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From a Review of Noble Metal versus Enzyme Catalysts for Glucose Oxidation 
Under Conventional Conditions Towards a Process Design Analysis for 

Continuous-flow Operation
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A methodology for the ex ante evaluation of different processing options is proposed. Current processes for glucose 
oxidation and possible improvements using microreactor technology are investigated. As twofold prime research 
objectives, the oxidation with noble metal catalyst versus enzymatic oxidation and the oxidation under conventional 
process conditions versus under Novel Process Windows are explored. Operation and design of an active and stable 
catalyst, reactor performance, and work-up are included. This ex ante analysis gives information of the critical aspects 
of a process prior to technology development and facilitates the development of new process routes; especially valu-
able if step and paradigm changing routes are undertaken, with even no vague idea on their performance potential and 
with high technological risk. The methodology used for gluconic acid production will be transferred to other chemi-
cals which have the potential in using microreactor technology and Novel Process Windows.
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1. Introduction

1.1. Current Trends in Carbohydrate Oxidation. In the 
past 20 years, there has been a growing demand for the appli-
cation of carbohydrates as feedstock for the chemical indus-
try [1]. They are renewable resources and are available in very 
large amounts. The most important carbohydrate feedstock are 
starch, cellulose, sucrose, and glucose. Their selective oxida-
tion is an important first step in production of detergents, paper, 
pharmaceutical products, cosmetics, and food ingredients [1].

Classical ways to perform carbohydrate oxidation are based 
on strong oxidants such as sodium hypochlorite, sodium perio-
date, hydrogen peroxide or nitric acid [2]. Apart from need to 
use such polluting and expensive oxidants, these reactions are 
also accompanied by large amounts of side products. Therefore, 
there is a clear potential for clean and efficient catalysts.

Noble metal-catalyzed oxidation with air or pure oxygen as 
an oxidant is a clean and elegant alternative. Platinum, palla-
dium, and recently gold are proposed as efficient catalysts that 
use mild reaction conditions and enable high selectivities [3–5]. 
Another possible alternative is oxidation catalyzed by enzymes. 
Microbial fermentation of carbohydrates is cheap and well known 
but suffers from many disadvantages [6]. Hence, highly selective 
enzymes are isolated from living cells and used as a catalyst.

In this work, selective oxidation of d-glucose with molecular 
oxygen to d-gluconic acid has been studied as a model reaction 
for examining selective oxidation of alcohols and aldehydes. 
d-Gluconic acid is an important product in food industry, while 
its derivatives (gluconolactones, sodium and calcium salts) are 
used in pharmaceutical and cosmetic industry [7]. The impor-
tance of this reaction is schematically shown in Figure 1.

Main challenges in this process design and operation are 
to improve catalyst handling, selectivity and productivity [2]. 
A promising alternative in this direction is flow chemistry, 
i.e., chemical synthesis not traditionally performed batchwise 
in stirred tanks, but using continuous flow through milli- and 
microstructured reactors [8].

Microstructured reactors have mainly found application 
in organic synthesis and fine chemicals, both in research and 

industry [9]. Another major field of application refers to energy 
technology and gas treatment, in particular to fuel processing 
to make hydrogen for fuel cells [10]. Main features of micro-
reactors are high specific surface area (order of magnitude 
higher than for traditional reactors), excellent heat transfer, 
enhanced mixing, and minimized influence on mass/diffusion 
transport limitations compared to conventional reactors [8–14]. 
Moreover, novel process windows, unusual process conditions 
far from conventional practice, are explored [8].

1.2. Model Reaction. In this review, conventional and micro-
reactor based processes for catalytic and enzymatic glucose oxi-
dation are compared. All opposed options are shown in Figure 2. 
The first level of evaluation included noble metal catalyst and * Author for correspondence: v.hessel@tue.nl

Figure 1. Gluconic acid use and availability

Figure 2. Process options studied in this work
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enzyme stability and operation, deactivation and reactivation 
issues. Process is observed at the reaction and product work 
up level, based on which it is possible to estimate costs of all 
the process alternatives and suggest improvements in the pro-
cess design. Throughout every level potential for novel pro-
cess windows is considered as well. This reaction is used as a 
model reaction for the studies within the European POLYCAT 
project [15].

It is noteworthy to explain the importance of this model reac-
tion. Glucose oxidation is an intrinsically fast reaction, but in 
conventional reactors limited by oxygen transport [16,17]. 
Therefore, it is reasonable to assume that in microreactor intrin-
sic kinetics will be revealed and no mass transfer limitations will 
be observed. Additionally, in enzymatic reactions, a much higher 
selectivity can be reached although much slower than their solid-
catalytic equivalent. That way, gain in separation is achieved 
especially when complex and expensive molecules are used.

This reaction is considered as exemplary chemical pro-
cess using enzymes and the main technological learning and 
enabling functions are aimed to be transferred to other enzy-
matic reactions, which have more theoretical potential and 
also more industrial relevance when applying flow chemistry. 
One such enabling key is the immobilization procedure which 
shall provide dense package of enzymes, but still highly active 
through flexible spacer decoupling and with no external mass 
transfer hindrance into the porous support.

The enzyme used as a catalyst, glucose oxidase (GO), is one 
of the most frequently industrially applied enzymes and in this 
way is an ideal candidate for an exemplary study. Moreover, 
enzyme microreactors are receiving increasing attention, so it 
is of great importance to explore the use of GO in microdevices 
[18–20].

The fact that glucose oxidation is not one of the very fast 
reactions under normal practice (with mass transfer hindrance 
on the oxygen side) and probably not even after having been 
speeded up considerably and that reagents for this reaction 
are bulk and relatively cheap materials, explains that a real-
case transfer to production in microstructured reactors was not 
finally targeted and expected. Instead, this example shows the 
methodology to be used for further evaluation of expensive and/
or intrinsically fast processes, and points out the performance 
features of microreactors, especially microreactors for gas–
liquid–solid reactions.

1.3. State of the Art in Gluconic Acid Production. Almost 
all gluconic acid is produced using a biotechnological process 
involving Aspergillus niger and Gluconobacter suboxidans 
microorganisms [7]. The fermentation process is cheap and 
well developed but has disadvantages considering environmen-
tal friendliness, waste production and separation, which gives a 
potential for focusing on other routes. Gluconic acid production 
both with enzymes and heterogeneous catalysts uses molecular 
oxygen and the only by-product formed is water (or H

2
O

2
 in the 

enzymatic reaction).
Glucose is dissolved in the required amount of water and 

mixed with NaOH. After the reaction, the product mixture is 
evaporated until 45% of solids. Gluconic acid is recovered with 
separation techniques as ion exchange or electrodialysis and fur-
ther condensated until 50% gluconic acid solution is obtained. 
Catalyst is retained in the reactor by a microporous filter, while 
in the case of enzymatic oxidation, enzymes are immobilized 
on a membrane so no additional recovery is needed. Main oper-
ations during the production of free gluconic acid are shown in 
Figure 3.

