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The work reported in this paper is aimed at exploring the feasibility of immobilizing alkali lipase from
Penicillium expansum on a bimodal ceramic foam, which has both macro- and micro-pore structures.
After being chemically modified with a silane coupling agent, the ceramic foam was used as a support for
lipase immobilization. To determine the preferable immobilization conditions, the effects of the amount
of enzyme for loading, immobilization time, temperature, and pH on enzyme activity were investigated.
The results showed that the chemically modified ceramic foam has a high loading capacity and a strong
Enzyme immobilization
Ceramic foam
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binding ability for the lipase. Thanks to the low internal mass transfer resistance, the ceramic foam has
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. Introduction

Lipases (glycerol ester hydrolases E.C.3.1.1.3) are a family of
nzymes that catalyze the hydrolysis of fats in their natural envi-
onment and constitute an important class of high selectivity and
tereo-specificity industrial enzymes [1]. Lipases find useful appli-
ations in hydrolysis of fats and oils [2,3], synthesis of many organic
ntermediates for polymer synthesis [4–6], and preparation of
sters for food, cosmetic and pharmaceutical industry [1,7] espe-
ially for diesel engine fuels (biodiesel ester) [8]. In many cases,
he low catalytic efficiency and stability of native enzymes are con-
idered as main barriers for the development of their large-scale
pplications [9]. Whereas immobilized lipase generally have good
hermal stability and reusability. Moreover, the immobilization of
nzyme minimizes the cost of product isolation and provides oper-
tional flexibility.

Many supports have been studied including polymers and resins
1,9,10], silica and silica–alumina composites [11–13], and car-
onaceous materials [14–16]. These systems generally have a low
echanical strength and often exhibit severe diffusion limitations,

eading to a relatively low enzymatic activity [17,18]. To minimize

he internal diffusion limitation, porous supports are mostly used in
articulate form [1,19]. The size of the carriers is even on the micron
cale and cannot be used in fixed-bed reactors [20]. In viewpoint
f industrial applications, novel monolithic supports in the form
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mobilization. As a comparison, the immobilized-lipase activity was much
ently used porous materials like diatomite, alumina and activated carbon.

© 2008 Elsevier B.V. All rights reserved.

f foams, fibers, membranes and honeycombs have been devel-
ped to take the place of traditional granular ones [21,22]. Due
o having high mechanical strength and good durability, porous
eramics are often used as supports for enzyme immobilization
22–26]. Macrostructured foam-like ceramics were more favorable
rimarily because of its low diffusion limitations [16]. In this work,
unique macrostructured ceramic foam with a bimodal pore size
istribution was prepared using our patented methodology [27]. In

ndustrial field, it can be potentially applied in monolithic fixed-bed
eactors, which greatly facilitate continuous operation and product
solation [28].

For effective enzyme immobilization, the surface of porous
eramics often coated with a carbon layer [16,17,29]. It should
e noted that the carbon layer may increase the preparation cost
ecause of the complex procedures to produce the carbon layer [10].
n account of the relatively high surface hydrophobicity of lipases,

imple adsorption of lipases on suitably hydrophobic supports has
een the more popular strategy over covalent conjugation methods
30,31]. This method [32] has proven very useful to achieve hyper-
ctivation of most lipases: the hydrophobic surface of the matrix
nduces the conformational change on lipases necessary to enable
ree access of substrates to their active centers. To obtain suitable
ydrophobicity, the surface of inorganic supports may be modi-
ed with silane coupling agent [33]. Since the ceramic pore surface
ith a coating layer possessing methacryloyloxy group was able
o immobilize lipase on successfully [34], our ceramic foams for
ipase immobilization were first modified with a silane coupling
gent also possessing methacryloyloxy group.

