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6 a b s t r a c t 
7 

The use of immobilized enzymes as catalysts may be limited by particle size which must be larger than 
8 

the mesh that retains them in the reactor. Octyl-silica (OS) beads of 70 �m average size were agglom-
erated to obtain hybrid organic–inorganic composites with particle sizes between 100 and 200 �m. The 

9 agglomeration process has been achieved by polymerization of methacrylate from glycidyl methacrylate 
10 and ethylene dimethacrylate in the presence of silica beads and further functionalization of the composite 
11 with octyl groups. 
12 Methacrylate content of the composite (20%) is high enough to stick OS beads, and low enough to 
13 preserve the advantages of these particles as supports. The properties of the octyl silica particles for lipase 
14 

immobilization have been very closely reproduced with the octyl-silica-methacrylate (OSM) composite. 
Enzyme loading of 210 mg lipase per gram of support has been achieved on OSM vs 230 mg/g on OS. Also 

15 
catalytic activity values are close for both catalysts, OSM-lipase remaining fully active and stable after 15 

16 
cycles in acetonitrile. 17 

18 © 2012 Published by Elsevier B.V.
19 

20 1. Introduction 
21 

Current application of immobilized lipases is of doubtless inter-

est in fields like the syntheses of pharmaceuticals or food additives 

and nutraceuticals [1]. Industrial use of these biocatalysts requires 

optimization of catalytic activity and stability in a number of reac-
22 tion cycles [2]. In this regard, the choice of a suitable support is of 

utmost relevance to obtain catalysts with the best properties [3–5]. 
23 

24 Leaving aside the chemical nature, the main limiting factors are the 
25 textural and morphological features of the support and indeed the 
26 real possibilities of application for the same enzyme can vary a lot 
27 as a function of this material. The distribution of the enzyme along 
28 inner surfaces and therefore the loading capacity of the support 
29 

may be a challenge especially when using materials with large par-
30 

31 ticle size and/or narrow pore diameter. The diffusion of substrates 
32 and products through the porous network of the support is also 
33 

highly dependent on the particle size [6] and particle size distribu-
34 

35 
tion [7]. Although larger particles contributes to easier handling, the 
diffusion of the enzyme or substrates and products through inter-

36 

37 nal pores may be limited and the enzyme loading and the apparent 
38 catalytic activity can be diminished compared to the smaller ones. 
39 

40 

41 
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Particle size may become a controlling step for catalysts in reactors 
where they must be retained within a mesh, and it must be large 
enough to enable an easy design of the reaction. But it must be small 
enough to prevent serious mass transfer restrictions. A large pore 
diameter may contribute to minimize this unwished effect [8] 42, and
indeed, it has been described [3] 43that this effect disappears when
pores are larger than 100 nm diameter. 44 

Gross et al. [9,10] have recently established that the enzyme-45 

support affinity may also significantly affect immobilization of46 

lipases on supports with different bead sizes: for high affinity no47 

effect of the particle size on the immobilization rate was observed,48 

but the distribution of the enzyme is uneven and limited to external49 

bark. However, with moderate affinity between enzyme and sup-50 

port, immobilization rates are higher on the smaller particles; in51 

this case the enzyme distribution is homogeneous only in particles52 

of 75 �m diameter or less. In particles over this size the enzyme53 

can only diffuse along the external shell. 54 

Amorphous meso-macroporous silica MS3030 has been suc-55 

cessfully used to immobilize lipases upon grafting with octyl56 

groups. The textural properties of the silica combine high sur-57 

face area and a high average pore diameter (of 27 nm), which is58 

almost four fold the diameter of the molecule of lipase from Candida59 

antarctica B [11]. 60By pre-wetting this octyl-silica (OS) with ethanol
the restrictions of the aqueous enzyme solution [12] to 61diffuse
through the hydrophobic environment of pore channels efficiently62 

63 

64 

65 

66 

Please cite this article in press as: O. Fernández, et al., Appl. Catal. A: Gen. (2012), http://dx.doi.org/10.1016/j.apcata.2012.10.021 

dx.doi.org/10.1016/j.apcata.2012.10.021
dx.doi.org/10.1016/j.apcata.2012.10.021
Original text:
Inserted Text
Octyl-Silica-Methacrylate 

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
ímica. 

Original text:
Inserted Text
Madrid. 

Original text:
Inserted Text
70 microns 

Original text:
Inserted Text
organic-inorganic 

Original text:
Inserted Text
200 microns. 

