
R
esearch

P
ap

er
RESEARCH PAPER New Biotechnology � Volume 29, Number 2 � January 2012

Batch reactor performance for the
enzymatic synthesis of cephalexin:
influence of catalyst enzyme loading
and particle size
Pedro Valencia1,2, Sebastián Flores3, Lorena Wilson2 and Andrés Illanes2

1Department of Chemical and Environmental Engineering, Universidad Técnica Federico Santa Marı́a, PO Box 110-V, Valparaı́so, Chile
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A mathematical model is presented for the kinetically controlled synthesis of cephalexin that describes

the heterogeneous reaction–diffusion process involved in a batch reactor with glyoxyl-agarose

immobilized penicillin acylase. The model is based on equations considering reaction and diffusion

components. Reaction kinetics was considered according to the mechanism proposed by Schroën, while

diffusion of the reacting species was described according to Fick’s law. Intrinsic kinetic and diffusion

parameters were experimentally determined in independent experiments. It was found that from the

four kinetic constants, the one corresponding to the acyl-enzyme complex hydrolysis step had the

greatest value, as previously reported by other authors. The effective diffusion coefficients of all

substances were about 5 � 10�10 m2/s, being 10% lower than free diffusion coefficients and therefore

agreed with the highly porous structure of glyoxyl-agarose particles. Simulations made from the

reaction–diffusion model equations were used to evaluate and analyze the impact of internal diffusional

restrictions in function of catalyst enzyme loading and particle size. Increasing internal diffusional

restrictions decreases the Cex synthesis/hydrolysis ratio, the conversion yield and the specific

productivity. A nonlinear relationship between catalyst enzyme loading and specific productivity of Cex

was obtained with the implication that an increase in catalyst enzyme loading will not increase the

volumetric productivity by the same magnitude as it occurs with the free enzyme. Optimization of

catalyst and reactor design should be done considering catalyst enzyme loading and particle size as the

most important variables. The approach presented can be extended to other processes catalyzed by

immobilized enzymes.
Introduction
Penicillin G acylase (PGA) is a relevant industrial enzyme for the

large-scale production of 6-aminopenicillanic acid (APA) and 7-

amino-3-deacetoxicephalosporanic acid (ADCA), both being key

precursors for the synthesis of b-lactam antibiotics. These inter-

mediates are mostly produced from penicillin G and cephalos-

porin G using immobilized PGA [1]. PGA catalysts have also been

evaluated for the synthesis of second generation b-lactam anti-

biotics from APA and ADCA [2,3], like amoxicillin and cephalexin,
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being an interesting application of this hydrolytic enzyme in

reactions of synthesis.

The efficient utilization of PGA is crucial for its industrial

application, so that immobilization onto solid carriers [4,5] or

insolubilization by aggregation [6] is fundamental because stabi-

lization occurs and reutilization is possible. Nevertheless, enzyme

immobilization on solid carriers is accompanied by a decrease in

catalytic efficiency as a consequence of the internal diffusional

restrictions (IDR) of substrates and products within the catalyst

[7,8]. Biocatalyst properties are essential in determining the

impact of IDR and its consequence on enzymatic reaction. It is
- see front matter � 2011 Elsevier B.V. All rights reserved. doi:10.1016/j.nbt.2011.09.002
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FIGURE 1

Scheme for the kinetically controlled mechanism of cephalexin synthesis. E:

penicillin acylase; Cex: cephalexin; PGME: phenylglycine methyl ester; PG:
phenylglycine; E-PG: acyl-enzyme complex; MeOH: methanol.
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well known that the volumetric productivity increases linearly

with an increment of enzyme loading and that the specific pro-

ductivity is independent of enzyme loading when free enzyme is

used. So, the gain–cost relationship is constant between obtained

product and enzyme used; now it depends on scaling factors.

When immobilized enzyme catalysts are used, the gain–cost rela-

tionship in terms of the obtained product versus the enzyme used

is non-trivial because mass transfer limitations are present.

