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Abstract

Esterification and/or transesterification of aides from soybean oll
obtaining processjatropha hieronymi oil (non-edible), waste frying oil
(sunflower) and commercial sunflower oil were saatlifor biodiesel
production. Enzyme lipase éfseudomonas fluorescens immobilized on
sodium-modified-SBA-15 was employed as biocatalj$te experiments
were carried out in a batch reactor taking samptedifferent times and
determining the biodiesel production by HPLC. Thechtalyst was able to
produce biodiesel from residual or undervalued @ighout any previous
refinement) and commercial ethanol as co-substidte.advantage of the
latter is the possibility of obtaining ethanol fraanfermentative process,
which favors a sustainable development. Biodiesdtly between 70-95%
were achieved depending on the employed oil.

Keywords. Biodiesel, Waste ails, Biocatalyst, Ethanol, Sustainability
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1. Introduction

Currently, energy policy is based on two fundarakmtillars:
economic rationality and sustainability. The mabjeatives of this policy
are: to significantly reduce greenhouse gas emmssio a sustainable
manner; to strengthen the diversification of priymsources of energy; and
to increase the energy efficiency of the economy thre efficient use of
resources. All this without compromising the conitpatiness of companies
or the quality of citizens life [1]. In this contieand satisfying the majority
of the mentioned requirements, biodiesel emergesaapromising
alternative fuel. It has been identified as on¢hefmost successful options
to replace, or at least complement, conventiorakfwsing natural sources
and renewable biological products for its productidt presents the
following advantages respect to petro-diesel: irasewable, non-toxic,
biodegradable, does not contain sulfur and is tebé&tbricant [2,3].The
conventional process currently used to produceiésatl employs sodium
hydroxide as a homogeneous catalyst. This proaesepts environmental
drawbacks such as the elimination of soaps andebating amounts of
glycerol contaminated with the catalyst during plification stage. Since
the reaction must be carried out in batch, thelysttanust be neutralized
and cannot be recycled, which is not economicalgpble and must be
subsidized [4]. In addition, oily raw materials musve low free fatty
acids and water contents to be used. These regentermcrease the cost
of production, since economic raw materials (fatsd or non-edibles oils)
must be treated to meet these parameters befoesingnthe biodiesel
producing process [5].

The application of heterogeneous catalysts can igeowgreat
advantages to overcome such technological chalkentdpe purification
steps decrease (the catalyst can be separateldraiyoin), the catalysts can
be used in batch or continuous systems, they gineianot lead to the
production of soaps, they allow the use of raw ntewith high free fatty
acid contents, they allow the improvement of pradyagality, corrosion
and toxicity problems are mitigated comparing taonbgeneous process
[6-8]. Solid catalysts such as zeolites, mixed egjdsulfated zirconia and
exchange resins have already been studied fordsedproduction, using
raw materials with high free fatty acids contentl8]; however, they still
have a low activity, which is why higher concentras of catalyst are
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required respect to homogeneous processes. Wikl@nnanostructured
solids, SBA-15 type mesoporous molecular sieve ¢t&ain specific
properties such as large areas (~ 108@)yand pore volume (~ 1 éf),
the possibility of electrostatic interactions amdnodify its surface with
metals, mechanical and chemical resistance. Itadfeos pores in the order
of 2-10 nm that make it possible to discriminatelenoles according to
their size and allow the diffusion of substrated @noducts [11,12]. This
nanostructured material can also be used as suggpionimobilize enzymes
as active species, obtaining a solid biocatalystreésult, the enzyme useful
life and the stability against various agents (pkidants, temperature) is
increased and the separation of the reaction medidatilitated. As it has
been demonstrated by other authors, the fixatiorbiologically active
species on inorganic materials combines the seigctof enzymatic
reactions with the chemical and mechanical propemif the support [13—
17].

