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a  b  s  t  r  a  c  t

The  effect  of  the  composition  of the feedstock  (free  fatty  acids  and  methanol),  the  presence  or  absence  of
moisture  and  the  contact  with biodiesel  on the  catalytic,  enzymatic  and  physical  stability  of  Novozym®

435  during  enzymatic  biodiesel  production  was  studied.  The  continuous  removal  of  moisture  leads  to the
deactivation  of  the  biocatalyst  and  favours  the  degradation  of the  polymethylmethacrylate  (PMMA)  that
vailable online 30 March 2013

eywords:
ovozym® 435
iodiesel
AeSTER

constitutes  the  support  of  the  lipase  B of Candida  antarctica  (CALB).  Nevertheless,  the  presence  of  PMMA
along  with  the  active  protein  was  detected  in  the  reaction  media  regardless  of  the  operating  conditions.
Surprisingly,  biodiesel  (without  the  presence  of  methanol)  is  able  to  diffuse  inside  the biocatalyst’s  beads
producing  its  swelling,  modifying  the  internal  texture  and  also  dissolving  the polymeric  matrix.

© 2013 Elsevier B.V. All rights reserved.

nzymatic esterification

. Introduction

Novozym® 435 is the commercial immobilized Candida
ntarctica lipase B (CALB) produced by submerged fermentation
f a genetically modified Aspergillus microorganism. The lipase
s adsorbed on a macroporous resin called Lewatit VP OC 1600,
ccording to the information given by the Novozymes Co. in
heir website. This macroporous resin is a polymer of metacrylic
cid cross-linked with divinylbenzene (DVB) and possesses cer-
ain hydrophobic nature [1]. Recently, some of us demonstrated
hat both neat ethanol and an ethanol: H2O mixture dissolve the
olymethylmethacrylate (PMMA) that constitutes the support of
he lipase B of Candida antarctica (CALB) regardless of the con-
itions investigated and also diffuses into the biocatalyst’s beads
emaining strongly adsorbed (the desorption of the alcohol was
videnced only upon heating at 150 ◦C) [2]. Our research demon-
trated that 16.6% of the initial mass of biocatalyst was dissolved
pon contacting Novozym® 435 with ethanol (or ethanol–water
ixture) for 4 cycles of 48 h at 45 ◦C. The action of ethanol over

he integrity of the PMMA  resin was also determined on the inner

exture of the biocatalyst’s beads. In fact, the microscopic analysis
f the cross section of the beads demonstrated the increase of their
oughness and internal pore structure. Additionally, the ethanol

∗ Corresponding author. Tel.: +54 221 4 211353/210711.
E-mail address: briand@quimica.unlp.edu.ar (L.E. Briand).

920-5861/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2013.02.013
(with or without water added) modifies the secondary structure of
the enzyme by decreasing the �-helix contributions and increasing
the �-sheet structure. The conclusions obtained in those investi-
gations evidence that the deactivation reported by ourselves and
other researchers on the catalytic activity of Novozym® 435 in
contact with alcohols cannot be explained straightforwardly since
there is a multiplicity of effects that account for such phenomena.
In this context, a similar methodology was  applied to investigate
the stability of Novozym® 435 in the biodiesel production under
various operation conditions. As it is already well known, biodiesel
fuel is produce by esterification of fatty acids or transesterification
of oils and fats with short chain, low cost alcohols that are cur-
rently supplied as a commodity material [3]. Although, methanol
causes severe drawbacks such as reaction inhibition and a lower
enzyme performance, it is currently the alcohol most widely used
in biodiesel production [4]. Now, reviewing those investigations
devoted to the enzymatic biodiesel production comes clear that
the alcohol to oil molar ratio influences enzyme life and is the key
parameter in enzyme screening for biodiesel production. Although,
many scientific publications proved that the catalytic performance
of both free and immobilized lipases (Novozym® 435) is severely
affected by methanol, none of them addresses the causes of such
inhibition [3–6]. These investigations focused on how to override
the inhibition rather than to explain why inhibition occurs and

what the consequences are on the quality of the product. The
present investigation provides relevant information concerning the
effect of free fatty acid to methanol ratio, the presence of mois-
ture and the contact with biodiesel on the catalytic, enzymatic and

dx.doi.org/10.1016/j.cattod.2013.02.013
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.cattod.2013.02.013&domain=pdf
mailto:briand@quimica.unlp.edu.ar
dx.doi.org/10.1016/j.cattod.2013.02.013
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hysical stability of Novozym® 435 during enzymatic biodiesel pro-
uction. In this context, the modifications of the outer and inner
exture of the biocatalyst, its physical integrity (loss of polymeric
upport and/or the enzyme in the reaction media) and the effect on
he enzyme’s secondary structure were investigated.