Gluconic acid is available in the market as a 50 wt% techni-
cal grade aqueous solution. By-products are favored at higher 
glucose conversion and also at high temperature and pH values. 
2- and 5-keto-gluconic acid, glucaric acid, glucuronic acid, and 

guluronic acid are formed by consecutive reactions. Also, fruc-
tose, mannose, glycolaldehyde, sorbitol, and maltose are found. 
Isomerization from nonreacted glucose to fructose, and further 
to sorbitol and mannose occurs at higher T and pH values.

Some features of studied processes and comparison with the 
one industrially available are shown in Figure 4.

1.4. Methodology for Novel Process Windows and Process 
Intensification. Process intensification means a radical change 
in process and apparatus, leading to game-changing improve-
ments but necessarily also featuring high risks [21]. In such 
“stress field” the use of a prior own-developed methodologi-
cal assessment different from classical ones is preferential. “Ex 
ante” methodology for assessing novel process windows has 
been recently introduced in the EU project COPIRIDE, Figure 5 
[22–24].

Ex ante evaluation is an early-bird evaluation based on 
environmental [22,25,26] and economical [11,27] evaluations 
of the chemical and engineering approach already at the very 
beginning of the process development. It helps to introduce 
the information in a more automated, validated, traceable, 

Figure 3. Process steps in the production of gluconic acid

Figure 4. Processes for glucose oxidation

Figure 5. New methodology for process analysis. Published in Hessel, 
V. Chem. Eng. Technol. 2009, 32(11), 1655–1681
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and reliable manner. Moreover, it deals with time-, cost-, and 
competitive-related relevant issues, because coming out from the 
early research stage with a reaction/process with demonstrated 
good theoretical potential can shrink the further steps between 
development and application, focusing on realizing as much 
practical potential as possible [11].

The general methodology valid for proposition of novel pro-
cess windows and environmental and economical evaluation is 
schematically presented in Figure 6 [11].

The first step is an extensive literature search, with focus 
on identification of the limiting or critical aspects of the reac-
tion/process. After initial generic exploration of the theoretical 
potential in processing, a further constriction is made by con-
fronting the output of these evaluations with a set of criteria 
(“Process Intensification criteria”), in quantifiable, measurable 
and challenging manner, given mainly by the end-users of the 
innovation (chemical companies), which define the minimum 
set of goals that should be reached for a satisfactory reaction/
process improvement (from an industrial point of view). Finally, 
such selected novel process windows options are further necked 
through comparison of capability of reactor concept realiza-
tion and process concept realization. These upcoming results, 
after a check to forecast substantial limitations from the engi-
neering point of view, are then submitted for cost analysis 
and a simplified life cycle analysis, to evaluate their potential 
impact. If satisfactory results are obtained, it is possible to pros-
ecute with the practical validation; if not, the feedback allows 
to a more focused development and investigation in order to 

remove/overcome the critical points highlighted in this stage of 
the evaluation [28].

This paper shows initial steps in such analysis: literature sur-
vey on glucose oxidation in conventional and microbased pro-
cesses as well as novel process windows strategies. Further, 
technical evaluation of processes is done, bottlenecks in the 
process are identified as well as possibilities to improve pro-
cesses with microreactor technology.

2. Identification of the Critical Aspects of 
the Glucose Oxidation

2.1. Noble Metal-catalyzed Reaction. Heterogeneously cat-
alyzed carbohydrate oxidation faces problems concerning cata-
lyst activity and low conversion [2,29]. These are main challenges 
in process design and operation and no industrial production 
exists so far. Catalyst deactivation and low conversion imply 
complex purification and high production costs [2,30]. Therefore, 
it is of high importance to improve the process on the catalyst 
level.

Supported platinum group metals are used as catalyst. These 
are Pt, Pd, and Ru metals, as well as bimetallic catalysts, which 
combine Bi and a platinum group metal, supported on carbon, 
silica or alumina support [5]. Typical reaction conditions and 
properties of catalysts reported in literature are collected in 
Table 1.

When a Pt or Pd catalyst is used high selectivity is achieved 
only at a low conversion level. In contrast to that, polymeric 
and gold nanoparticles enable high selectivity even at high con-
versions [32]. Turnover frequency (defined as amount of glu-
cose converted per unit of time and amount of catalyst) is lower 
for Pt and Pd catalysts on a carbon support, while polymeric 
support or zeolites with gold nanoparticles enable higher metal 
activity even with lower metal content.

2.2. Enzymatic Reaction. Another possibility is to catalyze 
the reaction by highly selective enzymes. The most widely used 
enzyme is GO from the A. niger microbe, together with catalase 
for H

2
O

2
 decomposition [7].

The use of enzymes is suggested as a valuable option because 
of higher activity and yield compared to metal catalyst. Also, 
the conversion that can be achieved without significant selec-
tivity loss is higher than in a metal-catalyzed process – 50% 
compared to 10% in noble metal-catalyzed process. Some 
details on enzymatic oxidation are collected in Table 2.

Main problems recognized for enzymatic oxidation are 
enzyme immobilization and stability, complex enzyme and 
product separation, and low productivity.

2.2.1. Enzyme Immobilization. Enzymes can be freely sus-
pended or immobilized on a matrix support. Immobilization 

Figure 6. Novel process windows proposition. Published in Hessel, 
V.; Cortese, B.; de Croon, M. H. J. M. Chem. Eng. Sci. doi:10.1016/
j.ces.2010.08.018.

Catalyst used Reaction conditions Conversion (%) Selectivity (%) Active metal content (%) Average particle size TOF (mol glc/mol cat/s)

T(°C) pH

Pt/graphite [30] 50 8.0 10 100 4.67 7 mm 0.001
Pd/C [31] 30 8.1 10 100 2.80 45 mm 0.0005
HPS-Ru [32] 60–75 6–7.5 99 97–99 0.74 1–1.2 nm 0.013
Pd–Bi/C [17] 40 9.0 99.6–99.9 Low selectivity 5.00 – –
Au/C [33] 30–90 7.0–9.5 95 99.5 0.48 3–6 nm 0.014

Table 1. Reaction conditions for catalytic glucose oxidation

Enzyme used Reaction conditions Conversion, selectivity

T(°C) pH

Glucose oxidase [34] 25–60 5–8 (max rate at pH = 6.5) Conversion higher than with Pd and Pt
Hyderase (glucose oxidase + catalase) [35] 0–30 – Fractional conversion 5–10%
Aspergillus niger [36] 30 5.5 High selectivity, Yield 93%
Gluconobacter oxidans [37] 32 4.5–5 Productivity 40%
   Conversion 99%

Table 2. Reaction conditions for enzymatic glucose oxidation
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makes enzymes stable, protects them from shear damages and 
enables their repetitive use [38]. Also, no product purification 
steps are required. However, immobilization may lead to mass 
transfer limitations and decreases enzyme activity due to block-
ing of the active site [39].

