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Abstract: The hydrophobicity of a support plays a critical role in the catalytic efficiency of immo-
bilized lipases. 3-aminopropyltriethoxysilane (APTES)-modified silica clay (A-SC) was coupled
with silane coupling agents of different alkyl chains (methyl triethoxysilane, vinyl triethoxysilane,
octyl triethoxysilane, and dodecyl triethoxysilane) to prepare a series of hydrophobic support for
lipase immobilization. The lipases were immobilized onto the support by conducting glutaraldehyde
cross-linking processes. The results showed that the activity of the immobilized biocatalyst increased
with hydrophobicity. The hydrolytic activity of Lip-Glu-C1,-SC (contact angle 119.8°) can reach
5900 U/g, which was about three times that of Lip-Glu-A-SC (contact angle 46.5°). The immobilized
lipase was applied as a biocatalyst for biodiesel production. The results showed that the catalytic
yield of biodiesel with highly hydrophobic Lip-Glu-Cy1,-SC could be as high as 96%, which is about
30% higher than that of Lip-Glu-A-SC. After being recycled five times, the immobilized lipase still
maintained good catalytic activity and stability. This study provides a good strategy to improve
the efficiency of immobilized lipases, showing great potential for future industrial application on
biodiesel production.
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1. Introduction

Lipases (triacylglycerol hydrolase, E.C. 3.1.1.3) catalyze reactions such as the hydrolysis
of triacylglycerol, esterification, transesterification, and interesterification. They present
high activity, good stability, unique selectivity, and specificity. Therefore, they have been
widely used in many fields of biotechnology and bioengineering [1-5]. In order to enhance
its stability and reusability, lipases can be immobilized on various supports by techniques
such as physical adsorption, embedding, covalent binding, and cross-linking [6-9]. These
immobilization methods can perform the recovery and reuse of biocatalysts, control the
loss of enzymes, reduce process costs, and improve its feasibility [10].

The catalytic active site of lipase is comprises a catalytic triad (Ser-His-Asp/Glu),
oxygen anion pore and hydrophobic cavity, and the surface is covered by a relatively
hydrophobic amphiphilic x-helical polypeptide chains (also known as “lid”), which protect
the active site of the triad [11]. The outer surface of the “lid” is relatively hydrophilic, while
the inner surface is relatively hydrophobic [1]. While the hydrophobic interface exists, the
“lid” moves, and the x-helix is reoriented to expose the active center [4]; thus, the lipase
is fixed and adsorbed on the hydrophobic surface in an open form and maintains high
activity [12]. Due to the hydrophobic interaction between the hydrophobic surface and the
lipase, the enzyme can be activated from an inactive (closed cap) state to an active (open cap)
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state, which is called “interface activation” [13-18]. Moreover, the combination of lipase
and a hydrophobic surface is very strong and occurs quickly [4]. The hydrophobic interface
reduces hydrogen bond interactions between lipase and water, and the enzyme forms an
incomplete hydration layer, while the aliphatic sidechains of hydrophobic substrates fold
onto the surface of enzyme molecules to maintain open conformation, and it improves
the catalytic efficiency of enzyme reaction [1]. “Interface activation” has been applied to
control the conformation of lipase active sites by regulating supports with different degrees
of hydrophobicity [10], such as magnetic grapheme oxide [6], silica nanotubes [19], and
polylactic acid scaffolds [20], which were modified to obtain high surface hydrophobicity
and used as the immobilization support for lipases. The immobilizations of the lipase on the
hydrophobic support usually occur via interfacial activation [19-21]. However, the enzymes
immobilized by this protocol might be released to the medium under certain conditions [21],
such as high temperature, organic cosolvents, and ionic strength environments [22-25]. It
can decrease the activation of the enzyme and contaminate the product. Therefore, the
development of stable and suitable hydrophobic supports for immobilization of lipases
needs further exploration.

In our previous study, the cheap and easily obtained silica clay showed good perfor-
mance as lipase immobilization support for biodiesel production [26]. Herein, a series of
silica coupling agents with various lengths of alkyl chain was coupled with silica clay for
the synthesis of a series of novel alkyl-modified silica clay support to impart the support
with different degrees of hydrophobicity. Moreover, lipase protein molecules were immobi-
lized onto the support by cross-linking via glutaraldehyde. The effects of hydrophobicity
of the support surface on the properties of the immobilized lipase and its performance on
biodiesel production were investigated.

