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Abstract

The strategies for sustainability and competitiveness of the biodiesel industry may be improved by adding value through co-
products, especially for novel biodegradable products from non-edible vegetable oils. In this study, the chemical modifications of
ricinoleic acid obtained from castor oil were performed to obtain biodegradable base stock oils. The chemical route was carried
out using Cg alcohols (octanol or 2-ethyl-hexanol) in esterification and oxirane rings opening reactions under commercial
catalysts. All chemical modifications were monitored by nuclear magnetic resonance ('H NMR) and physicochemical properties
of products. The biodegradability of synthesized samples was determined using a bio-kinetic model. The results indicated that the
bio-based samples from 2-ethyl-hexanol had the lowest pour point (— 57 °C) and the highest oxidative stability. The biodegrad-
ability tests showed that all synthesized samples have half-life around 20-60 days. From these results, this studied route using
ricinoleic acid and Cg alcohols was considered to be applied to an existing biodiesel industry. Finally, a multi-purpose flexible
industrial configuration was proposed to be able to obtain both biodiesel and the biodegradable base stocks for lubricant oils.

Keywords Biodegradable lubricants - Epoxidation - Biodegradability - Biodiesel industry

1 Introduction power transmission and additives to transfer certain physical
and chemical characteristics to other products.
Lubricants are important commercial products with an es-

timated world market above 30 million tons per year [5]. A

Mineral base lubricants oils are commonly obtained from pe-
troleum processing usually treated by distillation and other

refining processes [1]. They are used in several mechanical
applications for reducing friction and preventing wear be-
tween two surfaces in relative motion, forming a liquid film
that decreases heat generation, minimizing energy losses, and
may increase equipment lifetime [2—4]. Depending on their
application, they can also perform cooling, cleaning of mov-
ing parts, sealing, insulation, protection, as well as mechanical
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critical factor for the use of lubricants nowadays is that they
may be harmful to the environment. For instance, it is estimat-
ed that 20% of the lubricants consumed in Europe are current-
ly being released into the environment [6]. Thus, they need to
be formulated with less toxic and more biodegradable prod-
ucts [7, 8]. For this, biodegradable base stock oils may be
obtained through chemical modifications of vegetable oils
[9, 10] and also waste cooking oil [11-13].

Vegetable oils have been gaining more and more space in
the market because they have a high potential as raw material
to replace mineral oils in the production of lubricants [14].
This occurs because the vegetable oils may be chemically
modified for application as lubricant [15-17]. Besides the ad-
vantages of being renewable, non-toxic with high biodegrad-
ability, and adequate tribological performance [18], the vege-
table oils exhibit another advantage, such as high lubricity
[19], high viscosity index (VI), high flash point, and low
evaporation loss [20]. As it is well-known, the vegetable oils
are composed by a mixture of triglycerides, which are
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composed of fatty acids that differ between them in the length
of the carbon chain, in the number of double bonds, and their
configurations [21]. Several vegetable oils, such as soybean,
palm, and castor, have been reported as starting feedstock to
obtain biolubricant products [22]. Also, the long carbon
chains may usually contain none, one (unsaturated chains),
two, or three unsaturations (polyunsaturated chains), and
number of carbons ranging from six to twenty-two. Different
structures and chemical compositions of the fatty acids would
thus have an important role in the final properties obtained,
especially in for pour point, viscosity, and oxidative stability.

The intermolecular interaction among the long-chains of
the fatty acids is crucial for the observed properties.
However, the intermolecular interaction of these fatty acids
is mainly governed by van der Waals bond which provide
weak interactions among the alkyl chains. Therefore, the ini-
tial hypothesis was to use the fatty acid which could contain a
more polar group such as a hydroxyl group that facilitates a
higher intermolecular interaction between the alkyl chains by
hydrogen bond. Some unusual fatty acids may be found in
particular oils, such as castor oil (Ricinus communis), which
is constituted by ricinoleic acid (ca. 90% wt.), structurally
similar to oleic acid, but with a hydroxyl group linked to
carbon 12 and would fulfill the requirements mentioned above
[23, 24]. Therefore, castor oil has been studied as raw material
for synthesis of bio-based lubricants [25-29] and also for the
synthesis of other products which would eventually comprise
a biorefinery structure [30-35].