GO can be also entrapped in calcium alginate gel beads [38]. 
The enzyme is enclosed in an aqueous solution inside a semi-
permeable membrane capsule. Main advantage of this immo-
bilization is proper contact between the substrate and the 
enzyme with this particle structure. Still, loss of activity, leach-
ing, and lower reaction rates limit the application of enzyme 
immobilization [38].

Problem with immobilization on membranes is fouling, espe-
cially if catalase is added to the mixture, as enzyme denaturation 
and aggregation occur. In addition, surface shear and pressure 
drop play a significant role in the fouling process. Surface shear 
also depends on the type of membrane, which has been dem-
onstrated by comparing polymeric and anion exchange mem-
branes. Enzymes immobilized directly on an anion exchange 
membrane lost 50% of their activity within 10 days, while with 
immobilization on a polymeric membrane an activity of 80% 
remained after 90 days [40,41].

Enzymes can also be used freely suspended in a solution 
[42]. That way, there are no diffusional effects and recycling of 
enzymes is possible if a membrane is connected in series with 
the reactor. However, enzyme stability is degraded and their 
separation is complex.

2.2.2. Enzyme Deactivation. Similar to the catalytic process, 
enzyme deactivation is one of the main problems in this reac-
tion [43]. It occurs due to various inhibition effects and immo-
bilization methods. Enzymes may be inhibited by a substrate or 
product formed. It is shown that most important product inhibi-
tion is competitive inhibition. Product molecules occupy avail-
able active sites and consequently decrease reaction rate. This 
can be avoided by immediate product removal and employ-
ing additional enzyme to decompose the by-product H

2
O

2
. 

Therefore, by optimizing reactor design, inhibition effects can 
also be reduced.

2.3. Comparison of Metal-catalyzed Process and Enzy-
matic Process. In Table 3, enzyme and catalyst activity and 
reaction rate for the comparable initial conditions applied in the 
oxidation of glucose are compared.

Specific activity of the catalyst is defined as the amount of 
the converted substrate, divided by time when 10% conversion 
is reached and by the amount of the active metal in catalyst 
(mmol/g

metal
/min).

Similarly, specific enzyme activity is defined as units per g 
solid. One unit is the amount of enzyme that oxidizes 1 mmol of 
glucose per 1 min at optimum conditions. The enzyme fraction 
in the solid is about 0.7.

If the enzymatic reaction is performed for 20 h in an airlift 
reactor, the enzyme is deactivated by about 15% [40]. With 
a palladium catalyst, after 20 h oxygen coverage (fractional 
coverage by inactive oxygen species) was 5%. This result is 
obtained by Matlab® simulations using the same parameters as 
reported by Gogová [31]. It shows that enzymes are deactivated 

much faster, which also increases their total costs. Additionally, 
enzymes are more sensitive to process conditions and storage; 
operation and maintenance with enzymes are more difficult. 
Reaction yield is higher when compared to the Pt/Pd catalyzed 
reaction, while the gold catalyzed reaction is comparable in 
terms of yield and activity.

2.4. Reaction Section and Product Work Up Level. 
2.4.1. Reaction. The current reactor concept forces low con-

version in order to avoid side product formation. Because of 
the low conversion, isolation of the product demands for large 
amounts of solvent. Separation equipment is energy consuming 
and expensive. Therefore, improving selectivity and productiv-
ity would have technical and economical benefits. By replacing 
the conventional catalyst and by adjusting reaction conditions, 
selectivity can be significantly improved. In addition, low pro-
ductivity is connected to a low selectivity and a number of side 
and consecutive reactions.

2.4.2. Product Work Up. Special attention in the enzymatic 
process is paid to enzyme separation, in case the enzymes are 
used in solution. They are separated from the product by a 
microfiltration membrane which retains enzymes on the mem-
brane. Once separated, the enzymes are concentrated and puri-
fied using ultrafiltration. Product is isolated by electrodialysis 
or ion exchange, similar to the catalytic process, while permeate 
is recycled back to the reactor [46].

If enzymes are immobilized on a membrane, they can be 
reused in multiple cycles. Here, the enzyme separation step is 
eliminated from the main process, thus simplifying and increas-
ing the overall process yield.

If a packed bed reactor is used, the enzyme is linked to an 
insoluble inert support. A membrane bioreactor can operate 
with an enzyme in solution or linked to the membrane. The 
membrane will retain the enzyme in the reactor, and the reactant 
(glucose) as well as the product (gluconic acid) pass through 
the membrane.

2.5. Process Intensification Criteria. Based on the process 
characteristics stated before, the key issues in the process can 
be identified:

catalyst deactivation• 
low selectivity• 
enzyme stability• 
low productivity.• 

These issues are bottlenecks in the process that can be effi-
ciently overcome by process intensification. PI objectives in this 
process are technology improvement at the catalyst-reaction-
process level, but also economics and environment. An intensi-
fied process would have the benefits summarized in Table 4.

3. Reactor Design

Two microreactor concepts applicable for gas–liquid–solid 
reactions are evaluated: a falling film microreactor (FFMR) 
and a micropacked bed reactor. The FFMR utilizes contact-
ing of two continuous phases with a known, predefined and 
large interface for mass transport. The micropacked bed reactor 

Enzyme (GO) Metal catalyst

Specific activity 172 mmol/g
solid

/min [44] 56 mmol/g
metal

/min (Au)
15 mmol/g

metal
/min (Pd) [45]

Deactivation rate 15% lost in 20 h (immobilized enzyme, airlift reactor) [43] Fractional coverage of inactive oxygen species (5% in 20 h)
Maximum reaction rate 

c(glc) = 40 g/L, c(cat) = 4 g/L
0.84 mg/L/s 3.6 mg/L/s (Au)

1.2 mg/L/s (Pd)
Cost (euro/g) 28 45 (Pt), 31 (Au), 11 (Pd)
Activation energy (kJ/mol) 49.6 47.0 (Au)

Table 3. Enzyme and catalyst activity
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utilizes straightforward continuous dispersion to small bubbles 
with very large interface; however, not exactly known without 
additional measurement.

