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Abstract: In this study, four heterogeneous enzymatic catalysts were synthesized: three from the
immobilization of Pseudomonas fluorescens lipase (Lrf) on SBA-15, Ca/SBA-15, and Na / SBA-15, and
one using the one-step coprecipitation technique, called LOBE (Low Ordered Biosilicificated En-
zyme). The physicochemical properties of these materials were determined by small-angle X-ray
scattering (SAXS), Fourier Transform infrared spectroscopy (FT-IR), inductively coupled plasma
atomic emission spectroscopy (ICP), and N2 adsorption measurements. The biocatalysts activity
was evaluated in the production of biodiesel with different oily raw materials. From these results,
it was possible to infer that besides enzyme-metal-support synergistic effect (Lrr/ Ca / SBA-15 or Lrr
/ Na / SBA-15), confinement effects that influences on the substrates diffusion or mass tranfer de-
pending the pore architecture is determining on the catalytic efficiency.

While the SBA-15 material presents one-dimensional channels, the LOBE biocatalyst has intercon-
nected three-dimensional channels that favor the mixing of reactant phases (oil-alcohol) and inter-
action with active sites inside porous structure (as a nanoreactor). This characteristic would increase
the specific activity of the LOBE biocatalyst approximately five times with respect to the other stud-
ied biocatalysts.

Keywords: biodiesel; non-edible oils; enzymatic immobilization; biocatalysis; renewable biofuel; al-
ternative raw materials; sustainability

1. Introduction

Global trends towards sustainability are driving demand for greener products with
improved properties and new eco-friendly biomanufacturing. Biocatalyst engineering has
the potential to effectively catalyze value-added bioconversion processes, improving the
performance of enzymes for specific applications [1]. In this way, researchers use tools as
synthetic biology and protein engineering to design new metabolic pathways and en-
zymes, respectively, to increase the enzyme performance or synthesize unnatural chemi-
cals [2,3]. Another type of approach to improve enzyme performance is enzyme immobi-
lization on porous materials [4]. This methodology increases the enzymatic activity since
the protein can be distributed on a large surface, keeping them dispersed and preventing
agglomerating in organic media, which reduces the number of exposed active sites [5,6].
Moreover, immobilization also increases the resistance to denaturing agents because,
when the enzyme interacts with the support, its degrees of freedom are restricted [7]. The
area, the size of the pores, and the nature of the support surface generally affect the en-
zyme activity. The specific area can be fully used only if the pore size is larger than the
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enzyme size. Likewise, a total occupation of the pores by the enzymes can cause limita-
tions in the diffusion of substrates and products within the pores [7]. The superficial and
structural nature of the support can also modify directly or indirectly the enzyme activity.
Thus, so-called confinement effects in porous materials can strongly affect diffusion, mass
transfer and catalytic properties. In previous works, we describe that a modification of
SBA-15 material with calcium or sodium has a synergic effect with the immobilized Pseu-
domonas fluorescens lipase, incrementing the transesterification activity. However, this ma-
terial has also a disadvantage: due to its polar character, the glycerol obtained as a sub-
product during the transesterification reaction strongly interacts with the modified sup-
ports, difficulting the mass transfer and decreasing the activity of the biocatalyst [6,8].
Methodologies for immobilizing enzymes include chemisorption, physical adsorption,
and coprecipitation [9,10]. Chemisorption covalently binds enzymes to the support, lead-
ing to biocatalysts with high stability and performance. However, the non-specificity of the
covalent bonds can produce enzyme denaturalization and decrease their activity. Physical ad-
sorption is a rapid method for the immobilization of enzymes and is mainly based on electro-
static and hydrogen bond interactions between support-enzyme. This type of reversible im-
mobilization reduces enzyme denaturation while increases its activity but, due to the weak
interaction, enzyme leaching can occur. Coprecipitation consists of the protein immobilization
on the support during its synthesis. In a single stage, an organic silicon precursor, a surfactant
and an organic solvent are mixed with a buffer solution to produce the enzymatic mineraliza-
tion When silicon is used, the process is called biosilicification and provides exceptional enzy-
matic stability under drastic conditions [11].