Original text:
Inserted Text
Octyl-Silica-Methacrylate 

Original text:
Inserted Text
reires 

Original text:
Inserted Text
.Leaving 

mailto:rmblanco@icp.csic.es
Original text:
Inserted Text
For 

Original text:
Inserted Text
75 microns 

dx.doi.org/10.1016/j.apcata.2012.10.021


130

140

150

160

170

180

2 O. Fernández et al. / Applied Catalysis A: General xxx (2012) xxx–xxx 

67 decrease. Thus, the enzyme can reach most of the internal sur-
68 faces of the particle, and as a result, high values of enzyme loading 
69 and catalytic efficiency have been obtained. However, their average 
70 particle size is not large enough to keep them retained in 100 �m 
71 meshes. Based on these materials, the objective of this work is to 
72 preserve high enzyme loading and similar values of catalytic activ-
73 ity with larger size particles. Most of the work in this field is focused 
74 on the use of isolated large particles, such as immobilization on 
75 monoliths from silica or organic polymers with different shapes 
76 and prepared from different precursors [13]. Some works can also 
77 be found in the literature describing the formation of larger par-
78 ticles, for example, through crosslinking of lipase immobilized on 
79 ordered mesoporous materials with chitosan by means of reaction 
80 with glutaraldehyde [14]. We propose the formation of agglomer-
81 ates of octyl silica particles by sticking them to each other through 
82 a minimal contact surface as the strategy to increase the final size 
83 of the catalyst 

84 2. Materials and methods 

85 2.1. Chemicals 

86 n-Octyltriethoxysilane (TCI Europe, Belgium), glycidyl 
87 methacrylate (from now GMA) 97%, ethylene dimethacrylate 
88 (from now EGDMA) 98%, 1,1∗-azobis (cyclohexane-carbonitrile) 
89 98%, cyclohexanol, 1-tetradecanol, poly(vinylpolypyrrolidone), 
90 glyceryltributyrate (tributyrin), oleic acid and butanol were 
91 purchased from Aldrich (St. Louis, USA). Ethanol (HPLC grade), 
92 di-sodium hydrogen phosphate and toluene were purchased from 
93 Panreac (Barcelona, Spain). All chemicals were of analytical grade. 
94 MS3030 silica was kindly donated by Silica PQ Corporation (Valley 
95 Forge, PA, USA). Lipase from C. antarctica B (Lypozyme, CaLB) was 
96 donated by Novozymes (Denmark). p-Nitrophenyl acetate (pNPA) 
97 was purchased from Sigma. 

98 2.2. Synthesis of organic resin 

99 The organic resin (M) was synthesized as described in the lit-
100 erature [15]. The main procedure was as follows: the monomer 
101 phase containing the monomer mixture (3.5 g of GMA and 2.3 g of 
102 EGDMA), 0.15 g 1,1∗-azobis (cyclohexane-carbonitrile) as an initia-
103 tor and 7.5 g of inert component (6.78 g of cyclohexanol and 0.7 g 
104 of tetradecanol), was suspended in the aqueous phase consisting of 
105 40 g of water and 0.6 g of poly (vinyl pyrrolidone) (PVP). The copo-
106 lymerization was carried out at 70 ◦C for 2 h and then at 80 ◦C for 
107 6 h with a stirring rate of 200 rpm. After completion of the reaction, 
108 the copolymer particles were washed with water and ethanol, kept 
109 in ethanol for 12 h and then dried in a vacuum oven at 45 ◦C for 
110 24 h. 

111 2.3. Synthesis of hybrid composite 

Different amounts of MS3030 silica were added to the aque-
113 ous phase before polymerization of organic resin. The mixture was 
114 stirred to form a homogeneous suspension. Next, the monomer 
115 phase of organic resin was added to initiate polymerization. The 
116 final octyl-silica-methacrylate composites will be called OSM-x, 
117 being x the grams of silica added to the synthesis mixture. 
118 OSM hybrids were gently crushed in a mortar and sieved to sep-
119 arate a fraction with diameters ranging between 100 and 200 �m. 