2. Results and Discussion
2.1. Characterization

Fourier transform infrared (FI-IR) profiles of the silica clay supports are shown in
Figure 1A. There were characteristic peaks at 1100 and 810 cm~1, which can be attributed to
the vibration of Si-O-Si [27]. The absorption peaks at 2880 and 2964 cm~! can be attributed
to the stretching vibration of the C-H bond in the modified alkyl group, while the peaks at
1450 and 1500 cm ™! can be attributed to the bending vibration of C-H bonds in the alkyl
group [28,29]. The results showed that the alkyl groups have been successfully introduced
onto the silica clay.
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Figure 1. (A) FT-IR spectra of (a) SC, (b) A-SC, (c) CH3-SC, (d) CHy=CH,-SC, (e) Cg-SC, and (f)
C12-SC. (B) XRD patterns of (a) CH3-SC, (b) CH,=CH,-SC, (c) Cg-SC, and (d) C1,-SC.

The XRD patterns of CH3-SC, CHp=CH;-SC, Cg-SC, and C1,-SC are shown in Figure 1B.
The main component of SC is amorphous silica material, which has characteristic broad
peaks in the range of 20 = 15-30° [30,31]. The patterns had a wide peak at 26 = 21.65°,
confirming the successful synthesis of CH3-SC, CHy=CH,-SC, Cg-SC, and C12-SC. XRD
results illustrate that different hydrophobic degree modifications do not cause changes
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to SC structure. Furthermore, the elemental compositions of N, H, C, and S in CH3-SC,
CH,=CH,-SC, Cg-SC, and C;,-SC are shown in Table 1. According to the different lengths
of alkyl, the content of C and H elements increased with increases in the alkyl chain. These
results indicated that CH3-SC, CH,=CH,-SC, Cg-SC, and Cq,-SC could be introduced onto
silica clay supports for enzyme immobilization. Furthermore, SEM images show that
CHj3-5C, CH=CH,-5C, Cg-SC, and C1,-SC maintained typical irregular flake structures of
SC (Figure 2). There is no obvious difference in surface morphologies after modification,
illustrating that the modification process with various alkyl chains of silane coupling agents
did not change the surface morphology of SC.

Table 1. The elemental composition of the samples.

Samples N (%) C (%) H (%) S (%)
CH3-SC 0.42 247 0.94 0
CH,=CH,-SC 0.39 3.12 0.98 0
Cg-SC 0.40 3.22 1.11 0
C1p-SC 0.42 3.71 1.09 0

2pm

Figure 2. SEM images. (A) A-SC, (B) CH3-SC, (C) CH,=CH,-SC, (D) Cg-SC, and (E) C1,-SC.

The hydrophobicities of A-SC after hydrophobic modification and enzymatic immo-
bilization were tested by using contact angle measurements (Figure 3). The contact angle
reflected the hydrophobicity of the material. A high degree of the contact angle means good
hydrophobicity [10]. The results show that the contact angles of A-SC and Lip-Glu-A-SC are
64.3°and 46.5°, respectively (Table 2, Figure 3). With the modification of methyl, vinyl, octyl,
and dodecyl, the degree of the CA of the SC support increased to 119.5°, 122.1°, 132.1°,
and 142.3°, respectively, indicating an increase in hydrophobicity [11]. However, after
immobilization with lipase, their contact angles decreased (Table 2, Figure 3). The contact
angles of Lip-Glu-CH3-SC, Lip-Glu-CH,=CH,-SC, Lip-Glu-Cg-SC, and Lip-Glu-Cy,-SC
were 97.7°,101.3°, 112.5°, and 119.8°, respectively (Figure 3). This may due to the binding
of the hydrophilic enzyme molecules onto the support.
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Figure 3. Contact angle of immobilized samples. (A) Lip-Glu-A-SC, (B) Lip-Glu-CHj3-SC, (C) Lip-
Glu-CH,=CH,-SC, (D) Lip-Glu-Cg-SC, and (E) Lip-Glu-C1,-SC.

Table 2. The contact angle of support modified by silane coupling agents.

