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ABSTRACT

Biolubricants are sustainable alternatives to mineral lubricants and offer environmental, economic and social
benefits, including the possibility of producing bioproducts on-farm. Previous research showed that Indian
mustard seed oil (IMSO) could be converted into biolubricants by double transesterification using potassium
hydroxide as a homogeneous catalyst. The objective of this work was to study the effectiveness of the hetero-
geneous catalyst potassium bicarbonate (KoCOs3) for the conversion of IMSO into biolubricant using an ethyl
biodiesel precursor in a double transesterification-based process. The first transesterification reaction aimed to
convert IMSO into ethyl biodiesel (IMSOEEs) by conducting the ethanolysis under various operating conditions
to optimize the process. The optimal operating conditions obtained were: 78 °C, 1.01 bar, 4 wt% K,COs, ethanol
to oil molar ratio of 8, and a reaction time of 60 min (with addition of 25 wt% recycled glycerol at 60 min to
improve demixing). The second transesterification reaction converted IMSOEEs into biolubricants through
reactive distillation with 2-ethylhexanol (2 EH) under the following optimized operating conditions: 100 °C,
0.05 bar, 4 wt% KoCOs, 2 EH to IMSOEEs molar ratio of 4, and a reaction time of 120 min. Both ethyl biodiesel
and biolubricant were produced with very satisfactory purity (>96 wt%), thus meeting the expected functional
properties.

1. Introduction

proposed that contributes to a green circular economy as illustrated in
Fig. 1a (Chen et al., 2019; Rapp et al., 2020, 2021). In fact, this oleag-
inous plant can grow easily in hot, dry places (Singh et al., 2018) and
avoids competition with food crops, while assisting their growth if used

Sustainable industry requires a transition towards economically-
feasible and environmentally-friendly biomass conversion technolo-
gies, that align with the concepts of biorefinery and circular economy, to
generate bioenergy carriers and bioproducts by approaching the zero-
discharge goal (Raman et al., 2018; Ubando et al., 2020; Roy et al.,
2023). This not only secures the local supply of vital human needs, but
also contributes to global stability (Coniglio et al., 2023).

Within this context, an Indian mustard biorefinery has recently been

* Corresponding author.

in rotation. Indeed, in addition to phytoremediation, Indian mustard can
be used for biofumigation and biofertilization of soils in rotational
cropping systems to improve yields while promoting biodiversity. Indian
mustard can also be integrated into a biorefinery system creating new
circular production chains. For example, stems that may be transformed
into a translucent thermoplastic film (Sejati et al., 2023), can also, along
with roots, be fed into a biological or thermal cogeneration unit to be
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Abbreviations 2G Second generation
FAEEs  Fatty acid ethyl esters

ALSI Automatic liquid sampler injector system FAMEs Fatty acid methyl esters
AES Atomic Emission Spectrometry FFAs Free fatty acids
BET Brunauer-Emmet-Teller FID Flame ionization detector
C16:0  Palmitic acid or Ethyl (or 2-ethylhexyl) palmitate FIMS Fine Indian mustard stems
C18:0 Stearic acid or Ethyl (or 2-ethylhexyl) stearate GC Gas-chromatography
C18:1 Oleic (or cis-vaccenic) acid or Ethyl (or 2-ethylhexyl) ICP Inductively coupled plasma

oleate (or cis-vaccenate) IMSO Indian mustard seed oil
C18:2 Linoleic acid or Ethyl (or 2-ethylhexyl) linoleate IMSOEEs Indian mustard seed oil ethyl esters (ethyl biodiesel)
C18:3  Linolenic acid or Ethyl (or 2-ethylhexyl) linolenate IMSO2EHEs Indian mustard seed oil 2-ethylhexyl esters
C20:1 Gadoleic acid or Ethyl (or 2-ethylhexyl) gadoleate (biolubricant)
c22:1 Erucic acid or Ethyl (or 2-ethylhexyl) erucate IS Internal standard
C24:0 Lignoceric acid or Ethyl (or 2-ethylhexyl) lignocerate [K2CO3] Potassium carbonate concentration
CAGR  Compound Annual Growth Rate LOQ Limit of quantification
D[3,2] Sauter mean diameter MGs Monoacylglycerides (or monoglycerides)

DGs Diacylglycerides (or diglycerides)

Ethyl C18:1 Ethyl oleate

Ethyl C18:2 Ethyl linoleate

Ethyl C18:3 Ethyl linolenate

ExpAx  Experiment k relative to biofuel production
ExpBx  Experiment k relative to biolubricant production
2 EH 2-ethylhexanol

2 EH C18:1 2-Ethylhexyl oleate

2 EH C18:2 2-Ethylhexyl linoleate

2 EH C18:3 2-Ethylhexyl linolenate

MHD Methyl heptadecanoate

MR Molar ratio

MS Mass spectrometry

NEVO  Non-edible vegetable oil

STP Standard temperature and pressure (T = 273.15K; P = 10°
Pa)

SO0 Synthetic oleic oil

SOOEEs Synthetic oleic oil ethyl esters (ethyl biodiesel)
SOO2EHEs Synthetic oleic oil 2-ethylhexyl esters (biolubricant)
TGs Triacylglycerides (or triglycerides)

transformed into heat, power, biogas, and biofertilizers. The seeds can
be used for their oil, while the meal (rich in glucosinolates, protein and
fiber) can be used for animal feed after extraction of the glucosinolates,
which are of medical, dietary and cosmetic interest and are also valuable
as biopesticides (Rapp et al., 2021; Albuquerque et al., 2020). Indian
mustard oil, which is not intended for food use, has been successfully
converted into ethyl biodiesel-2G (second generation biofuel) and bio-
lubricants using two successive homogeneous alkaline trans-
esterifications, followed by dry purification with Indian mustard stems
or Montmorillonite clay, supplemented for biolubricants by bubble
washing and vacuum heteroazeotropic distillation (Chen et al., 2019;
Rapp et al., 2020, 2021). The two adsorbents (Indian mustard stems and
Montmorillonite clay) can then be valorized in a biological or thermal
cogeneration unit to provide heat, electricity, biogas or biofertilizers,
with the advantage that clay can be reactivated for further dry purifi-
cation cycles. The excess glycerol produced and the wastewater from the
biolubricant bubble-washing can be recycled in a dedicated biodigester
(fermenter) to be converted into biohydrogen and bioethanol, the latter
feeding the ethyl biodiesel production unit after purification (Fig. 1a;
Chen et al., 2019; Rapp et al., 2020, 2021).

Double-transesterification has been chosen as the route for chemi-
cally modifying the starting oil (source of triglycerides) to achieve the
desired biolubricant usage properties (cold flow properties and thermal-
oxidative stability). In addition to offering the flexibility of producing an
intermediate  bioenergy carrier (ethyl biodiesel), double-
transesterification can be carried out under alkaline catalysis (homo-
geneous or heterogeneous), reducing reaction times and corrosion risks,
compared to commonly used estolide formation or epoxidation
(Kleinaité et al., 2014; de Haro et al., 2018; Chan et al., 2018; Rapp
et al., 2021). These alternatives are generally carried out under homo-
geneous acid catalysis, and are less economically favorable (costly re-
agents are required for estolide formation, and multi-stage reactions
take part in epoxidation which must be followed by ring opening and
acetylation). Nevertheless, double-transesterification requires high oleic
oils to yield biolubricants that fulfill the standards, and the second
transesterification step must be carried out under reduced pressure to

lower the reaction temperature (Rapp et al., 2021). In addition, while
2-ethylhexanol (2 EH) commonly used to produce biolubricants for
metalworking (Zheng et al., 2018) was selected, non-conventional ethyl
biodiesel (fatty acid ethyl esters, FAEEs) was preferred to methyl bio-
diesel (the marketed biofuel) for its better biodegradability, transport
and storage properties, and lower emissions of NOx, CO and ultrafine
particles (Coniglio et al., 2013, 2014; Navarro-Pineda et al., 2016).
Furthermore, fusel oil (a by-product of alcoholic fermentation) could
also be used in the ethyl biodiesel and biolubricant production process
(Cerén et al., 2018).

Such an alternative would meet the requirement of the global bio-
lubricants market, which is expected to grow much faster than con-
ventional petroleum-based lubricants over the next few years
(compound annual growth rate (CAGR) of 5.8% forecast for the
2022-2030 period) (Pawar et al., 2022; Sarker et al., 2023). This trend
towards biolubricants is mainly driven by their renewable nature, high
biodegradability and low toxicity, as well as improved performance
(increased adhesion and lubricity; reduced friction losses in engines and
machines that lower energy consumption and, consequently, reduce
emissions of harmful gases) (Syahir et al., 2017; Chan et al., 2018;
Hossain et al., 2018).