112 

120 2.4. Support functionalization 

121 The functionalization of the support was carried out as described 
122 by Blanco et al. [11]. 1 g of silica previously degassed at 80 ◦C under 

vacuum for 12 h was suspended in a 10 mL solution of octyltri- 123 

ethoxysilane in toluene (1:4, v/v). The suspension was gently stirred 124 

for 48 h at 80 ◦C. After that, the suspension was filtered and washed 125 

twice with dry toluene, and three times with hexane and acetone, 126 

and finally exhaustively vacuum dried. This support is referred to 127 

as octyl-silica (OS). The same procedure was followed for the func- 128 

tionalization of silica-methacrylate (SM) agglomerates to obtain 129 

the composites referred as OSM-10. 

2.5. Characterization of the solids 131 

Nitrogen isotherms were measured at the temperature of liquid 132 

N2 with a Micromeritics ASAP 2000 apparatus. Samples were pre- 133 

viously degassed at room temperature for 20 h. The surface areas 134 

were determined following the BET method. Thermogravimetric 135 

analyses (TGA) were carried out on a Mettler Toledo TGA/SDTA 136 

851e apparatus. Typically, 5 mg of the sample was heated from 25 137 

to 800 ◦C at a rate of 20 ◦C/min under air flow (200 ml/min). Scan- 138 

ning electron microscopy (SEM) micrographs were taken with a 139 

Hitachi TM-1000 at 15 kV and without coating. 

2.6. Immobilization of lipase 141 

Protein content of the enzyme extract (3.5 mg/ml) was 142 

determined according to the Bradford method [16]. SDS-PAGE elec- 143 

trophoresis of this extract showed a unique band so all the protein 144 

can be attributed to the lipase. 145 

Different amounts of the enzyme extract were dissolved in 146 

50 mM phosphate buffer, pH 7.0, up to a total volume of 20 mL. 147 

After assaying the esterasic activity of these solutions, 100 mg of 148 

the corresponding support previously wet with ethanol were added 149 

and maintained in suspension with a helical stirrer. Aliquots from 
suspension and supernatant were withdrawn at 10–240 min to 151 

analyze their esterasic activities. 152 

Final time is determined by the lack of activity, or low constant 153 

activity of the supernatant. After that, suspensions were filtered 154 

and washed three times with 10 mL volumes of 200 mM phosphate 155 

buffer. The derivatives were washed twice with 10 mL dry ace- 156 

tone, filtered out and vacuum dried for at least 30 min to ensure 157 

a complete drying of the catalyst. 158 

2.7. Determination of enzyme activity. Hydrolytic activity 159 

2.7.1. Esterasic activity 
Despite an assay for pNPA hydrolysis activity is not a specific test 161 

for lipase activity, this assay was selected for use as a routine assay 162 

because it is easy to conduct via spectrophotometric measurements 163 

and it provides a rapid assessment of relevant enzymatic activity. 164 

Hydrolysis of p-NPA was followed at 348 nm in an Agilent 8453 UV- 165 

visible spectrophotometer (Agilent Technologies) equipped with 166 

stirring device and constant temperature capability. The cell con- 167 

tained 1.9 mL of substrate solution at 25 ◦C (0.4 mM p-NPA in 50 mM 168 

sodium phosphate buffer, pH 7.0). Aliquots of the suspension were 169 

diluted in different proportions in 50 mM phosphate buffer (pH 7.0) 
prior to being added to the cell (50 �L) to facilitate the analysis. 171 

Aliquots from the supernatant were not diluted: 50 �L were added 172 

directly to 1.9 mL substrate solution. One esterase unit corresponds 173 

to consumption of 1 �mol p-NPA/min (� p-NP = 5150 M−1 cm−1). 174 

2.7.2. Tributyrin activity 175 

The hydrolysis of tributyrin measures lipase activity by the liber- 176 

ation of butyric acid. The reaction was monitored titrimetrically in a 177 

Mettler DL50 pH-stat, using 100 mM sodium hydroxide. A 48.5 mL 178 

potassium phosphate buffer solution (10 mM, pH 7.0) was incu- 179 

bated in a thermostated vessel at 25 ◦C and stirred sufficiently. 
Then, 1.47 mL tributyrin were added and the pH-stat was started 181 

Please cite this article in press as: O. Fernández, et al., Appl. Catal. A: Gen. (2012), http://dx.doi.org/10.1016/j.apcata.2012.10.021 

dx.doi.org/10.1016/j.apcata.2012.10.021
Original text:
Inserted Text
100 micron 

Original text:
Inserted Text
.We 

Original text:
Inserted Text
Methods

Original text:
Inserted Text
98% 1, 1′-Azobis 

Original text:
Inserted Text
ciclohexanol, 

Original text:
Inserted Text
1-Tetradecanol, 

Original text:
Inserted Text
Poly(vinylpolypyrrolidone), 

Original text:
Inserted Text
di-Sodium Hydrogen Phosphate 

Original text:
Inserted Text
Candida 

Original text:
Inserted Text
The 

Original text:
Inserted Text
1, 1′-Azobis 

Original text:
Inserted Text
Octyl-Silica- Methacrylate 

Original text:
Inserted Text
200 microns.