In this work a reaction–diffusion mathematical model is

described and quantified. The system is formed by a biocatalyst

of immobilized PGA on a glyoxyl-agarose matrix through multi-

point covalent attachment. Reaction corresponds to the synthesis

of cephalexin (Cex) under kinetic control from phenylglycine

methyl ester (PGME) and ADCA in a batch reactor. The objective

of this work is the validation of a reaction–diffusion model to

evaluate and analyze, through computer simulations of a batch

reactor with immobilized PGA catalysts, the effect of biocatalyst

properties in the magnitude of IDR and its impact on reactor

performance, described in terms of conversion yield and produc-

tivity.

Model
Kinetics
Synthesis of Cex under kinetic control has been developed from an

adaptation of the model proposed by Schroën et al. [9] (Fig. 1),

considering PGME as acyl donor. Defining A, B, P and C as molar

concentrations of PGME, ADCA, Cex and PG, respectively, rate

equations derived from this mechanism are:

dA

dt
¼ E0

�k1k3 � A � B � k1k02 � A
S

(1)

dB

dt
¼ E0

k02k�3 � P � k1k3 � A � B
S

(2)

dP

dt
¼ E0

k1k3 � A � B � k02k�3 � P
S

(3)

dC

dt
¼ E0

k02k�3 � P þ k1k02 � A
S

(4)

S ¼ k1 � A þ k02 þ k3 � B þ k�3 � P (5)
where E0 corresponds to the total PGA concentration. Kinetic

constant k2 is multiplied by water concentration resulting in k02.

The symbol S is the common denominator of the kinetic equa-

tions deduced from mechanism of Figure 1.

Reaction–diffusion model
The model was built from mass balances for each substance within

the catalyst particle. Reaction–diffusion equations were built up by

combining mass transfer rates, as determined by Fick’s law, and

appropriate rate equations. Fick’s law was derived considering

spherical particles, corresponding to the regular shape of

glyoxyl-agarose beads. Reaction–diffusion equations are then:

@A

@t
¼ DeA �

@2A

@r2
þ 2

r
� @A

@r

� �
þ E0

�k1k3 � A � B � k1k02 � A
S

(6)

@B

@t
¼ DeB �

@2B

@r2
þ 2

r
� @B

@r

� �
þ E0

k02k�3 � P � k1k3 � A � B
S

(7)

@P

@t
¼ DeP �

@2P

@r2
þ 2

r
� @P

@r

� �
þ E0

k1k3 � A � B � k02k�3 � P
S

(8)

@C

@t
¼ DeC �

@2C

@r2
þ 2

r
� @C

@r

� �
þ E0

k02k�3 � P þ k1k02 � A
S

(9)

where DeX corresponds to the effective diffusion coefficients of

substance X and r is the radial dimension inside the catalyst

particle. Boundary conditions are:

At r = 0:

@A

@r
ðr; tÞ

����
r¼0

¼ @B

@r
ðr; tÞ

����
r¼0

¼ @P

@r
ðr; tÞ

����
r¼0

¼ @C

@r
ðr; tÞ

����
r¼0

¼ 0 (10)

At r = R:

@A

@r
ðr; tÞ þ RVb

3VcDeA

@A

@t
ðr; tÞ

� �����
r¼R

¼ 0 (11)

@B

@r
ðr; tÞ þ RVb

3VcDeB

@B

@t
ðr; tÞ

� �����
r¼R

¼ 0 (12)

@P

@r
ðr; tÞ þ RVb

3VcDeP

@P

@t
ðr; tÞ

� �����
r¼R

¼ 0 (13)

@C

@r
ðr; tÞ þ RVb

3VcDeC

@C

@t
ðr; tÞ

� �����
r¼R

¼ 0 (14)

where R is the radius of the catalyst particles, Vb is the liquid phase

volume and Vc is the catalyst volume calculated from the mass and

density of the catalyst. This boundary condition considers that the

impact of external diffusional restrictions (EDR) is negligible,

which is sound when the reactor is properly agitated.