Although the conversion route developed for Indian mustard is very
satisfactory (Fig. 1a; Chen et al., 2019; Rapp et al., 2020, 2021), this
work proposes to test double transesterification in heterogeneous
catalysis to optimize the biolubricant purification step, in particular by
avoiding bubble washing. Although most heterogeneous catalysts are
more expensive and have a slower reaction rate than homogeneous
catalysts, the former can be recovered and reused for other reaction
cycles, making the separation process more efficient, cost-effective and
environmentally friendly (Boz et al., 2013; Bashir et al., 2022).

In the literature, a range of heterogeneous basic catalysts have been
studied for the production of biodiesel (Silveira Junior et al., 2019;
Lanfredi et al., 2020; Pedro et al., 2020; Turkkul et al., 2020) and bio-
lubricants (Panchal et al., 2017; Sun et al., 2017; Hossain et al., 2018;
Zheng et al., 2018). Among these, potassium carbonate (K2CO3) in either
supported or unsupported form, was considered attractive due to its very
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good performance, low cost, and eco-friendly features (Zheng et al.,
2018; Silveira Junior et al., 2019; Pedro et al., 2020). In general, K2CO3
is used with catalyst supports (alkaline earth oxide, alumina, hydro-
talcite, or bentonite) for biodiesel production, as the catalyst can be
partially dissolved in short-chain alcohols such as methanol (Boz et al.,
2013). However, K5CO3 shows a very low solubility in ethanol at
ambient temperature (Pabsch et al., 2022; Schick et al., 2023) and is
generally immiscible in longer aliphatic chain alcohols (Zheng et al.,
2018), with nonetheless a solubility increasing with the number of
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Biopesticides
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hydroxyl functional groups in the alcohol (Naser et al., 2013; Sun et al.,
2017; de Caro et al., 2019). This suggests that KCO3 might show partial
miscibility with the reaction mixture during IMSO transesterification to
produce ethyl biodiesel (further converted into biolubricant by trans-
esterification with 2 EH), but no studies have been found that clearly
address this point. For this reason, it was decided in this work to use
K2CO3 as a catalyst in unsupported form in order to examine its behavior
and performance and to analyze potential alternatives that would add
further value to the production of the two bioproducts, ethyl biodiesel

Excess crude
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| homogeneous : Bubble washing
| catalyst by Chen et | & vacuum
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Operating conditions by Chen et al. (2019) and Rapp et al. (2021): ethyl biodiesel-2G: 35°C, 1.01 bar, [KOH] = 1.1 wt%, MR (ethanol/IMSO) = 8,
25 wt% recycled glycerol, 50 min, dry-purification with 4 wt% natural adsorbent at 35°C; biolubricant: 70°C, 0.05 bar, [KOH] = 2 wt%, MR

(2EH/IMSOEES) = 2, 65 min
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Operating conditions selected in this work: ethyl biodiesel-2G: 78°C, 1.01 bar, [K,CO,] = 4 wt%,
MR (ethanol/IMSQ) = 8, 25 wt% recycled glycerol, 70 min; biolubricant: 100°C, 0.05 bar,

[K,€CO,] = 4 wt%, MR (2EH/IMSOEEs) = 4, 120 min
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Fig. 1. Main keyword network of the Indian mustard biorefinery. (a) Alternative based on KOH homogeneous catalyzed transesterification reactions as proposed by
Chen et al. (2019) and Rapp et al. (2021); (b) Alternative based on K,CO3 heterogeneous catalyzed transesterification reactions as proposed in the present work.
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and biolubricant (Fig. 1b). These aspects have never been dealt with in
the literature and constitute the novelty brought by this work. In addi-
tion, the performance of IMSO in the production of the two bioproducts
meeting the standards was compared with that of a synthetic oleic oil
(SO0).

2. Experimental

The catalyzed transesterification reactions carried out in this work
for the production of ethyl biodiesel and biolubricant are described in
Figs. 2-3.

All experiments and analyses were conducted at least in duplicate (in
triplicate when disagreement was found). From each set of duplicates, a
mean was then calculated and provided as result (for triplicates or more,
results are given is terms of mean =+ standard deviation).

2.1. Materials
Reagents (citric acid, ethanol, 2-ethylhexanol, and glycerol), solvent

(n-heptane), and the chromatographic standards (methyl heptadeca-
noate and ethyl oleate), all of analytical grade, were purchased from

Cleaner Engineering and Technology 21 (2024) 100767

Merck, Acros Organics or Sigma-Aldrich.

For the lipid feedstock, Indian mustard seed oil (IMSO) was obtained
by mechanical crushing of the seeds followed by filtration (Rapp et al.,
2020), while a synthetic oleic oil (SOO) was also prepared by blending
various commercial oils rich in oleic acid. The latter was also prepared in
larger quantities in order to assess the impact of scaling up. Character-
ization of the oils in terms of fatty acid profiles and key properties with
respect to ethanolysis are summarized in Tables 1 and 2, while the
analytical techniques selected are detailed in Appendix, Table Al
(Caumette et al., 2010; Pohl et al., 2010; Nitiema-Yefanova et al., 2015,
2016; Chen et al., 2019; Ruiz et al., 2023).

Potassium carbonate (K2CO3) was supplied from Honeywell Riedel-
de Haén in powder form with a purity of over 98 wt%. This commer-
cial KoCOs3, which will hereinafter be referred to as “Crude”, was sieved
to obtain three particle size classes: the “Large” ranging from 125 to 325
pm, the “Medium” ranging from 80 to 125 pm, and the “Fine” with
particle sizes below 80 pm which turned out to be the most predominant.
All KoCO3 samples, “Crude”, “Large”, Medium”, and “Fine” were dried
(at 110 °C for 3 h), then stored in well-closed glass bottles before using as
catalyst in the transesterification reactions. Details of K2COs3 catalyst
characterization are given in Table 3.

Q (a)
R
1
0 HC, — 0
>—R 0
1
Q 0 catalyst R, OH
(o} - —_
>~ _<:o ¢ 3HC — OH =—= HC —0 . HO { o
3 ; Rz O,
[0} Rs
HC -0
5 2
Triglyceride Ethanol IMSOEEs or SOOEEs Glycerol

(One of the IMSO or SOO
main components)

(Ethyl biodiesel) (By-product)

where Ry, R,, R are identical or different aliphatic chains with zero to three unsaturated bond(s):
CH3-(CH,),,-(CH,-CH=CH),-(CH,) with (m + k) ranging from 15to 18 and n=0,1, 2 or 3

catalyst

—_—
—_—

Triglycerides + Ethanol Diglycerides + IMSOEE; or SOOEE; (b)

catalyst

—_
—_—

Diglycerides + Ethanol Monoglycerides + IMSOEE; or SOOEE;

catalyst

[——

Monoglycerides + Ethanol

Glycerol + IMSOEE; or SOOEE;

Fig. 2. Catalyzed transesterification reaction of triglycerides involved in IMSO or SOO conversion to ethyl biodiesel. (a) Overall chemical equation of triglyceride
ethanolysis yielding IMSOEEs or SOOEEs and glycerol; (b) Ethanolysis of triglycerides as a sequence of three consecutive and reversible reactions, where IMSOEE
and SOOEEy i k-1 1o 3 are identical or most likely different.

o

HSCZ s

o (o}

R R
) + 3 catalyst @ + 3 C;HsOH
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>—R3 s Ra
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where Ry, R,, R; are different aliphatic chains with zero to three unsaturated bond(s): CH,-(CH,),,-(CH,-CH=CH) -(CH,),
with (m + k) ranging from 15to 18 and n=0,1,20r 3

Fig. 3. Catalyzed transesterification reaction of IMSOEEs or SOOEE:s (ethyl biodiesel) with 2-ethylhexanol (2 EH) yielding IMSO2EHEs or SOO2EHEs (biolubricant).
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Table 1
Fatty acid composition (mass fractions %) of the IMSO and SOO samples used in
this work. Major components are indicated in bold. “

Cleaner Engineering and Technology 21 (2024) 100767

Table 3
KoCO3 catalyst characterization.