. Experimental

.1. Transesterification of free fatty acids toward biodiesel

Two samples of 0.2 g of Novozym® 435 (batch #LC200229) were
eused 92 (sample called #218 along the article) and 117 times
sample called #219) respectively in the esterification of free fatty
cids (called FFA for brevity) toward biodiesel at 65 ◦C for 2 h.
ach reuse was the reaction of 44 ml  of a mixture containing 4.2%
FA oleic acid with 0.46% of methanol added at the beginning of
he reaction. The sample #218 had continuous moisture removal
hrough the FAeSTER process while the sample #219 did not [7].
fter the reaction and 1 min  of settling, 15 ml  of the reaction media
as taken from each reaction and filtered through 2.5 �m filter
aper. After 30 min  of additional settling, an additional 15 ml  of

iquid was filtered through 2.5 �m filter paper. The 30 min  sample
s to help identify how much of the particulate is suspended such
hat it cannot be removed by gravity.

A third sample of Novozym® 435 called #220 was  used once
n the esterification of 15% FFA soy and oleic acid with 1.58 wt%  of

ethanol added at start of reaction.
Additionally, a sample of Novozym® 435 was tested in a pilot

cale reactor (called “pilot” sample from now on) for 2 h reaction
ime (single use), at a temperature of 65 ◦C, sparged agitation, with
% FAME (fatty acids methyl esters) and 0.23 ml  methyl alcohol.
he pilot scale multi-catalyst biodiesel reactor possesses a stain-
ess steel batch reaction tank (132.5 l), with continuous glycerol
emoval, oil and biodiesel purification.

Novozym® 435 saturated in biodiesel for 4 h was  used as a refer-
nce sample (called “control”  sample from now on). The biodiesel
as the commercial product of Piedmont Biofuels that typically

ontains <0.08% FFA and <0.05% methanol in accordance with ASTM
pecifications [8].

.2. Procedure for the treatment of the beads of Novozym® 435

The samples of Novozym@ 435 called control,  #218, #219 and
he one used in the pilot plant were washed with tert-butanol
Sigma–Aldrich 99.0%) in order to remove the residues of FFA and
iodiesel adsorbed on the beads. The samples were washed three
imes with about ∼1 ml  of the alcohol in the container and then
ere filtered with a conventional filter paper. The biocatalysts’

eads were also washed with distilled water in order to remove
he alcohol that crystallizes at room temperature. The beads were
llowed to dry in a desiccator at room temperature.

.3. Analysis of the material retained on the filter papers

Each filter was weighed and then washed with anhydrous
thanol (Carlo Erba, HPLC grade) for 25 min  at room temperature
n order to remove the retained material. The filters were dried and
eweighed after being washed. The remaining alcohol after washing
as evaporated leaving an oily layer residue with a small partic-
late matter embedded in it. This material was weighed and then
issolved in 8.00 ml  of ethanol and filtered through nylon filters of

.45 �m (Osmonics). Then these nylon filters were dried, weighed
nd the material held on them was analyzed by FTIR. On the other
and, the liquid phase was carried to dryness and the resulting
esidue was weighed and dissolved in 1.00 ml  of distilled water.
y 213 (2013) 73– 80

The aqueous phase was  centrifuged for 10 min  at 14,000 rpm in a
Spectrafuge 16M Labnet centrifuge in order to separate the aqueous
layer from the remaining oily layer. The aqueous layer was fur-
ther analyzed through UV–Vis spectroscopy with a Perkin Elmer
Lambda35 spectrophotometer in order to determine the presence
of protein as described in previous studies [2]. The amount of pro-
tein was further determined through the bicinchoninic acid assay
as will be discussed in the following section.