Initial conditions in the batch reactor are defined as:

Aðr; 0Þ ¼ Bðr; 0Þ ¼ Pðr; 0Þ ¼ Cðr; 0Þ ¼ 0 (15)

Aðr ¼ R; 0Þ ¼ Ab0 (16)

Bðr ¼ R; 0Þ ¼ Bb0 (17)
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where b indicates in bulk liquid phase. Dimensionless equations

obtained from Eqs. (6) and (7) allow defining the Thièle moduli for

PGME and ADCA for a spherical catalyst.

@A

@t
¼ DeA �

@2A

@r2
þ 2

r
� @A

@r

� �
� VA � A � B

KAð1 þ ðB=KBÞÞ þ A
(18)

@a

@t
¼ @2a

@r2
þ 2

r
� @a

@r

� �
� R2 � VA � B

DeA � KA

a

1 þ a þ b

� �
(19)

@a

@t
¼ @2a

@r2
þ 2

r
� @a

@r

� �
� 9F2

AsA (20)

FA ¼
R

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VA � B

DeA � KA

s
¼ R

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k3 � E0 � B
DeA � KA

s
(21)

@B

@t
¼ DeB �

@2B

@r2
þ 2

r
� @B

@r

� �
� VB � A � B

KBð1 þ ðA=KAÞÞ þ B
(22)

@b

@t
¼ @2b

@r2
þ 2

r
� @b

@r

� �
� R2 � VB � A

DeB � KB

b

1 þ a þ b

� �
(23)

@b

@t
¼ @2b

@r2
þ 2

r
� @b

@r

� �
� 9F2

BsB (24)

FB ¼
R

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VB � A

DeB � KB

s
¼ R

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1 � E0 � A
DeB � KB

s
(25)

where a and b are the dimensionless concentrations of A and B,

respectively, and VA and VB correspond to the maximum rates of

Cex synthesis when B and A are, respectively, the saturating

substrate (VA = k3 � E0 ; VB = k1 � E0) and KA and KB are the Michae-

lis–Menten constants of PGME and ADCA, respectively

ðKA ¼ k02=K1; KB ¼ k02=k3Þ. Notice that VA�B and VB�A are the

maximum apparent rates of Cex synthesis. As seen, the PGME

Thièle modulus (FA) is a function of ADCA concentration and the

ADCA Thièle modulus (FB) is a function of PGME concentration.

Materials and methods
Materials
PGA from Escherichia coli, with 400 � 20 IUH/mL and 16.6 � 1 mg/

mL protein, was a gift from Antibióticos S.A. (León, Spain).

Cross-linked 6% agarose spherical beads (Sepharose 6B-CL) was
TABLE 1

PGA catalysts prepared from penicillin G acylase immobilization in gly
(Re)

Catalyst Specific activity (IU/gcat) Expresse

PGA150R30 131 87.3 

PGA400R30 321 80.2 

PGA650R30 499 76.8 

PGA150R72 116 77.3 

PGA400R72 262 65.5 

PGA650 R72 344 52.9 
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a product from GE Healthcare (Uppsala, Sweden). Penicillin G

potassium salt was kindly provided by Natsus S.A. (Lima, Perú);

(R)-(�)-2-phenylglycine methyl ester hydrochloride 97% pure

(PGME) and Cex hydrate were from Sigma (St Louis, MO, USA);

ADCA was kindly provided by Antibióticos S.A; (R)-(�)-2-phenyl-

glycine (PG) was from Aldrich (Milwaukee, WI, USA). All other

reagents were of analytical grade and purchased either from Sigma

or Merck (Darmstadt, Germany).