In oleochemical industry, the most important application of
ipase is to produce fatty acids from oils by hydrolysis [2]. Partial

http://www.sciencedirect.com/science/journal/13858947
mailto:zmcheng@ecust.edu.cn
dx.doi.org/10.1016/j.cej.2008.05.015
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Fig. 1. Reactions of triglyceride hydrolysis catalyzed by lipases.

ydrolysis of triglycerides will yield mono- and diglycerides and
atty acids (Fig. 1). When the hydrolysis is carried to completion, the

ono-, di- and triglycerides will hydrolyze to yield fatty acids and
lycerol. The traditional method of hydrolysis involves the use of
igh temperature, pressure and chemical catalysts [35]. Thereupon,
nzyme-catalyzed hydrolysis is recently attempted as an energy-
aving method, especially for producing high value-added products
r heat sensitive fatty acids [36,37]. The focus of this work is to
nvestigate the optimal conditions for the preparation of immobi-
ized lipase and its catalytic properties both in view of hydrolysis
ctivity. An emulsifier was used to overcome the problem of inti-
ate contact between substrate and enzyme [38,39]. On the base

f this study, further work can be done in designing and develop-
ng a new monolithic fixed-bed reactor for the production of fatty
cids.

. Materials and methods

.1. Materials

Alkaline lipase from Penicillium expansum (2950 U/g lipase) was
urchased from Shenzhen Leveking Bio-engineering Co. Ltd., China.
oomassie brilliant blue G250, �-(methacryloxy)propyhrimethoxy
ilane (A-174), oxalic acid, ethyl alcohol, 95% ethyl alcohol, sodium
ydrogen phosphate, monopotassium phosphate, sodium hydrox-

de, crystal bovine serum albumin, and sodium chloride were all
f analytical grade. Polyethylene glycol (PEG) (WM 1750 ± 50) and
live oil were of chemical grade. The concentration of phospho-
ic acid was ≥85%. The ceramic foam is prepared by the following
ethod: First, the ceramic raw materials (20 g alumina, 8 g kaolin

nd 22 g feldspar all in the form of powder) were put into 100 g
ater, and then 5 g ethanol (95%) was added. After stirring, the sus-
ension of the raw materials was obtained. The flocculating agent,
00 g polyacrylamide (0.3% mass concentration) was dropped into

he suspension under agitation. The raw particles in suspension
radually became floccules with water in between them. The floc-
ules were then added into a matrix in the shape of the desired
eramic foam to prepare the earthen ceramic base. By the pro-
ess of drying and sintering, the water in the ceramic base was

s
o
1

ig. 2. Photograph of ceramic foam in the shape of cylinder with 100 mm diameter and 1
oam treated by HCl (right).
ering Journal 144 (2008) 103–109

emoved and cellular structure of the ceramic foam was formed in
itu. More detailed procedures are from related literatures [27,40].
n this work, a ceramic cylinder of 100 mm in diameter and 10 mm
n thickness was fabricated as shown in Fig. 2. The ceramic foam was
reated subsequently by hot concentrated hydrochloric acid. After
his treatment, the nanopores can be enlarged to some degree. The
ore size distribution of the ceramic foam was measured with the
ercury porosimeter, Autopore IV 9500 (Micromeritics Intrement

orp., USA).

.2. Chemical modification of ceramic foam

The ceramic foam cylinder was cut into cubic forms of 5–10 mm
n each edge length as the enzyme supports. The weight of each
upport was controlled at 200–250 mg. An aqueous alcohol solu-
ion was prepared at 1:1 (v/v), and oxalic acid was added into the
olution to adjust its pH to 3.5–4.0. A-174 was then put into it to
btain a modification solution at 0.2% (wt%). The supports (total
ass ≤5 g) was put into the modification solution (40 ml). In each

un, the total amount of A-174 was not less than 1% (wt%) of sup-
orts. The mixture was shaken in a 30 ◦C water bath at 100 rpm for
h. After that, the support was washed for several times with alco-
ol and deionized water separately, and then dried at 110 ◦C for at

east 8 h in an oven. Finally, the modified ceramic foam was cooled
o room temperature in a silica gel drier for experimental use.

.3. Immobilization of lipase

First the amount of crude lipase powder was determined by the
otal mass of the supports to be used and the enzyme amount per
ram of support, generally 12.5 g lipase/g support. Then so much
ipase powder was put into a 0.025 M and pH 8.0 phosphate buffer
PBS), to make the enzyme suspension of 0.333 g lipase powder/ml
BS. The enzyme suspension was stirred every 10 min for 30 min,
nd then centrifuged at 1000 rpm. The resultant supernatant was
ltrated with filter paper for further purification. Subsequently, the
odified ceramic foams were impregnated in the lipase filtrate at

0 ◦C and 150 rpm for 4 h. Finally, the ceramic foams with adsorbed
ipase were thoroughly rinsed with PBS for three to five times and
ried at room temperature for at least 24 h.