Samples A-SC CH3-SC CH,=CH,-SC Cg-SC Cq2-SC
Contact angle (°) 64.3 119.5 122.1 132.1 143.2

2.2. Loading Efficiency and Hydrolytic Activity of Immobilized Enzyme
2.2.1. Loading Efficiency of Immobilization

The effects of surface hydrophobicity of the support on the loading efficiency of lipase
is shown in Figure 4. The results showed that with the increase in hydrophobicity, the
loading efficiency of lipase on the support increases slightly, with no notable change on
loading efficiencies. It could be because the immobilization of lipase was mainly achieved
through the covalent cross-linking of glutaraldehyde [32].
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Figure 4. The bounding efficiency of lipase onto various hydrophobic supports.

2.2.2. Hydrolytic Activity of Immobilized Enzyme

The effects of surface hydrophobicity of the support on the hydrolytic activity of
the immobilized lipase is shown in Figure 5. It could be observed that the hydrolytic
activity of the immobilized enzyme increased with the increase in hydrophobicity of the
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support. The hydrolytic activity of Lip-Glu-C,-SC (CA 119.8°) reached 5900 u/g, while
the activity of Lip-Glu-A-SC (CA 46.5°) was 2000 u/g. The tremendous increase in activity
suggests that the existence of hydrophobic groups might activate the active center of lipase
molecules, opening the “lid” structure at the center, which results in the entry of substrate
molecules easily [33]. Similar results were reported by the immobilization of lipases on alkyl
silane-modified magnetic nanoparticles [29] and on divinylsulfone-activated agarose [34].
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Figure 5. The hydrolytic activity of immobilized lipase onto hydrophobic supports.

2.3. Enzymatic Properties of Immobilized Lipase
2.3.1. Effect of Temperature

The effect of temperature on the hydrolytic activity of free enzymes, Lip-Glu-A-SC
(CA 46.5°) and Lip-Glu-Cj,-SC (CA 119.8°), was investigated at pH 7.5 by varying the
temperature from 20 to 70 °C (Figure 6A). The results showed that the temperature corre-
sponding to the maximum activity of the free enzyme and the two types of immobilized
lipase were 50 °C. The optimum temperature range of two types of immobilized lipase was
wider than that of the free enzyme and could maintain more than 90% of enzyme activity
in the temperature range of 40-70 °C. However, with further increases in temperature,
the free enzyme was seriously inactivated, which may be caused by the conformational
change of free enzyme activity in higher temperatures. The enzyme immobilized on the
hydrophobic support was less sensitive to temperature and retained high activity under
high temperatures. It is possible that the formation of multipoint hydrophobic interactions
between the alkyl group and enzyme molecule made the enzyme molecular structure more
rigid and avoided a distortion of enzyme structure [15].

2.3.2. Effect of pH

The effect of pH on enzyme activity was investigated at 40 °C by varying the pH
from 4 to 9 (Figure 6B). Figure 6B showed that the optimal pH of the two immobilized
enzymes was at 8.0, which was one unit shifted from the optimal pH 7.0 of the free enzyme.
This shift may be due to the accumulation of fatty acids produced during hydrolysis near
the catalytic region of the immobilized enzyme, which decreased the pH of the catalytic
microenvironment. Therefore, the optimal pH of the immobilized enzymes could be
achieved by appropriately increasing pH [35]. Moreover, the immobilized enzyme showed
less sensitivity to pH; Lip-Glu-C12-SC could maintain 80% enzyme activity under pH 4.0,
which was much higher than that of the free enzyme (55%) and Lip-Glu-A-SC (70%). The
higher enzyme activity could be due to hydrophobic interactions enhancing molecular
rigidity and stabilizing the active conformation of enzyme molecules; thus, the immobilized
enzyme could better adapt to more complex reaction systems [21].
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Figure 6. Effect of temperature (A); effect of pH (B); thermal stability (C).

2.3.3. Effect on Thermal Stability

The thermal stability of the free and immobilized enzyme was measured by testing its
hydrolytic activity at pH 7.5 and 60 °C by varying the incubation duration. The relative
activity was set at 100% at the beginning of the incubation. It could be observed from
Figure 6C that after 9 h of incubation, the relative activity of the free lipase was only
maintained around 40%, while the relative activity of Lip-Glu-A-SC and Lip-Glu-C;,-SC
could be kept at 57% and 87%, respectively. This illustrates that the thermal stability
of the lipase after immobilization significantly improved. Furthermore, the higher the
hydrophobic degree of immobilized lipase, the higher the thermal stability will be. This
may be due to the hydrophobic interaction contributing to the maintenance of stable
conformation of the enzyme, which was consistent with other reports [2,34,36].

