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Abstract Enzyme—metal hybrid catalysts bridge the gap
between enzymatic and heterogeneous catalysis, which is
significant for expanding biocatalysis to a broader scope.
Previous studies have demonstrated that the enzyme—metal
hybrid catalysts exhibited considerably higher catalytic
efficiency in cascade reactions, compared with that of the
combination of separated enzyme and metal catalysts.
However, the precise mechanism of this phenomenon
remains unclear. Here, we investigated the diffusion
process in enzyme—metal hybrid catalysts using Pd/lipase-
Pluronic conjugates and the combination of immobilized
lipase (Novozyme 435) and Pd/C as models. With reference
to experimental data in previous studies, the Weisz—Prater
parameter and efficiency factor of internal diffusion were
calculated to evaluate the internal diffusion limitations in
these catalysts. Thereafter, a kinetic model was developed
and fitted to describe the proximity effect in hybrid catal-
ysts. Results indicated that the enhanced catalytic effici-
ency of hybrid catalysts may arise from the decreased
internal diffusion limitation, size effect of Pd clusters and
proximity of the enzyme and metal active sites, which
provides a theoretical foundation for the rational design of
enzyme—metal hybrid catalysts.

Keywords enzyme-metal hybrid catalyst, internal
diffusion, proximity effect, kinetic model

1 Introduction

Enzymes have been widely used as catalysts in the syn-
thesis of organic compounds, particularly in asymmetric
catalysis to form chiral structures, which has provided
appealing advantages such as high selectivity, mild
condition, and green process [1-3]. Chemical catalysis,
such as metal catalysis, is extensively applied in industry

Received July 28, 2021; accepted November 15, 2021

E-mail: junge@mail.tsinghua.edu.cn

because metal catalysts are more adaptive to harsh condi-
tions such as high temperature, high pressure, extreme
pH, organic solvents, and exhibit high catalytic efficiency
under these conditions [4,5]. Enzyme—metal hybrid catal-
ysts (EMHCs) which integrate biocatalysis and chemical
catalysis have become an emerging topic in catalytic
research for the past few years [6,7] because this integ-
ration can combine the specific selectivity of biocatalysts
and the excellent reactivity of chemical catalysts in one
pot, rather than the sequential arrangement of individual
catalysts, thus reducing the cost for the separation of inter-
mediates and improving the overall efficiency. However,
a major challenge in this one-pot catalytic process is the
incompatibility between enzymes and metal catalysts
because the optimal conditions for these two types of
catalysts are quite different as mentioned above [8].
Recently, with the rapid development in material science,
a possible strategy to overcome this issue may be the
rational design of enzyme-metal interfaces to control
their structures and adjust their properties so as to better
match the catalysts [9]. Therefore, various types of
EMHCs have been constructed and applied in different
fields [10-12].