2.4. Quantification of the protein through the bicinchoninic acid
assay

The amount of protein that was  recovered from the reaction
media was  quantified through the bicinchoninic acid assay. The BCA
method involves the preparation of three aqueous solutions that
are called A, B and C for brevity. Solution A contains 0.4000 g of BCA
(Fluka ≥ 90%), 0.8000 g Na2CO3 (Mallinckrodt), 0.1630 g NaHCO3
(Anedra), 0.1581 g NaOH (Carlo Erba ≥ 97%) and 0.0641 g sodium
tartrate dibasic dihydrate (Fluka ≥ 99%) in 40 ml  of distilled water.
Solution B contains 4% (w/v) of CuSO4 and solution C is a mixture of
solution A and B in a 100/2 (v/v) ratio (in this particular case, solu-
tion C corresponds to 30.00 ml  of solution A and 0.60 ml  of solution
B, and is prepared just before the quantification).

The standard solutions for the calibration curves were prepared
with Candida antarctica lipase (CALB L) (batch LCN02102) contain-
ing 68.30 mg/ml  of protein. This concentration was determined
previously through the precipitation of the protein [2]. That start-
ing aqueous solution of CALB L was  further diluted to 0.1 mg/ml and
the standard solutions for calibration purposes were prepared by
taking an appropriate volume of the 0.1 mg/ml of the CALB L solu-
tion then 2.00 ml  of the solution C was  added and incubated at 60 ◦C
for 10 min  (each solution was prepared by duplicate). The mixtures
were allowed to cool down and the absorbance was  measured at
562 nm (the spectrophotometer was described in Section 2.3). The
calibration curves were performed in an interval containing from
2.25 �g/ml to 9.01 �g/ml.

2.5. Determination of the secondary structure of the protein with
infrared spectroscopy

The secondary structure of the biocatalyst was determined
through infrared analysis. The samples were diluted with KBr and
pressed in a conventional wafer for FTIR analysis. Spectra were col-
lected in the 4000–400 cm−1 range (±2 cm−1 resolution) with a
Bruker Vertex 70 equipment. The infrared analysis was  recorded
with 120 scans in the absorption mode. The contribution of the
infrared spectrum of the support Lewatit VP OC1600 was  digitally
subtracted from the spectra of Novozym® 435. Similarly maximum
absorption intensity of all the spectra was verified, which indi-
cates that a constant optical path length was  maintained during
the analysis of the samples.

To estimate the secondary structure, peak fitting of the Amide
I band (1700–1600 cm−1) by Lorentzian-shaped components was
performed on the non-deconvoluted spectra. The software used
with this purpose was  a special peak fitting module of Origin 5.0.
The positions and number of the components were determined
from the second derivative analysis of the spectra. The contribution
of each component to the Amide I band was  evaluated by integrat-
ing the area under the curve and then normalizing to the total area
of the Amide I band.

2.6. Scanning electron microscopy analysis and description of the

inner and outer texture

The diameter of the beads along with the inner and outer mor-
phology of the starting Novozym® 435, soaked in biodiesel (control
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Fig. 2. Comparison of the catalytic performance of three samples of Novozym® 435
C. José et al. / Catalys

ample) and after reaction was investigated through scanning
lectron microscopy analysis with a Philips SEM 505. The samples
ere prepared as thin specimens by embedding the biocatalyst in

 LR White resin and further sliced with a microtome. This proce-
ure allowed obtaining samples of the cross sections of the beads
or the investigation of the inner texture. These specimens, covered
ith a conductive gold layer in order to avoid electrical charges on

he surface, were observed in the microscope. Images of the cross
ection of the samples at a magnification equal to 8400× (25 kV,
pot size 20) were analyzed with the FERImage program in order
o calculate the fractal dimension D, dper and the dmin parameters
21]. The capabilities of such software are discussed in the following
ections.

. Results and discussion

.1. Life trials of Novozym® 435 in the production of biodiesel

Fig. 1 shows the catalytic performance of two  samples of
ovozym® 435 tested in the esterification of a feedstock containing
% of (FFA) with 0.46% of methanol with and without continuous
emoval of moisture (these samples are called #218 and #219,
espectively). Additionally, the figure shows the esterification of

 feedstock containing 15% FFA with 1.58% of methanol without
oisture removal (sample called #220). The data corresponds to

he percentage of non converted FFA that remains in the batch after
20 min  versus enzyme productivity calculated as the amount of
iodiesel produced (in Ton.) per kilogram of biocatalyst. The outlier
ata points correspond to result from testing at 40 and 80 min  time.