.4. Determination of lipase activity
The enzyme activity of free and immobilized lipase was mea-
ured by the classical olive oil emulsion method [41]. Emulsion
f olive oil was produced by emulsifying 50 ml olive oil and
00 ml 4% PEG solution (40 g PEG/1000 ml water) at 17,000 rpm.

0 mm thickness (left) and scanning electronics microphotograph (SEM) of ceramic
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stirrer in the flocculation procedure was controlled at 200, 300,
400 and 600 rpm, the porosity of the ceramic foam product is 0.57,
0.60, 0.56 and 0.54, respectively [27]. In a word, the ceramic foams
produced with our new method are very suitable for the immobi-
lization of lipases.
L. Huang, Z.-M. Cheng / Chemical E

he emulsion (4 ml) and 5 ml PBS (pH 8.0, 0.025 M) was mixed
ogether in a conical flask of 100 ml and preheated in water bath
t 30 ◦C for 5 min. Then, a piece of lipase-carrying ceramic foam
fter being weighted was put into the mixture to catalyze the
ydrolysis reaction at 150 rpm. Exactly 10 min later, the reaction
as refrained by adding 15 ml alcohol (95%). Blank samples were
repared in parallel. The difference was that the alcohol was added

ust after the pre-heating, but before the addition of the lipase.
or the measurement of free lipase, all the steps were the same
xcept that the immobilized lipase was replaced by 1 ml lipase
olution that was moderately diluted. The fatty acid produced in
he reaction was quantified by the volume of the consumed alkali
olution. One unit of lipase activity (U) was defined as the amount
f enzyme required to produce 1 �mol fatty acid per minute under
he experimental conditions. The activity was expressed in U/g,
he value of which can be calculated by the following formula [42]:

50(V2 − V1)
10M

n (1)

here 50 is the concentration of the sodium hydroxide solution
�mol/ml), V1 and V2 the solution volume of sodium hydroxide
hich was consumed by the reaction sample and blank sample

espectively (ml), n the dilution multiple (for immobilized lipase,
= 1), 10 the reaction time (min), and M is the mass of raw lipase
owder, support or protein adsorbed (g). The result was expressed
s the mean value of at least three independent measurements.

.5. Protein determination

Protein concentration was determined by the Bradford method
43]. The amount of protein adsorbed on the supports was calcu-
ated from that of the protein in the enzyme solution and in the
ashing solution, as following equation shows:

= (c2 − c1)V − cwVw

M
, (2)

here p is the amount of enzyme bound onto supports (mg/g), C1,
2 and cw the concentration of protein in the initial enzyme solu-
ion, final enzyme solution and final washing solution, respectively
mg/ml), V and Vw the volume of the enzyme solution and the total
nal washing solution, respectively (ml), and M is the mass of sup-
ort (g). The data of protein concentration are an average of at least
hree experiments.

.6. Optimization of lipase immobilization

The amount of lipase powder per gram of ceramic supports,
ime, temperature and pH for lipase immobilization were inves-
igated with hydrolysis activity as objective function. The initial
onditions were selected as 15 h of adsorption time, pH 7.5 of
BS, 0.333 g (crude lipase powder)/ml (PBS) of enzyme concentra-
ion and 30 ◦C of water bath. The latter immobilization conditions
ere based on the former optimized condition(s), and the resul-

ant favorable conditions were obtained after the last optimization
xperiment was finished. The values of the independent variables
ere selected as (2, 4, . . ., 12 g lipase/g ceramic), (0.33, 1.0, 2.3,
.0, 5.0 h), (10, 20, 30, 40, 50 ◦C) and (pH 6, 7, 8, 9, 10). Among
hem, the immobilization rate was demonstrated by the accumu-
ate lipase activities at different immobilization time. More details
re described in the corresponding figure captions.
.7. Thermal stability and operational stability

The thermal stability was tested according to the residual activ-
ty of the lipase, which had been incubated in PBS (pH 8.0, 0.025 M)
ering Journal 144 (2008) 103–109 105

or 1 h at different bath temperatures. To investigate the opera-
ional stability of immobilized lipase, it was repeatedly used in the
etermination of lipase activity. When one activity measurement
as over, the lipase-carrying ceramic foam was thoroughly rinsed
ith PBS (pH 7.5, 0.025 M). Then, it was added into a fresh reaction
ixture to catalyze the hydrolysis reaction as before.