A typical reaction catalyzed by EMHC:s is the dynamic
kinetic resolution (DKR) of enantiomers which is a
powerful tool for the synthesis of enantiomerically pure
alcohols or amines. In this reaction, the kinetic resolution
of racemic mixtures is catalyzed by enzymes and the
racemization of the unconsumed enantiomer is catalyzed
by metal nanoparticles (NPs) [13—17]. Therefore, com-
bined with the in situ racemization, the resolution process
has a theoretical yield of 100% [18]. For example, our lab
has developed an approach to construct EMHCs, using
the Candida antarctica lipase B (CALB)-polymer conju-
gates as the confined nanoreactor for the in sifu gener-
ation of Pd NPs [19]. The as-synthesized Pd/CALB-
Pluronic (Pd/CALB-P) exhibited an excellent catalytic
performance during the DKR of (£)-1-phenylethylamine
((#£)-1-PEA), demonstrating a 7.6-time efficiency, com-
pared with the combination of commercial immobilized
lipase Novozyme 435 and Pd/C. This phenomenon is
similar to that in a study conducted by Backvall group
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[20], in which lipase and Pd NPs were coimmobilized in
the cavities of siliceous mesocellular foam (MCF)
(denoted as Pd/CALB-AmP-MCF). The Pd/CALB-AmP-
MCEF catalyst achieved a conversion rate of 95% at 70 °C
after 16 h in the DKR of ()-1-PEA, while 24 h was nearly
required to realize a similar conversion when the
combination of Pd-AmP-MCF and Novozyme 435 was
used [21]. Moreover, Zhang et al. [22] reported a method
to develop EMHCs based on a core-shell design in which
Pd NPs were loaded onto the aminopropyl group modified
mesoporous silica nanosphere (Pd/NH,-MSN) as the
inner core and the enzyme was adsorbed on the porous
outer shell. The as-synthesized Pd/NH,-MSN@BTME@
CALB/L-mesosilica hybrid catalyst demonstrated a higher
efficiency in the DKR of chiral amines than that of the
separated counterparts. Hence, despite the various strate-
gies to develop EMHCs, it seems to appear a general
phenomenon that the efficiency of EMHCs to catalyze
DKR reactions in one pot tends to be higher than that of
the separated counterparts. In addition, this phenomenon
was also observed in other hybrid catalysts and cascade
reactions such as the multi-enzyme system [23-25].
Several attempts have been made from various perspec-
tives to elucidate the enhanced activity of EMHCs,
including the size effect of Pd NPs [19], proximity of
enzyme and metal active sites [26], and the microenvi-
ronment of catalysts [27].

However, to the best of our knowledge, it is still challen-
ging to understand the catalytic performance of EMHCs
from the viewpoint of heterogeneous catalysis, which is
an important aspect in chemical reaction engineering.
Here, based on available data in previous studies and
basic theories of reaction engineering, a calculative
analysis was conducted to investigate the diffusion
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process in EMHCs, using the Pd/CALB-P developed by
our group [19] as the model and the combination of Pd/C
and immobilized lipase Novozyme 435 for comparison. A
mechanism of internal diffusion in heterogeneous catalysis
was proposed to describe the diffusion process of reac-
tants from the bulk solution to the active sites. Thereafter,
kinetic analysis was used to describe the diffusion of
intermediates between the active sites of the metal and
enzyme. We expect that the analysis from the perspective
of reaction engineering would be helpful for a deeper
understanding and precise design of EMHCs.

2 Model development

Schematics in Fig. 1 demonstrate the process focused on
in this study. The cascade reaction (such as the DKR
process) catalyzed by Pd/CALB-P or the combination of
Pd/C and Novozyme 435 is heterogeneous or pseudo-
homogeneous catalysis. Figure 1(a) illustrates a typical
heterogeneous catalysis comprising seven steps including
the 1) diffusion of reactants from the bulk solution to the
external surface of catalysts, 2) diffusion of reactants
from the external surface to the active sites, 3) adsorption
of reactants on the active sites, 4) catalytic reaction, 5)
desorption of products from the active sites, 6) diffusion
of products from the active sites to the external surface of
catalysts and 7) diffusion of products from the external
surface to the bulk solution. Among them, steps 1), 2), 6)
and 7) can be classified into external diffusion (steps 1)
and 7)) and internal diffusion (steps 2) and 6)), while
steps 3), 4), and 5) belong to the reaction process. In

Bulk solution

Catalyst pore

/ Adsorption / Desorption
-

Chemical reaction

Active center

(b)

Adsorption of the reactant

Proximity channeling of the intermediate

Desorption of the product

-

B
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A

Fig. 1 Schematics showing the process of (a) the heterogeneous catalysis and (b) the proximity channeling effect.
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certain cases, when the rate of diffusion is lower than the
rate of reaction, the whole process tends to be diffusion-
limited. Thus, the evaluation of the diffusion effect during
the catalytic process is an essential consideration in hete-
rogeneous catalysis. Besides, for cascade reactions, the
transport of intermediates between active sites (Fig. 1(b))
is considered to be a key factor affecting the throughput
of cascade reactions. The confined environment in EMHCs
might partly prevent intermediates from diffusing to the
bulk solution, thus increasing the throughput, known as
the “proximity channeling” effect [26]. Therefore, two
issues will be investigated in this study: 1) the internal
diffusion effect and 2) the proximity channeling effect,
during the DKR process catalyzed by Pd/CALB-P and the
combination of Novozyme 435 and Pd/C.