Original text:
Inserted Text
(1:4 

Original text:
Inserted Text
10 to 240



 

           
      

   

       

            
         

          
            

          
           

         
        

            
          

           
       

           
           

        
         

          
          

           
         

         
         

         
          

            
         

           
          

       

190

200

210

220

230

3 

199 

201 

ARTICLE IN PRESSG Model 

APCATA 13932 1–7 

O. Fernández et al. / Applied Catalysis A: General xxx (2012) xxx–xxx 

182 

183 

184 

to keep the pH at 7.0. When the pH stabilizes, 5 mg catalyst were 
added and the consumption of NaOH was determined. One lipase 
unit corresponds to consumption of 1 �mol NaOH/min. 

185 2.8. Kinetics and diffusional studies 

186 

187 

188 

189 

191 

192 

193 

194 

195 

The hydrolysis of tributyrin catalyzed by OSM-lipase at differ-
ent stirring rates (1140, 1900, 2280 and 2660 rpm) was carried out 
in order to study external mass transfer. No effect of stirring rate 
over 1900 rpm on catalytic activity was found, which indicates that 
external diffusion limitations are negligible. Only a lower value of 
activity was detected when the reaction was stirred at the slowest 
rate. This effect seems to be related to the poor dispersion of tribu-
tyrin under not-enough stirring conditions. No significant decrease 
in particle size due to the stirring was observed in any case. Thus, 
the kinetic parameters (Vmax and KM) for the hydrolysis of tributyrin 

100 

95 

90 

196 (0.1–1 mM) catalyzed by lipase immobilized on OS and OSM-10 
197 were performed at 1900 rpm. 
198 In order to obtain the values of the non diffusion-limited rate 

constants the immobilized enzyme particles were crushed to a fine 
powder. To achieve this, a suspension of 50 mg OS-lipase in 5 ml 
phosphate buffer 50 mM pH 7.0 was put under vigorous magnetic W

ei
gh

t l
os

s 
(%

)

85 

80 

75 

202 stirring in an icebath (4 ◦C) to prevent enzyme inactivation. Aliquots 
203 of the suspension were assayed at different times and the increase 70 
204 of activity with the abrasion was followed (tributyrin hydrolysis). 
205 Once a maximum and constant value of activity was achieved, the 65 
206 stirring was stopped and assays for determination of kinetic param-
207 eters were performed. 
208 Average particle size of OSM agglomerates, OS and OS after 
209 abrasion was calculated through SEM observation of different 

preparations of the three classes of beads: crushed OS: 15 �m, OS: 
211 70 �m, and OSM: 120 �m. 

212 2.9. Determination of enzyme activity. Synthesis activity 

213 The synthetic activity of immobilized lipases was tested by the 
214 esterification of oleic acid and butanol as a model reaction. A mix-
215 ture of 75 mg of oleic acid and 50 mg of butanol was stirred in an 
216 orbital shaker at 200 rpm and 30 ◦C. A known amount of enzyme 
217 was added to the mixture. The reaction was stopped after 5 min 
218 with 50 �l of water. 
219 The analyses were performed on a Kromasil silica 60 column 

(250 mm × 4.6 mm, Análisis Vínicos, Tomelloso, Spain) coupled 
221 to a CTO 10A VP 2 oven, a LC-10AD VP pump, a gradient 
222 module FCV-10AL VP, a DGU-14A degasser, and an evapora-
223 tive light scattering detector ELSD-LT from Shimadzu (IZASA, 
224 Spain). The column temperature was maintained at 35 ◦C. The 

225 method consisted of a ternary gradient of trimethylpentane, 
226 trimethylpentane/methyl tert butyl ether 1:1, and methyl tert butyl 
227 ether/propan-2-ol 1:1 previously reported by Torres et al. [17]. 
228 One unit of activity corresponds to consumption of 1 �mol of oleic 
229 acid/min. 