.8. Optimum working pH and temperature of immobilized lipase

The reaction system was what was used in the measurement of
ipase activity. The pH of PBS in hydrolysis was investigated at 36 ◦C.
or the optimum temperature, experiments were carried out at pH
.0 of PBS. Detailed descriptions are reported in the figure captions.

. Results and discussion

.1. Characterization of ceramic foam

The ceramic foam sample shown in Fig. 3 exhibits a bimodal
ore size distribution at 45 �m and 77 nm in diameters. The widths
f micropores range from 0.3 to 2.0 nm, mesoporous substances
ave pore sizes from 2 up to 50 nm and macropores range from
idths of 50 up to 105 nm [44]. So the ceramic foam has a macro-
ore structure. The micrometer pores are the main contribution to
he porosity (0.56) and total pore volume (0.4748 ml/g), which min-
mize the diffusion resistance of the molecules [45]. The nanopores
reatly increase the specific surface area for enzyme immobiliza-
ion, which may eliminate the necessity of coating carbon layer. The
otal pore area is 7.038 m2/g. Although it seems to be small, most
f the pores are large enough to immobilize lipases. According to
ome authors, a convenient pore size is around 100 nm for lipase
mmobilization [46,47]. More suitable pores may be in the diame-
er range of 50–100 nm because of their excellent comprehensive
ehavior in enzyme loading and internal diffusion coefficient [48].
he reproducibility of the preparation of the ceramic foam in terms
f porosity control is good. For example, when the speed of the
Fig. 3. Pore size distribution of ceramic foam analyzed by Autopore IV 9500.



106 L. Huang, Z.-M. Cheng / Chemical Engineering Journal 144 (2008) 103–109

F
t
f

3

3

a
i
f
0
u
r
t
o
r
i
e
t
b

3

d

F
p
1

Fig. 6. Effect of temperature on activity on immobilized enzyme: immobilization
c
f
4

l
0
t
p
p
p
t
a
c
o

3

e
o
t
o
t

ig. 4. Effect of enzyme amount on activity of immobilized enzyme: immobiliza-
ions were carried out at 0.333 g lipase/ml (PBS of pH 7.5) and 30 ◦C of water bath
or 15 h.

.2. Enzyme immobilization

.2.1. Effect of amount of enzyme
When the enzyme concentration and the mass of ceramic foam

re selected, the total amount of enzyme for lipase immobilization
s dependent on how much lipase powder is assigned to 1 g ceramic
oams. In this experiment, the lipase concentration is selected as
.333 g (native lipase)/ml (PBS). If the concentration is too high, the
se rate of the crude lipase may be low because a lot of lipase
emains in the enzyme residue after separation. Fig. 4 shows that
he activity of immobilized lipase increased with the given amount
f the native lipase. At a loading of 12 g lipase/g ceramic, the activity
eached to the maximum. The fact that the curve tends to increase
mplies that the ceramic foam has a good enzyme capacity. How-
ver, if enzyme amount per gram of support was too much, the
otal volume of enzyme solution may be too large, which does not
enefit the lipase adsorption.
.2.2. Effect of immobilizing time
The activities of the lipase immobilized on ceramic foams for

ifferent periods of time were measured (Fig. 5). The immobi-

ig. 5. Effect of immobilization time on enzyme activity: immobilizations were
erformed at pH 7.5 of PBS, 30 ◦C of water bath, 0.333 g lipase/ml (PBS) and
2.5 g lipase/g ceramic foam.

t

3

h

F
f

onditions were that PBS was pH 7.5, enzyme amount was 12.5 g lipase/g ceramic
oam, enzyme concentration is 0.333 g lipase/ml PBS and immobilization period was
h.

izations were performed at pH 7.5 of PBS, 30 ◦C of water bath,
.333 g lipase/ml (PBS) and 12.5 g lipase/g ceramic foam. Because of
he high porosity and the low diffusion resistance of the macro-
ores, the enzyme solution could rapidly diffuse into the internal
ore structure of the ceramic foam. Besides, the strong hydrophobic
roperty of the modified ceramic also enhanced the immobiliza-
ion process [31]. It was found only in 20 min, the activity reached
bout 61.5% of the maximum, and the immobilization of enzyme
ompleted in 4 h, indicating the equilibrium of adsorption and des-
rption.