In this study, samples of base stock oils were synthesized
from ricinoleic acid using Cg alcohols (1-octanol and 2-ethyl-
1-hexanol) via esterification, epoxidation, and oxirane ring
opening reactions. All the chemical modifications were mon-
itored by nuclear magnetic resonance (‘H NMR). The struc-
tural characteristics on their physicochemical and biodegrad-
ability properties of samples were evaluated. The biodegrad-
ability of synthesized samples was compared with the mineral
and pure castor oil samples. In addition, a multi-purpose flex-
ible industrial configuration was proposed to obtain the bio-
degradable base stock oils into an existing biodiesel industry.

2 Experimental section

2.1 Materials

Ricinoleic acid (> 90% wt.) obtained from castor oil was kind-
ly supplied by Miracema-Nuodex (Brazil). Pure castor oil was
provided by Proquinor—Produtos Quimicos do Nordeste Ltda
(Brazil). Mineral oil was provided by Petrobras—Petroleo
Brasileiro S.A (Brazil). Some important physicochemical
properties of these oil samples are reported in Table 1. 2-
Ethyl-1-hexanol (>99% wt.), 1-octanol (>99% wt.), hydro-
gen peroxide (30% wt.), formic acid (95% wt.), p-
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toluenesulfonic acid (>98% wt.), and Amberlyst 15 resin
were from Sigma-Aldrich (USA). Anhydrous sodium bicar-
bonate (99% wt.), anhydrous sodium sulfate (99% wt.), and
toluene (99% wt.) were from Vetec (Brazil). Analytical-grade
reagents (n-pentane, toluene, diethyl ether anhydrous, acetic
anhydride, and ethyl alcohol) were from J.T. Baker (USA).
Deuterated chloroform (CDCl; 99.8% wt.) was supplied by
Sigma-Aldrich (USA). Nitrogen (99.999%) was from White
Martins Praxair (Brazil). Silica gel (70-230 mesh) and acti-
vated bauxite (20-60 mesh) were supplied by Macherey-
Nagel (Germany) and Curimbaba (Brazil), respectively.

2.2 Synthesis procedure

The bio-based samples were obtained from ricinoleic acid
using three reaction steps: esterification, epoxidation, and ox-
irane ring opening, as previously reported in Rios et al. [36]. In
this study, Cg alcohols (1-octanol and 2-ethyl-hexanol) were
used as esterifying and nucleophilic substitution agents, as
illustrated in Fig. 1.

The esterification reactions were performed in a three-neck
reactor using 60 g of ricinoleic acid (RA) added to 6 g of
Amberlyst 15 and 130 mL of the esterifying alcohol (molar
ratio 1:4 RA/alcohol). This mixture was heated to 90 °C and
refluxed for 6 h under N, atmosphere and magnetic stirring
(900 rpm). The catalyst was separated by filtration, and the
resulting liquid mixture was washed with 5% wt. sodium bi-
carbonate aqueous solution. After that, the organic layer was
dried over anhydrous sodium sulfate and the non-reacted re-
maining alcohol was removed using a rotary vacuum evapo-
rator at 90 °C for 1 h. The obtained esterification products
were named as E10, for 1-octanol (Fig. 1a), and E2E, for 2-
ethylhexanol (Fig. 1b). The esterification conversions (C) may
be estimated by Eq. 1.

C = [1~(AN gyer/AN ga)]x100 (1)

where ANg, refers to the acid number of the original ricinoleic
acid and ANgg., 1S the acid number obtained for the ester
samples at the end of the esterification reaction [37]. The
molecular weight used for ricinoleic acid was 298.5 g/mol.
The obtained esters (70 g) were then mixed to 5.8 mL of
formic acid and 50 mL of toluene as solvent, at room temper-
ature (ca. 298 K). The hydrogen peroxide aqueous solution
(46 mL) was then added slowly to the reaction mixture and
maintained at room temperature under vigorous stirring
(900 rpm) for 24 h. After separation in a funnel, the organic
phase was neutralized to pH =7 with a 5% wt. sodium bicar-
bonate aqueous solution, then washed with distilled water and
dried over anhydrous sodium sulfate. Then, the solvent was
removed using a rotary vacuum evaporator at 70 °C for 1 h.
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Table 1 Physicochemical

properties of castor oil, ricinoleic Properties Castor oil Ricinoleic acid Mineral oil Methods

acid, and mineral base stock oil
Density at 20 °C, g/em® 0.9584 0.9880 0.8931 ASTM D-1298
Acid number, mg KOH/g 1.080 114.265 0.001 AOCS Cd 3d-63
Kin. viscosity at 40 °C, cSt 261.2 130.70 19.8 ASTM D-445
Kin. viscosity at 100 °C, cSt 19.60 12.760 4.12 ASTM D-445
Viscosity index 84 88 108 ASTM D-2270
Pour point, °C —15 -30 -33 ASTM D-97

The obtained epoxidized samples were named as E1OE
(Fig. 1a), and E2EE (Fig. 1b).