Analysis
Activity assays for free and immobilized penicillin G were deter-

mined at pH 7.8 and 308C in 100 mM phosphate buffer using pH-

stat method (Mettler Toledo, DL50) to titrate the H+ produced by the

hydrolysis of 10 mM penicillin G as it is converted into phenylacetic

acid; 50 mM NaOH was employed as titrant solution. One interna-

tional unit of penicillin G activity (IU) was defined as the amount of

enzyme that hydrolyzes 1 mmol of penicillin G per minute from

10 mM penicillin G solution under the above conditions. Substrates

and products of synthesis of Cex were identified and analyzed by

HPLC using a Jasco delivery system PU-2089plus with a Jasco UV

2075 UV-Vis detector and a LC-NetII/ADC Jasco HPLC/PC integra-

tor. The column used was a Kromasil C18 (150 mm � 4.6 mm) from

Análisis Vı́nicos (Madrid, España). Samples were eluted with a

sonicated mixture of 10% acetonitrile and 90% 10-mM phosphate

buffer pH 6.0 at a flow rate of 1 mL/min, and analyzed in the UV

detector at 220 nm. Elution times were 1.6, 1.9, 3.3 and 7.4 min for

ADCA, PG, Cex and PGME, respectively. Concentration of sub-

strates and products were calculated from calibration curves using

stock solutions. HPLC samples were always assayed in duplicate,

differences among them never exceeding 3%.

Preparation of glyoxyl-agarose immobilized penicillin G acylase
biocatalysts
Sepharose 6B-CL beads were sieved in two fractions with equiva-

lent radius of 32.4 and 75.7 mm, respectively (The equivalent

radius represents 50% of the cumulative volume of the particle

size distribution.) An extra coarse fraction with equivalent radius

of 168 mm was also obtained and used solely for the determination

of the effective diffusion coefficients. Sieving, size distribution

analysis and determination of equivalent radius were done as

previously reported [10]. Glyoxyl-agarose immobilized PGA bio-

catalysts were prepared by multi-point covalent attachment of the

enzyme, through e-amino groups of lysine, to glyoxyl-agarose gel

beads, as previously described [11]. Enzyme loads for both frac-

tions were 150, 400 and 650 IU/g, which cover the range of actual

industrial PGA biocatalysts [12,13]. In this way, six different
oxyl-agarose particles: enzyme loading (E0) and equivalent radius

d activity (% of offered) E0 (mM) Re (mm)

0.0532 32.4

0.1303 32.4

0.2030 32.4

0.0470 75.7

0.1064 75.7

0.1399 75.7
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biocatalysts were prepared as indicated in Table 1 (nomenclature

indicates enzyme loading and mean particle size). Direct quanti-

fication of the immobilized enzyme activity after the process was

determined by titration of the phenylacetic acid produced by

hydrolysis of penicillin G.

Determination of intrinsic kinetic parameters of cephalexin
synthesis
Intrinsic kinetic parameters were determined using the free

enzyme because this represents a condition free from diffusional

restrictions. Experimental conditions for determination of kinetic

parameters of Cex synthesis were pH 7.4 and 148C, corresponding

to their previously determined optimum values [14]. The reaction

rate constants (k1, k02, k3, k�3) were determined from both PGME

hydrolysis and Cex synthesis experiments, as proposed by Schroën

et al. [9]. The constants k1 and k02 were determined using data from

PGME hydrolysis experiments based on the initial rate method at

PGME concentrations between 10 and 300 mM with 0.130 ml of

PGA in 10 ml of reaction medium. Samples of 200 ml were taken

and immediately mixed with 200 ml of HCl 0.1 M to stop reaction.

After 1 min, 200 ml of NaOH 0.1 M were added to neutralize.