2.1 Global assumptions

Several assumptions are proposed as follows: 1) Catalysts
analyzed in this study are all treated as spherical particles.
2) The effect of external diffusion can be disregarded
when the reaction system is intensively stirred. 3) There
is no accumulation of intermediates in the system (i.e.,
the generating rate is equal to the consumption rate). 4)
Reactions catalyzed by Pd NPs are first-order to sub-
strates [28]. 5) Reactions catalyzed by CALB are second-
order to substrates (discussed below).

2.2 Evaluation of the internal diffusion limitations

In most cases, the stirring rate in the DKR process will be
sufficiently fast to disregard the effect of external diffusion
[19]. Therefore, according to the second assumption in
section 2.1, the internal diffusion will be dominant when
reactants are diffusing from the bulk solution to the active
sites.

Generally, for spherical particles, the effect of internal
diffusion can be evaluated using the Weisz—Prater criterion
[29]:

—r (obs)p R?

Cwe = DC (D
where Cy,p indicates the ratio of the reaction rate to the
diffusion rate, where the internal diffusion effect can be
disregarded with Cy,p <<1 and the internal diffusion will
be dominant when Cy,p > 1. In addition, the internal
diffusion limitations in catalysts can also be compared by
the efficiency factor of internal diffusion #:

3
n= E(so coth p—1), 2

where ¢ is the Thiele modulus of catalysts. The efficiency
factor of internal diffusion # refers to the ratio of the
observed activity to the intrinsic activity. Therefore, a
high # indicates a weak effect of internal diffusion.
Moreover, Cy;p, 77 and ¢ can be correlated as follows:
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Cwp = 90277- (3)
Equation (3) indicates that # can be calculated by trial
and error when the value of Cy;, is known.
The effective diffusion coefficient D, of reactants can
be obtained by [30]:

1 1 1
=t ©
De D 12,eff DK,eff

where Dlz,eff is the effective coefficient of molecular
diffusion, defined as follows:

D]Z,cff = D129, (5)
T
where the molecular diffusion coefficient D,, of the
reactants in a dilute solution can be estimated using the
Wikle—Chang empirical equation:

o [(XM)'"” ©)
ﬂVbO,G :

Dy o 1s the effective coefficient of the Knudsen
diffusion which is used to describe the diffusion in porous
materials with small pore sizes:

9700r, / T
DK,eﬂ‘ = - M (7)

All the parameters used in this model are listed in Table 1.

D12 = 7.4)( 10_

Table 1 Parameters used in the model

Symbol Description Unit

Cwp Weisz—Prater parameter 1

n Efficiency factor of internal diffusion 1

1) Thiele modulus 1

De Effective diffusion coefficient cm?s”!

Dz Molecular diffusion coefficient cm?s7!

Dx Knudsen diffusion coefficient cm?-s7!

Oc Particle density g-em!

R Particle size cm

0 Porosity of the catalysts 1

T Tortuosity of the catalysts 1

Te Average pore size cm

7’ (obs) Observed reaction rate mol-gl-s7!

Cs Reactant concentration mol-cm™>

X Associating coefficient of the solvent 1

H Viscosity of the solvent P
Relative molecular weight of the solute g-mol !

Y Molar volume of the solute cm 3mol !

2.3 Evaluation of the proximity channeling effect

The proximity channeling effect has been considered as a
reason for the increased throughput in cascade reactions.
It could facilitate the channeling of intermediates between
the active sites rather than diffusing into the bulk solution.
Although the exact mechanism of this channeling remains
unclear, several mathematical methods have been
successfully applied to explain this phenomenon [27,31].
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Thus, a kinetic model describing the DKR reaction (as
shown in Fig. 2) catalyzed by Pd/CALB-P is developed to
evaluate the proximity channeling effect in EMHCs.