3.1. Falling Film Microreactor. The FFMR was devel-
oped by IMM (Institut für Mikrotechnik Mainz) [49] and has 
found many predecessor applications [50–56]. In the FFMR, 
thin falling films move by gravity for a typical residence time 
of seconds up to about 1 min, providing high mass and heat 
transfer.

In conventional units, film thicknesses of at least 500 mm are 
common, whereas liquid film thickness obtained in the FFMR is 
in the range of 50–300 mm. As a consequence of the small film 
thickness, liquid-phase mass transfer resistance is minimized. 
Depending on the liquid flow rate, overall mass transfer coeffi-
cients of k

L
a = 3–8 s−1 were estimated for nitrobenzene hydroge-

nation [50]. As a result, the reactor appears to be an appropriate 
tool for the study of fast exothermic gas–liquid reactions.

The reactor consists of a stainless steel plate with shallow 
semicircular to almost rectangular-shaped channels (dependent 
on aspect ratio; through the isotropic wet etching manufacturing) 
in which the liquid flows. The gas flows between the liquid film 
and a transparent glass plate. The gas chamber is typically 1–5 
mm wide. At the bottom of the plate, a microstructured heat 
exchanger is installed. Due to such compact design, a high spe-
cific interfacial area (up to 20,000 m2/m3) is achieved [49].

A scheme of a FFMR is shown in Figure 7.
The solid catalyst is typically incorporated in a high surface 

area 10-mm thick film, deposited using the slurry/washcoating 
method, followed by impregnation or incipient wetness.

3.1.1. FFMR Performance. Calculations of FFMR perfor-
mance are done for plates of 25 cm length and five different 
channel dimensions: 100 × 300, 200 × 600, 400 × 1200, 800 × 
2400, 1200 × 3600 mm2. One plate consists of 50 channels with 
a catalyst washcoat layer with a thickness of 10 mm and catalyst 
density of ~1000 kg/m3 (gold on porous TiO

2
 support).

We assumed no diffusion limitations in the catalyst layer for 
such short diffusion lengths. In the following paragraphs we 
will demonstrate that the resistance against reaction is much 
larger than the resistance against mass transport of oxygen.

Reaction rate equation, according to Önal et al. [33] is

r
kKg G

Kg G Kga GA
=

+ +
[ ]

[ ] [ ]
[ ]

1
cat

 
(1)

The initial reaction rate r is r = 2.4 mmol/L/min = 0.04 mol/m3/s 
for [G] = 500 mol/m3 and at T = 50°C. Reaction rate constant k 
equals to 4.6 × 10−3 mmol/g/s.

For a complete falling film flow with a flat surface profile in 
a FFMR, the Reynolds number can be defined as

Re =
4dL Lu

v  
(2)

The thickness of the liquid film, according to Nusselt theory, 
depends on the volumetric flow, channel width and viscosity of 
the mixture:

δL
L=

3
3

F v

nbg  
(3)

Mean velocity can be expressed as

u
g

vL
L=

δ 2

3  
(4)

Liquid side mass transfer coefficient can be calculated from the 
values of Sh and Gz number,

PI criterion Level State of the art Improvement

Catalyst activity Catalyst Inorganic catalysts: fast deactivation due to the 
formation of metal-oxides or blocking the catalyst 
active centers

Enzymes: deactivation due to enzyme immobilization and 
inhibition

Nanoparticulate catalysts are more active and stable, gold 
and ruthenium on polymeric and inorganic support are 
investigated: TOF 0.013 mol/(mol Ru*s) and 0.014 mol/
(mol Au*s) compared to 0.0005 for Pd catalyst [4,47]

Selectivity Reaction Inorganic catalysts: high selectivity only at low conversion
Enzymes: higher selectivity than with metallic catalysts but 

varies with conditions

With polymer nanoparticulate catalysts 97–99% selectivity 
can be reached for conversion up to 99% [47]

Productivity Process Inorganic catalyst: Low productivity due to catalyst 
deactivation and side and consecutive reactions

Enzymes: substrate or product inhibition, loss of activity

When using microdimensioned reactors space time yield is 
increased by three orders of magnitude compared to the 
conventional process in a slurry reactor

Production costs Economy Inorganic catalysts: complex and expensive separation and 
purification

Enzymes: expensive and complex recovery

By using microreactors reaction/operation time is 
reduced and selectivity increased which leads to lower 
production costs

Also, downstream processing is simplified, thus plant 
cost is lower. Product quality improvement and lower 
operating costs justify high microreactor cost

Process safety
 

Environment

 

Batch or semicontinuous production – less safe;
Higher volume – bigger inventory;
Non environmentally friendly alternatives in use

Microreactors enable lower solvent consumption by 
increasing concentration of reactants. Less waste 
and higher safety are associated with the use of 
microreactors. For glucose oxidation process safety 
index decreased from 10 to 7 (less inventory, less 
equipment, controlled exothermicity) [48] 

Table 4. Process intensification criteria

Figure 7. Falling film microreactor scheme [50]. Reprinted from 
Zanfir, M.; Gavriilidis, A. Ind. Eng. Chem. Res. 2005, 44, 1742–1751, 
with permission Copyright 2005 American Chemical Society
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Gz Sc
d

l
= Re

 
(5)

For laminar flow inside the studied microchannels Gz number 
is Gz = 0.2–2.6. It is found that for Gz−1 > 0.1, Sh = 2.43 [57]. 

Therefore, as Sh
k

D
= l

AB

2d
 calculated k

l
 is k

l
 = 3.6 × 10−5 m/s.

Having the interfacial area of a = 10,000 m2/m3, overall volu-
metric liquid side mass transfer coefficient, k

l
a, is 0.36 s−1.

Mass transfer resistance from the gas side is neglected. Also, 
to confirm no internal diffuisional limitations, Weisz modulus 
is calculated [58]:

Φ = =
reaction rate

diffusion rate e s

p

r
D O

L2

 

(6)

Calculating the value for a micrometer size catalyst particle and 
parameters given above, it follows that F ~ 10−3 what is smaller 
than 1, therefore, internal diffusion is not significant.

Time needed to reach complete conversion is calculated 
based on the intrinsic reaction kinetics (1), and knowing that 
in microreactors both substrate and catalyst concentration are 
higher, thus intrinsic kinetics is intensified.

Substrate concentration in FFMR is considered to be 3560 
mol/m3 (50 wt% glucose solution), compared to 1000 mol/m3 
of optimal concentration in slurry reactor [2]. Catalyst loading 
is calculated as kilogram of catalyst that is incorporated inside 
the channels per unit volume of the reactor and it is compared 
to the loading in conventional slurry reactor which is 10 kg/m3. 
Therefore, reaction kinetics is 27–331 times virtually intensi-
fied and catalyst residence time of 3600 s in slurry reactor [30] 
is compared to residence time in FFMR needed to reach com-
plete conversion. Process parameters are collected in Table 5.