2.10. Stability in organic media 

231 300 mg of biocatalyst containing 120 mg lipase per gram were 
232 incubated in 10 ml acetonitrile, maintained 35 ◦C and stirred at 
233 200 rpm in an orbital shaker. After 2 h incubation, the catalyst 
234 was washed with acetone three times and then filtered out 
235 and vacuum dried. Then the dry biocatalyst was weighted and 
236 assayed in tributyrin hydrolysis to evaluate its activity. A new reac-
237 tion was then started, and this was repeated up to 15 reaction 
238 cycles. 

SM 

OSM 

OS 

200 400  600  800 

SM 

OSM 

OS 

Temperature (ºC) 

Fig. 1. Thermograms and derivatives of non functionalized hybrid composite (SM), 
octyl-silica methacrylate (OSM) and octyl silica (OM). 

3. Results and discussion 239 

3.1. Synthesis and characterization of the hybrid composites 240 

In a first step, an organic resin based on acrylic reagents was pre- 241 

pared following previous works reported in the literature [15,18]. 242 

This material had poor surface area and hardly any pore vol- 243 

ume, consequently a low enzyme loading of 58 mg per gram was 244 

achieved (see Table 1). The high catalytic efficiency of the lipase- 245 

resin suggests that the enzyme is probably anchored only on the 246 

external surfaces of the beads, compared to lipase-octyl silica 247 

where activity loss and the presumed internal diffusional restric- 248 

tions are associated with the location of the lipase within the pore 249 

channels. Therefore, in order to search for an alternative support 250 

which may reproduce the results of OS while having a higher 251 

particle size, several studies were performed. First, polymeriza- 252 

tion of methacrylate in the presence of OS particles was tested 253 

with reaction mixtures containing 2 and 3 g of octyl-silica per 254 

8 g of final support. Hybrid octyl-silica-methacrylate agglomerates 255 

(OSM-2, and OSM-3 respectively) with particle sizes between 100 256 

and 200 �m were obtained. Textural properties of the resulting 257 

hybrid composites are shown in Table 1. It is worth mention- 258 

ing here that OS beads have a mesoporous structure whereas the 259 

methacrylate seems to be composed by nonporous fibers tightly 260 

assembled. Therefore the results are somehow difficult to compare. 261 

Thermogravimetric analyses revealed that almost 80% of the hybrid 262 

composites are composed by nonporous organic polymer (Fig. 1). 263 

Besides, the surface area and pore volume values are not signifi- 264 

cantly higher than those of the organic resin. Thus, most pores of 265 

OS beads seem to be buried inside this nonporous material. 266 

Higher OS to methacrylate ratios were tested in order to search 267 

for a more porous hybrid composite. But these syntheses yielded 268 

macroscopically heterogeneous materials in all the cases, meaning 269 
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Table 1 
Textural properties and capacities as supports for lipase of the composites. 

Composition SBET (m2/g) PV (cm3/g) Inorganic matter (%) Enzyme load (mg/g)a TB activity (U/g)b Cat. efficiency (U/mg)c 

M (organic resin) 
OS (octyl silica) 
SM 

61 
254 
248 

0.32 
2.20 
2.04 

0 
92 

– 

58 
230 

– 

8400 
21,700 

– 

145 
93 

– 
OSM-2 
OSM-3 
OSM-10d 

100 
100 
212 

0.34 
0.34 
1.54 

20 
22 
70 

105 
104 
210 

12,500 
11,900 
20,300 

119 
114 

96.6 

a mg of lipase immobilized per gram of support. 
b Lipase units in tributyrin hydrolysis assay per gram of biocatalyst. 

Catalytic efficiency: activity per mg of immobilized lipase. 
d OSM composite prepared agglomerating pure silica particles and further functionalization with octyl groups. 