2.4. Biodiesel Synthesis

The effect of immobilized lipase with different hydrophobic degrees on the conversion
yield of biodiesel was investigated (Figure 7). The conversion yield of biodiesel increased
with the increase on hydrophobicity of the support. Lip-Glu-C1,-SC with the highest
hydrophobic degree had the highest conversion yield, reaching 96.7%, while the catalytic
conversion yield of Lip-Glu-A-SC was only 70%. The high conversion yield was at a
similar level, as previously reported [37]. This result implies that the local hydrophobic
interaction between alkyl and lipase molecules activated the active conformation of lipase.
The enhanced hydrophobic interaction on the surface of the carrier enlarged the opening
range of the “lid” structure of the active lipase region, and the accessibility of the lipid
substrate to the active site was stronger [21]. Furthermore, the hydrophobic support
was more conducive to enriching hydrophobic substrates; thus, the hydrophobic support
might prevent the inhibitory effect of glycerol. This may also be one of the reasons for
the improvement of its catalytic activity [38—40]. In order to further verify the effects of
surface hydrophobicity of the support on the yield of biodiesel, the immobilized lipase was
incubated in dimethyl sulfoxide (DMSO) and water (v/v 1:1) before being added into the
reaction system. Figure 7 shows that yield decreased dramatically while the immobilized
lipase incubated with water. The results reveal that the hydrophobic microenvironment on
the surface of immobilized lipase was destroyed by the presence of water, which reduces
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local hydrophobic interactions, in turn intensely affecting the catalytic efficiency of the
immobilized lipase.
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Figure 7. Effect of immobilized lipase with different hydrophobicity on biodiesel yield.

The properties of the prepared product were tested according to the Chinese National
Standard GB/T 2013-2010, GB/T 265-1988, GB 264-1983, and GB/T 17144-1997. [40-43]
(Table 3). The results showed that the physical and chemical indicators of biodiesel were
all within the range of the standard. It indicated that the prepared product could be used
as biodiesel.

Table 3. The properties of biodiesel catalyzed by Lip-Glu-C1,-SC.

Property Result Standard Range Standard/ Method
Density GB/T 2013-2010/
(20°C /kg m~3) 873 820-900 Densimeter
Kinematic viscosity 45 1.9-6.0 GB/T 265-1988/
(40 °C /mm? s71) ' o Capillary viscometer
Acid value GB 264-1983/
<
(mg KOH g™ 0.10 <08 KOH titration
Residual carbon content GB/T 17144-1997/
(%) 0.03 <03 Muffle furnace

Waste cooking oil (acid value (KOH) 4.2 mg/g, saponification value (KOH) 179.3 mg/g,
density 0.875 g/cm?) obtained from local market was spun at 10,000 rpm for 10 min. Then,
it was applied for the production of biodiesel by the prepared immobilized lipase. The
results showed that conversion yields could reach 92.3% for Lip-Glu-C1,-SC. It revealed
that the prepared immobilized lipases showed a good prospect for industrial applications
of biodiesel production.

2.5. Reusability of Immobilized Lipase

The reusability of immobilized lipase with different hydrophobicities in the synthesis
of biodiesel was investigated. With the increase in immobilized enzyme use, the efficiency
of catalytic synthesis of biodiesel decreased gradually (Figure 8). After being used more
than five times, the immobilized enzymes on the hydrophobic supports still retained
high conversion rates (above 85%), indicating that the hydrophobic support had a good
advantage in the maintenance of immobilized enzyme activity and stability. The reusability
is better than that of adsorption immobilization methods [29,37]. The decreasing conversion
rate of catalytic biodiesel may be due to the destruction of enzyme molecules by temperature
and the partial loss of immobilized enzymes caused by the repeatability of operations.