The same way, productivity of a batch reactor is calculated.
Inlet glucose concentration of 1000 mol/m3 is assumed. A 

conversion of 10% corresponds to gluconic acid concentration 
of 100 mol/m3 at the exit. Reactor volume of 6.6 m3

liquid
 is calcu-

lated. Catalyst concentration of 10 kg/m3 corresponds to 66 kg 
of catalyst in the reactor. Therefore, one batch produces 125 kg 
of product and the productivity per mass of catalyst is:

Productivity, batch
kg

= =125 kg

1 h · 66 kg cat h · kg cat

1 89.
 

(7)

Productivity of different FFMRs is nearly constant. This is 
due to the proportional amount of catalyst that is assumed. 
Namely, constant catalyst layer thickness of 10 mm is assumed. 
However, a much higher amount of catalyst can be placed in 
larger channels if still no mass transfer limitations are observed. 
Yet, productivity is more than 500 times higher than in a batch 
process.

3.1.2. Scale Up of FFMR. The capacity of a FFMR is first 
increased by adding more parallel microchannels in the horizon-
tal direction or within a single plane, shim, sheet, or repeating 
unit. Capacity is then increased by increasing microchannels 
or repeating units in the y-direction, as represented by stacking 

layers of shims or sheets to larger heights. The numbering-up 
method of increasing capacity reduces risk by keeping the heat 
production in one channel and channel flow hydrodynamics 
the same, but introduces its own challenges around manufac-
turing, flow distribution and integration with the macroscale 
plant [59].

Scaling up and achieved production rate for the case of glu-
conic acid production is shown in Figure 8.

Although the smallest channels seem to give the high-
est space time yield, scaling up to reach the required capacity 
would be difficult. On the other hand, using the widest chan-
nels would result in the lowest number of parallel plates. Still, 
channels of 3600 × 1200 mm2 are not available. Governed 
with the idea that existing scale-up approaches should be pre-
ferred and large numbering-up factors should be avoided, it is 
proposed to design the process with the middle size channels, 
1200 × 400 mm2.

For the production of 1000 t/y of gluconic acid using micro-
reactor technology, multiplate stacks in parallel must be used. 
If FFMR plates with 1200 × 400 channels are chosen, 46 stacks 
consisting of 10 plates in parallel are needed. After the reaction, 
the product mixture is collected in a buffer vessel and the con-
secutive separation steps are performed conventionally.

3.2. Micropacked Bed Reactor and Comparison with the 
FFMR Performance. Another reactor type that can be used for 
gas-liquid-solid reactions is the micropacked bed reactor [60]. 
The direct incorporation of catalyst pellets inside microchan-
nels, as it is the case in this reactor type, is preferable because 
of easy catalyst replacement. Catalyst pellets in a conventional 
reactor are 4–8 mm, while in a micropacked bed typically 
50 mm particles are used. That is a 100-fold increase in 
surface-to-volume ratio, which results in improved tempera-
ture control and small time constant for mass transfer. Overall 
mass transfer coefficients (k

L
a) are measured to range from 5 to 

15 s−1 [60], nearly two orders of magnitude larger than values 
for standard slurry reactors (k

L
a = 0.01–0.08 s−1) [61]. In addi-

tion, the packed bed approach ensures improved mixing of the 

Channel dimensions (mm) Catalyst loading (kg/m3) Catalyst mass (g) Residence time 
required (s)

Liquid flow (mm3/s) Productivity (kg/year) Productivity 
(kg/h/kg

cat
)

100 × 300 930.7 0.06 10.6 27.8 557.8 1124
200 × 600 465.0 0.12 21.5 54.6 1096.8 1097
400 × 1200 232.5 0.25 43.4 108.5 2178.1 1089
800 × 2400 116.2 0.50 86.8 217.0 4356.0 1089

1200 × 3600 77.5 0.75 130.2 325.6 6534.3 1089

Table 5. Falling film microreactor parameters

Figure 8. Scaling up for the falling film microreactor
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gas and liquid phases, as compared to a multichannel planar 
surface.

However, main concerns connected to using micropacked 
bed reactors are:

Incorporating the catalytic solid phase;• 
Ensuring proper dispersion of the gas and liquid phases;• 
Minimizing pressure drop.• 

The performance of a 20 cm long micropacked bed reactor with 
channel diameter of 0.7 mm and 10 channels in parallel is com-
pared with FFMR-standard with 1200 × 400 mm channels, as 
shown in Table 6.

FFMR can handle higher viscosities compared to packed 
bed, therefore higher glucose concentrations in FFMR. Catalyst 
loading is much higher when packed bed is considered then 
with a washcoat layer.

This evaluation is based on practical availability of reactor 
configurations, i.e., a FFMR with 50 channels and a micropacked 
bed reactor with only 10. Certainly, the whole evaluation pre-
sented in this paper depends on these parameters. Other settings 
will change the comparison. We finally decided not to consider 
how the microreactors could principally be further scaled-out, 
but to rely on the data given in literature or from consider-
ing devices which are on the market (wherever applicable). 
We assumed implicitly with this, that any more far-fetching 
changes would be beyond the current state of the art, e.g., oper-
ation with a higher number of narrow channels in parallel for 
the micropacked bed reactor would be difficult and impractical 
due to flow maldistribution problems.

Considering all these parameters, total productivity of one 
FFMR plate is larger than in the packed bed reactor. Moreover, 
scaling up for micropacked bed reactor is more difficult. In 
order to achieve commercial production, complex arborescence 
structure is required, taking into account two phase flow dis-
tribution and multitude of manifolds for gas and liquid inlets. 
Each packed bed channel is subject to a large pressure drop. 
Large pressure drop indicates high energy requirements and 
higher costs. Assuming the cost of one FFMR-stack to be 
35,000 €, final cost of microreactor system is close to 2 millions. 
The packed bed microreactor described here is less costly 
(15,000 € assumed), but knowing that its productivity is lower, 
we come to the similar value. This indicates that any micro-
reactor system for this process would be very expensive, but 
working with FFMR is more promising both from technical and 
economical side.

4. Catalyst Design

4.1. Nanoparticulate Catalysts. Process improvement on the 
catalyst level can be achieved by using a nanoparticulate (NP) 
catalyst supported on a polymeric or inorganic support [47]. In 
general, nanoparticles have completely different properties than 
bulk material. They provide highly active centers and have a 
high specific surface area. Four different, but complementary, 
types of polymeric systems are proposed as NP supports which 
have significant advantages for microreactor design [15].