The oxirane rings of the latter samples (60 g) were then
opened with the same alcohol previously used for the esteri-
fication reaction, in a molar ratio of 1:4 (epoxidation
product:alcohol), with p-toluene sulfonic acid (6 g) as catalyst
and 50 mL of toluene as solvent. This reaction was heated to
80 °C and refluxed for 4 h under N, atmosphere and vigorous
stirring (900 rpm). After cooling to room temperature and
separation in a funnel, the organic phase was neutralized to
pH =7 with a 5% wt. sodium bicarbonate aqueous solution,
then washed with distilled water and dried over anhydrous
sodium sulfate. Lastly, the solvent was removed using a rotary
vacuum evaporator at 90 °C for 1 h. The final products thus
obtained were named as BL1 (Fig. 1b), and BL2 (Fig. 1b).

All samples were monitored by one-dimensional proton
nuclear magnetic resonance spectra (‘"H NMR) obtained to
500 MHz, performed in a spectrometer Bruker, Model
Avance DRX-500 (USA), using ca. 30 mg of samples dis-
solved in deuterated chloroform.

2.3 Physicochemical properties

The density at 20 °C and kinematic viscosity at 40 and
100 °C were determined using a viscometer SVM 3000
from Anton Paar (Austria), according to ASTM D 7042.
The viscosity index (VI) was calculated using the kine-
matic viscosity values at 40 and 100 °C, according to
ASTM D 2270 method. This parameter relates to the
viscosity change with temperature; the higher the vis-
cosity index, the less the variation of viscosity with
increasing temperature. The acid numbers of the sam-
ples were obtained according to the method AOCS Cd
3d-63 (AOCS—American Oil Chemists’ Society).

The pour point determination was performed according to
ASTM D 97, using 45 mL of the sample in a CPP 5Gs from
ISL (France). The sample was preheated to a temperature of
about 40 °C. Then, the sample was cooled and its flow behav-
ior was monitored for each temperature decrease of 3 °C. The
lower temperature in which the sample still flows under grav-
ity is reported as the pour point (°C).

2.4 Accelerated oxidation method

The oxidative stability time (OST) was measured using 3.0 g
of sample at 110 °C and constant air flow of 10 L/h in a
Rancimat-Metrohm (Switzerland). The air flows through the
sample, and subsequently is bubbled into a flask containing
deionized water. The air oxidizes the sample and drags the
oxidation products which are then solubilized in water, thus
increasing the water conductivity. The obtained response from
this method is a curve of conductivity versus time, and the
point of time in which a variation of 50 uS is reached in
relation to the initial conductivity is considered the oxidative
stability time of the sample.

2.5 Biodegradability

The biodegradability was measured according to ASTM
D7373 method, as reported in Rhee [38], to predict the biode-
gradability of lubricants, using a bio-kinetic model (without
microorganisms). As described in Luna et al. [28], four frac-
tions of samples (2.0 g) were obtained as non-aromatics (F1),
non-polar-based aromatics (F2), esters or related products
(F3), and polar aromatics (F4). The weight for fractions F1
and F3 were used to estimate the half-life of the samples, using
Egs. 2 and 3.

ECB = 1.(F1 + F3)/100 (2)
Half-life = 6.8 x ECB 3% (3)

where ECB is the effective composition for biodegradation
and 7 is the ECB coefficient [28, 38]. The ECB was calculated
using coefficient () of 0.3 to mineral oil, 1.0 to pure castor
oil, and 0.8 to all synthesized bio-based samples.