The set of data points belongs to 92 consecutives runs per-
ormed with the sample #218 and 117 batches that were run with
oth samples #219 and #220. The sample #218 suffers the most
oticeable activity loss since the amount of FFA remaining in the
eaction media goes up continuously (less ester production) from

he 83rd batch. The moisture levels were consistently less than
00 ppm along the experiments, therefore high moisture does
ot account for the activity loss. Additionally, the reaction media
hows more fine particulates than the other samples. These fine

ig. 1. Life trials of Novozym® 435 through several reuses of the biocatalyst in the
sterification of feed stocks containing 4% FFA (with and without FAeSTER) and
5% FFA (without FAeSTER) at 65 ◦C for 120 min  of reaction. The graph shows the
ercentage of FFA remaining in the reaction media versus de enzyme productivity

n  tons per kg of enzyme.
used 60 times and further reacted (two batches of 120 min  each) with moisture
removal (FAeSTER method). The graph shows the percentage of FFA remaining in
the reaction media versus de enzyme productivity in tons per kg of enzyme.

particulate whose nature is discussed in the following sections,
remain in suspension for extended periods of time.

In order to achieve a comparable measurement of deactiva-
tion for all samples, each of them were reacted using the FAeSTER
method with the same conditions after the 60th batch. In this con-
text, the samples #219 and #220 were rinsed with 30 ml  of fresh
4% FFA biodiesel before reacting in order to remove any left-over
oil or water. The sample #220 was  reacted twice with 4% FFA using
the FAeSTER method (120 min  each batch) in order to ensure that
the results were not affected by the presence of water from pre-
vious batches containing 15% FFA. Fig. 2 shows the percentage
of non converted FFA that remains in the reaction media versus
enzyme productivity under continuous moisture removal through
the FAeSTER method.

The results corresponding to the first run of 120 min  of reac-
tion carried with a feedstock containing 4% FFA using the FAeSTER
method shows a high substrate conversion toward biodiesel. How-
ever, the biocatalyst previously used 60 times and then reacted
with the FAeSTER method evidences deactivation comparing with
the non moisture removal operation. It is worth noticing that the
catalytic activity of Novozym® 435 remains stable when moisture is
not removed from the reaction media (compare 4% FFA no FaeSTER
runs 1 and 60 in Fig. 2).

The reaction performed with 15% FFA without moisture removal
show a similar performance compared with the 4% FFA containing
feedstock at about 120 min  of operation. Again, the results evi-
dence that the presence of moisture plays an important role in the
catalytic stability of Novozym® 435.

3.2. Evidences of the degradation of Novozym® 435 in the
reaction media
The results described in the previous section clearly evidence
the deactivation of Novozym® 435 under several reuses when
moisture is removed from the reaction media. In this context, the
physical and enzymatic stability of the biocatalyst was further
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Table 1
Amount of solid residue and protein found in the reaction media due to the degradation of Novozym@ 435 during the production of biodiesel with and without moisture
removal through the FAeSTER method.

Novozym® 435 Time of
collectiona

(w/v) % of residuesb (w/v) % protein
(mg/100 ml)

Biodiesel + PMMA
+ enzyme + others

Non soluble
residue (PMMA)c

Water soluble
residue

Non soluble in water or
ethanol (fats, biodiesel)

# 218 with FAeSTER 1 min  1.36 1.28 – 0.08 11.58
30  min  1.19 0.15 0.90 0.14 11.01

#  218 without FAeSTER 1 min  1.39 0.10 1.11 0.18 8.68
30  min  1.36 0.35 0.86 0.15 8.82

#  219 with FAeSTER 1 min 1.31 0.11 1.08 0.12 10.76
30 min 1.49 0.16 1.14 0.19 9.04

#  219 without FAeSTER 1 min  1.35 0.13 1.08 0.14 15.08
30  min  1.47 0.22 1.05 0.20 9.27

ding of the reaction.
nd extrapolated to 100 ml.
luble residues to the total amount of residues.
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Fig. 3. (a) Infrared spectra of Candida antarctica B, bare support Lewatit VP OC 1600
of  polymethylmethacrylate PMMA,  oil residue and residues of the reaction media
after using the sample #218. These spectra correspond to the following operation
conditions: (A) and (B) without FaeSTER filtered after 1 min  and 30 min  after the
ending of operation; (C) and (D) with FaeSTER filtered after 1 min and 30 min  after
the ending of operation. (b) Infrared spectra of Candida antarctica B, bare support
a The sample of the reaction media was collected after 1 min  and 30 min  of the en
b The (w/v) % of solid residue was determined in 15.00 ml  of the liquid medium a
c These values correspond to the subtraction of the amount of soluble and non so

valuated in order to obtain fundamental insights that allow
orrelating the catalytic performance and the intrinsic properties
f the biocatalyst.