Hypercrosslinked polystyrene (HPS) is a widely used poly-
meric support. Because HPS is commercially available and 
small amounts of metals (normally £2 wt%) are needed to 
provide the desired catalyst activity, it is expected that these 
nanoparticles-support combinations will be highly promising 
in industrial conditions. Other possible polymeric supports are 
microgel particles (inexpensive and robust), spherical polyelec-
trolyte brushes (easier inserting into the microreactor channel) 
and poly (phenylene pyridyl) dendrons (stable at high tempera-
ture) assembled around magnetic NPs.

Two alternative ways of polymer catalyst use in microchan-
nels are shown in Figure 9: filling of microchannels and depo-
sition on walls.

Preparation methods used for nanoparticles supported on 
porous material are impregnation, and deposition-precipitation 
method. Various supports are used:

 Solid supports: carbonaceous materials (carbon fibers, car-• 
bon nanotubes, nanoporous carbon): they have good porosity 
and high surface area.
 Polymers have stabilization properties and resistance to • 
particle sintering/agglomeration, low toxicity and cost, high 
biocompatibility.
 Metal oxides: they have high thermal and chemical stabili-• 
ties, high surface area – SiO2

, Al
2
O

3
, TiO

2
.

Ideally, the NPs should be prepared with the so called “green 
concept”: least toxic precursor available, carried out in water 
or other environmentally benign solvents (e.g., ethanol) using 
lowest possible number of reagents and steps (i.e., a one-pot 
reaction) and consuming the smallest amount of energy possible 
whilst minimizing the generation of by-products and waste. The 
NPs should also be well dispersed on the support surface, pro-
viding high activity in the given catalytic transformation [62].

4.2. Enzymes in Microreactors. Rapid mass and heat trans-
fer and large surface area to volume ratios in microreactors are 
attractive features for conducting catalytic reactions in microre-
actors containing the enzyme immobilized on their inner walls 
[63]. Recent significant developments incorporate immobiliza-
tion of enzymes on the surfaces of suitable carrier materials. 
Immobilization can be done by:

covalent attachment to the activated support,• 
physical adsorption of the protein onto a solid matrix, and• 
copolymerisation of the protein with the polymers [64].• 

Attaching enzymes to a microreactor wall is a limiting step for 
using enzymes in this type of microstructured reactors. So far, 
only the capillary enzyme microreactor has been investigated 
[65,66].

FFMR Packed bed

C, glucose (mol/m3) 3600 2115
Total m, catalyst (g) 1.1 2.0
C, catalyst (kg/m3) 232.5 2628.6
No channels 50 10
Productivity (kg/year) 2178 1382
Dp (kPa) 2 710

Table 6. Performance of a FFMR and micropacked bed reactor

Figure 9. Polymeric nanoparticles under development in POLYCAT [15]
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One possibility is to attach the enzyme on small micropar-
ticles and assemble the functionalized beads in the microchan-
nels as a miniature fixed bed.

A second option is to immobilize the enzyme directly on the 
microchannel walls [65]. High volumetric enzyme activity and 
good effectiveness of the bound biocatalyst are important for 
continuous production.

Recently proposed highly efficient carriers for immobi-
lized enzyme in a microreactor are nanosprings – nanostruc-
tures in the shape of springs, made from silicon dioxide [66]. 
Nanosprings significantly increase the surface area for the sup-
port and allow fluids to flow efficiently. They have a diameter 
of ~60 nm, and can be easily coated with enzymes. Nanosprings 
have a specific surface area of ~300 m2/g [67], what is ~3 times 
higher than a polymeric support. The nanosprings are also flex-
ible and mechanically stable, essentially inert to organic sol-
vents and acidic or neutral aqueous solutions, and unaffected by 
temperatures in excess of 1000°C.

Still, the ability to replace spent enzyme without disassem-
bling the microreactor device is critical for any numbered-up 
application, for which the labor costs associated with disassem-
bly and reassembly of a large number of microdevices may be 
prohibitively large [67].

4.2.1. Enzymatic Reactions Performed on Microscale. Some 
enzymatic reactions tested on the microscale are summarized in 
Table 7.

For example, GO is often used as a model enzyme in the devel-
opment of a microreaction system. One recently proposed car-
rier for GO immobilization is polyamidoamine (PAMAM). It is 
a dendritic polymer with a novel structure constructed by repeti-
tive alkylation and amidation from ethylene diamine. It is simple 
to prepare and to fix it to the inner wall of the capillary microre-
actor, by conventional methods or using microwave irradiation 
[16]. It is shown that temperature, pH, substrate concentration 
and flow influence the enzymolysis efficiency. The optimal tem-
perature is 40°C, optimal flowrate 2.5 mL/min, optimal pH is 8, 
and substrate concentration 5 mg/mL. The conversion efficiency 
is 46% compared to 22% in a single bead string reactor.

Moreover, microreactors can be used very well to accurately 
determine the kinetics of enzymatic reaction systems [17]. 
Since measurements on microscale can be obtained with much 
less chemicals and enzyme, enzyme microsystems make a suit-
able platform for enzyme exploration.

When a process requires the specific extraction of an inter-
mediate or end product, microreactors may be a good choice 
[66]. Due to the highly tunable design of microchannels, extrac-
tion of certain components can be programmed at very specific 
positions in the reaction channel.

The calculated amount of GO which can be inserted in one 
FFMR-large with 1200 × 400 mm channels is 0.35 g. This is 
slightly higher than gold catalyst loading. Thus, the overall 
activity of the enzyme is also slightly higher.

On the other hand, operation with metal catalyst is more 
advantageous due to difficult enzyme immobilization and insert-
ing into the microreactor channels without losing their activity. 
Moreover, enzyme activity generally decreases upon immobili-
zation, so, much larger quantity of enzymes is needed. This also 
leads to higher cost.

5. Novel Process Windows for Glucose Oxidation: 
Formulation of Proposals

Microstructured reactors even when applied in conventional 
process windows already bring advantage in operation [8–14]. 
But, when process conditions far from the usual practice are 
applied, process intensification may be further maximized by 
adding an additional chemical intensification field. Unlike pro-
cess intensification and microprocess technology enhancing 
mass and heat transfer to reveal intrinsic kinetics, novel process 
windows aim at speeding up intrinsic reaction rates, i.e., dra-
matically reducing reaction time [21].

Existing processes can be improved by applying unconven-
tional conditions like: process routes at highly elevated pres-
sures, highly elevated temperatures, much higher concentrations 
or even solvent-free operation, and routes in a thermal runaway 
regime.