For the above reasons and aiming to produce lselliea
heterogeneous biocatalyst based Bseudomonas Fluorescens lipase
immobilized on sodium-modified-SBA-15 {ENa/SBA-15) has been
designed and reported elsewhere [18]. In this wtik, biocatalyst was
tested with different raw materials: commercialfiawer oil, J. hieronymi
oil, used frying oil and a residual soybean dilhieronymi is an endemic
specie from semiarid and arid northwest of Argemtand its oil is not
edible. It is a non-conventional oilseed speciet tth@es not represent
competition with food crops and, for this reasdrpresents an economic
potential as alternative oil [19-22Z]Dn the other hand, the used frying oil (a
domestic and gastronomic industry waste) can aksordused for the
production of biodiesel, avoiding contamination whié is discarded in
drains [15,23,24] . Finally, the residual soybedrused in this work is a
byproduct of the refining process of crude oil whiconsists of the
following stages: degumming, removal of phosphdBpiand other
amphipathic lipids, neutralization to remove fragy acids, bleaching and
deodorization [39]. If the soapstock resulting e theutralization step is
acidulated, a mixture mainly composed by FFA andspholipids, tri, di
and mono acylglycerides, tocopherols, sterols, atégg oxidized
components, pigments, salts, and color bodies ismall amount is
obtained [40].
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The above mentioned three raw materials contagh RiFA, which
does not allow using them directly in the homogenpucess. Thus, a
pretreatment with sulfuric acid as catalyst mustlbee to esterify the free
fatty acids. Subsequently, the acid must be nem#dhl and the product
should be washed and dried before to use the @atamxture of esters of
free fatty acids and triglycerides as reagent tog transesterification
reaction with the basic homogeneous catalyst. Gmsereaction has been
carried out, the catalyst must be neutralizedottained biodiesel must be
washed and dried again to be commercialized as[2826]. In addition,
the use of acids and bases to take advantage 3¢ substrates may cause
the oxidation and corrosion of the reactor, deangasts useful life,
increasing the cost of the process and being agjyeeswith the
environment. These mentioned steps can be avdidediocatalyst is used.
Thus, the developedpi/Na/SBA-15 catalyst has been tested in a batch
system for the mentioned oils without any previtveatment.

2. Material and Methods

2.1. Materials

Pseudomonas Fluorescens lipase (PFL>20,000 IU/g at 55 °C, pH
8.0) was purchased from Sigma-Aldrich Co. (St. kpuUSA) [27].
Commercial sunflower oil ("Vicentin" brand) wasirphased at a local
store. Waste frying oil was collected from differelomestic sources and it
was filtered before being used. Residual soybednwas generously
provided by Louis Dreyfus Company (Bahia Blancayextina).

Other employed reagents were: ¥, K,HPO, and KOH
(Anedra); commercial bioethanol 96% v/v (Porta Hhosydrochloric
acid-HCI and sodium carbonate-j{&; (analytical grade, Cicarelli), n-
hexane and acetonitrile (analytical grade, Merdkppropyl alcohol
(Fluka), triblock copolymer Pluronic P123 and tethyl orthosilicate-
TEOS (Aldrich), and milliQ water. Syringe filterpdlypropylene, 25 mm
diameter and 0.gm pore size) were supplied by VWR.
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2.2. Lipid extraction

J. hieronymi seeds were collected from wild populations locaed
Santa Maria valley, Catamarca, province of northwegentina (27° 00’
S, 66° 14" W, 2200 m a.s.l.) To obtain the oil, &f=ds collected from
several individual plants (approx. 20) were overedirat 70 °C until
constant weight, weighed and ground with a mortéwen, 10 g of seed
samples were extracted with 170 mL hexane for 6nld at room
temperature, using a Soxhlet apparatus. The hewaseseparated and
collected under reduced pressure in a vacuum ctnaten The residue (Ya
lipophilic fraction) was dried for 12 h at 80 °Ccatien, it was weighed.

2.3. Acid value determination

The feedstocks acid value were determines by vdluengtration
according to the standard EN I1SO 14104 (2003).r€heired oil mass was
mixed with 2-propanol in a conical flask (0.25 gmgde/mL solvent) and
titrated using an aqueous KOH 0.1 M solution. Phariteine was used as
the final point indicator. Results are expressetgnKOH/g sample.

2.4. Na/SBA-15 synthesis

The SBA-15 support was synthesized dissolvingg & Pluronic
P123 in 30 g of water and 120 g of 2 M HCI with metyc stirring at 40
°C. Then, 8.50 g of TEOS were added, and the mextwas stirred at 40 °C
for 20 h. The suspension was aged at 100 °C oJdrmghout agitation.
The solid product was filtered, washed and drie®é@t’C. Then, it was
calcined at 500 °C for 6 h, with a heating ram@ 6C/min.