At present, the method applied for biodiesel production is triglycerides transesterifi-
cation with short-chain alcohol, which is divided into non-catalyzed reaction, inorganic-
catalyzed reaction, and enzyme-catalyzed reaction. As a replacement for fossil fuels, bio-
diesel production using immobilized lipases is currently the focus of attention because
enzyme immobilization avoids several problems, such as product contamination, effluent
generation, and material handling problems, while allows repetitive and continuous use
of the stabilized enzyme, the employment of raw material with high water and free fatty
acids contents, effective control of reaction parameters and the use of mild reaction con-
ditions (temperature of 30 °C and atmospheric pressure) [10,12-14]. The present work is
aimed to investigate the role of the nature and the structure of the support in the activity
of Pseudomonas fluorescens lipase. The synthesized biocatalysts were compared in the eth-
anolysis of different oils for biodiesel production. Pseudomonas fluorescens lipase was im-
mobilized on the following materials: SBA- 15 (pure silica), Ca/SBA-15 or Na/ SBA-15
(metal surface-modified SBA-15), or by biosilicification in one step. As already described,
the different functional groups on the surface of the material can affect the enzyme-sup-
port interactions and, therefore, the catalytic activity. However, the structure of the mate-
rials has been little studied in this regard. In this study, in addition to the nature of the
supports, the influence of channel architecture on inmobilized lipase catalystic efficiency
for biodiesel production is analysed.

2. Materials and Methods
2.1. Materials

Pseudomonas fluorescens lipase (PFL, 220.000 IU / g at 55 °C, pH 8.0) was purchased
from Sigma-Aldrich Co. (St. Louis, USA). Sunflower oil (Cocinero, Molinos Rio de la Plata
S.A., Argentina), soybean oil (Sojola, Aceitera General Deheza S.A., Argentina), and etha-
nol 96% v/v (Porta Hnos. S.A., Argentina) were purchased at a local grocery store. Waste
frying oil was obtained from different domestic sources and filtered before being used.
Acid oil from soapstock (soybean) was generously gifted by a local company (Louis Drey-
fus Company, Argentina). Jatropha hieronymi oil was kindly donated by Dr. Fracchia (CRI-
LAR-CONICET, La Rioja, Argentina). Other used reagents were: KH2POs, K2HPOs, and
KOH (Anedra), n-dodecylamine (Sigma-Aldrich, USA), n-hexane (analytical grade,
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Merck), isopropyl alcohol (Fluka, USA), acetonitrile (analytical grade, Merck, USA), Plu-
ronic 123 (Sigma-Aldrich, USA), hydrochloric acid (HCI) (analytical grade, Cicarelli), Tet-
raethyl orthosilicate (Aldrich, USA) and milliQ water. Syringe filters (polypropylene, 25
mm diameter and 0.2 micron pore size) were supplied by VWR (USA).

2.2. Synthesis and Modification of SBA-15

Pure SBA-15 was synthesized according Zhao et al. [15], metal-modified material
were obtained using the wet impregnation method. Aqueous solutions of metal salt
((Ca(NOs)2) and NaNOs) were used to reach theoretical metal loadings of 2.5 wt%. The
SBA-15 host (0.75 g) was dispersed in the precursor solution at room temperature and
then, the solvent (water) was removed slowly by rotary evaporation at 50 °C for 30 min.
The resulting powder was dried at 60 °C and calcined for 8 h at 500 °C to obtain the mod-
ified material [16]. The supports were named Na/SBA-15 and Ca/SBA-15.

2.3. Materials Characterization

Small-angle X-ray scattering (SAXS) analysis was performed using a Xenocs XEUSS
2.0 equipment provided with a Pilatus 100 K detector and CuKa radiation (A=0.154 nm).
Measures were made in the 20 range of 0.3-11. The calcium and sodium contents in the
synthesized catalysts were determined by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP) using a spectrophotometer VISTA-MPX CCD Simultaneous ICP-OES-
VARIAN. The materials specific surface was determined using a Micromeritics Pulse
Chemisorb 2700. Samples were previously dried using a Nz flux for 3 h at 350 °C. The
specific surface was determined by the Brunauer-Emmett-Teller (BET) method. The or-
ganic species on the biocatalyst were detected by infrared spectroscopy using a Thermo
Scientific™ TQ Analyst™ 9.7 Software (Waltham, MA, USA) at room temperature. Spec-
tra were recorded between 400 and 4600 cm-.

2.4. Immobilization of Pseudomonas fluorescens lipase

Pseudomonas fluorescens lipase were inmmobilized according Ferrero et al. [6]. The
obtained hybrid materials were named Lr/SBA-15, Lr/Na/SBA-15, or Lr/Ca/SBA-15.