(a) Analysis equipment selected and related operating conditions

. b
Fatty acids - Formulae (name) MSO 500 Objective Experimental technique Equipment Operating
C16:0 (Palmitic acid) 3.7 +0.1 41+0.1 conditions
giig (:tezz)rlzc.aad). &) + C18:1cl1 (ci . iszli 0'; 3 2;: 0'; 5 Average particle  Laser diffraction Malvern Master Size range:
i (Oleic acid) + C18:1¢11 (cis-Vaccenic 110 420 size (Sauter sizer 2000 (UK)  0.02-2000
acid) . . . mean diameter) pm
C18:2¢9c12 (Linoleic acid) 27.5 + 0.2 7.8+0.2 D [3,2]
C;S':ilic9c123115 ,(me;lemc acid) 144+ (;'1 01+ 0'1 Surface area and N, (77 K) adsorption/ Micromeritics Rapp et al.
C20:1¢9 (Gado ?lc H_Cl ) 5.4 £0. 0.6 +0. porosity desorption isotherms + BET Tristar II Plus (2021)
C22:1¢13 (Erucic acid) 6.2 + 0.1 0.5+ 0.1
i . (Brunauer-Emmett-Teller) ~ (USA)
C24:0 (Lignoceric acid) 0.3+0.1 0.3+£0.1
method
Total 97.8 99.6 (b) Physical properties
Saturated species . 6.2+0.2 7.2+0.1 Physical characteristic K,CO5 particle size ”
Monounsaturated species 49.7 + 0.2 84.5+0.1
Polyunsaturated species 41.9 £ 0.1 7.9+0.1 Fine Medium Large Crude
Average molecular weight as FFAs 279.0 280.4 Average particle size D [3,2] (qpm) ©  27.0 39.6 119 32.5
Average molecular weight as FAEEs (2 EH esters) 307.0 308.4 Smallest particle diameter (um) “ 1.45 1.88 4.58 1.65
(391.0) (392.4) Specific surface area (m?/g) b 0.1692 0.1536 0.0825 0.1686
R - - - - - Pore volume (cm®/g) 0.0036  0.0032 0.0017  0.0035
Fatty acid profiles were determined by methanolysis according to the ASTM Mean pore width (&) * 58.138 57.852 57.313 58.247

D1983 standard for a complete conversion of the glycerides of the oil samples
used (IMSO and SOO) into fatty acid methyl esters (FAMEs) which were further
quantified by gas chromatography (GC); the standard deviations report the cu-
mulative errors made during methanolysis and quantification. GC equipment
and the selected operating conditions are described in Appendix, Table Al.

b As example, C18:1c9 means an 18-carbon fatty acid chain with one cis
double bond (c) located at carbon 9 (starting from the carboxylic group).

Table 2

Key properties of the IMSO and SOO samples used as feedstocks in this work.
Key properties IMSO SO0
Average molecular weight ¢ 875.0 879.2
Water content (mg/kg) ” 520 + 10 518 + 10
Acid value (mg KOH/g) 1.60 + 0.02 0.06 £+ 0.02
Density at 20 °C (g/mL) b 920 £+ 0.01 915 £+ 0.01
Viscosity at 40 °C (mm?/s) 324 +0.1 41.3+£0.1
Sulfur content (mg/kg) ” 21.4 +0.2 < LOQ (0.2)

Content in other chemical elements (mg/kg) b <L0Q (0.2-10) < LOQ (0.2-10)

2 Calculated from the oil molar composition in terms of fatty acids.

b Please, refer to Appendix, Table A1 for details regarding the methods leading
to the above given property values (e.g. EN-ISO-12937 for water content, EN-
14104 for acid value, EN-ISO-12185 for density, EN-ISO-3104 for viscosity).
Particularly, other chemical elements (alkaline, alkaline earth, and metals) have
not been detected by ICP-AES or ICP-MS: Ag, Al As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe,
Hg, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Sr, Ti, V, Zn, Zr.

2.2. From the lipid feedstock to ethyl biodiesel via the first
transesterification reaction

The water content and acid value of the departure lipid feedstocks
IMSO and SOO (Table 2) confirmed that the alkali catalysis was a suit-
able route to produce the Indian mustard seed oil ethyl esters (IMSOEEs)
and the synthetic oleic oil ethyl esters (SOOEESs), respectively. Further-
more, it is worth noting that the sulfur content observed in IMSO
(Table 2) is very likely due to the occurrence of glucosinolates, thus
limiting the pool of triglycerides that can be converted, as observed in
previous studies using Indian mustard oils (Chen et al., 2019; Rapp et al.,
2020, 2021).

2.2.1. Conversion procedure for lipid feedstocks

All ethanolysis experiments with IMSO were carried out at atmo-
spheric pressure in a 250 mL three-neck round bottom reactor-flask
equipped with a thermometer (+0.5 °C), a reflux condenser, a sam-
pling outlet, and a temperature-controlled magnetic stirrer system
(£1 °C) with a PTFE magnetic stir bar. After weighing in the dried
reactor-flask, the desired amounts of IMSO and ethanol, the system was
heated under constant stirring to the set temperature. Once this

2 As mentioned in section 2.1, the commercial K,CO3 from Honeywell Riedel-
de Haén, referred to as “Crude” was sieved to obtain three particle size classes:
the “Large” ranging from 125 to 325 pm, the “Medium” ranging from 80 to 125
pm, and the “Fine” with particle sizes below 80 pm.

& b please refer to part (a) of this Table for equipment details and related
operating conditions.

temperature was reached, the desired amount of Ky;CO3 catalyst was
added, thus defining time zero for the reaction. This procedure was
slightly modified for one experiment to assess the impact of heating and
the order in which the reactants and catalyst were added on IMSO
conversion; in this case, once the mixture of ethanol and K,CO3 was
prepared in the reactor-flask and had reached the set temperature, IMSO
heated separately to the same temperature was subsequently added
(thus defining time zero for the reaction).

By contrast, following the procedure adopted for most IMSO exper-
iments, SOO ethanolysis was carried out in a 1 L glass jacketed reactor,
equipped with a PT100 PTFE probe for temperature control (+0.2 °C)
and impeller blades mounted via a central drive shaft on an IKA-Eurostar
Power Control-Visc stirrer (50-1200 rpm). A four-necked lid allowed
completion of the reactor with a condenser and a sampling syringe
connected to a long needle. A dead-volume-free valve at the bottom of
the reactor allowed the content to be drawn off.

Off-line monitoring of IMSO ethanolysis was conducted by gas-
chromatography coupled with a flame ionization detector (GC-FID), at
a given sampling frequency (every 2 min for the first 20 min, then every
5 min until 30 min and every 10 min until the end of the experiment). In
contrast, SOO ethanolysis was monitored by GC-FID only at the end of
experiment. Preliminary identification of the IMSOEEs and SOOEEs was
conducted using GC-mass spectrometry (MS). Information specific to the
GC-equipment and analysis of samples with preliminary neutralization
are given in Appendix, Table A1l (Nitiema-Yefanova et al., 2015, 2016;
Muhammad et al., 2017; Chen et al., 2019; Roze et al., 2021).

At the end of the reaction time (60 or 100 min, depending on
experiment), a known amount of glycerol was added to the ethanolysis
products, previously cooled to 35 °C, to limit the glycerol miscibility in
the ester-rich phase. Prior to the addition of glycerol, a three-phase re-
action mixture was obtained: the upper phase contained excess ethanol,
the intermediate phase was a pseudo-homogeneous mixture of fatty acid
ethyl esters (FAEEs) and glycerol, and the lower phase contained the
solid catalyst. The addition of glycerol resulted in a two-phase reaction
mixture where the biodiesel-rich phase and the glycerol-rich phase can
easily be separated by decantation in a separating funnel; note that the
glycerol-rich phase contains both the added glycerol and KyCOs, in
addition to the co-produced glycerol. After removal of the solid catalyst
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potentially remaining in the biodiesel-rich phase (vacuum filtration on
Sartorius ™ nitrate membrane filter 0.2 pm pore size) and evaporation of
the remaining ethanol (40 °C, 50 mbar, for 30 min), the resulting
product was stored in a tightly sealed flask for characterization and
evaluation of its properties as a fuel.