Enzyme Reaction Immobilization method Advantage of microreactor system

Glucose oxidase [16] Glucose oxidation GO was immobilized on PAMAM-grafted 
fused-silica capillaries

High efficiency, twofold increase of 
conversion

Lipase [17] Esterification of propionic 
acid and 1-butanol in a two 
phase system consisting of 
water and n-decane, to 
butyl-propionate

– The continuous extraction and 
consequently low concentration of 
product near the enzyme lead to 
higher reaction rate and a higher total 
conversion

b-Glycosidase [68] Hydrolysis of lactose Wall-coated multiplate stacked microreactor, 
covalent immobilization of enzyme 
supported by a macroporous wash-coat 
layer of a-aluminum oxide

Possibility of continuousflow processing, 
cost effective production

Adenosine deaminase 
(ADA) [69]

Rapid screening of enzyme 
inhibitors in natural extracts

Encapsulated in anionic polyelectrolyte 
alginate immobilized on the surface of 
fused-silica capillary via ionic binding 
technique

Very low cost and reusable enzyme

Lipase [70] Hydrolysis of a triglyceride Encapsulated in folded-sheet 
mesoporous silica

Significantly higher lipase activity, 
Increased yield

Lipase B [71] Lipid transformations Immobilized on the amino activated 
silica fiber

Microreactor could be reused many times 
with minimal reduction in the activity of 
the enzyme. The enzyme stability does 
not change even with storage in ambient 
conditions over 1 month

Cucumisin (protease) [72] Hydrolysis reaction Sol gel method, reversible immobilization 
through disulfide bond and Ni-complex 
using His-tag

High performance of the reactor, reverse 
immobilization methods useful for 
development of efficient microchemical 
devices

PETN reductase [73] Aqueous and organic phase 
separation in the reduction of 
trans-2-(2-nitrovinyl)thiophene

– Increased reaction rate, approach 
particularly suited for water soluble 
enzymes and nonwater soluble substrates 
contained in an organic solvent

Table 7. Some enzymatic reactions performed on microscale

JFC-D-11-00005R1.indd   20 8/1/2011   6:31:46 PM



I. Dencic et al.

21

Major process intensification pathways are shown in Figure 10.
The potential for novel process windows for glucose and 

generally carbohydrate oxidation is recognized in the follow-
ing aspects:

New chemical transformation – heterogeneous catalysts;• 
Routes at elevated temperature;• 
Routes at increased concentration;• 
Process simplification and integration.• 

5.1. New Chemical Transformation: Heterogeneous Cata-
lysts. The use of heterogeneous catalysts has already been 
introduced in the sections before. Simple separation/immobi-
lization and longer stability of heterogeneous catalysts com-
pared to homogeneous ones are reasons for exploring them. 
Opportunities for novel process windows are different for 
enzymes and metal particles, due to enzyme deactivation and 
the effect of support.

It is known that polymeric supports deteriorate above 150°C, 
while inorganic supports are stable at much higher temperatures. 
However, at moderate temperatures polymer is stable due to high 
molecular weight and highly crosslinked chains. Inorganic sup-
ports are stabilized by calcination at 400–500°C. All crosslinked 
chains are subject to swelling, especially in nonpolar solvents. 
Swelling can be a good property if not overstressed, because it 
enables catalyst contact with the reactants. If too much catalyst/
enzyme is released, they are lost from the support. On the other 
hand, inorganic support swells only at very severe conditions.

5.2. Routes at Elevated Temperatures. With higher reac-
tion temperature, the reaction rate increases and it is possible 
for the reaction time to reduce down to few seconds. Routes 
at elevated temperatures are only possible for heterogeneously 
catalyzed oxidation (enzymes denaturate at temperatures above 
60°C). Governed with the assumption that increase in tem-
perature of 10°C will double the reaction rate, it is possible to 
judge the increase of productivity. Process performance can be 
improved by orders of magnitude with this increase in the reac-
tion rate. Metal particles supported on an inorganic support are 
active even at temperatures above 150°C. These temperatures, 
however, are above the solvent boiling point, thus higher pres-
sures are needed.

5.3. Routes at Increased Concentrations. Increased con-
centration of catalyst and reagents and therefore less solvent use 
enable to speed up reaction and also reduce solvent waste and 
processing. However, too high concentrations increase the vis-
cosity of the mixture which hampers the processing.

The unique properties of fluids just above the critical point can 
be applied beneficially in heterogeneous catalysis. Oxidation 
with air or oxygen in supercritical water provides increased sol-
ubility of oxygen and organics, so that the oxidation takes place 
in a homogeneous mixture with no mass transfer limitations at 
the phase boundaries [74].

Enzyme immobilization under supercritical conditions is 
investigated for glucose biosensor production [75]. GO is 
immobilized on a polypyrrole film and polyurethane/polypyr-
role composite foam. The high diffusivity, low surface tension, 
sterilization effect, and the swelling ability of supercritical CO

2
 

are utilized to obtain stable immobilizations with low enzyme 
consumption. Also, activity of GO buffer-solution is investi-
gated. No negative effect in activity up to 150 bar and 50°C is 
observed. During the immobilization, there is no decrease of 
activity for the immobilization pressure up to 105 bar.

5.4. Process Simplification and Integration. Further, under 
flow conditions, simplification and integration of a process is 
achieved [8]. In conventional processes the exothermicity of the 
reaction limits the speed of reactant dosing. Under flow condi-
tions faster reactant dosing is possible, while local hot spots are 
avoided. Also, less separation steps due to selectivity increase is 
an important gain for process expenditure.

Main goals of these step-change transformations are higher 
selectivity and yield, higher conversion and reduced reaction 
time. The outcome is also large economical and ecological 
impact.

6. Practical Applicability of Flow Chemistry Towards 
Oxidation of Glucose

None of the suggested improvements is currently applied on 
industrial scale. One reason for this is the uncertainty related 
to novel processes. Process feasibility must be certain before 
changing the well known route. Moreover, costs and risks 

Figure 10. Major paths for novel process windows [21]. Published in Hessel, V.; Chem. Eng. Technol. 2009, 32(11), 1655–1681
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associated with such radical change are high and to a certain 
extent unpredictable. In the case of the enzymatic reaction, the 
price of enzymes is much higher than the whole cells used in 
fermentation. Anyhow, the operating conditions and simplified 
separation are reasons for considering this change.

An important advantage of microprocessing is rooted in elim-
inating mass and heat transfer resistances. Beyond that, micro-
reactors and flow reactors are believed to be essential for the 
currently developed compact intensified plants e.g., container-
based least-investment cost plants such as the Evotrainer of 
Evonik-Degussa [76], which enable faster product development 
and launching (shorter time to market), operational flexibility, 
faster start up and shutdown. During the preclinical and early 
clinical studies, the delivery time of the product is the most 
important factor. A faster process development would simul-
taneously result in a significant cost reduction as well as an 
increase in speed [11]. Another important advantage achieved 
in microreactor based processing is the saving in materials due 
to higher yield and less waste. This is especially manifested for 
highly expensive materials close to active pharmaceutical ingre-
dient (API) grade. Thus, there is the other and supplementary 
motivation to use microreactors beyond simple improvement of 
mass and heat transfer.