270 that polymerization did not succeed to agglomerate OS particles. 
271 These results suggest that there is a limit amount of OS over which 
272 methacrylate polymerizes independently of the particles and it 
273 cannot agglomerate them. 
274 Methacrylate polymerization was then carried out in the 
275 presence of pure silica, non-functionalized, particles. Nitrogen 
276 adsorption isotherm of this silica-methacrylate (SM) composite 
277 was similar to that of mesoporous OS isolated particles, and both 
278 were different to the isotherm of pure resin M. This new ungrafted 
279 hybrid composite which was macroscopically homogeneous was 
280 obtained by using higher mass of silica (10 g) than the formers 
281 OSM-2 and OSM-3 using the same amount of reagent. 
282 The only difference between both syntheses was the presence 
283 or absence of octyl groups grafting silica beads in the polymeriza-
284 tion process. Hydrophobic interactions between octyl groups and 
285 hydrophobic medium seemed to be established, provided that the 
286 process was carried out in the presence of hydrophobic solvents 
287 and reagents. These interactions might interfere with the polymer-
288 ization by driving different orientations of the molecules involved. 
289 Grafting with octyl triethoxysilane was performed after the 
290 agglomeration process yielding the final optimum octyl-silica-
291 methacrylate (OSM-10) composite. The successful introduction 
292 of octyl groups was checked by TG analysis. Fig. 1 shows the 
293 weight loss evolution with temperature. Non-functionalized silica-
294 methacrylate support (SM) remained stable until 300 ◦C, showing 
295 a slow and broad weight loss above that temperature due to the 
296 decomposition of the methacrylate resin. After octyl functionaliza-

M 

OS 

SM 

OSM 

OSM/lipase 

tion, the profile of the thermogram changed showing a sharp and 
intense weight loss at 280 ◦C followed by a broad peak centered at 

299 c.a. 400 ◦C. The first one corresponds to 9% of organic matter and 
300 it is related to the grafted octyl groups, since it shows exactly the 

same profile and percent weight as that of isolated OS particles. The 
302 shift of this peak from 250 ◦C in OS to 280 ◦C in OSM could be due to 
303 different kinetics of the combustion process when changing from 
304 discrete particles to larger agglomerates. 
305 Fig. 3 shows the SEM micrographs. Methacrylate displays a com-
306 pact structure (Fig. 3a), whereas octyl silica particles are spherical 
307 (Fig. 3b). OSM-10 (Fig. 3c) shows a minimal presence of methacry-

A
ds

or
be

d 
V

ol
um

e 
(c

m
3 /g

) 

1000 

800 

600 

400
308 late just enough to stick together the silica particles. Thus, most 
309 of the material is porous and hence most of the pores should be 
310 available for enzyme immobilization. 
311 The total weight loss in the OSM-10 hybrid composite 200 
312 corresponds to 30% of organic matter, 20% corresponding to 
313 methacrylate, and 9% to octyl groups approximately. These groups 
314 are mostly located on the internal surfaces of the pore channels of 
315 silica beads, as demonstrated by the decreasing of the surface area 
316 of the grafted OSM composite compared to the non-functionalized 
317 one SM (Table 1 and Fig. 2). Textural and catalytic properties of 
318 OSM-10 are given in Table 1. Surface area and pore volume val-
319 ues of OS and OSM-10 are very close, whereas OSM-2 and OSM-3 
320 show significantly lower values. Provided the low organic con-
321 tent in OSM-10 and the similarities with OS, the final properties 

of OSM-10 seem to be mostly due to the octyl silica of the agglom- 322 

erate. Therefore the behavior as lipase support should be also very 323 

close to octyl silica regarding enzyme loading, activity and catalytic 324 

efficiency. 325 

3.2. OSM behavior as lipase support and characterization of the 326 

biocatalyst 327 

By sieving the hybrid composites, 80% of the particles of OSM 328 

were retained in a mesh size between 100 and 200 �m. The 329 

supports were loaded with lipase (CaLB) under the conditions 330 

described in Section 2. As shown in Table 1, the maximum loading 331 

capability of OSM-2 and OSM-3 was 105 and 104 mg/g respec- 332 

tively. In contrast, the enzyme loading achieved with OSM-10 was 333 

210 mg/g, which is almost as high as in isolated octyl-silica par- 334 

ticles (230 mg/g). Since enzyme loading data are given per gram 335 

1600 

1400 

1200 

0,0 0,2 0,4 0,6 0,8 

Relative pressure (P/P)
0 

Fig. 2. N2 adsorption/desorption isotherms of organic resin (M), non functional-
ized silica-methacrylate composite (SM), octyl-silica (OS), octyl-silica methacrylate 
(OSM-10), and OSM-10 after enzyme loading (OSM/lipase). Isotherms have been 
displaced for clarity. 
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Fig. 3. SEM micrographs of methacrylate resin (a), octyl silica isolated particles (b) 
and octyl-silica methacrylate hybrid composite, OSM-10 (c). 