The support modified with sodium was prepared byt we
impregnation method: 0.75 g of SBA-15 were mixedhwan aqueous
solution of metal salt (N&0;), to obtain a material with a theoretical
sodium concentration of 2.5% by weight. Then, wates removed by
rotary evaporation. The resulting powder was dae@0 °C overnight, and
calcined for 8 h at 500 °C. The sample was namdétbdSBA-15 (2.5)
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2.5. Mesoporous Na/SBA-15 characterization

Small angle X-ray scattering analysis (SAXS) weaaied out in the
National Light Synchrotron Laboratory (LNLS) of Cpmas, Brazil. The
detector was a Pilatus 300k from Dectris. The enitdéyton cell was
measured and subtracted from the signals after al@ation. Data was
radially integrated by using FIT2D V 12.077 from ddnHammersley at
ESRF.High angle X-ray diffraction analysis (XRD) wererfigmed in a
PANalytical X-Pert Pro X-ray powder diffractometewith a Bragg-
Brentano geometry. A CuKlamp was used (40 kV, 40 mA), in & éange
between 20-80°. Transmission Electron Microscopgges (TEM) were
obtained using a JEOL model JEM-1200 EXIl. SpecsBurface was
determined using a Micromeritics Pulse ChemiSor@023y the Brunauer-
Emmett-Teller method (BET). The basicity of the thytized catalysts was
studied by carbon dioxide temperature programeargéen (CQ TPD)
between 80-950 °C, with a 10 °C/min heating rai@ @arb0 mL/min gas
flow in a ChemiSorb 2720 equipmenkXPS analysis was performed on a
SPECS Multi-technique equipment, equipped with al dray source
(Mg/Al) and a hemi-spherical analyzer PHOIBOS 1&0fiked analyzer
transmission mode (FAT). The sodium content in Hamples was
determined by Inductively Coupled Plasma Atomic &man Spectroscopy
(ICP) using a spectrophotometer VISTA-MPX CCD Sitankous ICP-
OES-VARIAN.

2.6. Pseudomonas fluor escens lipase immobilization

A lipase solution (5 mg/mL) was prepared with 26 mhosphate
buffer (pH=8). Then, 0.125 g of the Na/SBA-15 (2is suspended in 10
mL of the solution to obtain an optimum ratio 0f04Mg:nzymd Isupport [15].
The suspension was maintained with gentle agitatoroom temperature
for 24 hours, then centrifuged to remove the sugganmt and washed twice
with 10 mL of 25 mM phosphate buffer pH=8. The deti@ation of the
non-immobilized protein content was carried outabfradford test [28].
The hybrid material obtained from the enzymatic wmlwhzation was
named as k/Na/SBA-15 (2.5).



203

204
205
206
207

208

209

210
211
212
213
214
215
216
217
218

219
220
221

222

223

224

225

226
227

228

2.7. Transesterification reaction

The reactions were carried out in screw vials gdam an orbital
shaker at 180 rpm, 37 °C and a 1:4 sunflower odtt@nol molar ratio, and
they were started when the biocatalyst was addachpes were taken at
different times to be analyzed by HPLC.

2.8. Chromatographic analysis

The analysis were performed with a Perkin EImed 868ries HPLC
with UV-vis detector, equipped with a solvent dehy unit with gradient
of elution, a KNAUER Vertex Plus (250 mm x 4.6 nmsrym) Eurospher I
100-5 C18 P. The software used was TotalChrom.Wanelength of the
UV detector was set at 205 nm, the column temperatias maintained at
30 °C and the flowrate was 1 mL/min. For chromaapdic runs, a
stepwise method was used: 100% of methanol in Q B@i#% of methanol
and 50% of 5:4 2-propanol/n-hexane in 10 min mameth with isocratic
elution for 10 min [29].

All reactions were performed at least in duplicated the results
were expressed as mean values (the percentageeddés between the
values were always less than 5% of the mean).

3. Results and discussion

3.1. Na/SBA-15 characterization

The structural and textural characterization oé tmesoporous
support was made by SAXS, TEM and high angle XRD.
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Figure 1. Structural characterization of Na/SBA-15 (2.5) omwous support: A) SAXS
pattern, B) TEM image.

