32 g total glycerides/100 g glycerol-free product for Novozyme 435 against 50.58 ± 1.18 g/100 g for Lipase
RM IM). Unfortunately, lipase RM IM was poor in stability and lost its catalytic activity after the first cycle.
Thus, the robustness of Novozyme 435 over lipase RM IM, and more importantly, many other lipases [54]
makes Novo- zyme 435 attractive to use despite its non-specific property. In fact, its non-specific character
allows for further esterifi- cation of the DG with another fatty acid to produce designer lipids without the
addition of another type of catalyst. More- over, the specificity of Novozyme 435 can be manipulated through
the use of certain solvents, as was reported when various types of solvents were investigated in the
synthesis of 1,3-diolein by esterification [19], and also to a significant extent through glycerol dosing as
shown in this study. The best characteristic of the process presented in this study is its “greenness” as it is
solvent-free and the strat- egy involved in improving process responses is based on a reactant feeding
scheme instead of the use of solvents or hygroscopic sorbents. This can be seen from its reactant mass
efficiency value (RME) of 0.43. The other system which gave a better RME value is also solvent-free but
used Lipozyme RM IM and carried out the operation under vacuum at 65 °C [33]. By itself, manipulation of
operating conditions, in this case pressure, instead of changing reac- tant mixture composition is a generally
a green means of manipulating process output. However, reactors designed to operate under vacuum
conditions are cost-intensive as it would require accessories for pressure control apart from the fact that
materials of construction should also with- stand such extreme condition. The weakest aspect of the process
investigated in this study is the process time. This is due to the time intervals of glycerol dosing involved.
This can be addressed through a reactor design with features compatible with the imple- mentation of this
strategy, such as in a plug flow reactor, where after achieving steady state, this will become a minor issue. It
is also possible to shorten process time through an increase in enzyme loading as can be noted with other
pro- cesses reported, except for the work of Yesiloglu and Kilic [29], where employed enzyme loadings are
1.5–4.5 times higher than the one implemented in the present study. This made it possible for them to reach
maximum SDG within shorter reaction times. Overall, the process currently investigated had gener- ated
products with qualities that are within those reported in literature but excel in terms of its simple raw material
composition and flexible strategy for manipulating conver- sion, distribution, and selectivity. Without solvents,
there is no need for a solvent recovery step and the health issues related to the consumption of products
contaminated with these substances are avoided. Furthermore, special acces- sories required in reactors to
regulate pressure such as those employing vacuum conditions could potentially be avoided. Conclusion
Solvent-free lipase-catalyzed esterification of OA and glyc- erol performed at high OA:G with glycerol dosing
led to improved conversion, selectivity, distribution and yield for diglycerides. The best strategy at a fixed
lipase loading of 4 wt% was by using an

3OA:G of 4.4, 40 °C

, 50/50 glyc- erol dosing in
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3a total reaction time of 48 h

, which resulted in ξOA of 69.54%, SDG of 1.88 g DG/(g MG + TG), CDG of 65.31 g DG/g total glycerides,
and YDG of 45.03 g PG/100 g RM. When applied with SODD, the corresponding process response values
were obtained: ξOA of 57.87%, SDG of 0.91 g DG/(g MG + TG), CDG of 47.67 g DG/g total glycerides, and
YDG of 30.59 g PG/100 g RM. Additionally, dosing increased the 1,3-DG concentration to 63.96 g/100 g DG.
Glycerol dosing is a “green” strategy of manipulating output vari- ables, as it does so without using other raw
materials apart from those necessary for the reaction to occur. Author Contributions
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