First of all the reaction media was investigated in order to deter-
ine if any of the constitutive materials of the biocatalyst (protein

nd/or polymethylmethacrylate) were left in the liquid media after
eaction. As a second approach the biocatalyst’s beads were assayed
n order to establish the modification of the texture and/or the
econdary structure of the protein.

The reaction media was filtered after reaction and the presence
f the particulate and/or the enzymatic material was investigated
fter removal of the biodiesel as previously described in Section 2.3.
able 1 presents the amount of residue per volume that was recov-
red from the reaction media after 1 min  and 30 min  of the ending
f the reaction along with the content of protein. As expected, the
eaction media evidences the presence of an oily component (non
oluble either in water or ethanol, not retained by a 0.45 �m filter).
owever, aside from this component there are two other ones: a
on soluble solid residue that is suitable to be retained by a 0.45 �m
lter and a water soluble residue. Interestingly, the higher amount
f the non soluble solid residue (1.28 w/v %) belongs to the sam-
le #218 that was used with continuous water removal and finally
eactivates upon reuses. This non soluble residue corresponds to
he polymeric matrix of the beads of biocatalyst as will be discussed
n the following section.

The UV–Vis analysis of the water soluble residue evidences the
resence of characteristic signals of the components of Novozym®

35 such as a broad and intense signal ascribed to benzoic acid
230 nm)  and sorbic acid (258 nm)  used as preservatives in the

anufacture of Novozym® 435 (spectra not shown). Additionally,
 shoulder observed at 282 nm corresponds to the absorbance of
eptide bonds and amino acids containing aromatic rings, respec-
ively. More evidences of the presence of proteins were obtained
hrough the quantification with the bicinchoninic acid assay that
ndicates a concentration of about 0.4–0.7 mg/ml  of protein in the
eaction media regardless of the operative conditions (see Table 1).

.3. Evidences of the loss of the polymeric matrix of Novozym®

35

The nature of the residues recovered from the reaction media
as determined through infrared spectroscopy as will be discussed
n this section. Fig. 3a and b shows the infrared spectra of the solid
articulate recovered from the filters along with the infrared spec-
ra of the oil recovered from the biocatalyst’s beads after washing
ith tert-butanol, the polymeric support polymethylmethacrylate

Lewatit VP OC1600 of polymethylmethacrylate PMMA,  oil residue and residues of
the  reaction media after using the sample #219. These spectra correspond to the
following operating conditions: (A) and (B) without FaeSTER filtered after 1 min and
30  min after the ending of operation; (C) and (D) with FaeSTER filtered after 1 min
and  30 min  after the ending of operation.
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MMA and the lipase B of Candida antarctica.  Additionally, Table 2
ummarizes the band’s position and the assignments of the infrared
ignals.

The bare support Lewatit VP OC 1600 possesses an intense signal
t 1731 cm−1 due to the stretching vibration of the carbonyl groups
f the polymethylmethacrylate PMMA  (CH2CCH3)n CO O CH3
9,10]. Additionally, the intense signals belonging to asymmet-
ic and symmetric stretching of the methyl groups (2950 cm−1

nd 2875 cm−1, respectively) along with asymmetric and symmet-
ic bending vibrations (of weak intensity) of the methyl groups
1387 cm−1 and 1361 cm−1, respectively) are observed [11]. These
ast two signals are characteristic of the C H vibration of methyl
nd methylene groups attached to a tertiary carbon atom such as
he one of the PMMA  resin. The intense set of signals observed in
he range from 1269 cm−1 to 1145 cm−1 are characteristic of twist-
ng and wagging vibrations of methylene groups. The presence of
ivinylbenzene as a cross-linker is evidenced through the doublet
f medium intensity at 1510 cm−1 and 1454 cm−1 due to the skele-
al vibrations involving the carbon–carbon stretching within the
romatic ring. Additionally, a set of weak signals is observed from
34 cm−1 to 709 cm−1 that is characteristic of the C H out-of-plane
ending bands of the alkyl-substituted benzene [10,11].