The SAXS spectrum of the Na/SBA-15 (2.5) suppomvah the
presence of well-defined peaks that can be indéxede (1 0 0), (1 1 0),
and (2 0 0) planes. These peaks are associatedhsifitresence of a highly
ordered porous structure with a hexagonal porengeraent (Figure 1A).
Figure 1B shows Na/SBA-15 TEM image, where wellevedl parallel
nanotubular pores can be observed along the dasisg a good structure
of the obtained solid. Thus, the regular hexagoamaby of uniform
channels in which each pore is surrounded by sighbers could be
clearly observed.

These results demonstrated that the hexagonal afrthe original
mesostructured SBA-15 silica is preserved throughahemical
modification of its surface with sodium. In order $tudy the chemical
composition of the material, sodium content waseeined by ICP,
obtaining a 2.20 wt%. Sodium oxide species on SBA~E&re observed in
the high angle XRD profile (Figure 2). This pattstrows the typical peak
for the amorphous silica (~22°) [30], besides hinpeaks attributed to
Na,O, species [31,32]. Peaks corresponding to othenepsach as N®,
NaQ, cannot be detected, indicating that if they exlsty are amorphous
clusters or nanoparticles too small to be detebiedhis technique [33].
According to the XRD analysis, the different oxidgsecies would be
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finely dispersed on the silica support [30]. Thisoaagrees with the lower
specific surface corresponding to Na/SBA-15(2.5)7 &f/g, compared to
794 nflg of SBA-15.

* Na,0-398i0,; = Na,0,

Intensity [a.u.]

20 30 40 50 60 70 80
2 Theta [°]

Figure 2. XRD profile of Na/SBA-15 (2.5) support.

Then, XPS spectra of the support and Na/SBA-15@®)xshowed in
Figure 3. The corresponding bending energies arerguized in Table 1.
C 1s signal was adjusted at 284.8 eV. O 1s sigarabe mostly assigned to
the siliceous support contribution (Si-O of 9iOThe lower binding
energy for Na/SBA-15(2.5) (531.3 eV) compared ® plure support (533
eV) may be due to the formation of Si—-O-Na bondgeratodium
impregnation and calcination, which can stabilihe tnetal oxides and
silicates on the support surface [34,35]. In th@sregion, a lower binding
energy (102.0 eV) respect to the support (103.5@W) also be detected,
suggesting the existence of the interaction betwkerSBA-15 and metal
species. Finally, the presence of Na is evidengethé signal at 1070.4
eV, which is absent in the support spectrum [34].
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Figure 3. XPS pattern of SBA-15 (Red) and Na/SBA-15 (2.9uéB.

The surface composition is also showed in Tabldt Ehould be
noticed that the difference between sodium contetérmined by XPS
respect to that obtained by ICP (2.20 wt%) is ali8at

Table 1. Bending energies and superficial composition aeiteed by XPS for Na/SBA-
15(2.5).

Na/SBA-15(2.5) Si2s Si2p O1ls Cl1s Nals

Bending energy (eV) 102.0 531.3 284.6 1070.4

It is known that loading sodium or calcium on ®BBA-15 support
grants its basicity. This basicity favors the lipaactivity creating a
synergic effect with the support [15]. To confirhetsodium modified solid
basicity, Na/SBA-15(2.5) was analyzed by O®mperature-programmed
desorption. Figure 4 shows the obtained profileamparison with a solid
modified with higher sodium concentration (Na/SB3(10)). On the
graphic, three regions can be defined dependin®type of sites present

10
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on the solid. Desorption from 80 °C to 250 °C cgpoads to the presence
of low basic strength sites (yellow zone). Thug tbserved band in this
region would correspond to the interaction of ,G&th the support Si©
species [36]. Then, desorption between 250 °C &@d°€ corresponds to
medium basic strength sites, as sodium silicateispéorange zone) [36].
Finally, the band appearing from 600 °C onwardd@&wes the presence of
high basic strength sites. These sites may bt to finely dispersed
sodium oxides on the catalyst surface, considesesdiper base [37].

Na/SBA-15 (10)

TPD signal/mass [a.u./g]

Na/SBA-15 (2.5)

100 200 300 400 500 600 700 800
Temperature [°C]

Figure4. CO,-TPD profiles of Na/SBA-15 (2.5) and SBA-15 (10pports.