3 Results and discussion

3.1 Synthesis of bio-based samples

The 'H NMR spectra of the ricinoleic acid and its esters ob-
tained from Il-octanol and 2-ethyl-hexanol are shown in
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Fig. 1 Synthetlc routes for BL1 (a) and BL2 (b)

Fig. 2. When compared the spectra of the ester samples (b and
¢) to the spectrum of the original RA sample (a), the ester
formation is confirmed by the appearance of a peak at the
chemical shift region of 6 =3.9 to 4.0 ppm, which refers to
the hydrogen linked to the neighbor carbon of the sp3 oxygen
of the ester functional group [39].

In the esterification reaction, high ricinoleic acid conver-
sions were obtained for both 1-octanol (98% mol) and 2-
ethyl-hexanol (95% mol), using Eq. 1. The slightly lower
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The "H NMR spectra of the epoxidized products, obtained
from the esters previously synthesized, are also shown in
Fig. 2: (d) for E10E and (e) for E2EE. The epoxidation reac-
tion was followed through the disappearance of the
unsaturation peak (6=5.30-5.40 ppm) in the spectra of
E10E and E2EE samples. The disappearance of those peaks
(Fig. 2 d and e), when compared to the spectra of the esters
(Fig. 2 b and c, respectively), suggests a conversion of ca.
100% mol of E10 and E2E. The appearance of two new
signals at 6 =3.10 ppm and 2.80 ppm confirms the formation
of epoxy groups [41].

At last, the "H NMR spectra of the final products, obtained
after the opening of the oxirane rings of the latter samples, are
also shown in Fig. 2: (f) for BL1 and (g) for BL2. The con-
version of the EIOE and E2EE samples may be estimated
from the reduction of the area of the peaks around 2.8 and
3.1 ppm in the "H NMR spectra [42]. It may be observed that
those peaks practically disappear (see Fig. 2 f and g), indicat-
ing conversion values of ca. 100% for both samples. The
appearance of a peak at  =3.6 ppm is related to vicinal pro-
tons of the CH, group in the ether function obtained after the
oxirane ring opening reaction.

3.2 Physicochemical properties, oxidative stability,
and biodegradability

The physicochemical properties of the bio-based lubricant
samples BL1 and BL2 obtained are reported in Table 2.
Additionally, the properties of a mixture 50/50 vol. of BL1
and BL2, named as BL3, are also reported.

For most applications, it is desirable that a base stock oil
present high viscosity index, low pour point, and high oxida-
tive stability. It may be seen, from the values in Table 2, that



Biomass Conv. Bioref. (2021) 11:803-814 807

Table 2 Physicochemical -

properties of bio-based samples Properties BL1 BL2 BL3 Methods
Density at 20 °C, g/em® 0.9232 0.9241 0.9235 ASTM D-1298
Acid number, mg KOH/g 3.04+0.07 0.85+0.07 1.69+0.07 AOCS Cd 3d-63
Kinematic viscosity at 40 °C, mm?/s 64.05+0.05 61.51£0.05 62.29+0.05 ASTM D-445
Kinematic viscosity at 100 °C, mm?/s 9.224+0.06 8.19+£0.07 8.96+£0.07 ASTM D-445
Viscosity index 122 100 120 ASTM D-2270
Pour point, °C —18+3 —57+3 —51+3 ASTM D-97

the sample obtained using 1-octanol (BL1) showed the highest
viscosity index, while the sample using 2-ethyl-hexanol (BL2)
showed the lowest pour point.

The biolubricant samples (BL1 and BL2) have different
spatial arrangements, thus different viscosities values were
observed. BL1 sample has more effective hydrogen bond in-
teractions and van der Waals bonds than BL2, due to more
linear arrangement, thus it has a higher viscosity value. The
ISO viscosity grade standard suggests application of lubricant
oil according to viscosity values at 40 °C. The viscosity values
of synthesized biolubricants find requirement to ISO VG 68
(61.2 to 74.8 cSt at 40 °C) that are often used as base stock oils
for gear pump applications and hydraulic fluids.

The results for pour points were discrepant between
biolubricant samples (BL1 and BL2). The use of 2-
ethylhexanol, a branched chain alcohol, decreases the pour
point value when compared to linear alcohols [43—45]. The
BL1 sample is composed by more linear molecules, allowing
more interactions due to the van der Waals forces present in
the carbon chain. These stronger interactions cause greater
molecular organization resulting in a higher pour point. The
BL2 sample has branched carbon chains hindering intermo-
lecular interactions, created by steric barriers, thus making the
molecular packing more difficult, disfavoring the crystalliza-
tion process and leading to lower pour point values [46-48].
However, for the BL3 sample (50/50 vol. mixture of BL1 and
BL2), it may be observed that the pour point behavior does not
show a linear relationship with the mixture concentration, be-
ing somewhat closer to the value found for BL2. This con-
firms a predominant effect of the presence of branched mole-
cules from the BL2 sample on the pour point property.