2.2.2. Design of experiments for lipid feedstock conversion

As summarized in Table 4, the ethanolysis experiments were carried
out at various operating conditions by modifying successively, the
addition order during heating of the reagents to form the reacting
mixture, the K,COj3 catalyst particle size, the ethanol to oil molar ratio
(MR), the reaction temperature, and the glycerol addition protocol (at
various percentage: 0, 15, or 25 wt%, and with or without cooling the
reaction mixture to 35 °C first). In contrast, the amount of lipid feed-
stock, the stirring speed and the mass concentration of catalyst were
held constant for all experiments (50 g and 250 rpm for IMSO, 300 g and
700 rpm for SOO, with [KoCO3] = 4 wt% based on the initial mass of oil).
All values were selected based on previous studies (Silveira Junior et al.,
2019; Lanfredi et al., 2020; Rapp et al., 2021) and then optimized to
obtain the conversion of the lipid raw materials used in this work, while
considering the environmental and energy impacts of the conversion
process.

2.3. From ethyl biodiesel to biolubricant via the second transesterification
reaction

The fractions of IMSOEEs and SOOEEs that were not dedicated to
characterization and biofuel property estimation (section 2.4) were
converted by K2COj3 alkaline transesterification with 2-ethylhexanol (2
EH) to obtain the targeted biolubricant, that is IMSO2EHEs and
SOO2EHEs, respectively. Since the same catalyst was used for the second
transesterification step, the removal of KoCOs by filtration (section 2.2)
was not essential, other than quantifying the amount of catalyst intro-
duced in the reaction mixture and the characteristics of the IMSOEEs
and SOO2EHEs used as starting reactants (molecular species composi-
tion, including K content, as shown in Table 6 in the “Results and dis-
cussion” section).

2.3.1. Conversion procedure for ethyl biodiesels

The biolubricant production was performed in a laboratory scale
batch reactive distillation unit operating under low pressure. This option
helped reduce the reaction temperature (2 EH normal boiling point:
184.6 °C) and reaction time, minimizing energy costs, facilitating by-
product (ethanol) removal from the reaction mixture and increasing
biolubricant yield (by shifting the transesterification chemical equilib-
rium in favor of product formation) (Chen et al., 2019; Rapp et al., 2021;
Coniglio et al., 2013). The transesterification reaction of ethyl biodiesels
to biolubricants was conducted in a 500 mL four-neck round bottom
reactor-flask equipped with a thermometer (+0.5 °C), a sampling outlet,
and a temperature-controlled magnetic stirrer system (+1 °C) with a

Table 4
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Table 5

Operating conditions of the most relevant experiments of biolubricant produc-
tion via ethyl biodiesel conversion. Each operation variable was changed
sequentially by remaining constant the other variables. Optimal operating
conditions are indicated in bold. ¢

Experiment Feedstock (relating biodiesel T 2 EH to [K2CO3] (wt

synthesis expt. ") (°C)  biodiesel MR %) ©
ExpB1 SOOEEs (ExpA2) 95 31 3
ExpB2 SOOEEs (ExpA2) 95 4:1 3
ExpB3 SOOEEs (ExpA2) 100 4:1 3
ExpB4 SOOEEs (ExpA2) 100 4:1 4
ExpB5 SOOEEs (ExpA2) 100 41 5
ExpB6 IMSOEEs (ExpAl) 100 41 5
ExpB7 IMSOEEs (ExpA6) 100 5:1 5
ExpB8 IMSOEEs (ExpA7) 100 4:1 4

# The amount of biodiesel, stirring speed and reaction pressure remained
unchanged for all experiments (40 g, 250 rpm and 0.05 bar).

b Please, refer to Table 4 for the referred experiment.

¢ “Crude” K,COj3 on basis of the initial oil mass.

PTFE magnetic stir bar. A Vigreux column topped by a second ther-
mometer (+0.5 °C) was attached at one end to the reactor-flask and at
the other to a Liebig condenser connected to a vacuum take-off adapter
for attachment, via a three-way valve, to the vacuum pump and the
flasks for collecting the distillate (ethanol). The Liebig condenser was
cooled with a recirculating silicon oil bath (0 °C) and the two collection
flasks with an ice bath. After weighing the desired amounts of biodiesel
(IMSOEESs or SOOEEs) and 2 EH in the previously dried reactor-flask, the
system was heated under constant stirring to the selected temperature.
Once this temperature was reached, the desired amount of KyCOs
catalyst was added and the three-way valve was switched to connect the
reactive distillation unit to the vacuum pump, thus defining time zero
for the reaction.

Off-line monitoring of biodiesel transesterification was conducted by
GC-FID at a given sampling frequency (30-min intervals until the end of
experiment set to 120 min). As with IMSOEEs and SOOEEs, the pre-
liminary identification of IMSO2EHEs and SOO2EHEs was carried out
by GC-MS, and information specific to GC-equipment and sample anal-
ysis is given in Appendix, Table Al (Nitiema-Yefanova et al., 2015,
2016; Muhammad et al., 2017; Chen et al., 2019; Roze et al., 2021).

Afterwards, the biolubricants (IMSO2EHEs and SOO2EHEs) were
purified by removing first the solid catalyst by vacuum filtration (on
Sartorius™ nitrate membrane filter 0.2 um pore size) and then most of
the excess 2 EH by vacuum fractional distillation (0.03 bar, 110 °C); the
remaining 2 EH was eliminated by vacuum heterogenous distillation
after addition of water (0.01 bar, 43 °C).

2.3.2. Design of experiments for ethyl biodiesel conversion

As summarized in Table 5, the biodiesel conversion experiments
were carried out at various operating conditions by successively modi-
fying the reaction temperature, the MR of 2 EH to biodiesel (IMSOEEs or

Operating conditions of the most relevant ethanolysis experiments. Each operating variable has been modified sequentially by remaining constant the other variables.

Optimal operating conditions are indicated in bold. “

Experiment  Feedstock Temperature (°G)  Ethanol to oil MR Ethanol and oil heating ~ K,COs5 sample in terms of particle size °  Glycerol addition © (temperature)
ExpAl IMSO 70 15:1 separately “Crude” 25 wt% (35 °C)

ExpA2 IMSO; SO0 70 15:1 together “Crude” 25 wt% (35 °C)

ExpA3 IMSO 70 15:1 together “Medium” None (-)

ExpA4 IMSO 70 15:1 together “Large” 15 wt% (35 °C)

ExpA5 IMSO 70 15:1 together “Fine” 15 wt% (70 °C)

ExpA6 IMSO 70 8:1 together “Crude” 15 wt% (35 °C)

ExpA7 IMSO 78 8:1 together “Crude” 25 wt% (35°C)

2 For all experiments: P = 1.01 bar, stirring speed set to 250 rpm, [K;CO3] = 4 wt% on basis of the initial oil mass, and lipid feedstock: IMSO, with the exception of
ExpA2 that was also conducted with SOO to produce SOOEEs as biodiesel, for comparison with a different oleic oil and a larger scale ( x 6, see section 2.2).

b «Crude”: commercial K,CO5 sample without sieving treatment; “Fine”, “Medium”, and “Large”: samples of commercial K,COj after sieving leading respectively to
particle size inferior to 80 pm, or ranging from 80 to 125 pm, or from 125 to 315 pm.

¢ On basis of the initial oil mass.
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Table 6
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Some functional physico-chemical properties and ester composition of the biofuels and biolubricants produced in this work “.

(a) Functional physico-chemical properties

Property IMSOEEs SOOEEs Biodiesel specifications IMSO2EHEs ~ SOO2EHEs Biolub of reference Valtris Standard
EN-14214 [min; max] Enterprises Francee (2023) b deviations ¢

Acid value (mg KOH/g) 0.12 0.03 [-; 0.50] 0.18 0.34 0.50 +0.02
Water content (mg/kg) 589 741 [-; 500] 512 619 510 20
Fatty acid esters (wt%) 97.20 98.15 [-; 96.5] 95.68 96.63 - 0.08
Monoglycerides (wt%) 2.05 0.70 [-; 0.80] - - - 0.05
Diglycerides (wt%) 0.30 0.14 [-; 0.20] - - - 0.05
Triglycerides (wt%) 0.04 0.00 [-; 0.20] - - - 0.05
Free glycerol (wt%) 0.05 0.02 [-; 0.02] - - - 0.003
Total glycerol (wt%) 0.62 0.22 [-; 0.25] - - - 0.05
Alkali metals Na + K (mg/kg) ¢ < LOQ <1LOQ 5 <LOQ (10) < LOQ - +0.01