As it can be observed, both solids show bands sporaling to low
and medium basic strength sites. However, only BA/$5(10) shows a
band corresponding to high basic sites [35]. Inravipus report, the
highest activity of lipase immobilized on Na/SBA{2%) was already
observed. Nevertheless, when the metal loadingeasas, the lipase
activity decreases. It could be due to the appearah high basic strength
species, as it is shown for the solid with a 10 wit®oretical sodium
loading. The super basic character of these speoidd create an alkaline

11
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environment that causes the enzyme denaturatias. khown that ionic
interactions can affect the stability of the enzynagive state, decreasing
its activity. Thus, the optimum activity of the &pe was achieved in
presence of medium basic strength species or @itdbe SBA-15 surface
at a theorical sodium loading of 2.5 wt% [15].

3.2. Transesterification reaction

The Pseudomonas Fluorescens lipase immobilized on characterized
solid (Na/SBA-15(2.5)) was tested in the transdstation reaction of the
following oils: sunflower, waste frying, residuaybean and. hieronymi,
with commercial ethanol (96% v/v). As it is showiadrigure 5, biodiesel
(BD) and glycerin (GL) would be the expected prddutthe reaction had
a 100% vyield (step 3). However, if the reactiomat completed (steps 1
and 2), monoglycerides (MG) and diglycerides (DG®¢ abtained as
reaction intermediates. Moreover, the scheme shouicdude the
esterification reaction (pre-treatment) in casertve material contains free
fatty acids, such ad. hieronymi oil and residual soybean oil (Figure 6)
[5,19,21,22].

Pre-treatment)

FFA + A—> 5) Honmaeous Acid Catalyst\
Step 1)
TG + A—» [BDD + DG Homogenedasic Catalyst
Step 2) > Biocatalyst
DG + A—»|BDD + MG HomogenadBasic Catalyst
Step 3)
MG + A—@™ g) + Gl Homogenes Basic Catalyst)

Figure 5. Homogeneous catalysis vs. biocatalysis. Stageth®fbiodiesel reaction using
triglycerides and free fatty acids as raw mateR&A: Free Fatty Acid, TG: Triglycerides, DG:
Diglycerides, MG: Monoglycerides, BD: Biodiesel, GElycerin, A: Ethanol.

12
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Figure 6 exposes the HPLC chromatograms of the fhove
mentioned oils. In this, regions were assigned he four types of
compounds that can be determined by the technifiGe DG, MG and
FFA) according to their retention time, withoutfdrentiating between the
esters arising from different fatty acids. Triglyides (16-19 min),
diglycerides (9-14 min) and monoglycerides (4.5-@rbn) in minor
proportion can be identified in the hieronymi oil, waste frying oil and
commercial sunflower oil. Meanwhile, a peak cormgting to free fatty
acids appear in the residual soybean oil (2-4 mwijere they represent
about 79 wt% [38].

Intensity (a.u.)

E S s s T H

Time (min)

Figure 6. Chromatograms of the raw oils: A) Residual soybe®nB) J. Hieronymi oil, C)
used frying oil, D) sunflower oil.

These results are in agreement with their high aeide (mass of
KOH necessary to neutralize the free fatty acigs@nt in 1 g of sample),
summarized in Table 2: 76.81% for the residual sayboil and 4.07% for
J. hieronymi oil. The large amount of free fatty acids in the redidua
soybean oil comes from the purification procesdesude soybean oil, as
mentioned in the introduction. Meanwhile, non-edlildils, such asl.
hieronymi are often contaminated with FFA due to the agmmatic and
the processing conditions of the oils extractiord d@heir storage [41].
According to Freedman et al. [42], the maximundaclue of oil to be
used in homogeneous process for biodiesel produatast be lower than
1 wt%. For this reason, an acid catalyzed estatibo is necessary to

13



360 convert the free fatty acids into methyl estersl #rus, reducing the acidity
361 to an acceptable value [41]. In addition, thesse oiust undergo a prior
362 treatment to reduce their water content, sinceatloeved one is 600 ppm
363 [25]. This is because the water inhibits the tratesdication reaction when
364 using NaOH as catalyst and, together with FFA, deadparallel reactions
365 oOf saponification with the consequent formatiorsoéps [31]. As it can be
366 Seen in Table 2, all studied samples exceed thanman value.