Samples were analyzed by HPLC. Rate constants k3 and k�3 were

determined using data from Cex synthesis experiments based on

the progression curve method using 15, 30 and 45 mM of ADCA

with a PGME/ADCA molar ratio of 3. Liquid medium volume, PGA

volume and samples treatment were as in PGME hydrolysis. In

both, PGME hydrolysis and Cex synthesis, models showed in

Eqs. (1)–(5) were fitted to experimental data, minimizing the

quadratic difference between measured and calculated concentra-

tions using nonlinear fitting. Validation of PGME hydrolysis

model was done using data from progression curves during 10,

20 and 30 mM PGME hydrolysis. Determination of enzyme con-

centration (E0) was done using the active site titration method by

determining enzyme activity after adding different amounts of

phenylmethylsulfonylfluoride (PMSF) [15].

Effective diffusion coefficients
The effective diffusion coefficients of Cex, ADCA, PGME and PG

were determined according to the Grunwald method [16]. A known

mass of glyoxyl-agarose particles with equivalent radius of 168 mm

were equilibrated with a known volume of a solution containing a

known concentration of Cex, ADCA, PGME and PG in each case.

Particles were filtered and contacted with a known volume of buffer

solution. Samples were withdrawn and analyzed by HPLC. Experi-

mental data with substance concentration through time were used

for fitting effective diffusion coefficient from Eq. (26).

ct ¼ c1 � c1e�ðp
2De f =R

2Þt (26)

where ct and c1 are the concentration at time t and the concen-

tration at infinite time, respectively. Results were compared with

free diffusion coefficients calculated from Vorlop’s equation [16].

D0 ¼
1:7 � 10�7T

M0:41
r m

ðcm2=sÞ (27)

Diffusion–reaction model validation for PGME hydrolysis and
Cex synthesis
PGA catalysts were used for validation of the reaction–diffusion

model. Reactions were carried out with 0.15, 0.28 and 0.63 g of
PGA650, PGA400 and PGA150, respectively, in 25 ml of liquid

medium at 10 mM of PGME, for PGME hydrolysis, and 15 mM/

45 mM of ADCA/PGME, for Cex synthesis. Samples were taken

periodically and analyzed by HPLC. Data obtained from reaction–

diffusion model predictions by simulation were compared with

data from these experiments.

Simulation

Eqs. (6)–(14) were discretized through Crank–Nicolson method of

finite differences [17]. The simulation of Cex synthesis in a batch

reactor was done by solving the resulting system of algebraic

equations implemented on Python programming language

(http://www.python.org/). A computational modulus was devel-

oped for the resolution algorithm whose documentation and code

are available on-line (http://www.pypsdier.org/). Simulation of

batch reactor operation for Cex synthesis generates conversion

curves (bulk Cex concentration as a function of reaction time) and

concentration profiles within the catalyst as a function of its radius

and as a function of reaction time. Reaction of synthesis begins

with a PGMA/ADCA molar ratio of 3 in the bulk liquid medium.

However, within catalysts this molar ratio is different and varies in

function of time and space. Molar ratio and synthesis/hydrolysis

ratio were calculated from concentration profiles within the cat-

alysts.

Maximum Cex concentration is obtained, as is usual in a

kinetically controlled reaction, so conversion yield (Ymax) and

specific productivity (Qsp) were calculated according to Eqs. (28)

and (29) at the maximum Cex concentration obtained during

synthesis, as defined by Illanes et al. [14].

maximum conversion yield Ymax ¼
Pb;max

Bb0
(28)

specific productivity Qs p ¼
Mmax

tmax � ER
(29)

where Mmax is the maximum Cex mass obtained, tmax is the time

when maximum Cex concentration is achieved and ER is the total

enzyme international units of activity (IU) in the reactor, deter-

mined as penicillin G hydrolysis activity [10]. Specific productivity

is the amount of Cex obtained per unit of enzyme activity in the

reactor and unit of time. This is a very useful parameter as a gain–

cost estimate because it contains the amount of product per unit of

enzyme used in reactor. The effect of IDR on batch reactor per-

formance in the kinetically controlled Cex synthesis was analyzed

in terms of these response variables which are affected by catalyst

enzyme loading and particle size.