The oxidative stability is related to the level of unsaturations
and their configuration. The chemical routes studied were
planned to improve the oxidative stability of the esters derived
from the ricinoleic acid. The main purpose of epoxidation step
was to eliminate the double bounds and thus reducing the num-
ber of active sites for oxidation reactions [49]. The reduction of
double bonds after oxirane ring opening reactions is then con-
firmed from the results shown in Fig. 3, in which the oxidative
stabilities times for both all samples (BL1 and BL2) were higher
than their previous ester samples before the epoxidation step
(E10 and E2E).

For evaluation of biodegradability of synthesized samples
(BL1, BL2, and BL3), the results of chromatographic elution
are presented in Table 3, which shows the average of the
fractions eluted, the effective composition for biodegradation
(ECB), and the half-life time. The ECB values show the com-
position of the sample effectively biodegradable, thus it is a
value ranging from zero to one, where the maximum value
suggests that the sample is completely biodegradable.

It may be observed that the half-life time obtained for all
synthesized samples were lower than those observed for the
mineral oil samples (ECB of 0.232 and half-life of 222 days).
The lower biodegradability of mineral oils is strongly related
to the presence of aromatic, naphthenic, sulfur compounds in
their composition, that traditionally have lower biodegradabil-
ity [9]. All synthesized samples presented higher half-life time
than pure castor oil, which was expected since castor oil
is a natural product, containing mostly triglycerides.
However, there are severe limitations to the use of cas-
tor oil as direct lubricant related to thermo-oxidative
and hydrolytic properties [9, 50, 51].

The estimated cumulative biodegradation profiles for all
samples are shown in Fig. 4. Among the biolubricants, the
differences observed due to the alcohols used in the process
(1-octanol or 2-ethylhexanol) were also detected in the results
of half-life time and the profile of biodegradation. The half-

30

-

=

)

T
E10

T T T
E2E BL1 BL2
Samples

Fig. 3 Oxidative stability time (OST) of E10, E2E, BL1, and BL2
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Table 3 Mean fractions of eluted, effective composition for
biodegradation (ECB), and half-life of the samples: mineral base stock
oil, castor oil, and bio-based samples

Samples  F1(%) F2 (%) F3 (%) F4(%) ECB Halflife (days)
Mineral oil 684 227 88 0.1 0232 222
Castoroil 361 54 443 142  0.785 12
BLI 459 139 343 59 0641 20
BL2 26 461 471 42 0398 60
BL3 444 155 329 72 0618 21

F1: non-aromatics (n-pentane); F2: non-polar based aromatics (pentane/
toluene mixture); F3: esters or related products (diethylether); F4: polar
aromatics (chloroform/ethyl alcohol)

life time of BL1 (obtained with 1-octanol) is three times lower
than the half-life time of BL2 (obtained with 2-ethylhexanol
(BL2), as seen in Table 3. This indicates that the presence of
more linear molecules in the BL1 sample has an effect on the
biodegradability property. Similarly to what was previously
observed for the pour point results, the biodegradability of the
BL3 sample (50/50 vol. mixture of BL1 and BL2) did not
show a linear behavior with the mixture concentration. In this
case, the biodegradability of the BL3 sample was somewhat
closer to BL1, which indicates a predominant effect of the
presence of linear molecules from the BL1 sample on this
property, as measured using the ASTM D7373 method.

The synthesized samples presented physicochemical prop-
erties that are interesting for formulation of lubricants (VI
from 100 to 122 and pour point from between — 18 and —
57 °C) with biodegradability properties (half-life of 20—
60 days) slightly closer to those of vegetable oils than to the
properties of the petroleum base stock oils.