The biosilicification of the Pseudomonas fluorescens lipase were carry out according
Ferrero et al. [17]. The hybrid material was named Low Ordered Biosilicificated Enzyme
(LOBE).

The supernatant of the immobilizations was used to determine the protein content
according to the Bradford method [18].

The amount of immobilized lipase was reported as “Protein Loading” and was de-
termined according to the following equations:

Actual protein (mg )=Theoretical protein (mg)- Supernatant protein (mg), (1)

protein

. . _ Actual protein (mg)
Protein Loading (mgprotein/gsupport)— T oupport @ (2)

Immobilization efficiency was calculated as follows:

Actual protein (mg)

Immobilization efficiency (%) x 100, 3)

" Theoretical protein mg)

2.5. Transesterification Reaction

The reaction was carried out in a screw vial placed in an orbital shaker at 80 rpm and
37 °C, with a sunflower oil/ethanol molar ratio of 1/4. The reaction was started when the
biocatalyst was added (175 mgpiocatalyst/goit When Lr/SBA-15, Le/Na/SBA-15, or Lri/Ca/SBA-
15 was used or 125mgpiocatalyst/goit when LOBE was used) to the substrates mix. 50 mgen-
zyme/goil were used to evaluated free enzymes. Samples were taken at different times, then,
they were diluted to a volume of 4 mL with isopropanol, filtered with a 0.45 mm pore size
filter, and analyzed by HPLC [19]. The “Enzymatic activity” and the “Specific activity”
were calculated according to the following equations:
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_ Produced FAEE content (mg)

Enzymatic activity (U) Time @) ’ 4)
.. . . p— U
Spec1f1c aCthty (U/ gprotein) " Actual protein (g) (5)

2.6. Chromatographic Analysis

The analyzes were performed using a Perkin Elmer HPLC with UV-vis detector of
the 200 series equipped with a solvent delivery unit with a gradient of elution, a Vertex
Plus (250 mm x 4.6 mm, 5um) Eurospher II 100-5 C18P column, the used software was
TotalChrom, acorrding Carvalho et al. [20]. All reactions were performed at least in du-
plicate and the results were expressed as mean values, with the percentage differences
between them were always less than 5% of the mean.

3. Result and discussion

Main text paragraph (M_Text).

3.1. Catalysts Characterization

In this work, four enzymatic heterogeneous catalysts were used for biodiesel produc-
tion. Three of them were obtained by the physical adsorption of the lipase on the pure
synthesized material SBA-15 or the metal modified materials with sodium or calcium ac-
cording to [6,19,21]. They were denominated Lrs/SBA-15, Lrs/Na/SBA-15 or Les/Ca/SBA-
15 respectively. The fourth hybrid biocatalyst was obtained by enzymatic mineralization
with an organic silicic precursor according to [17]. This technique, the biosilicification [22],
provided the enzymatic heterogeneous catalyst in only one step denominated “Low Or-
dered Biosilicified Enzyme” (LOBE).

The chemical environment in which a peptide or protein exists influences its struc-
ture and stability. For this reason, the FT-IR technique was used to determine the struc-
tural characterization and the presence of proteins on the enzymatic heterogeneous cata-
lysts [23].

The characteristic functional groups of free Pseudomonas fluorescens lipase can be ob-
served in Figure 1a. The stretching vibrations of -OH groups, corresponding to moisture,
became visible as a broad band between 3600 and 3200 cm™, which would be also masking
the -N-H stretching vibrations. The bands at 2930 cm™ and 2850 cm! are assigned to the
stretching C-H vibrations of -CHz and —CHs groups, respectively. The typical stretching
vibrations of carbonyl groups appear around 1700 cm™ and stretching vibration of =C-O-
is observed at 1180 cm™. Amide I and amide II, the most characteristic functional groups
of the pure enzymes, are seen at 1645 cm™ and 1542 cm!, respectively [24].