Results and discussion
Determination of parameters and model validation
Six PGA catalysts were prepared and characterized through

enzyme loading and particle size determination (Table 1). Reac-

tion rate constants k1 and k02 were determined from PGME hydro-

lysis experiments showed in Figure 2a, where initial reaction rate

method was used. Reaction rate constants k3 and k�3 were deter-

mined from Cex synthesis experiments showed in Figure 2b,

where progression curves of Cex synthesis at different initial

concentrations of PGME and ADCA were used. Values of reaction

rate constants are shown in Table 2. The higher value is obtained
www.elsevier.com/locate/nbt 221
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FIGURE 2

Initial rate of PGME hydrolysis (a) and Cex synthesis progression curves (b) experiments with PGA for the determination of reaction rate constants k1, k02, k3, k�3 at

148C and pH 7.4. The Cex synthesis was done at different PGME/ADCA concentrations of 45/15 mM (squares), 90/30 mM (circles) and 135/45 mM (triangles).
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for k02, corresponding to the nucleophilic attack to the acyl-

enzyme complex by a water molecule (Fig. 1). These findings

agreed with those obtained by Schroën et al. [3,9].

Effective diffusion coefficients of all substances were deter-

mined from effusion experiments. Results are presented in Table
FIGURE 3

Progression curves of Cex synthesis with PGA catalysts at 148C and pH 7.4 from 

diffusion model.

222 www.elsevier.com/locate/nbt
3. As expected, because of the similar molecular weights, effective

diffusion coefficients for all substances are in the same magnitude

order and they are, in average, 10% lower than the free diffusion

coefficients calculated from Eq. (27). These findings agreed with

the highly porous structure of glyoxyl-agarose particles.
PGME/ADCA concentration of 45/15 mM for the validation of the reaction–
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TABLE 2

Kinetic parameters for the kinetically controlled synthesis of
cephalexin with immobilized penicillin acylase at 148C and pH 7.4

Parameter Value Units

k1 56.5 (mM min)�1

k02 3407 (min)�1

k3 101.1 (mM min)�1

k�3 14.3 (mM min)�1

TABLE 3

Effective diffusion coefficients of substrates and products of
cephalexin synthesis at 148C and pH 7.4

Substance Symbol Value (m2/s) � 1010

PGME DeA 5.65

ADCA DeB 5.71

Cex DeP 5.09

PG DeC 5.68
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Reaction–diffusion model was validated separately and inde-

pendently for PGME hydrolysis and Cex synthesis. Model predic-

tions obtained from batch reactor simulations were compared

with experimental data with all PGA catalysts. Progression curves
FIGURE 4

Thièle moduli (FA and FB) as a function of catalyst enzyme loading (E0) and partic
60 mM (left) and 600 mM (right) PGME concentration. Clear gray: FA < 0.4; medi
for Cex synthesis are shown in Figure 3. As indicated by R2 values,

at least 98% of Cex concentration variation in time is explained by

the reaction–diffusion model. With this data the model was vali-

dated with PGA catalysts with different enzyme loadings and

particle sizes.

Thièle moduli

From the kinetic and diffusion parameters, PGME and ADCA

Thièle moduli were calculated from Eqs. (21) and (25) to evaluate

the impact of IDR on Cex synthesis. Results are shown in Figure 4.

As stated before, both substrates moduli depend on the substrate

concentration of the other substrate, so in Figure 4 moduli were

calculated for two substrate concentrations to observe the effect of

substrate concentration on the Thièle modulus. Maximum con-

centrations analyzed correspond to the optimal condition pre-

viously reported for the synthesis of Cex [14], this is, 600 mM

PGME and 200 mM ADCA. Thièle moduli increase with the con-

centrations of both substrates indicating a greater impact of IDR.