367 On the other hand, the waste frying oil has a lopercentage of
368 triglycerides respect to commercial sunflower @iis is because during
369 the frying process, triglycerides can be partidfydrolyzed by the water
370 present in food, increasing the free fatty acidscentration, and therefore,
371 the acid value (see Table 2) [43].

372 However, considering that lipase has an
373 esterification/transesterification activity (evenitiw high water content
374 [15,44]), if a biocatalyst is employed, the biod@dkegproduction could be
375 carried out in a single stage using the mentionlsdBigure 5).

376

377  Table 2. Physicochemical characterization of the raw maketised.

Acid

Density Triglycerides Diglycerides Monoglycerides  value FFA Water
Feedstock [g/lemd] conten’f1 conten;[‘ content [Wt%]*  [mako contenE contenc'it
(wt%] [wt%] 9] (wt%]”  [ppm]
Sunflower oil 0.94 92.58 3.48 1.33 0.11 0.05 631
Used g 0.4 80.06 16.57 1.31 021 0.1 671
Ss;;;i‘;ac')” 0.96 2.43 5.53 4.20 15372  76.91 5221
J Hif)ri‘l’”ymi 0.92 94.12 4.03 0.63 8.14 4.07 1185
378  *Measured by HPLC.
379 PDetermined according to the European standard EN4:42003.
380  “Calculated from the acid value [45].
381 YDetermined according to the standard ISO 129370200
382
383 Herein, using a batch reactor the activity of the/lNa/SBA-15(2.5)

384 biocatalyst was determined. As it can be appretietd-igure 7, after 48 h
385 Of reaction, the biocatalyst was able to produaaliesel with the four
386 mentioned oils. According to the achieved biodiggelds, sunflower oil
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388
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393
394
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396

397
398
399
400

401

402
403
404
405
406

407

408

(FAEE yield: 95.6 wt%), which is considered as fooould be replaced by
alternative oils such as waste frying oil (FAEE lg¢ie91.4 wt%) or
Jatropha hieronymi oil (FAEE vyield: 89.7 wt%) which are non-edibledan
almost lead to similar biodiesel yields.

The biocatalyst even showed a very good
esterification/transesterification activity in tbhase of residual soybean oil,
leading to a biodiesel yield of 76.0 wt% from a ramaterial mainly
composed by free fatty acids, and without any nevitreatment.

100

Sunflower oil

304 Frying waste oil

Residual soybean oil

bt

60 Jathopha oil

40

FAEE Yield (wt. %)

20 jfa

0 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

Time (h)

Figure 7. Transesterification activity of the biocatalystiNa/SBA-15 in a batch reactor versus
different substracts: sunflower oil, used fryingd, oesidual soybean oil andél Hieronymi oil.
Reaction conditions: 48 h reaction, 37 °C, 80 rami oil/ethanol (96% v/v) ratio, 400
mgaroteir/gsupport

The decrease in biodiesel yields when employingietonymi and
residual soybean oils could be due to the largeewatmount, 1185 and
5221 ppm, respectively (Table 2). This may be duéhée fact that lipase
activity decreases when the water content exceeesoptimum water
activity point, as other authors have already noeretl [14,15].

4. Conclusions
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427
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429
430

431
432
433
434

435
436
437

438
439
440

441

In this work, the developed p/Na/SBA-15 biocatalyst was
employed to produce biodiesel from alternative veadde substrates. Its
potential to transesterify and/or esterify the tstgr oily feedstock with
commercial ethanol (96% v/v) has been confirm. &8ebetween 76-96
wt% were obtained with the four tested oils (comrrarsunflower oll,
non-edibleJ. hieronymi oil, waste frying oil and residual soybean oil)
without the need for any previous treatment. Thresalts also encourage a
bioprospecting of new plant species with oilseeugiye of semiarid and
arid ecosystems), which promise the production efoed-generation
biofuels.
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Highlights

- Pseudomonas fluorescens lipase was successfully immobilized on Na/SBA-15
support.

- Sites of medium basic strength on the SBA-15 are optimal for the lipase activity
- Lpe/Na/SBA-15 can esterify/transesterify oilsin soft conditions.
- Second generation biodiesel was produced with aternative oils and bioethanol.

- A 90% of FAEE yield was achieved after 24 h of reaction.
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