Figure 1 b, ¢, d, e, and f correspond to FT-IR spectra of the LOBE, Lr¢/SBA-15,
Let/Na/SBA-15, Lrt/Ca/SBA-15, and SBA-15, respectively. The presence of water adsorbed
on the material is observed at 3440 cm™, caused by the material hydrophilic character [25].
The band of =5i-O bond vibration at 1070 cm™ and the signals among 800 cm! and 460 cm-
! confirm the siliceous presence [26]. Meanwhile, the Si-OH bending band that appears at
960 cm™, results less defined when the material is modified with Na and Ca, possibly due
to the metal interaction with the support surface. The intensities and wavenumbers of
amides bands in the enzymatic heterogeneous catalysts decrease, indicating that the immo-
bilization of the lipase inside the silica matrix was successful [27]. Moreover, the presence of
the amide I and amide II bands indicates that the enzyme secondary structure and bioactiv-
ity are conserved in the formed nanostructures [28]. Also, bands at 2930 cm™ and 2850 cm!
in the LOBE spectrum, assigned to (C—H) stretching of the saturated -CHz and -CHs groups,
increase their intensity concerning the free enzyme due to the surfactant presence.
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Figure 1. FT-IR spectra of lipase immobilized on the different supports: a) free lipase, b) LOBE, c)
Lri/SBA-15, d) Lr/Na/SBA-15, e) Let/Ca/SBA-15 and f) SBA-15.

In order to reach an adequate comparison between the different obtained enzymatic
heterogeneous catalysts it is key analyzing the nature of the materials used to immobilize
the enzyme measuring both structural and texture properties. Thus, Figure 2 b-d shows
SAXS patterns of the pure SBA-15, Ca/ SBA-15 and Na/SBA-15, which present three well-
resolved peaks, corresponding to the diffraction of planes (1 0 0), (11 0), and (2 0 0) charac-
teristic of the SBA-15 structure. These reflections are typical of a hexagonal ordered and
unidimensional pore arrangement [15].

As it can be observed, after sodium and calcium incorporation, the periodic arrange-
ment of SBA-15 remains. Meanwhile, the LOBE presents a different pattern, with two max-
ima peaks assigned to (2 1 1) and (2 2 0) reflections. These reflections and the ratio value
d220/d2110 (~0.87) are consistent with a tridimensional cubic structure similar to MCM-48
[29] (Figure 2d). It should to note here that LOBE is already the hybrid biocatalyst obtained
by enzymatic mineralization with an organic silicic precursor in only one step.

3.2. Performance of Enzymatic Heterogeneous Catalysts to Biodiesel Production

The production of FAEE from sunflower oil and bioethanol when employing the stud-
ied biocatalysts is shown in Figure 3. As it can be observed the highest FAEE contents are
achieved after 48h of reaction for LOBE, LPf/Ca/SBA-15, and LPf/Na/SBA-15. Meanwhile,
the LPf/SBA-15 and free lipase produced 83 wt% and 36 wt% (11% and 61% less biodiesel
than the mentioned biocatalysts), respectively. The low activity of free lipase was due to the
proteins aggregation phenomenon when they are in an organic solvent [29].
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Figure 2. Small-angle X-ray scattering patterns of: a) LOBE, b) Na/ SBA-15, c¢) Ca/ SBA-15 and d)
SBA-15.

However, when the lipase was immobilized on a mesoporous surface, such as Lr/SBA-
15, the activity markedly increased. As consequence of immobilization, the enzymes could
be well dispersed on the material surface, improving the availability of active sites to carry
out the reaction [6,21].

As it was mentioned in previous work, the presence of alkaline metals (sodium and
calcium) produce a synergic effect enzyme-support, being responsible for the increase in the
FAEE content [6].
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Figure 3. Evaluation of catalysts performance to produce FAEE. Reaction conditions: ethanol/oil
molar ratio = 4/1; 125 mg of catalyst/g of oil; 37 °C and constant shaking (140 oscillations/min).

Since LOBE catalyst was synthesized by a different methodology (biosilicification), to
compare the performance of the obtained biocatalysts from the several immobilization tech-
niques and different supports, the protein loading, immobilization efficiency, enzymatic ac-
tivity, and specific activity were determined (Table 1).

Table 1. Protein loading, Immobilization efficiency, Enzymatic activity, and specific activity of the synthesized biocatalysts.