The oily residue possesses two intense bands at 1742 cm−1

nd 1713 cm−1 ascribed to the stretching vibration of the car-
onyl species �(C O) of the ester linkage COOR that belongs to
ither the free fatty acids or the biodiesel [12–14]. Additionally,
he stretching vibrations of CH3, CH2 and CH appear at 3002 cm−1,
928 cm−1 and 2858 cm−1 along with the bending vibrations of the
ethylene groups (CH2)n of the long chains at 1463–1350 cm−1,

350–1150 cm−1 and 724 cm−1.
The infrared spectra of the lipase B of Candida antarctica pos-

esses the intense bands corresponding to the Amide I and Amide II
ignals centered at 1653 cm−1 and 1540 cm−1, respectively [15,16].
hese signals are observed in the residues recovered from the reac-
ion media providing further evidences of the loss of protein from
ovozym® 435 during the production of biodiesel.

The overlapping between the infrared signals of the carbonyl
roup (∼1730 cm−1) of FFA, biodiesel and PMMA  makes difficult to
nalyze the presence of the polymeric matrix in that region. How-
ver, the residues possess the signal of divinylbenzene at about
510 cm−1 that is the cross-linker of the polymeric matrix as dis-
ussed before (the signal at 1463 cm−1 might also belongs either
o DVB or to the oily residue). Further evidences is provided by
he signal of medium intensity at 674 cm−1 that is ascribed to the
ut of plane bending of the carbon–hydrogen bonds �(C C H) of
romatic substances [2,10].

.4. Effect of the reaction conditions on enzyme’s secondary
tructure

Fig. 4 shows the infrared spectra of the starting Novozym® 435,
ontrol, #218 (reused 92 times), #219 (reused 117 times) and the
ne used in the pilot plant. The commercial biocatalyst Novozym®

35 possesses both the signals belonging to the lipase B of Can-
ida antarctica (a weak signal belonging to Amide I is observed at
bout 1651 cm−1) and the macroporous polymer as expected. In
his context it is interesting to compare the ratio of the areas of
he infrared signals belonging to PMMA  versus the Amide I as a
emi-quantitative evidence of the alteration of the content of the
upport and the active enzyme. The “control” biocatalyst that was
ust soaked in biodiesel, the samples that were reused several times
n the biodiesel production process and the sample used once in

he pilot plant possess lower ratios than the starting sample indi-
ating a certain degree of alteration of both the content of protein
nd polymeric matrix (see Table 3). The biocatalyst used once in
he pilot plant possess the closer ratio compared with the starting Ta
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Table 3
Ratio between the areas of the infrared signals of the polymeric support PMMA at 1735 cm−1 and the protein at 1651 cm−1, and contribution of the individual components
of  the secondary structure of Novozym® 435.

Novozym® 435 A1731/A1651
a Percentage contribution %

�-Aggregates �-Helix Random �-Sheetb �-Turnc

Starting sample 5.9 – 26.4 20.5 21.8 31.3
Control  2.8 0.7 13.6 16.8 56.2 12.7
#218  1.8 4.8 25.4 15.9 39.7 14.2
#219  2.2 2.6 12.7 15.8 45.6 23.3
Pilot  4.0 4.0 23.0 17.1 36.3 19.2

 cm−1

 most
signal

N
s
g
t
b
h
c
h

s
c
o
o
t
s
A
t
[
t
w
a
c
s
u
d
c
e
e
s
�

F
w
#

a A1731 and A1651 correspond to the areas of the infrared signals centered at 1731
b The percentage of (-sheet corresponds to the addition of the contribution of the
c The percentage of (-turn corresponds to the addition of the contribution of the 

ovozym® 435 (APMMA/AAmide I = 4.0 versus 5.9) while the reused
amples #218 and #219 present the lower ratios of the investi-
ated series. This observation suggests that the longer the reaction
he higher the degradation of the biocatalyst’s beads. Moreover,
eing the area of the infrared signal of the polymeric matrix APMMA
igher than the area of the signal of the protein AAmideI allows con-
luding that the content of polymethylmethacrylate decreases at a
igher rate than the protein content upon reusing.