.2.3. Effect of immobilizing temperature
Lipase was immobilized on modified ceramic foams at differ-

nt water bath temperatures. The results in Fig. 6 indicate that the
ptimum temperature of enzyme immobilization was 20 ◦C, and
he enzymatic activity was near its maximum value in the range
f 10–30 ◦C. In practice, immobilization temperature can be con-
rolled at 15–25 ◦C. Temperatures that are too high may cause the
hermal deactivation of the enzyme.
.2.4. Effect of solution pH
Fig. 7 shows that the activity of the immobilized enzyme was

ighest at pH 8.0. The pH has an effect on the ionic state of the

ig. 7. Effect of pH on activity of immobilized enzyme: immobilization was per-
ormed at 30 ◦C, 0.333 g lipase/ml PBS and 12.5 g lipase/g ceramic foam for 4 h.
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Table 1
Preferable conditions of lipase immobilization

Enzyme amount (g/g ceramic) 12
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H 8

ipase molecules as well as the polarity of the organic groups on
he surface of modified ceramic foams. At pH 8.0, the enzymatic
olarity might be weakened, which could enhance the lipase bind-

ng onto the hydrophobic surface. On the other hand, the pH 8.0
as not too far away from the optimum pH of the free lipase, pH
.0.

Up to now, the preferable conditions of lipase immobilization
ere obtained, as what was summarized in Table 1.

.3. Characteristics of immobilized lipase

.3.1. Thermal stability
As shown in Fig. 8, the activities of the immobilized lipase

emained in a wider range of bath temperatures than that of the free
ipase, which means the immobilization procedures have largely
mproved the thermal stability. For example, at 50 ◦C, the relative
ctivity of the free lipase was only 17%, whereas that of the immobi-
ized lipase was 46%. The strong hydrophobic interaction between
he lipase and the modified ceramic surface made the molecular
onformation of the immobilized enzyme more stable than that
f the free enzyme, which increased the thermal stability of the
mmobilized lipase.

.3.2. Optimal pH of working solution
The activities of the immobilized lipase and free lipase are com-

ared under different working solution pH values (Fig. 9). The
ptimum pH for immobilized lipase was 8.0, and that of free lipase
as about 9.2. That is to say, after being immobilized, the optimum
H was reduced by about 1. This might be because the pore surface
as positively charged due to the skeleton of the ceramic foam con-

ains much alumina [49]. The positive charge attracts the hydroxyl
ons from the bulk solution to the interface, which causes the pH

n the microenvironment of the interface to be higher than that
f the bulk phase of the solution. In the catalysis of immobilized
nzyme, the pH of the bulk solution must be lowered to counteract
he action of the microenvironment.

ig. 8. Thermal stability of immobilized lipase and free lipase: hydrolysis reac-
ion at pH 8.0 PBS, 30 ◦C water bath and 10 min reaction time. (♦) Free lipase; (�)
mmobilized lipase.

3

f
1
f

F
c

ig. 9. Effect of reaction pH on hydrolysis activity of lipase-carried ceramic foams:
t 0.025 M PBS, 30 ◦C water bath and 10 min reaction time. (�) Free lipase; (�)
mmobilized lipase.

.3.3. Optimal working temperature
In the measurement of the activity, the hydrolysis of olive oil was

arried out at different water bath temperatures (Fig. 10). Generally
peaking, the rate of reaction increases as the reaction temperature
ises. Temperatures that are too high may result in the deactivation
f the enzyme. In this experiment, the optimal working temper-
ture of the immobilized lipase was about 30 ◦C, which is largely
etermined by the thermal stability of the immobilized lipase illus-
rated in Fig. 8.