(10) (10) (10)
Color (Gardner) - - [ -1 4.2 0.6 1.0 +0.2
Color (Hazen) - - [ -] 801 119 100 +2
Density (kg/mz) at 20 °C 878 871 [860; 900] 873 869 870 +3.107°
Viscosity (mm?/s) at 40 °C 4.8 4.9 [3.5; 5.0] 8.1 8.7 9.0 +0.1
Flash point (°C) 428 423 [101; -] - - - +12
Cloud point (°C) —4.6 —6.2 [-12; -3] - - - +1
Pour point (°C) -8.3 -10.6 [-16; —5] — — —69 +2
Cold filter plugging point (°C) -10.5 -12.4 [ -1 - - - +0.1
Higher heating value (MJ/kg) 41.36 41.43 [- -] - - - +0.1
Oxidation stability at 110 °C (hrs) 6.46 7.62 [6; -1 - - - +0.1
(b)Percent mass composition of the identified esters (IMSOEE:s for the biofuel samples; IMSO2EHESs for the biolubricant samples)
Liquid bioproduct Cl16:0 C18:0 C18:1 (oleate & cis-vaccenate) C18:2 C18:3 C20:1 Cc22:1 C24:0
IMSOEEs 3.48 2.21 37.62 27.80 14.98 4.80 6.07 0.23
SOEEs 3.87 2.69 83.27 7.89 0.06 0.24 0.10 0.03
IMSO2EHEs © 3.63 (0.15) 2.28 (0.10) 37.98 (1.72) 27.56 (1.25) 14.15 (0.64) 4.40 (0.20) 5.66 (0.28) 0.02 (0.00)
SOO2EHEs * 3.99 (0.13) 2.69 (0.08) 81.42 (2.85) 7.92 (0.28) 0.00 (0.00) 0.61 (0.02) 0.00 (0.00) 0.00 (0.00)

2 Please, refer to Appendix, Table Al for details regarding the methods leading to the given property values.
b This biolubricant was produced with the same alcohol as the one selected in this work (2 EH) but with rapeseed oil as lipid feedstock.
¢ These standard deviations are common to the determination of both biofuel and biolubricant specific functional physico-chemical properties conducted in this

work.

4 Other chemical elements (alkaline, alkaline earth, and metals) have not been detected by ICP-AES or ICP-MS: Ag, Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Li, Mg,

Mn, Mo, Na, Ni, P, Pb, Sb, Sr, Ti, V, Zn, Zr.
¢ Are given in brackets the percent mass fractions of the remaining IMSOEEs.

SOOEEs), and the catalyst mass concentration. In contrast, the amount
of biodiesel, stirring speed, and reaction pressure remained unchanged
for all experiments (40 g, 250 rpm and 0.05 bar, respectively) using the
catalyst whose particle size gave the best biodiesel production results (i.
e. “crude” KoCO3). All these values were selected based on previous
findings (Sun et al., 2017; Zheng et al., 2018; Rapp et al., 2021) and then
optimized to obtain the best conversion of ethyl biodiesel while
considering environmental and energy impacts.

2.4. Bioproduct characterization and evaluation of the biofuel and
biolubricant properties

Characterization of liquid bioproducts was carried out by assessing
key molecular species such as triacylglycerides (TGs), diacylglycerides
(DGs), monoacylglycerides (MGs), free glycerin, esters (IMSOEEs,
SOOEEs, IMSO2EHESs, and SOO2EHESs), and alcohols (ethanol and 2
EH), all ascertained by GC-FID; in contrast, water content was deter-
mined by Karl Fischer titration. In addition, potassium and heavy metals
(resulting respectively from the potential leaching of the selected cata-
lyst K2CO3 and possibly from the extraction step of IMSO and oleic oils
blended to obtain the SOO used in this work) were also quantified using
inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
and inductively coupled plasma-mass spectrometry (ICP-MS).

Some functional properties of the final biofuel and biolubricant (acid
value, color, density, viscosity, flash point, cloud point, pour point, and
cold filter plugging point) were evaluated too, in accordance with ASTM
and ISO standards or theoretical estimation methods.

The equipment and operating conditions or estimation methods
selected to collect this information are described in Appendix, Table Al

(Caumette et al., 2010; Pohl et al., 2010; Carareto et al., 2012; Hong
et al., 2014; Bolonio et al., 2015; Nitiema-Yefanova et al., 2015, 2016;
Muhammad et al., 2017; Chen et al., 2019; Roze et al., 2021; Ruiz et al.,
2023; Valtris Enterprises France, 2023).

3. Results and discussion

The key species content of the reaction mixture as a function of time
for each of the transesterification processes leading to ethyl biodiesel or
biolubricant are shown in Figs. 4 and 5 respectively, while the functional
physico-chemical properties of the two resulting bioproducts are pre-
sented in Table 6.

3.1. Ethyl biodiesel production via the first transesterification reaction

For all operating conditions, the FAEE contents increased very slowly
at the early stage of the reaction, then rapidly over a short period, finally
approaching asymptotically the chemical equilibrium imposed by the
initial composition and temperature of the reaction mixture (Fig. 4).
These sigmoidal profiles are typical of reactions under control of three
successive mechanisms: mass transfer, kinetics, and chemical equilib-
rium. However, IMSO ethanolysis in homogeneous catalysis proved to be
under the control of the latter two mechanisms only, primarily because
the high solvent power of ethanol limited mass transfer between the re-
agents (Nitiema-Yefanova et al., 2015, 2016, 2017; Rapp et al., 2021).
Consequently, the behavior observed at the start of ethanolysis in het-
erogeneous catalysis is mainly due to the limitation of internal mass
transfer, i.e. within the catalyst pores, and very little to the limitation of
external mass transfer induced by the immiscibility of the reactants, i.e.



D. Regragui et al.

(a)

90
80

70

£
2 60
c
2
S s0
2
&8 40
b=
30
20 —B—ExpA1 (reactants heated separately)
—8— ExpA2 (reactants heated together)
10
0
0 10 20 30 40 50 60 70 80
Time (min)
100
© -
90 e g 09
o
80 o s
[ ’p"
g y
2 e /
£ /
S | /
8 S0 / /
E | /
a / »
S 40 | ]
s / /
.’“
30 .’
“ //
20 / ’." —=—ExpA2 (MR = 15)
» o ——ExpAG (MR = 8)

0 10 20 30 40 50 60 70 80 20 100 110
Time (min)

Cleaner Engineering and Technology 21 (2024) 100767

100

(b)

90

80

og:
Z 60
c
el
&8 50
<
8 40
=
30
—=—ExpA2 ("Crude” K2€03)
20 /’ —e—ExpA3 ('"Medium" K2CO3)
* * . ®— ExpA4 ("Large" K2CO3")
10 < . —A—ExpAS ("Fine" K2C03)
oe®
0
0 10 20 30 40 50 60 70 80
Time (min)
100
(d) -
%0 N o——9%—s
o
80 /
[ ,‘,
,f'
= 70 /
g ¢
z /
T 60 /
2 /
8 5o /
2 .
© /
40 @ /
= ¢/
/
30 [
®
2 / —e—ExpA6 (70°C)

. —e—ExpA7 (78°C)

30 40 50 60 70 80 20 100 110
Time (min)

Fig. 4. Mass fractions of IMSOEEs as a function of reaction time for various operating conditions (all detailed in Table 4): (a) different heating protocols of the
reactants, ethanol and IMSO; (b) various K,CO3 catalyst particle sizes; (¢) various ethanol to oil MR; (d) different reaction temperatures.

ethanol and IMSO. Besides, it was observed (similarly to
Nitiema-Yefanova et al., 2015, 2016, 2017; Rapp et al., 2021, in homo-
geneously catalyzed NEVO ethanolysis) that the reaction mixture at time
zero of the reaction exhibited two liquid phases due to the partial
immiscibility of ethanol and triglycerides. However, as soon as a suffi-
cient quantity of FAEEs was formed in the medium, the reaction mixture
became less turbid, and then homogenous. Subsequently, when the re-
action has progressed sufficiently to lead to the formation of FAEEs and
glycerol in such proportions that the two products are no longer totally
miscible (under reaction temperature and pressure conditions), the me-
dium became cloudy again and demixed into two liquid phases in the
form of a pseudo-homogenous mixture of a glycerol-rich phase dispersed
in small droplets in an ester-rich phase, thus marking chemical equilib-
rium. Therefore, vigorous mixing (increasing the contact area between
reagents) was adopted for all experiments, particularly before chemical
equilibrium was reached, to cope with mass transfer limitation.