. Protein loading Immobilization Enzymatic Specific activity
Biocatalyst . . o ..
(mgpmtein/gsupport) effICIency ( /0) aCthIty (U) (U/g lipase)
Free lipase - - 0,02 0,47
Lrr/SBA-15 392.00 98.00 0,05 0,92
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Lrr/Na/SBA-
15
Lrr/Ca/SBA-
15
LOBE

389.92 97.48 0,06 1,24

395.20 98.80 0,06 1,24
66.85 96.88 0,06 7,29

As it is shown in Table 1, all biocatalysts present a good immobilization efficiency,
greater than 96%. The specific activity of the lipase increases 1,96 times when the enzyme is
immobilized in SBA-15. Meanwhile, if the siliceous support is modified with Na or Ca the
specific activity enhances 2,64 times concerning free lipase, evidencing the aforementioned
synergistic effect.  The protein loading for LOBE is approximately 6 times lower than that
for the rest of the biocatalysts; however, it has good enzymatic activity and the best specific
activity (at least 5 times higher than that of the rest of the biocatalysts). To analyze if this
behavior can depend on the used raw material, the specific activity of the biocatalysts was
determined using soybean oil, waste frying oil, acid oil from soybean soapstock, and Jatropha
hieronymi oil. Soybean oil is one of the main oils to produce biodiesel in Argentina [30] while
the used frying oils, which have low value as food but high energy content, are a domestic
and gastronomic industry scrap. Then, biodiesel production from waste frying oils could be
a sustainable alternative to reduce the price of biofuel [31]. The acid oil from soapstock is a
side-product generated during soybean oil purification. This contains a large amount of free
fatty acids (50-80wt% of FFA approx.), and a mixture of phospholipids, tocopherols, sterols,
degraded and oxidized components, pigments, salts, color bodies, triglycerides, diglycer-
ides, and monoglycerides in a minor proportion [32]. Converting this acid oil into biodiesel
could give it greater added value.

On the other hand, Jatropha hieronymi is an endemic and non-conventional oilseed spe-
cies from the semiarid and arid northwest of Argentina with an oil concentration of approx.
36 wt%. This oil has a 4,07 wt% of FFA and is presumably toxic [33,34]. Then, it does not
represent competition with agricultural food crops and diversifies farmland. For these rea-
sons, it also has economic potential as an alternative feedstock to produce biofuels [34].

As it is shown in Table 2, when the support is modified with metals, its specific activity
increases between 1,07 to 1,35 times depending on the oils employed. Meanwhile, the LOBE
specific activity was 6,81 to 10,70 times higher than that of Lr/SBA-15, presenting the best
specific activity for all used raw materials. The question is: why the lipase from Pseudomonas
fluorescens shows greater activity when is immobilized by biosilicification.

Table 2. Comparison of the biocatalysts specific activity for the different raw materials used.

Raw material Lre/SBA-15 Lp/Ca/SBA-15 Lr/Na/SBA-15 LOBE

Sunflower oil 0,92 1,24 1,24 7,29

Specific activity (U/g lipase) Soybean oil 0,88 1,14 1,00 6,51

Frying waste oil 0,94 1,20 1,23 6,41
Acid oil from soapstock 0,64 0,88 1,02 6,85
J. Hieronymi oil 0,99 1,06 1,16 6,55

In general, when a chemical transformation takes place in a porous catalytic material,
the overall process involves the following steps: 1) diffusion of reagents from within the
fluid phase towards the external surface of the catalytic support, 2) diffusion of reactants
through the pores of the catalyst, 3) adsorption of reagents, 4) surface reaction, 5) desorption
of products, 6) diffusion of the products through the pores towards the outside of the mate-
rial, 7) diffusion of the products from the external surface of the material into the surround-
ing fluid. Steps 3, 4, and 5 correspond to the chemical transformation and would be similar
for the different biocatalysts. In the other stages, two important diffusion processes occur:
(a) the mass transfer between the outer surface of the catalyst and the fluid, and (b) the mass
transport inside the pores of the catalyst. The diffusion of reactants and products within



Chem. Proc. 2021, 3, x FOR PEER REVIEW 8of4

pores is strongly influenced by confinement effects in the mesoporous structure. Thus,
LOBE structure consisting in interconnected channels and cavities that allow the communi-
cation or access to various pores within the structure could be responsible for its higher
specific activity [35]. The use of materials with three-dimensional porous networks results
advantageous because this pore structure provides better availability of active sites and
lower pore-blocking [36]. Likewise, this three-dimensional pore architecture of LOBE (Fig-
ure 2) would favor mass transfer, promoting mixing of substrates and interaction with lipase
owing cross flow; meanwhile the unidirectional pore system of SBA-15 only lead to an one
dimensional flow that does not promote mixing of the substrates (Figure 4) [37].

(@) (b)

Figure 4. Schematic representation of substrate mixtures and interaction with lipase immobilized
on different supports: (a) SBA-15, (b) LOBE. Yellow flux: oil, light blue flux: alcohol, green flux:
biodiesel, orange: immobilized lipase enzyme.
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