This effect is due to the dependence of maximum apparent rates

(VA � B and VB � A) on ADCA and PGME concentrations, as

described in Eqs. (21) and (25). As a consequence of using a

PGME/ADCA molar ratio of 3, ADCA Thièle moduli are approxi-

mately
ffiffiffi
3
p

times the PGME moduli because differences between

the corresponding diffusion coefficients are small (Eqs. (21) and
le radius (R) at 20 mM (left) and 200 mM (right) ADCA concentration, and at
um gray: 0.4 < FA < 4; dark gray: FA > 4.

www.elsevier.com/locate/nbt 223
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(25) and Table 3) so that ADCA is more diffusionally restricted than

PGME. Therefore, ADCA Thièle modulus was chosen to character-

ize the effect of IDR on Cex synthesis. In general terms, a PGA

catalyst of an average loading of 400 IU/gcat [11–13] will be essen-

tially free of IDR for catalyst particles smaller than 100 mm; a

moderate impact of IDR will occur for particles between 100

and 200 mm, and strong diffusion restrictions will ensue with

catalyst particles bigger than 200 mm, as defined by Levenspiel

for Thièle moduli smaller than 0.4, between 0.4 and 4 and greater

than 4, respectively [18]. In this analysis Thièle moduli are affected

by substrates concentrations; however, the effect of substrates

mass transfer on Cex synthesis must be analyzed during reaction

and quantified by process variables as yield and productivity.

Batch reactor operation

All kinetic and diffusion parameters were used in the reaction–

diffusion model for simulating the batch reactor operation. Time

course of substrate conversion yield at different initial concentra-

tions of PGME and ADCA and ADCA Thièle moduli were obtained

from liquid bulk concentration of Cex during batch reactor opera-

tion with the same amount of enzyme activity. These results are

presented in Figure 5 showing than an increase in Thièle modulus

produces a significant decrease in maximum yield and increase in

time to achieve it, so reducing Cex productivity, while conversion

yield increases with substrates concentration making the effect of

the value of Thièle modulus less pronounced as mass transfer rate
FIGURE 5

Time course of substrate conversion yield (Y) for Cex synthesis in batch reactor from
PGME/ADCA molar ratio of 3 for different values of ADCA Thièle modulus (FB). F

224 www.elsevier.com/locate/nbt
towards the catalyst porous matrix is increased. Nevertheless,

these effects are the consequence of the combined effect of reac-

tion and mass transfer inside the catalyst particle. In this way, an

analysis of the time course of Cex synthesis is needed to under-

stand the effect of IDR on conversion yield and productivity.

Profiles within the catalyst
The effect of IDR on the progression curves of Cex synthesis during

batch reactor operation is explained by the behavior of reaction

and mass transfer inside the catalyst particle. The simulation

allows obtaining the behavior of reaction within the catalyst as

a function of particle radius and time. This is shown in Figure 6 for

the case represented in Figure 5d with FB = 10.

The reaction begins with a PGME/ADCA molar ratio of 3;

however this molar ratio varies with respect to catalyst particle

radius and time. Before the maximum Cex bulk concentration is

reached, approximately at 8 min, a maximum in PGME/ADCA

molar ratio with respect to the catalyst radius is obtained within

the catalyst, which explains the maximum Cex concentration

observed in Figure 5. After that maximum is reached in the bulk

liquid phase, PGME/ADCA molar ratio is less than three for all radii

inside catalyst, which significantly affect Cex production by favor-

ing its hydrolysis. Cex hydrolysis/synthesis ratio within the cat-

alyst particle is analyzed in Figure 6b. It can be appreciated that

Cex synthesis is predominant at the beginning of the reaction and

at the external half of the catalyst spherical particle. This is favored
 (a) 20 mM, (b) 50 mM, (c) 100 mM and (d) 200 mM ADCA concentrations at a

A is 0.6, 2.90 and 5.8 when FB is 1, 5 and 10, respectively.
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FIGURE 6

PGME/ADCA ratio (a) and Cex synthesis/hydrolysis ratio (b) as a function of dimensionless catalyst radius (r) and reaction time during Cex synthesis from 200 mM

ADCA and PGME 600 mM with ADCA Thièle modulus (FB) 10. Gray surface indicates PGME/ADCA ratio over three.
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by a high PGME/ADCA molar ratio, as seen in Figure 6a. The most

important observation from these results is that an increase in the

magnitude of IDR favors hydrolysis over synthesis so impairing

Cex conversion yield and productivity as observed in Figure 5. The

way in which this is reflected on reactor performance is now

analyzed in terms of response variables during reactor operation.