.3.4. Operational stability
Operational stability of the immobilized lipase in batch hydrol-

sis of olive oil was tested by repetitive experiments. As shown in
ig. 11, the activity of the immobilized lipase only decreased in the
rst repetition by a reduction of 40% from its initial activity, and the
ctivity still kept constant even in the fourth repetition. The trend
f the curve indicated that some smaller pores of the ceramic foam
ere clogged by the particles of the emulsified olive oil in the first

ycle, but the rest larger pores were not subject to be blocked again
n the other cycles [40]. Fig. 11 also indicated that there is a strong
inding force between the enzyme molecules and modified pore
urface. Otherwise it was impossible to keep a stable lipase activity
ince the second batch.
.3.5. Specific activity and enzymatic recovery
After 1-h immobilization, the protein loading on ceramic

oam was 45.36 mg protein/g ceramic and the specific activity was
215.39 U/g protein. As a comparison, Gao et al. [50] adsorbed lipase
rom P. expansum onto the pore surface of diatomite, the protein

ig. 10. Effect of reaction temperature on hydrolysis activity of lipase-carrying
eramic foams: 0.025 M and pH 8.0 PBS, 10 min reaction time.
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ig. 11. Stability of immobilized lipase in batch hydrolysis of olive oil: at 0.025 M
nd pH 8.0 PBS, 30 ◦C water bath and 10 min reaction time.

oading could be up to 52 mg/g diatomite under the optimal immo-
ilization condition and the specific activity of immobilized lipase
as 1301 U/g protein. Compared with Gao’s experimental results,

he protein loading and the specific activity on the ceramic foam are
lightly lower. It seems that the diatomite is superior to the ceramic
oam. However, this remains yet to be analyzed further.

In Gao’s experiments, the native lipase was purified by 15.75
imes from 2465 to 38823 U/g (protein). However, in our experi-

ents, the purchased crude lipase (2950 U/g lipase powder) was
ot pre-purified. The activity recovery of the lipase on ceramic

oam was 41% (1215.39/2950 = 0.412), only a little lower than that
n the diatomite (1301/2465 = 0.528). It was mainly owing to the
ydrophobic surface property and the favorable pore size dis-
ribution of the ceramic foam. The study of Bastida et al. [30]
ndicated that hydrophobic supports has a purifying function in
ipase immobilization through selective adsorption [34,31], and the
mmobilized lipase could be hyper-activated by the hydrophobic
nteraction between the lipase molecules and the modified sur-
ace [30]. The more suitable pore structure also contributes to the
nhancement of the immobilized-lipase activity, as discussed in

ection 3.1.

.3.6. Compared with other supports
To assess the performance of the ceramic foam, some typical

ommercial inorganic supports were compared. The lipase was

ig. 12. Activity comparison of lipase immobilized on different inorganic materials:
.025 M and pH 8.0 PBS, 30 ◦C water bath and 10 min reaction time.

[

[

[

[
[
[

[

[

[

[
[

ering Journal 144 (2008) 103–109

dsorbed on each of these supports under the same condition and
ts activity was measured with the same method as described in
receding paragraphs. The results in Fig. 12 shows that the activ-

ty of the lipase on modified ceramic foam was comparable to that
f silica gel, yet obviously better than diatomite, activated carbon,
lumina, and quartz sand.

. Conclusion

Although enzyme immobilization has been studied for more
han half a century, this biotechnology has not been extensively
sed in modern industrial process due to lack of cheap and efficient
aterials for enzyme immobilization in view of a feasible reactor

peration. To this end, a novel ceramic foam was prepared with
imodal porous structure distributed at 45 �m and 77 nm in diame-
er. After chemical modification on the foam surface, the conditions
or enzyme immobilization were determined under 15–25 ◦C and
H of PBS at 7.5–8.0. It was showed that the thermal stability of
he immobilized lipase was higher than that in its free form. The
ptimal reaction conditions for hydrolysis of olive oil were found
t pH 8.0 and 30 ◦C. The activity of the lipase immobilized on the
eramic foam was higher than that on some other porous sup-
orts. Moreover, the operational stability of the immobilized lipase

s also remarkable. The results may be explained from the support
tructure and surface property: the unique bimodal macrostructure
oth lowered the diffusion limitation and increased the specific sur-
ace area for enzyme immobilization and hydrolysis reaction; the
trong hydrophobic interaction between the lipase and the mod-
fied ceramic surface makes the molecular conformation of the
mmobilized lipase more stable and enables free access of sub-
trates to their active centers.
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