Interestingly, the sample that was just soaked in biodiesel (no
ubjected to reaction) also shows a certain degree of degradation
ompared with the fresh biocatalyst (APMMA/AAmideI = 2.8 versus 5.9
f the starting biocatalyst). Additionally, the secondary structure
f the lipase B of Candida antarctica was also affected upon contac-
ing with the biodiesel. In this context, the analysis of the infrared
pectra of enzymes in the 1700–1600 cm−1 region (the so-called
mide I region) provides qualitative and also quantitative informa-

ion of the secondary structure elements that compose the protein
2,15,16]. The Amide I band originates from the stretching vibra-
ions of the peptide carbonyl groups in the backbone of the protein,
hose frequency depends on the hydrogen-bonding and coupling

long the protein chain, and is therefore sensitive to the protein
onformation. The Amide I signal of the infrared spectra of the
tarting Novozym® 435, the control, #218, #219 and the sample
sed in the pilot plant were de-convoluted in order to obtain evi-
ences of the secondary structure changes of the proteins. In this
ontext, Table 3 shows the percentage contribution of the differ-

nt elements of the secondary structure. As was discussed above,
ven the exposure to the biodiesel at room temperature alters the
econdary structure of the Candida antarctica lipase increasing the
-sheet structure and decreasing the contributions of the �-helix
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ig. 4. Infrared spectra of the beads of starting Novozym® 435, after being in contact
ith biodiesel (control sample); used in a pilot plant and reused 92 times (sample
218) and 117 times (sample #219) in the esterification of a FFA feedstock.
and 1651 cm−1 ascribed to PMMA  resin and Amide I, respectively.
 intense signals at 1631 cm−1, 1641 cm−1 and 1695 cm−1.
s at 1667 cm−1, 1678 cm−1 and 1680 cm−1.

and �-turn structures compared with the starting Novozym® 435.
The samples used in the reaction show a similar behavior although
in the particular cases of the sample #218 and the one used in the
pilot plant do not alter their �-helix structure. It is worth noticing
that the control and the used Novozym® 435 possess �-aggregates
which are an indication of misfolding followed by aggregation of
the protein. This phenomenon is produced when the protein is
subjected to stress perturbation such as thermal treatment, pH
variations and high salt concentrations [17,18].

3.5. Modification of the external and internal texture of
biocatalyst

Fig. 5a–e is micrographs of the beads of the starting Novozym®

435, the control, #218, #219 and the sample used once in the pilot
plant, respectively. The analysis of the diameter of several beads of
each sample indicates an interesting variation going from an aver-
age of 539 �m for the starting biocatalyst, 626 �m for the sample
soaked in biodiesel, 478 �m for the sample #218 (reused 92 times
under reaction conditions), 427 �m for the sample #219 (reused
117 times) and 612 �m for the sample used once in the pilot plant
(see Table 4). The biocatalyst’s beads soaked in biodiesel at room
temperature (without reaction) possessed a higher diameter than
the starting material which clearly evidenced the swelling of the
beads. This observation correlates with previous investigations
reported by Heinsman and col. and ourselves [2,19,20]. The former
researchers demonstrated that a typical free fatty acid such as,
4-methyloctanoic acid and its ester (4-methyl octanoic acid ethyl
ester) diffuse and adsorb (7.2 ± 2.6 mmol  of fatty acid per gram
of enzyme) into Novozym® 435 causing a 175–250% increase in
the bead’s volume. Surprisingly, this phenomenon happens in
just 2 min  after the beads were soaked in the substrates at room
temperature.

Additionally, the images of the cross section of the samples at
a magnification of 8400× were taken with the Philips SEM 505
and analyzed with the FERImage program to calculate the fractal
dimension D, dper and dmin parameters by using the variogram
method. The variogram, used to determine a series of parameters
that characterize the surface roughness, consists of a graph of
the variance of variation of heights in a surface for different
steps, as a function of such steps at logarithmic scale [21–24].
The slope of the graph is related to the fractal dimension D as D
3 − slope/2. The dmin parameter characterizes the roughness of the
samples and is representative of the smallest cell size with enough
statistic weight to produce periods. Additionally, the parameter
dper is a measurement of the average diameter of “holes” among
these nearest elementary cells (“virtual circles” representatives of
regions that separate these cells) [24].
In this context, five images corresponding to five different
particles for each case were studied and their average values of D,
dper and dmin along with their uncertainties are reported in Table 4.
The contact with biodiesel and the reaction conditions modify the
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Fig. 5. Micrographs of the beads of Novozym® 435: (a) starting biocatalyst; (b) after being in contact with biodiesel; (c) reused 92 times (sample #218); (d) reused 117 times
(sample #219) and (e) used in the pilot plant for the esterification of a FFA feedstock toward biodiesel.