Catalysts 2022, 12, 242

8of 12

120

B Lip-Glu-CH,-SC Lip-Glu-CH,=CH,-SC
Lip-Glu-C¢-SC Lip-Glu-C,,-SC

1l
2 3 |4 |5

Recyle numbers

100

80

Yield (%)

60

40

I
1

Figure 8. Reusability of immobilized lipases with hydrophobic modification.

3. Materials and Methods
3.1. Materials

Lipase Eversa Transform 2.0 was obtained from Novozymes China (Beijing, China).
Silicon Clay (SC) was obtained from Ningbo Create New Materials Co, (Ningbo, China).
3-aminopropyltriethoxysilane (APTES) and n-hexane (chromatographic grade) were pur-
chased from Aladdin (Shanghai, China). Methyl heptadecanoate was purchased from
Sigma-Aldrich (Shanghai, China). Methyltriethoxysilane and Octyltriethoxysilane were
purchased from Jiuding Chemical Co (Shanghai, China). Vinyltriethoxysilane and Dodecyl-
triethoxysilane were purchased from Aladdin (Shanghai, China). Rapeseed oil (fat 99.9%,
free fatty acid 0%, protein 0%, and water 0%) and olive oil were purchased from a local
market (Chengdu, China). All other reagents are analytical grade reagents and can be used
without further purification.

3.2. Preparation of Hydrophobic Silica Clay and Immobilization of Lipase
3.2.1. Hydrophobic Modification on Silica Clay

Step 1: Silica clay measuring 4.0 g was dispersed in 30 mL of anhydrous ethanol for
30 min using ultrasonication. Then, 5.0 mL of 3-aminopropyltriethoxysilane (APTES) was
added into the mixture, which was heated at 80 °C with refluxing for 24 h under nitrogen
atmosphere with gentle magnetic stirring. After the reaction finished, the mixture was
washed with anhydrous ethanol several times to remove excess APTES, and then it was
desiccated at 60 °C. APTES-modified SC was designated as A-SC.

Step 2: The obtained A-SC was dispersed with 30 mL of toluene, and then 3.0 mL of
silane coupling agents was added. The mixture was refluxed in a nitrogen atmosphere for
24 h. After the reaction, the excess silane coupling agent was washed with toluene and
anhydrous ethanol and then dried to constant weight at 60 °C. The schematic diagram of
the preparation is shown in Scheme 1. Modified A-SCs by different coupling agents are
assigned as follows: CH3-SC (methyl triethoxysilane), CH,=CH,-SC (vinyl triethoxysilane),
Cs-SC (octyl triethoxysilane), and C1,-SC (dodecyl triethoxysilane).
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Scheme 1. The preparation of hydrophobic silica clay supports.

3.2.2. Immobilization of Lipase

Glutaraldehyde-activated supports and its immobilization process with lipase were
described in our previous report [26]. Briefly, 1.0 g of the modified silica clay was dispersed
in 10 mL of glutaraldehyde solution at 30 °C for 2 h with gentle shaking. After that, it
was washed thoroughly with sodium phosphate buffer (pH 7.5) to obtain glutaraldehyde-
activated silica clay. For immobilization with lipase, 1.0 g of support was mixed with 10 mL
of 0.1 mol/L sodium phosphate buffer (pH 7.5) containing a set concentration of lipase
solution at 30 °C for 60 min with constant stirring. Then, in order to remove the free lipase,
the supports were washed several times with 0.1 mol/L sodium phosphate buffer (pH 7.5).
The immobilized lipase was dried at 60 °C to a constant weight. The obtained immobilized
lipases were designated as Lip-Glu-A-SC, Lip-Glu-CH3-SC, Lip-Glu-CH,=CH,-SC, Lip-
Glu-Cg-SC, and Lip-Glu-Cy,-SC, respectively.

3.3. Characterization

The Fourier transform Infrared (FTIR) spectra of the samples were collected on a
Nicolet Is10 infrared spectrometer (Thermo Fisher Scientific, Boston, MA, USA) by the
KBr pellet method over a range from 4000 to 400 cm~!. X-ray diffraction profiles were
obtained from an X'Pert Pro MPD DY 129 X-ray diffractometer (Oxford Instruments, UK).
The morphologies of the modified silica support were observed by a FEI XL-30 scanning
electron microscope (SEM) (FEI, Hillsboro, OR, USA). The elemental composition (C, H, N,
and S) of each sample was determined by a Flash-Smart NCS element analyzer (Thermo
Fisher Scientific, USA). The contact angle (CA) of the samples was measured by a HARKE-
SPCAXS3 contact angle tester (Dataphysics Instruments, Germany).