Moreover, in the presence of the heterogeneous KoCOs catalyst,
ethanol and glycerides from IMSO (or SOO) probably react according to
an Eley-Rideal mechanism where the alcohol adsorbs onto the catalyst
surface to form the adsorbed active species ethanolate, which can then
react with the second reactant remaining in solution (a tri-, di- or
monoglyceride molecule) to produce the target product (diglyceride,
monoglyceride or FAEE) and the co-product glycerol.

Furthermore, as the choice was made in this work to use the K;CO3
catalyst in unsupported form, it was observed that K;COs3 dissolved in
the glycerol produced during ethanolysis. This was an expected risk
given the increasing solubility of K;CO3 with the number of hydroxyl
functional groups in the alcohol reported in the literature (Naser et al.,

2013; Sun et al., 2017; de Caro et al., 2019). So, while separating K2CO3
from glycerol for reuse in new catalysis cycles would make no sense, an
interesting option would be to valorize the available [KoCO3 + glycerol]
mixtures for valuable applications such as green anti-icing or de-icing
fluid for aircraft fuselage (Baroi et al., 2009), deep eutectic solvents
used to replace ionic liquids (Naser et al., 2013), or catalytic synthesis of
the two platform molecules lactic and formic acids, simultaneously
(Ainembabazi et al., 2020).

3.1.1. Heating protocols of the reactants

Heating the ethanol with K3COs catalyst first, to form the active
species before adding the preheated IMSO, should accelerate the reaction
compared with adding the catalyst once the reagents (heated together)
reach the desired temperature. As shown in Fig. 4a, there is a slight dif-
ference in results between these two protocols (error bars do not overlap
the first 10 min of the reaction). Thus, separate heating of the reactants
accelerates the reaction at the start (ExpA1l, Fig. 4a), confirming the Eley-
Rideal mechanism assumed to form the adsorbed active species ethano-
late on the catalyst surface. However, the gap between the two experi-
ments rapidly narrows and the conversions obtained become similar once
chemical equilibrium is reached. Besides, it is more practical to heat the
reagents, ethanol and IMSO (or SOO) together before adding the catalyst,
to better control the start of the reaction. Therefore, all subsequent ex-
periments were carried out using this heating protocol (ExpA2, Fig. 4a).

3.1.2. Catalyst particle size
As shown in Fig. 4b, the larger the catalyst particles (offering the
reaction medium a smaller specific surface area, pore volume and pore
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width, Table 3), the slower the reaction. These observations confirm the
limitation of internal mass transfer within the catalyst pores at the early
stage of the reaction (including the hypothesis of a heterogeneous
catalysis process according to the Eley-Rideal mechanism). Neverthe-
less, whatever the size of the catalyst particles, all experiments even-
tually achieved similar conversions at equilibrium. Moreover, the
smallest catalyst particles gave similar results to the “crude” KyCOs
(ExpA5 vs ExpA2, Fig. 4b), which was expected as the “crude” K>CO3
used was 95 wt% “fine” KyCO3 with particle size of less than 80 pm
(Table 3). Consequently, the “crude” K,CO3 corresponding to the com-
mercial chemical with the characteristics of a mesoporous material
known to have a better catalytic efficiency (Sun et al., 2017) was
retained thereafter (average pore width of 20-500 A).

3.1.3. Ethanol to oil molar ratio
The ethanol to oil MR has a significant impact on both the reaction
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yield and the production cost (Silveira Junior et al., 2019). Theoreti-
cally, the stoichiometry of the overall reaction is 1 mol of triglyceride for
3 mol of ethanol; however, because transesterification is a reversible
reaction (Fig. 2), the chemical equilibrium had to be shifted toward
FAEE formation by operating with excess ethanol and withdrawing the
byproduct glycerol from the reactive medium (Zheng et al., 2018;
Coniglio et al., 2014). As shown in Fig. 4c, increasing the ethanol to oil
MR (from 8 to 15, ExpA6 vs ExpA2) significantly accelerated the reac-
tion rate (by increasing the number of adsorbed active species ethano-
late due to a larger amount of reagent). Nonetheless, this MR increase
did not significantly affect the plateau reached at chemical equilibrium
(very likely because the adopted MR are larger than the critical value of
6 as mentioned by Nitiema-Yefanova et al., 2016), so that the same
conversion was achieved at the end of transesterification. The use of a
high MR leads to additional investment costs and operational difficulties
during the separation process (Encinar et al., 2021). However, a longer
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Fig. 5. Species mass fractions and conversion as a function of reaction time during transesterification of crude ethyl biodiesel (IMSOEEs or SOOEEs) to biolubricant
(IMSO2EHEs or SOO2EHEs, respectively) at the operating conditions of the most relevant experiments carried out in this work (details in Table 5).
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reaction time (induced by a lower MR) implies higher operational costs
(due to additional heating over a longer period). A techno-economic
analysis would therefore be useful to make an appropriate decision on
the MR value, unless the reaction can be significantly accelerated by a
slight increase in temperature.

3.1.4. Temperature of reaction

The effect of temperature on IMSO transesterification was studied at
35°C, 70 °C, and 78 °C (with ethanol/oil MR = 8 and [K2CO3] = 4% by
weight, Fig. 4d). As expected from Arrhenius’ law, temperature had a
positive impact on reaction kinetics. Nonetheless, at 35 °C no ester was
detected by GC-FID, leading to the conclusion that the reaction did not
take place. A higher reaction temperature was required to form the
adsorbed ethanolate active species (while additionally helping over-
come the internal and external mass transfer limitations). Although the
reaction rate is clearly faster at 78 °C than at 70 °C (ExpA7 vs ExpA®6,
Fig. 4d), the temperature difference (8 °C) between these two experi-
ments appears to be too small to have a significant influence on the
chemical equilibrium (similar FAEE mass fractions are obtained at the
end of these experiments). Combined with a high ethanol to oil MR, this
result is consistent with previous work where the exothermicity of the
ethanolysis reaction was observed with a more pronounced effect on the
amount of product formed the lower the ethanol to oil MR
(Nitiema-Yefanova et al., 2016; Chen et al., 2019). Since it should be
more cost-effective to heat the reaction mixture 8 °C more with a smaller
MR, transesterification of IMSO at 78 °C with MR = 8 was retained.

3.1.5. Glycerol addition

Due to the high solvent power of ethanol leading to the formation of
a pseudo-homogenous mixture at chemical equilibrium of the reaction,
glycerol was added at the end of ethanolysis to induce a clear liquid-
liquid demixing (Table 4). It is important that this procedure be con-
ducted at ambient temperature to be effective (35 °C max.) because of
the increase of glycerol miscibility in the ester-rich phase with temper-
ature (addition of glycerol without cooling the reaction mixture resulted
in a decrease in FAEE content of approx. 5 wt%). The best results were
observed at 25 wt% glycerol (based on the initial weight of oil) which
was similar to previous work by Nitiema-Yefanova et al. (2016) and
Chen et al. (2019) on homogeneous catalytic ethanolysis of various
NEVOs (the addition of 0-15 wt% glycerol proved insufficient in this
work to induce clear demixing).

3.1.6. Scaling up and different lipid feedstock

Ethanolysis of SOO gave SOOEEs contents similar to that achieved
with IMSO under the same operating conditions (ExpA2, Table 4 and
Fig. 4); this result obtained on a larger scale ( x 6) suggests a satisfactory
transfer to pilot scale, at least for similar NEVOs.

3.2. Biolubricant production via the second transesterification reaction

The transesterification being a reversible reaction (Fig. 3), the
chemical equilibrium was shifted toward biolubricant formation by
operating with excess 2 EH and withdrawing the byproduct ethanol
from the reactive medium via vacuum distillation.

The mass fraction profiles vs time of the biolubricants (IMSO2EHEs
and SOO2EHESs) produced by transesterification of the ethyl biodiesels
(IMSOEEs and SOOEEs) with 2 EH are presented in Fig. 5 for the most
significant experiments carried out in this work. Unfortunately, the
cooling system of the vacuum reactive distillation unit was not efficient
enough to trap all ethanol released during transesterification. Conse-
quently, the mass fraction profiles vs time are depicted for all reaction
mixture species except ethanol. The key points highlighted by all the
experiments are discussed below.