100

Biodegradation (%)
s 2 g

[
=
1

0 T T T T T
0 5 10 15 20 25 30

Time (days)

Fig. 4 Estimated biodegradation profiles for (black circle) BL1, (black
diamnnd) BL2, (square) BL3, (down-pointing triangle) mineral oil, and
(up-pointing triangle) castor oil
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3.3 Process design for integration with biodiesel
industry

The biodiesel industry consists of hundreds of facilities world-
wide producing billions of liters of this biofuel annually
[52-56]. An integration of the biodiesel production process
to also obtain novel bio-based products shall be an important
mechanism of adding value to this industry.

The block diagram of a typical biodiesel production pro-
cess is presented in Fig. 5. The industrial production of bio-
diesel is traditionally made through the transesterification pro-
cess of vegetable oils or animal fats with methanol or ethanol,
producing 90% biodiesel and 10% glycerin [57]. The reaction is
followed by a separation phase system, where crude esters (upper
phase) is separated from the crude glycerin (lower phase). The
esters (biodiesel) are purified through excess methanol recovery,
water washing multi-steps, and finally dried.

In this study, bio-based stock oils are obtained from
ricinoleic acid, through esterification with 2-ethylhexanol or
1-octanol, followed by epoxidation of the unsaturations of
fatty acid chains and then opening oxirane ring reaction with
the same alcohol used in the esterification step. The block
diagram of the bio-based stock oil production process is
displayed in Fig. 6. In this process, after the esterification of
ricinoleic acids, the excess of esterifying alcohol shall be re-
covered to be recycled into esterification step. The ricinoleic
esters (E10 and E2E) shall then be purified by a flash evapo-
ration in order to guarantee the complete removal of volatile
elements in its composition.

The epoxidation of ricinoleic esters occurs in stirred reac-
tors, in the presence of inert solvent in order to avoid side
reactions. After reaction time, alkaline solution (e.g., sodium
bicarbonate/water) is used to interrupt the reaction. Thus, the
reaction medium is transferred through a separation system
(settling or centrifugation) in order to remove water, formic
acid, and the excess of hydrogen peroxide. The upper phase is
predominantly epoxidized ricinoleic esters and solvent. Since
the solvent is also used in the next reaction step, it is not
required to remove it from the mixture.

Epoxidized esters (E1OE and E2EE) are then reacted with the
same alcohol used in the esterification step in order to open their
oxirane rings, adding a hydroxyl group and an alkyl branch in
each unsaturations of the ester molecules. This reaction is carried
out in stirred tank reactor that uses pTSA (p-toluene sulfonic acid)
as catalyst and an inert solvent again to avoid side reactions. After
reaction, alkaline solution is used to neutralize the pTSA and then
the reaction medium is separated by centrifugation of three
phases (ester/solvent phase, aqueous phase, and pTSA salts).

The upper phase is then flash evaporated in order to recover
toluene and the excess of alcohols. The toluene and alcohol
blend recovered shall be distillated for both materials and shall
be recycled into the reaction steps. The esters are the final bio-
based products (BL1 or BL2).
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Fig. 5 Block diagram for
biodiesel production
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A multi-purpose industrial configuration that may be capa-
ble of producing the biodegradable base stock oils (BL1 or
BL2) is shown in Fig. 7 (esterification and epoxidation steps)
and Fig. 8 (oxirane ring opening step).

Both processes present similar reaction and separation sys-
tems. Esterification, epoxidation, neutralization, and oxirane
ring opening reactions shall be carried out in stirred reactors as
well as transesterification, adapted with a catalytic fixed bed
column for esterification step. Separation system of both pro-
cesses occurs by gravity decantation with similar relative spe-
cific mass among the material involved. Methanol or toluene
recovery, flash-evaporation, and drying systems to purify bio-
diesel or biolubricant are similar, adjusting the operating con-
ditions to such situation of mass flows and thermodynamic
properties of materials used. The centrifugation system to re-
move salts produced from the neutralization of HCI used on
the glycerin purification system of the biodiesel production
process shall be integrated with the process of removing salts
produced from the neutralization of pTSA on the biolubricant
production process.

All equipment included in Figs. 7 and 8 are present in an
industrial biodiesel process: stirred reactors for transesterification
steps, heaters and coolers for thermal transferring, settlers to
liquid-liquid separation, washing columns, flash systems for pu-
rifying and drying esters, centrifuge to separated salts, and aux-
iliary tanks.