3.4. Determination of Immobilized Enzyme Loading

The protein content in the solution before and after immobilization was determined
by using the Lowry assay [44]. Bovine serum albumin (BSA) was used as the standard
protein. The loading efficiency of the support was calculated by Equation (1):

(G —CpV

Loading Efficiency mg/g = W

@
where C; and C¢ represent initial and final lipase protein concentrations in the immobiliza-
tion process, V represents the solution volume, and W represents the weight of the support.
All tests were conducted in triplicate.



Catalysts 2022, 12, 242

10 of 12

3.5. Hydrolytic Activity Assay

The hydrolytic activities of lipases were evaluated by hydrolyzing olive oil emulsions
containing 4% (w/v) of polyvinyl alcohol (PVA 1750). Briefly, the lipase sample was added
to a mixture of 4 mL olive oil emulsion and 5 mL phosphate buffer (0.1 mol/L pH 7.5).
The mixture was incubated at 40 °C for 15 min. Then, 15 mL of 95% ethanol was added
to terminate the reaction and titration with 0.05 mol/L of sodium hydroxide solution was
performed. One unit of lipase activity was defined as the amount of enzyme that liberated
1 umol of free fatty acid per min under assay conditions. As the control, 15 mL of 95%
ethanol was added before the addition of the enzyme.

3.6. Biodiesel Production

The immobilized lipases with various hydrophobic degrees were applied for biodiesel
production. Briefly, 4.4 g of rapeseed oil, 5 mL of n-hexane as a cosolvent, and a set amount
of immobilized lipase were mixed at 45 °C for 5 min. Then, methanol was added three
times, with 0.16 g of methanol added dropwise each time. The reaction was carried out
at 45 °C for 24 h. After the reaction, the immobilized catalyst was spun down and the
supernatant was distilled under a vacuum to remove the solvent and excess methanol.
The density, kinematic viscosity, acid value, and residual carbon content of the samples
were determined according to the Chinese National Standards [40—43] GB/T 2013-2010,
GB/T 265-1988, GB 264-1983, and GB/T 17144-1997, respectively. The content of fatty acid
methyl ester in the product was determined by an Agilent 7890B gas chromatography
analyzer (Agilent, Santa Clara, CA, USA) by using a hydrogen flame ion (FID) detector.
The temperature of both the injection port and detector was set at 300 °C. The split ratio
was 10:1, and the injection volume was 1.0 pL. The yield of biodiesel (%) was calculated by
Equation (2):

o ZAi—AMH % CMHVMH x 100

where wt (%) is biodiesel yield, and XA; and Ay represent the total peak area of fatty
acid methyl ester and the peak area of methyl heptadecanoate, respectively. Cypy and Vg
represent the concentration and the volume of methyl heptadecanoate, and W is the weight
of sample.

wt (%) @)

4. Conclusions

In conclusion, a series of APTES modified silica clay supports with different hydropho-
bicity for lipase immobilization was successfully prepared by reaction with silane coupling
agents and glutaraldehyde cross-linking. The immobilized lipase was used as a biocatalyst
for the production of biodiesel. We found that the tolerance of immobilized lipase to tem-
perature and pH was improved dramatically while the support modified the hydrophobic
alkyl chain. Meanwhile, the hydrolytic activity of lipase has been improved with the en-
hancement of the hydrophobicity of the support. The hydrolytic activity of Lip-Glu-C1,-SC
(CA 119.8°) was 5900 u/g, which was about three-times higher than that of Lip-Glu-A-SC
(CA 46.5°). Moreover, lipase immobilized on the hydrophobic surface of the support ex-
hibited better biodiesel yield and reusability. The biodiesel yield of Lip-Glu-C;,-SC was
96.7%, which was 26.7% higher than that of Lip-Glu-A-SC. The relative activity still could
be maintained at 85% after being recycled five times. The activity and stability of lipases
immobilized on supports with hydrophobic alkyl chains were dramatically improved in
comparison with supports without hydrophobic modification.
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