As shown in Fig. 5, the mass fractions vs time profiles of the species in
the reaction mixture are very similar to the profiles obtained from IMSO
ethanolysis (Fig. 4). As expected, the curves show the specific
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characteristics of any reversible reaction under internal diffusional
control (mass transfer limited only within the catalyst pores, the re-
actants ethyl biodiesels and 2 EH being miscible here), then under ki-
netic and thermodynamic control, successively.

Raising the temperature (from 95 to 100 °C) had a significant posi-
tive impact throughout this second transesterification, successively
helping to overcome the internal diffusion regime, then accelerating the
reaction via the increase in the rate constant, and finally improving the
conversion of biodiesel at the chemical equilibrium (ExpB2 vs ExpB3,
Fig. 5b—c). This last point reveals that the transesterification of ethyl
biodiesels with 2 EH is an endothermic reaction, as observed by others
(Zheng et al., 2018). Although a further increase in temperature could
have improved the process, temperatures above the boiling point of 2 EH
(103 °C at 0.05 bar) were not examined because the laboratory-scale
reactive distillation unit used in this work was not equipped with reflux.

The 2 EH to biodiesel MR also had a significant positive impact on
biolubricant production regardless of whether the transesterification
reaction was under internal diffusion, kinetic, or thermodynamic control
(ExpB1 vs ExpB2, Fig. 5a-b; ExpB6 vs ExpB7, Fig. 5f-g). The effect is
much more noticeable when decreasing the MR value from 4 to 3 (i.e.
from four to three times the theoretical stoichiometry of the reaction,
Fig. 3), the latter value thus appearing to be a limiting value (ExpB2 vs
ExpB1, Fig. 5b-a). Nevertheless, increasing the MR from 4 to 5 helped to
speed up the reaction initially, but with no significant change when
chemical equilibrium was reached (ExpB6 vs ExpB7, Fig. 5f-g).

As expected, increasing the catalyst concentration from 3 to 4 wt%
accelerated the reaction without changing the chemical equilibrium
(ExpB3 vs ExpB4, Fig. 5c-b). However, a further increase in the catalyst
concentration led to poorer results (ExpB4 vs ExpB5, Fig. 5d—e; ExpB8 vs
ExpB6, Fig. 5h-f). A similar tendency was also observed in the literature
with K»CO3 supported on hydrotalcite or y-alumina as heterogenous
catalyst for biodiesel or biolubricant production (Sun et al., 2017; Silveira
Junior et al., 2019). In the context of our work, this behavior could be
explained by the saturation of the reactive medium with catalyst, leading
to a reduction in the number of catalyst pores accessible to the 2 EH re-
agent, and therefore to a decrease in the number of adsorbed 2 EH active
species (assuming an Eley-Rideal type mechanism, similar to ethanolysis).

Moreover, similar results were obtained for the two ethyl biodiesels
(SOO2EHEs and IMSO2EHESs) confirming that the process is transpos-
able, at least with similar reagents, both in terms of fatty alcohol and
fatty esters (ExpB5 vs ExpB6, Fig. 5e—f; ExpB4 vs ExpB8, Fig. 5d-h).

Thus, reactive distillation under low pressure proved to be a relevant
option, allowing shifts in chemical equilibrium towards formation of
biolubricant by removal of ethanol from the reacting mixture, thus
improving reaction conversion and product purity. Under the optimal
pressure of 0.05 bar (other operating conditions: 100 °C, MR = 4,
[K2CO3] = 4 wt %) more than 95 wt % of the departure FAEEs (SOOEEs
or IMSOEEs) were converted in less than 120 min (Fig. 5d and h).
However, a higher content in IMSO2EHEs would have been obtained if
the departure IMSO had been pre-treated to increase the glyceride pool,
and thus the IMSOEE content. Although catalyst reusability was not
examined in this work, the literature (Zheng et al., 2018) mentions that
K2COs3 can be reused up to five times in biolubricant production without
observing any loss of activity.

3.3. Bioproduct key properties

Key functional physico-chemical properties and ester composition of
the biofuels (IMSOEEs and SOOEEs) and biolubricants (IMSO2EHEs and
SOO2EHEs) produced in this work are shown in Table 6.

The selected transesterification procedure was observed to be
effective. Indeed, no potassium (K) was detected by ICP-AES/ICP-MS (K
content below the LOQ of the analytical method), confirming that K,CO3
can actually be considered a heterogeneous catalyst in this work.
Furthermore, high ester contents were obtained for both bioproducts, i.
e. over 97 wt% for the ethyl biofuels and 95 wt% for the biolubricants
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(with production yields of 96% and 93% respectively, from reaction
through catalyst filtration to alcohol removal). Higher-purity biodiesels
and biolubricants, ranging from 99 wt% to almost 100 wt%, have been
obtained in the literature, but by transesterification of different raw
materials (palmitic acid methyl ester and 2-ethylhexanol by Zheng et al.,
2018; sunflower oil and ethanol by Silveira Junior et al., 2019; rapeseed
oil and methanol, then 2-ethyl-2-hydroxymethyl-1,3-propadiol by
Encinar et al., 2021). The ester contents obtained in this work should be
improved by removing glucosinolates from the IMSO prior to the
transesterification reaction and conducting the process on a pilot scale
(Nitema-Yefanova et al., 2017).

Most biofuel specifications of IMSOEEs and SOOEEs were met. The
few exceptions were the contents in water for SOOEEs and in MGs and
DGs for the IMSOEEs, which should be handled without major incon-
venience by dry-purification using a natural adsorbent (the Montmo-
rillonite clay to reduce water content and the Indian mustard stems to
reduce MG and DG contents; Rapp et al., 2020, 2021). It should also be
mentioned that the sulfur (S) species initially observed by
ICP-AES/ICP-MS in IMSO (around 21 mg/kg, Table 2) was no longer
detected in IMSOEEs. This reveals that the glucosinolates initially pre-
sent in IMSO were converted (into molecules other than FAEEs) during
ethanolysis. The presence of species other than glycerides (pool
convertible to FAEEs) in IMSO may explain the lower content of
IMSOEEs than SOOEEs. Nevertheless, the IMSOEE product obtained had
very satisfactory physical properties as a biodiesel, as did SOOEEs
derived from SOO synthetic oil (Table 6). The IMSOEEs product is
therefore a good candidate for further research with thermal and
emission analyses, to obtain a significant diagnosis.

Biolubricant quality specifications of IMSO2EHEs and SOO2EHEs
were achieved for the basic properties of density, viscosity and color
(Table 6) (Habib et al., 2014; McNutt and He, 2016; Zheng et al., 2018).
The higher color indicator (Gardner and Hazen) observed for the
IMSO2EHEs was caused by the color of the parent oil, i.e. orange for the
IMSO but pale-yellow for the SOO and the rapeseed oil used as lipid
feedstock for the Biolub of reference (Valtris Enterprises France, 2023).
The thermo-oxidative stability and cold-flow properties of the bio-
lubricants produced could not be assessed in this work, so one might be
concerned at the high content of polyunsaturated species in the
IMSO2EHEs produced (42% by weight) compared with the mono-
unsaturates (48% by weight), containing oleic esters to a large extent
(38% by weight) and also longer-chain esters from C20 to C24 (Table 6b).
Indeed, alow degree of unsaturation improves thermo-oxidative stability,
but a certain number of unsaturation sites is required to obtain adequate
cold flow properties (while increasing fatty chain length leads to higher
viscosity). For this reason, vegetable oils with a high oleic acid content are
considered optimal for producing high-performance biolubricants
(Reeves et al., 2015; Chen et al., 2019; Rapp et al., 2021). Nonetheless,
addition of citric acid as a natural antioxidant could enhance the oxidation
stability of the IMSO2EHEs produced (Sharma and Biresaw, 2016).
Furthermore, if viscosity needs to be improved for a specific application,
ethyl cellulose (EC), which in small quantities can improve this property
by a factor of two, could be used as an additive (Chan et al., 2018). In
addition, Indian mustard stems are rich in cellulose (Rapp, 2018) and
could therefore be used to produce EC, further expanding the contours of a
biorefinery system based on Indian mustard. As a result, all these con-
siderations suggest that the obtained IMSO2EHE product is a potential
candidate as biolubricant, particularly as a metalworking fluid.