In a typical DKR process of (+)-1-PEA (Fig. 2(a)),
CALB binds with (R)-1-PEA and transfers the acyl group
from the acyl donor to (R)-1-PEA. The racemization
reaction catalyzed by Pd clusters can achieve the
interconversion of (R) and (S)-1-PEA. Owing to the
continuous consumption of (R)-1-PEA by CALB, (R)-
product tends to accumulate in the system. According to
this principle, a kinetic model can be described as shown
in Fig. 2(b), with additional assumptions made as: 1) the
rate constants of the reversible racemization reactions are
the same and 2) (S)-1-PEA will not be catalyzed by
CALB. Therefore, the kinetic model can be developed as
follows:

d[P
% = [R + fiki (IS ]~ [R]), ®)
d[R
% = k([S1-[R) - £k (S1-[RD -kIRT, (9
d[S] _ B
Sk (S1- R, (10)

where k, and k, refer to the rate constants of the
racemization reaction catalyzed by Pd clusters and the
resolution reaction catalyzed by CALB, respectively. An
additional term f; is introduced to indicate the contribution
of proximity channeling. [R], [S] and [P] refer to the
concentrations of (R)-substrate, (S)-substrate and (R)-
product, respectively.

3 Results and discussion

3.1 Calculation of Cy, and 5

Here, the internal diffusion of reactants within the catalyst
carriers is first evaluated, where catalysts should be

@ NH,

(R)-substrate

(S)-substrate

(S)-product (minor)
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treated as spherical particles to study this diffusion
process (see section 2.1). Therefore, the Cy,p and # of
Pd/C and Novozyme 435 were calculated to investigate
the internal diffusion limitations. According to Egs.
(1-7), the parameters to calculate Cy,, and 7 can be
classified into 3 categories: 1) parameters related to
catalysts (o., R, 0, T, r.); 2) parameters related to reaction
(r (obs), Cy); 3) parameters related to diffusion (X, u, M,
V). Here, R refers to the size of the catalyst particles,
rather than that of micro or nano Pd contained in catalysts
which will be discussed below. Furthermore, several
characterizations were conducted to confirm the structure
of the materials in this study (see electronic supple-
mentary material (ESM) and Figs. S1-S3 (cf. ESM)).

Specifically, for Pd/C, where Pd NPs are loaded onto
active carbon, the available data in previous studies can
be referred to obtain these parameters. For example, Li et
al. [19] used Pd/C to catalyze the racemization of (S5)-1-
PEA in toluene and the Sonogashira reaction in water,
where parameters related to the reaction (r (obs), C;) can
be obtained from the experimental data of conversion or
production rates. Parameters related to diffusion (such as
X, 4, M, V) can be obtained by detailed conditions in
specific reaction systems. Besides, parameters related to
catalysts (o, R, 6, T, r.) can be obtained in several
reported studies on Pd/C [32-34]. Therefore, Cy,p and
could be calculated based on these available data and the
results are listed in Table 2. All the values of parameters
used to calculate Cy,p and # are listed in Tables S1 and S2
(cf. ESM).

Actually, very few available data can be available to
calculate parameters related to Novozyme 435 (such as
P, 0 and r.) because of the lack of structural character-
izations of the immobilized enzyme catalysts, indicating
that the Cyp of Novozyme 435 cannot be directly
calculated. However, the # of Novozyme 435 can be
obtained from the ratio of the apparent activity to the
activity of free CALB in aqueous solution. This is
because # is defined as the ratio of the observed activity
to the intrinsic activity of catalysts, with an additional

HNJ\ (b)

(R)-product (major)

Proximity channeling

Pd CALB
s&/— R — P
k, 2

Fig. 2 Schematics showing (a) the principles and (b) kinetic models of the DKR reaction catalyzed by CALB and Pd clusters.
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Table2 Weisz—Prater parameters (Cy,p) and effectiveness factors (#)
of different catalysts

Catalyst Cyp n

Pd/C (in tolune) 0.0098 0.9993
Pd/C (in water) 0.0168 0.9988
Novozyme 435 20.8400 0.3300

assumption that the encapsulation in polymer will not
affect the enzymatic activity. This assumption is rational
according to Li’s experiments [19,35] where the residual
activity of CALB-P is nearly 90%. Therefore, Cy,, can
also be calculated according to Egs. (2) and (3).