Table 4
Average diameter of the biocatalyst’s beads, fractal dimensions D, minimum cell size dmin with enough statistic weight to produce periods and dper,  the distance within such
elementary cells.

Novozym® 435 Diametera (�m) dmin
a (�m) dper

a (�m) Da

Starting sample 539 0.129 ± 0.014 1.766 ± 0.015 2.593 ± 0.010
Control  626 0.1066 ± 0.0026 1.111 ± 0.070 2.417 ± 0.010
#218  478 0.114 ± 0.040 1.12 ± 0.30 2.525 ± 0.068
#219  427 0.1009 ± 0.0045 1.05 ± 0.12 2.642 ± 0.034

3 ± 0

 the b

t
s
#
I
t
i

t
t
r

4

b
a
f
d
w
p
l

Pilot  612 0.111

a The values given in the Table are an average of at least five different samples of

exture with opposite trends. In this context, the control sample
hows a lower D value than the starting sample while the samples
218, #219 and pilot possess higher D values than Novozym® 435.

n this context, the sample #219 that was reused more times than
he #218 also presents the more significant modification of its
nternal texture.

The modification of the texture correlates with the decrease of
he dmin of the sample #219 that again possesses the lower value of
he assayed materials. Additionally, the dper parameter decreases
eaching similar values for the samples #218, #219 and control.

. Conclusions

The present investigation demonstrates that the catalytic sta-
ility of Novozym® 435 in the esterification of free fatty acids is not
ffected by the ratio of FFA to methanol or even the source of such
ree fatty acids but to the presence of moisture. In this context, the

eactivation of the biocatalyst cannot be explained straightfor-
ard since there is a multiplicity of effects that account for such
henomena. For one side, the biodiesel diffuses inside the biocata-

yst’s beads and produces its swelling. Similarly, the investigation
.0058 1.59 ± 0.10 2.638 ± 0.011

iocatalyst.

of some of us evidences such phenomena upon contacting the bio-
catalyst’s beads with ethanol, ethanol–water, 2-propanol–water
mixtures at room temperature for at least 40 min  [2,25]. Earlier
investigations reported by Lee demonstrated that also methanol
penetrates PMMA  beads [26]. The authors observed that the pene-
tration of methanol in PMMA  beads possesses an induction period
followed by an extended region of linear front penetration toward
the center. The induction period decreases whereas the front veloc-
ity increases with increasing temperature going from 25 ◦C toward
50 ◦C. Since the esterification of FFA with methanol in the present
investigation is carried at 65 ◦C is expected that the alcohol dif-
fuses rapidly inside the biocatalyst’s beads affecting the integrity of
the polymer.

Additionally, several investigations evidence that polymethyl-
methacrylate PMMA  is dissolved by mixtures of solvent pairs
such as ethanol/water, acetonitrile/alcohol and water/alcohol
(methanol, 2-propanol, ethanol and 1-propanol), CCl4/alcohols,

benzyl alcohol/sec-butyl chloride between others [26–29]. Partic-
ularly, Hoogenboom et al. investigated the solubility of PMMA  in
various aqueous-alcohol solutions and they correlated the solubil-
ity of the polymer to the hydration of the polymer chains due to the
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29]. The authors demonstrated that only a slightly improved sol-
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hich is most likely due to the hydration of the ester groups. In

act PMMA  dissolves in aqueous solution containing from 70 wt.%
o 100 wt.% of methanol at temperatures ranging from about 50 ◦C
o 70 ◦C. Those observations correlate with the fact that PMMA
non-soluble residue) was  found in the reaction media regardless
f the application of the FAeSTER method for moisture removal.
he alteration of the secondary structure of the lipase B of Candida
ntarctica (the active enzyme) under moisture free operation might
e an additional cause of deactivation. In fact, the protein possesses

 higher contribution of �-aggregates after reaction without water
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