The industrial unit that may not be integrated is the recov-
ery of alcohol excess (alcohols/toluene distillation) due to
thermodynamic differences among distinct alcohols. For ex-
ample, methanol, 1-octanol, and 2-ethylhexanol have boiling
point of 64.7 °C, 195 °C, and 184 °C, and vaporization en-
thalpy of 38 kJ/mol, 71 kJ/mol, and 68.5 kJ/mol, respectively,
requiring specific sizing conditions for the equipment applied
to its evaporation and distillation processes.

A detailed mass balance for a process to obtain biodiesel
has been estimated and is shown in Tables S1 and S2
(Supplementary material). The same was performed for the
production of bio-based lubricants as proposed in this study
and shown in Tables S3 and S4. In both cases, the initial
feedstock flow rate was considered as 1000 kg/h (vegetable
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Fig. 6 Block diagram for bio-based lubricants production

oil or ricinoleic acid). The conversion values obtained exper-  recovery yield of a biodiesel plant (95% wt.) was considered
imentally in this study for the esterification, epoxidation, and  for the steps of octanol, 2-ethylhexanol, and toluene recovery
oxirane ring opening reactions were used as assumptions for  in the biolubricant configuration. Finally, for the biodiesel
the mass balance. Additionally, a typical excess alcohol  process, a partition coefficient between ester and aqueous
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Fig. 7 Process scheme for esterification of ricinoleic acid with long-chain alcohols and epoxidation of ricinoleic ester using hydrogen peroxide and

formic acid
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Fig. 8 Process scheme for oxirane rings opening reaction and separation of final products (BL1 and BL2)

phase was considered 0.125 wt/wt. From the detailed mass
balance (see Supplementary material), a global mass balance
has been proposed for the biodiesel process (Table 4) and for
the biolubricant process (Table 5). It may be observed that,
starting from 1000 kg/h of ricinoleic acid as feedstock, the
biolubricant configuration would yield above 1850 kg/h of a
biolubricant product.

Table 4 Global mass

balance for biodiesel Inputs per 1000 kg of triglycerides (kg)

production Triglycerides 1000.0
Methanol 105.8
Sodium methylate 30% 16.7
HCI 4.6
Water 99.1

Outputs (kg)

Biodiesel 991.1
Glycerin 130.1
Fatty acids 9.0
Waste water 82.7
Losses 133

The degree of integration of the biolubricant production
into an existing biodiesel unit may provide benefits such as
reduced operational and maintenance costs. A more efficient

Table 5 Global mass balance for biodegradable base stock oils
production

Inputs per 1000 kg of ricinoleic acid (kg)

Ricinoleic acid 1000.0
Alcohol (2-ethylhexanol or 1-octanol) 1076.9
Formic acid 137.2
Hydrogen peroxide 30% 1012.2
Toluene 28.4
Water 317.9
Sodium bicarbonate 16.7
pTSA 140.8
Sodium hydroxide 50% 65.5
Outputs (kg)

Biodegradable base stock oil 1865.8
Salts 240.7
Waste water 1434.9
Losses 254.2
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use of vegetable oils or fatty acids for obtaining a variety of
biodegradable base stock oils enables, consequently, an in-
crease in the profitability of the biodiesel industry.

4 Conclusion

The synthesis of biodegradable base stocks for lubricant
oils, which could be obtained in an integrated way with
the biodiesel processing industry via epoxidation route,
was evaluated. The chemical modification of ricinoleic
acid using 2-ethyl-hexanol in esterification and oxirane
ring opening reactions gives the final product a better
cold property (—57 °C), as well as a higher resistance
to oxidation (OST >25 h). On the other hand, the linear
chain alcohol use gives the product a higher viscosity
(64 mm?*/s at 40 °C) and viscosity index (122). In terms
of biodegradability, the synthesized biolubricants have
half-life values differing among them (20 days for
BL1 and 60 days for BL2), but they are much lower
values when compared with mineral oil (~220 days),
thus being more environmentally friendly.

The synthesized bio-based lubricants prove to be a
viable alternative to solve the biodiesel industry down-
time problem, once modifications are made for products
large scale production. The only operation that may not
be integrated is the excess alcohol recovery due to dif-
ferent physicochemical properties of the alcohols.
However, a high degree of integration with traditional
biodiesel industry may provide benefits such as reduced
operational costs and increased the profits for a biodie-
sel industry to produce a wider variety of bio-based
products for formulation of biodegradable lubricants.
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