Furthermore, to demonstrate the difference of internal
diffusion limitations in Pd/C and Novozyme 435, radar
maps were drawn (Fig. 3). As shown in Fig. 3(a), the red
arrow represents an increase in the internal diffusion
effect with a decreased #. The n of Pd/C (in toluene and
water) is nearly equal to 1, indicating that the internal
diffusion of reactants in Pd/C is not dominant and can be
ignored. However, the # of Novozyme 435 (close to the
center of the radar map in Fig. 3(a)) is 0.33, indicating an
obvious internal diffusion limitation existed in catalytic
process. Figure 3(b) shows the radar map of Cy,, where
the red triangle indicates that Cy,, is equal to 1 as a
criterion of the internal diffusion limitation. The Cy,p of
Novozyme 435 is 20.84 (outside the triangle), while the
Cyp of Pd/C is inside the triangle (<<1), which is
consistent with Fig. 3(a).

Besides, the particle size of Pd/C is valued as 110 um
when calculating Cyp, while the size of Pd/CALB-P is at
nanoscale. According to Eq. (1), the internal diffusion
effect is significantly determined by R, the size of catalyst.
Therefore, it can be inferred that the internal diffusion
effect can be disregarded in Pd/CALB-P. Besides, in
previous experiments, supported noble metal catalysts
were generally observed to exhibit the size effect [36,37].
When the size of metal catalysts reduces from nanoscale
to sub nanoscale, the activity of metal NPs may be
significantly increased at relatively low temperatures,
which was caused by the morphological change in metal
NPs and the interactions between the metal NPs and
matrix (such as the electron transfer and coordination

(a) Pd/C (in tolune)
1.0 o

0.8 |
0.6 |
0.4 |
0.2 |

0.0 | Increase of the internal diffusion

resistance

Novozyme 435 Pd/C (in water)
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conditions). This phenomenon was also observed in
Pd/CALB-P hybrid catalysts. For example, Li et al. [19]
reported that the size of Pd NPs could be easily tuned
from 0.8 to 2.5 nm by changing the concentration of
precursors (see ESM) while the 0.8 nm Pd NPs was found
to possess the highest activity in racemization of (S)-1-
PEA. In addition, the average size of Pd in Pd/C was
characterized to be 4.2 nm by transmission electron
microscopy. Therefore, based on these results, it can be
inferred that, for Pd NPs, the increased activity of
Pd/CALB-P in the DKR process could be attributed to the
size effect, rather than the internal diffusion limitation in
Pd/C. In other words, the process catalyzed by Pd NPs
tends to be reaction-limited while that catalyzed by
Novozyme 435 tends to be diffusion-limited. From this
perspective, the increased activity of PA/CALB-P during
the DKR process might be attributed to the size effect of
Pd NPs and the decreased internal diffusion limitation
compared with Novozyme 435.

3.2 Estimation of rate constants

According to Eqs. (8-10), the rate constants (k;, k,) and
proximity effect factor (f,) are two necessary variables to
evaluate the proximity channeling effect in Pd/CALB-P
by kinetic modelling. Hence, based on available experi-
mental data, the apparent rate constants are estimated to
evaluate the contribution of f; to the kinetics of the DKR.