4. Conclusions

The two transesterification routes studied in this work, converting
IMSO into an energy carrier (IMSOEEs) and then into a biolubricant
(IMSO2EHES), gave positive results, similar to those obtained with
synthetic oleic oil (SOO) prepared by blending various commercial oils
rich in oleic acid. ICP-AES/ICP-MS analyses of both bioproducts
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confirmed that KoCOs played a role as a heterogeneous catalyst.
Although K3CO3 cannot be recycled and reused for further biodiesel
production cycles because of its solubility in glycerol, the [glycerol +
K2CO3] mixtures generated through this transesterification route can
have various major applications (as anti-icing or de-icing fluid for
aircraft fuselage, deep eutectic solvents, or even reacting mixture for
simultaneous synthesis of lactic and formic acids as illustrated in Fig. 1b;
Baroi et al., 2009; Naser et al., 2013; Ainembabazi et al., 2020).

Regarding the production of the ethyl biodiesels (IMSOEEs and
SOOEEs) by ethanolysis of the lipid feedstocks (IMSO and SOO), opti-
mized operating conditions (78 °C, 1.01 bar, 4 wt% K,COg, ethanol to oil
molar ratio of 8, 60 min, and addition of glycerol at 35 °C at the end of
the reaction) resulted in biofuels with high purity (over 97 wt%) and key
functional physicochemical properties (acid value, density, viscosity,
flash point, cloud point, pour point, cold filter plugging point, higher
heating value, and oxidation stability) in compliance with EN 14214
standards. Nevertheless, a higher content in IMSOEEs might be obtained
with a pre-treatment of the IMSO to remove species that are not glyc-
erides, such as glucosinolates.

Regarding the production of the biolubricants (IMSO2EHEs and
SOO2EHEs) by transesterification of ethyl biodiesels (IMSOEEs and
SOOEEs) with 2 EH, the choice of reactive distillation with optimized
operating conditions (100 °C, 0.05 bar, 4 wt% K>COs, 2 EH to IMSOEEs
molar ratio of 4, and 120 min) yielded biolubricants with high purities
(around 96 wt%) and key functional physicochemical properties (density,
viscosity, and color) that met the requirements of metalworking fluids.

Given the mild operating conditions and the performance for various
NEVOs of ethanolysis by homogeneous catalysis, it would be interesting
to explore a hybrid alternative with a first step of ethyl biodiesel pro-
duction by homogeneous catalysis as performed in previous works
(Nitiema-Yefanovaetal., 2015, 2016, 2017; Chen etal., 2019; Rapp et al.,
2021) and a second step of biolubricant production by heterogeneous
catalysis as performed in this work. Moreover, this hybrid alternative will
have to be conducted at a pilot scale to account for costs and environ-
mental considerations more realistically than at a laboratory scale.
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Appendix

Table A0.1
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Analysis equipment and operating conditions regarding to the production, purification and characterization of biodiesel and biolubricant carried out in this work.
Partly adapted from Muhammad et al. (2017), Chen et al. (2019), and Roze et al. (2021).

Objective Technique Equipment Operating conditions or Standard
Biodiesel & Biolubricant production
Monitoring of the transesterification Off-line GC-FID with Agilent o Preliminary ester identification: Please refer to Nitiema-Yefanova et al. (2015).

with ethanol or 2-ethylhexanol preliminary GC-MS

Technologies (USA

eEster quantification: Please refer to Mohammad et al. (2017) except for the oven
temperature program: 60 °C (2 min), 60-200 °C (10 °C/min), 200-240 °C (5 °C/min),
240 °C (7 min for IMSOEEs, 16 min for IMSO2E1HEs). After centrifugation of the sampling
tubes, 0.1 mL of the organic phase was poured in vials prefilled with 1 mL of stock
solution, i.e. a mixture of well-known composition in the internal standard selected for
FAEE quantification (MHD) with n-heptane. The response factors of all FAEEs relatively
to MHD were assigned to the value obtained for ethyl oleate (major component of
IMSOEEs, Table 1). Regarding biolubricant quantification, the response factors of all
IMSO2E1HEs were assigned to 1 (commercial standard of 2-ethylhexyl oleate unavai-

lable) while 1-pentanol was selected as internal standard to determine the residual
2-ethylhexanol and potential traces of ethanol. Note that MHD was used instead of
methyl nonadecanoate recommended in the European standard EN-14103 because of
overlapping with the ethyl linoleate GC peak (Nitiema-Yefanova et al., 2016).

Objective Technique Equipment Operating conditions or Standard
Biodiesel characterization — (a) Composition
Glyceride (TGs, DGs, MGs), free glycerin ~ GC-FID Valtris Enterprises (France) EN-14105, except for FAEEs: EN-14103

and FAEE contents
Water content

Potassium and other elements (Ag, Al,
As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, Hg, K,
Li, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Sr, Ti,
V, Zn, Zr) contents

Coulometric Karl
Fischer titration
ICP-AES

ICP-MS

Biodiesel characterization — (b) Fuel properties

Acid value

Color
Density (15 °C)

Viscosity (40 °C)

Flash point

Cloud point

Pour point

Cold filter plugging point (°C)

Higher heating value (MJ/kg)

Oxidation stability at 110 °C (hrs.)

Volumetric
titration
Colorimetry
Oscillating U-
tube
Capillarity
viscometer
Estimation

Estimation

Estimation

Estimation

Estimation

Estimation

Valtris Enterprises (France)

ARCOS by SPECTRO; Scott-type double-pass spray
chamber combined with cross-flow nebulizer
(Germany)

7700s ICP MS detector (Agilent Technologies, Tokyo,
Japan) mounted with Nickel cones. ICP MS was used in
collision cell mode with He (11 mL min-1). A Scott-
type double pass spray chamber was used combined
with a meinhard nebulizer.

Valtris Enterprises (France)

Valtris Enterprises (France)
Valtris Enterprises (France)

Valtris Enterprises (France)

EN-ISO-12937

Please, refer to Nitiema-Yefanova et al. (2015), Pohl
et al. (2010), Caumette et al. (2010) and Ruiz et al.
(2023)

EN-14104

ASTM-D1544
EN-ISO-12185

EN-ISO-3104

Vapor-liquid equilibria estimation based on composition
in FAEEs (from GC-FID), their molecular structure, and
their vapor pressures as pure components (Carareto

et al., 2012)

Correlation based on number of carbon atoms and
composition in FAEEs (from GC-FID) (Bolonio et al.,
2015)

Correlation based on number of carbon atoms and
composition in FAEEs (from GC-FID) (Bolonio et al.,
2015)

Correlation based on number of carbon atoms and
composition in FAEEs (from GC-FID) (Bolonio et al.,
2015)

Correlation based on composition in FAEEs (from GC-
FID) (Hong et al., 2014)

Correlation based on composition in FAEEs (from GC-
FID) (Hong et al., 2014)

Objective

Technique

Equipment

Operating conditions

Biolubricant characterization — (a) Composition

Contents in esters and 2-ethylhexanol

Water content

Off-line GC-FID with

Agilent Technologies (USA)

preliminary GC-MS

Coulometric Karl

Valtris Enterprises (France)

Fischer titration
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eEster quantification.

EN-ISO-12937

(continued on next page)
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Table A0.1 (continued)
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Objective Technique Equipment Operating conditions
Potassium and other elements (Ag, Al, As, B, Ba, Ca, ICP-AES ARCOS by SPECTRO; Scott-type double-pass  Please, refer to Nitiema-Yefanova et al. (2015),
Cd, Co, Cr, Cu, Fe, Hg, K, Li, Mg, Mn, Mo, Na, Ni, P, spray chamber combined with cross-flow Pohl et al. (2010), Caumette et al. (2010) and
Pb, Sb, Sr, Ti, V, Zn, Zr) contents nebulizer (Germany) Ruiz et al. (2023)
ICP-MS iCAP Q ICP-MAS, Thermo Fisher Scientific
Inc.
Biolubricant characterization — (b) Specific functional properties
Acid value Volumetric titration Valtris Enterprises (France) 1SO-6618
Color Colorimetry Valtris Enterprises (France) ASTM-D1544
Density (20 °C) Oscillating U-tube Valtris Enterprises (France) EN-ISO-12185
Viscosity (40 and 100 °C) Capillarity viscometer ~ Valtris Enterprises (France) EN-ISO-3104)
References three easy steps. J. Clean. Prod. 184, 579-585. https://doi.org/10.1016/].

Ainembabazi, D., Wang, K., Finn, M., Ridenour, J., Voutchkova-Kostal, A., 2020. Efficient
transfer hydrogenation of carbonate salts from glycerol using water-soluble iridium
N-heterocyclic carbene catalysts. Green Chem. 22, 6093-6104. https://doi.org/
10.1039/d0gc01958e.
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