336 of solid, and provided that OSM-10 contains around 20% of resin, 
337 the small difference in enzyme loading on OS and OSM-10 is most 
338 likely due to the different content in silica particles. Their respective 
339 activities in tributyrin hydrolysis were also very close: 20,300 U/g 
340 vs 21,700 U/g, as well as their catalytic efficiencies (96.6 U/g vs 
341 93 U/mg) as can be seen in Table 1. 
342 The immobilization of lipase within the pore channels in OSM-
343 10 could be confirmed by the decrease in the surface area and 
344 pore volume of the biocatalyst compared to the OSM support 
345 (Fig. 2). 

Table 2 
Catalytic activity in butyl oleate synthesis of lipase on different supports. 

Support Units/g support Cat. efficiency (U/mg) 

Novozym 435 
OSM-2 105 mg/g 
OSM-10 210 mg/g 
Octyl silica 

2825 
1587 
3455 
3840 

– 
15.1 
16.4 
16.7 

3.3. Activity in condensation reaction 
346 

Octyl silica-lipase (lipase loading 230 mg/g) and commercial 
Novozym 435 were compared to OSM catalysts (OSM-2 and OSM- 347 

10) with enzyme loadings of 105 and 210 mg lipase per gram of 348 

support respectively. The catalysts were tested in esterification 349 

reaction to obtain butyl oleate and the results are displayed in 350 

Table 2. Noteworthy, the activity of the worldwide used Novozym 351 

435 (2825 U/g) was significantly surpassed by OS-lipase (3840 U/g), 352 

This excellent result was almost reached by our OSM-10-lipase 353 

(3455 U/g), Catalytic efficiencies of lipase immobilized on OSM-10 354 

and OSM-2 are close, whereas the activity of OSM-2 catalyst is half 355 

of OSM-10 one. Since the enzyme loading in OSM-2 is also half of 356 

OSM-10, this decreased activity must be due to the lower enzyme 357 

content in this composite. 358 

The small difference in activity between the lipase immobilized 359 

on OSM-10 and OS might also be related to the similar enzyme load- 360 

ing achieved with both materials. Indeed, catalytic efficiencies are 361 

16.4 and 16.7 U/mg respectively. Therefore, it seems that at least in 362 

this esterification reaction, diffusional limitations or mass transfer 363 

problems do not significantly increase due to the larger particle size 364 

of agglomerates. However, in order to quantify this effect, kinetic 365 

studies were performed. 366 

367 

3.4. Kinetics of tributyrin hydrolysis and diffusion limitation 
368 

The effect of diffusion limitation caused by particle size (iso-
lated OS particles and OSM aggregates) on the catalytic rate of 369 

tributyrin hydrolysis was analyzed. For intact particles as well as 370 

enzyme powder from this fraction, reaction rate was calculated for 371 

several substrate concentrations with the aim of calculating the 372 

kinetic parameters by using the Michaelis–Menten equation: 373 

374 

VmaxS = (1) 375 
KM + S 

where Vmax is the maximum reaction rate (mmol ml−1 min−1), KM 376 

is the Michaelis constant (mmol ml−1) and S is the substrate con- 377 

centration (mmol ml−1). 378 

The influence of internal diffusion limitation on the enzymatic 379 

reaction rate is usually described in terms of the effectiveness fac- 380 

tor, , which can be calculated as the ratio of the diffusion-limited 381 

and the non-diffusion-limited rate constants: 382 

Kdiff = (2) 383 
K 

where 384 

VmaxKi = (3) 385 
KM 

The values of the non-diffusion-limited rate constants can be deter- 386 

mined by grinding the immobilized enzyme particles to a fine 387 

powder. Table 3 shows the values of the kinetic parameters for 388 

the different catalysts. Those kinetic parameters were introduced 389 

in Eq. (3) to evaluate the presence of diffusion limitation. 390 

The hydrolysis of tributyrin by lipase immobilized in OS and 391 

OSM is nearly no limited by diffusion. As can be seen in Table 3, 392 

although the value of Kpowder is higher than those of KOS and 393 

KOSM, the difference in the Michaelis constant (from 0.031 to 394 
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Table 3 
Kinetic parameters and efficiency factor for the hydrolysis of tributyrin by lipase immobilized in OS and OMS-10. 