Based on the fourth global assumption in section 2.1,
racemization reactions catalyzed by Pd NPs are assumed
to be first-order to substrates. Therefore, the evolution of
the concentrations of [R] and [S] species in solution can
be described by the following rate equations:

dis] _ 3
— = ~k(S1-[RD. (i
dlR] _ ~
i = hIS1=IRD. (12)

where [S] and [R] are the concentrations of (S)- and (R)-
1-PEA, respectively and k, is the rate constant of the
racemization reactions catalyzed by Pd NPs. By summing
and subtracting Egs. (11) and (12), the following

b Pd/C (in tolune)
®) 100

Novozyme 435 Pd/C (in water)

Fig.3 Radar maps illustrated the (a) effectiveness factor of internal diffusion # and (b) Weisz—Prater parameter Cy,, of Pd/C and

Novozyme 435.
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equations can be obtained:

[S]1+[R] = const. (13)
_ [SI-IR (14)
[S1+[R]
dE
m = -2k E, (15)

where E refers to the value of the enantiomeric excess.
The integral form of Eq. (15) can be written as follows:

hlE, = _2k1t+1nE0. (16)

Using Eq. (16), the rate constant &, can be estimated by
the evolution of £ over time during experiments.

To determine the reaction order of CALB to substrates,
if it was a first-order reaction, In[1/(1—X)] would be
linearly dependent on time, while if it was second-order
reaction, X/(1—X) would be linearly dependent on time
(see Egs. (S1-S7), cf. ESM), where X is the conversion
rate. Here, this assumption concerning the reaction order
was proposed based on the simplification of the Michaelis—
Menten equation when the concentration of substrates
was relatively low. Following Li’s experiments in kinetic
resolution of (+)-1-PEA by CALB (Novozyme 435 and
Pd/CALB-P) [19,35], the relationship between X and ¢
was obtained, as shown in Fig. 4. The linearity obtained
in Figs. 4(b) and 4(d) are higher than that in Figs. 4(a)
and 4(c), for both of PA/CALB-P and Novozyme 435,

(a) 0.6

First order
05F

04F

03F

In[1/(1-X)]

02

Novozyme 435
R?2=0.9750

0.1

00F =

L 1 L 1 1 1

0 1 2 3 4 5
Time/h

(c) 0.8 -
07k First order .

0.6}
0.5t
0.4} ,
03} -

02t
orl Pd/CALB-P

R*=0.8755
00f =

L 1 " 1 L 1

0 1 2 3 4 5
Time/h

X))

In[1/(1—
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indicating that the assumption of second-order is
reasonable. Apart from the assumptions made in this
study, it is notable that the relatively poor linearity in
Figs. 4(c) and 4(d) may also be resulted from the data
errors in previous experimental study. Thus, rate constant
k, can be estimated using the slope of X/(1-X) over . The
estimation values of &, and k, are listed in Table S3 (cf.
ESM).

With the estimated apparent rate constants, the contri-
bution of the proximity effect factor, f, to the kinetics of
the DKR can be determined by the numerical solution of
Egs. (8-10), as illustrated in Fig. 5. When there is no
proximity effect (the dashed and green line in Fig. 5) in
Pd/C + Novozyme 435 (as is supposed to) and Pd/CALB-
P, the throughput of Pd/CALB-P is relatively higher,
indicating that the proximity effect is not the only reason
for the enhanced throughput and this increase may
originate from the size effect of Pd NPs or the decreased
internal diffusion limitation compared with Novozyme
435. However, when f; changes from 0 to 1 in Pd/CALB-
P, an increase in [P] is observed, confirming that the
contribution of the proximity effect in this model can
accelerate the apparent kinetics and improve the
throughput of cascade reactions.

3.3 Fitting of the kinetic model

The proximity effect factor, £, indicates the contribution
(b) 08

Second order
0.7 A
0.6 p
05Ff ,
n
T 04l P
S o3l 4
02t » Novozyme 435
oip 7 R =0.9945
00F =
0 1 2 3 4 5
Time/h
(d)
1.0 F Second order .
0.8
.
S 06 .
|
= o4t ,
.1
02r Pd/CALB-P
R*=0.9378
00F =
0 1 2 3 4 5
Time/h

Fig. 4 Verification of the reaction order of (a, b) Novozyme 435 and (c, d) PdA/CALB-P to the R-substrate when assuming (a, c) first

order and (b, d) second order, respectively.
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of the proximity channeling to the overall kinetics of
cascade reactions, which is similar to the efficiency factor
of internal diffusion #. To ensure the integrity and
generality of this kinetic model, it is necessary to fit
parameters to experimental data. Hence, the parameters
(k;, k, and f) in this kinetic model (Egs. (8) to (10)) are
fitted to the experimental DKR data [19] catalyzed by
Pd/CALB-P and Pd/C + Novozyme 435 using the least
square method.