Yield and specific productivity
Specific productivity, defined by Eq. (29), was used to evaluate

reactor performance under mass transfer limitations in PGA cat-

alysts. Maximum conversion yield was defined as the maximum

concentration of Cex obtained with respect to initial ADCA con-

centration, the stoichiometric limiting substrate in the kinetically

controlled Cex synthesis. As seen in Figure 7a, maximum conver-

sion yield is strongly affected by initial substrates concentration, as
FIGURE 7

Maximum conversion yield (Ymax) (a) and specific productivity (Qsp) (b) of Cex synthe
at PGME/ADCA molar ratio of 3.
previously reported [11,19,20]. The effect of IDR on maximum

conversion yield is milder but, anyhow, a significant variation

from 91 to 74% at 200 mM ADCA and 600 mM PGME is obtained

when FB increases from 1 to 10, which is a significant variation

from a process perspective. As observed in Figure 7b, both initial

ADCA concentration and ADCA Thièle modulus (FB) strongly

affect specific productivity. The effect is stronger at high ADCA

concentration. These results show the impact of IDR characterized

by the Thièle modulus, which is a function of catalyst enzyme

loading and particle size (Eq. (25)). Specific productivity was then

analyzed as a function of catalyst enzyme loading and particle size.

Initial conditions used for batch reactor simulation were 200 mM

ADCA and 600 mM PGME with a catalyst concentration of 38 g/l

corresponding to 25,000 IU/l. With this analysis, an approxima-

tion to the process gains versus enzyme expense was done. Specific
sis as a function of ADCA initial concentration and ADCAThièle modulus (FB),

www.elsevier.com/locate/nbt 225
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FIGURE 8

Specific productivity of Cex synthesis as a function of catalyst enzyme loading

and particle size at 200 mM ADCA initial concentration at PGME/ADCA molar
ratio of 3.
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productivity as a function of catalyst enzyme loading and particle

size is presented in Figure 8, showing that increasing catalyst

enzyme loading increases the amount of Cex obtained per unit

of enzyme in a non-linear fashion, on the contrary from when the

free enzyme is used. In this way, a gain–cost estimate for product

obtained and enzyme expense emerges. From these results we can
226 www.elsevier.com/locate/nbt
compare two PGA catalysts of 400 UI/gcat with different particle

sizes of 25 and 300 mm in a reaction volume of 1 m3. The produc-

tion of Cex would vary from 323 to 190 kg/h, which is a very

significant difference that will affect reactor and catalyst design

during process optimization.

Conclusions
The presence of IDR in PGA-glyoxyl agarose catalysts affects the

kinetically controlled synthesis of Cex, decreasing yield and pro-

ductivity. These effects are a consequence of mass transfer limita-

tions within the catalyst particle that favor hydrolysis reactions of

the acyl donor PGME and the product Cex over the reaction of

synthesis. Catalyst enzyme loading and particle size are relevant

characteristics of catalyst design that strongly affect the specific

productivity of Cex, by modulating the magnitude of IDR. A

nonlinear relationship between catalyst enzyme loading and spe-

cific productivity of Cex was obtained with the implication that an

increase in catalyst enzyme loading will not increase the volu-

metric productivity by the same magnitude as it occurs with the

free enzyme. In consequence, the gap between gain and cost

narrows when higher enzyme loading and particle size are used.

This is a relevant finding that needs to be adopted during the

optimization of catalyst and reactor design considering catalyst

enzyme loading and particle size as the most important variables.

The approach presented can be extended to other processes cat-

alyzed by immobilized enzymes.
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