Vmax (mmol ml−1 min−1) KM (mmol ml−1) K (min−1) Efficiency factor ( ) 

OS 27.87 0.034 809.82 0.903 
OSM-10 27.50 0.037 743.22 0.829 
Powder catalyst 27.89 0.031 896.40 

395 0.037 mmol ml−1) is within standard error in enzyme kinetics. 
396 These close values mean that the agglomeration of octyl silica beads 100 

397 hardly affects internal diffusional limitation. Indeed, the effective-
398 ness factor of OS is only 8% higher than the one of OSM, whereas 90 

399 

400 

particle size increases from 70 (OS) to 120 �m (OSM). 
This apparently short increase in bead size is enough to allow 80 

Stability in organic media 

working with 100 �m meshes in reactors. More interestingly, it 
402 enables to maintain similar properties in the isolated and larger 
403 agglomerated particle catalysts. 
404 Scheme 1 displays a possible scenario to explain these results. 
405 Despite the large external diameter of the agglomerate (D), the 

%
 A

ct
iv

ity
 

70 

60 

406 substrate or product molecules do not diffuse through the dis-
407 tance D, but only across the smaller (d), which is the diameter of 
408 every single silica particle in the agglomerate. One particle with 
409 the same diameter D as the agglomerate OSM would probably cause 

higher diffusional restrictions. Moreover the presence of void areas 

50 

40 

30 
0 2 4 6 8 10 12 14 

411 of support, without enzyme, would be very likely found in this 
412 homogeneously large particle. Nevertheless, diffusion restrictions 
413 of substrates or products through smaller paths (d) to reach the 
414 whole internal surface of the porous network are quite similar in 
415 isolated OS and agglomerated OSM-10 particles. This can be also 
416 applied to enzyme diffusion, where the decrease of the hydropho-
417 bic environment during the immobilization of lipase due to the 
418 presence of ethanol improved the enzyme distribution [12]. This is 
419 in accordance with the effect of enzyme-support affinity on lipase 
420 distribution described by Gross et al. [9,10]. Thus, the distribution 
421 of the enzyme through the porous network should be favored also 
422 in larger beads obtained through agglomeration of individual ones. 

423 3.5. Stability 

424 The stability of the biocatalyst in organic medium is an inter-
425 esting parameter to test provided that lipases are enzymes acting 
426 mainly on hydrophobic substrates. With this aim, OSM-10-lipase 
427 was incubated in acetonitrile at 35 ◦C as described in Section 2 and 
428 stirred in an orbital shaker. After 2 h incubation, tributyrin activity 
429 was assayed. After the reaction, the catalyst was washed in order to 
430 remove traces of products, dried and weighted to catalyze the next 
431 cycle. No significant loss in catalytic activity was detected after 15 
432 incubation cycles, as seen in Fig. 4. This not only means that the bio-
433 catalyst is very stable, but also that no leaching of the enzyme had 
434 occurred. Again, similar stability results were previously obtained 
435 for lipase immobilized on octyl silica [11,12]: after incubation in 

Scheme 1. Diameter of large particles or agglomerates (D) is longer than diame-
ter of each single octyl silica particle in the agglomerate (d). Diffusion of enzyme, 
substrates or products in the agglomerates is only through shorter distance (d). D: 
diameter of the whole particle; d: diameter of each octyl silica particle. 

Cycle number 

Fig. 4. Cycles of esterification of oleic acid with butanol catalyzed by OSM-10 lipase. 

acetonitrile for 1 h at 40 ◦C OS-lipase kept activities between 100 436 

and 80% for 15 cycles. This excellent operational stability can be 437 

once more successfully reproduced with the enzyme immobilized 438 

on the OSM composite. 439 

4. Conclusions 440 

Starting from a siliceous material with excellent properties as 
support for lipase, a new hybrid organic-siliceous composite was 441 

obtained and optimized. The polymerization of a minimum amount 442 

of methacrylate around silica beads enabled to obtain larger sup- 443 

port beads. Octyl-silica particles remain stuck to each other through 444 

small amount of polymer, so their individual sizes do not change, 445 

and keep their porosity and surface area almost intact. Conse- 446 

quently agglomeration does not significantly interfere with their 447 

properties and thus no differences regarding enzyme loading and 448 

distribution, immobilization rate, diffusion of substrates or activ- 449 

ity and stability in organic solvents were found compared to the 450 

behavior of isolated OS-lipase particles. Therefore, this octyl-silica- 451 

methacrylate agglomerate with larger particle size seems to be an 452 

excellent support for lipase and very likely also a good candidate 453 

for industrial application of immobilized lipase. 454 
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