Fitting values of the kinetic parameters and fitting
curves of the DKR reaction are illustrated in Table 3 and
Fig. 6, respectively. According to Table 3, there exists a
significant difference in the proximity effect factor f,
between Pd/CALB-P and Pd/C + Novozyme 435, where
the fitting results are evaluated at the upper and lower
boundaries, respectively. The result indicates that the
contribution of the proximity channeling effect to the
DKR kinetics is prominent in PdA/CALB-P. However, it is

0.07 r
0.06
~ 0.05r
-
= 0041
£ -
=003t P
= -7 - = = Pd/C+Novozyme 435 (f=0)
0.02 + e —— PA/CALB-P (f=0)
. Pd/CALB-P (/= 0.4)
0.01 /" —— PA/CALB-P (f=0.8)
) —— PA/CALB-P (/= 1.0)
0'00 1 L 1 1 1 1
2 4 6 8 10 12
Time/h

Fig. 5 Numerical solutions of the DKR reaction model for Pd/C
+ Novozyme 435 (dashed line) and Pd/CALB-P (solid line) with
different fractions of the proximity channeling effect.

Table 3 Fitting values of kinetic parameters in the DKR reaction
model

Catalyst ky ky fe
Pd/C + Novozyme 435 0.13 0.60 0
Pd/CALB-P 0.37 13.60 1
R et
®  Published data for Pd/CALB-P L4
0.08 =+ = Simulated data for Pd/CALB-P T
—~ ' - -
= 0.06 - -~
3
g ;e
E 0.04 ’
— /./ .
0.02 4
/ R _._m
/ - T
000 &= TF

Time/h

Fig. 6 Fitting of the DKR reaction model to the experimental
data reported for the Pd/C + Novozyme 435 and Pd/CALB-P.
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practically futile in the combination of Pd/C and
Novozyme 435.

As listed in Table 3, the k, of Pd/CALB-P (valued as
13.6) is approximately 23 times than that of Novozyme
435 (valued as 0.6), while there is no obvious difference
in k, between Pd/CALB-P (valued as 0.37) and Pd/C
(valued as 0.13). This result may again indicate that the
catalytic process of Novozyme 435 is internal diffusion-
limited and it is a reaction-controlled process for Pd/C
and Pd/CALB-P, which correlates with the calculated
results in section 3.1.

4 Conclusions

The diffusion process in EMHCs is investigated using
synthesized Pd/CALB-Pluronic conjugates and the combi-
nation of commercial catalysts (Pd/C and Novozyme 435)
as models. The effect of internal diffusion and proximity
channeling in these catalysts are evaluated to reflect the
diffusion of reactants from the bulk solution to active
sites and the diffusion of intermediates between active
sites, respectively. By calculating the Weisz—Prater
parameter and the efficiency factor of internal diffusion, it
was found that there existed an obvious internal diffusion
limitation in Novozyme 435 while this effect could be
ignored in Pd/CALB-P and Pd/C. By developing a kinetic
model to describe the DKR reaction and fitting it to the
experimental data, it was proved that the proximity effect
existing in Pd/CALB-P would contribute to an increased
throughput in apparent kinetics. Therefore, based on these
calculation results, the enhanced catalytic efficiency of
Pd/CALB-P can be attributed to the following reasons: 1)
the decreased internal diffusion limitation in Pd/CALB-P,
compared with Novozyme 435; 2) the size effect of metal
NPs, compared with Pd/C; 3) the proximity effect of
active sites in a confined environment.
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