As already mentioned, the reaction studied here is not one of 
the very fast reactions initially intended to be applied in microre-
actors. Instead, this example shows the methodology to be used 
when comparison of conventional processing and flow chemis-
try needs to be made. And in this context, indeed some answers 
were given in this paper which identify bottlenecks to be solved 
when approaching real-case, high-value catalysed gas-liquid 
industrial reactions – in the sense of a “hot-spot screening” ex 
ante to process development, which is urgently needed when 
introducing step-change innovations and so helpful for techno-
logical guidance, especially in the initial stages [21].

Quantitative insight in the economical potential of each pro-
cess option and the method for cost analysis will follow as the 
continuation of this paper.

7. Summary and Outlook

Glucose oxidation reaction is considered to be a representa-
tive case for the evaluation of the use of microreactors and flow 
chemistry in general concerning gas–liquid–solid  reactions with 
polymeric supports and following the methodology proposed 
here. For glucose oxidation large experience, e.g., on kinetics, 
catalysts and reactor configurations, has been reported in liter-
ature. Conventional processing options are limited by catalyst 
deactivation and reactor limitations. Bottlenecks can be over-
come by intensified catalyst and reactor design. NP catalysts on 
polymeric or inorganic support have higher activity and stability 
than metal microparticles and enzymes. In the FFMR productiv-
ity is increased up to three orders of magnitude compared to the 
conventional process in a slurry batch reactor when using noble 
metal catalysts. Further intensification of reaction rates as well 
as process simplification is possible when combining microre-
actor technology and novel process windows, i.e., using much 
increased temperature, high concentrations, or new chemical 
transformations. For this model case, commercial production can 
be achieved with 46 FFMR-stacks. This indicates high cost of 
this microreactor system. Generally, processes with microreac-
tors are often associated with high costs, but benefits in operation 
and added value of the product can overcome these higher costs.

Reaction catalyzed by enzymes can be an interesting option 
due to their high specific activity and high selectivity. However, 
use of enzymes on microscale is still under development and 
deeper investigation of enzyme performance and cost issues is 
required.

In the later stage of the work, key learnings and potential 
intensification solutions from this particular case will be trans-
ferred to an industrial reaction for the production of fine chemi-
cal intermediates with similar process characteristics. Cost and 
environmental analysis will follow in order to complete the 
analysis and ensure the feasibility and environmental benignity 
of the process.

Acknowledgment. This work is funded by the EU project 
POLYCAT: Modern polymer-based catalysts and microflow 
conditions as key elements of innovations in fine chemical syn-
thesis, under grant agreement No. CP-IP 24095 of the European 
Community’s Seventh Framework Program.

Symbols

 a: specific surface area (m2/m3)
 b: channel width (m)
 C

s
: substrate concentration at the interface (mol/m3)

 D
e
: effective diffusivity (m2/s)

 d
p
: catalyst particle diameter (m)

 F
L
: molar flow of the liquid (mol/s)

 g: gravity constant = 9.81 m/s2

 Gz: Graetz number, defined by ReSc d
l

= , dimensionless
 k: reaction rate constant (mmol/g/s)
 K

G
: glucose absorption rate constant (m3/mol)

 K
GA

: gluconic acid desorption rate constant (m3/mol)
 k

l
a:  overall volumetric liquid side mass transfer coefficient (s−1)

 L
p
: length scale (=d

p
/6) (m)

 n: number of channels in one microreactor plate
 r: reaction rate (mol/m3/s)
 Re:  Reynolds number for a complete falling film flow, defined 

by 4d l lu
v= , dimensionless

 Sh: Sherwood number, defined by k
D
l

e

2δ= , dimensionless

 u
L
: mean velocity of the liquid film (m/s)

 d
L
: thickness of the liquid film (m)

 n: viscosity of the mixture (Pa s)
 F: Weisz modulus, defined by rL

D c
p

e s

2

= , dimensionless

8. References

 1. Röper, H.; Koch, H. Starch/Stärke 1988, 40, 453.
 2. Vleeming, J. H. Deactivation of Carbon Supported Platinum Catalyst 

During Carbohydrate Oxidation. Ph.D. Thesis, Eindhoven University of technol-
ogy, Eindhoven, 1997.

 3. Biella, S.; et al. J. Catal. 2002, 206, 242–247.
 4. Commoti, M.; et al. J. Catal. 2006, 244, 122–125.
 5. Commoti, M.; et al. J. Mol. Catal. A Chem. 2006, 251, 89–92.
 6. Znad, H.; et al. Process Biochem. 2004, 39, 1341–1345.
 7. Ramachandran, S.; et al. Food Technol. Biotechnol. 2006, 44(2), 185–195.
 8. Illg, T.; Löb, P.; Hessel, V. Bioorg. Med. Chem. 2010, 18(11), 

3707–3719.
 9. Hessel, V.; Hardt, S.; Löwe, H. Chemical Micro Process Engineering – 

Fundamentals, Modelling and Reactions; Wiley-VCH: Weinheim, 2004.
10. Hessel, V.; Knobloch, C.; Löwe, H. Recent Patents Chem. Eng. 2008, 1, 

1–16.
11. Roberge, D.; Ducry, L.; Bieler, N.; Cretton, P.; Zimmermann, B. Chem. 

Eng. Technol. 2005, 28(3), 318–323.
12. Ehrfeld, W.; Hessel, V.; Lowe, H. Microreactors: New Technology for 

Modern Chemistry; Wiley-VCH: Weinheim, 2000.
13. Jensen, K. F. Chem. Eng. Sci. 2001, 56, 293–303.
14. Pennemann, H.; et al. Chem. Eng. Sci. 2004, 59, 4789–4794.
15. POLYCAT. EU large-scale project, modern polymer-based catalysts and 

microflow conditions as key elements of innovations in fine chemical synthe-
sis; 2010.

16. Wang, S. Anal. Biochem. 2010, 405, 230–235.
17. Gangwal, V. Platinum Catalyzed Alcohol Oxidation: Kinetics, Reaction 

Engineering and Process Design. Ph.D. Thesis, Eindhoven University of tech-
nology, Eindhoven, 2005.

18. Besson, M.; Gallezot, P. Catal. Today 2000, 57, 127–141.
19. Swarts, J. Chem. Eng. J. 2010, 162, 301–306.
20. Miyazaki, M.; et al. Biotechnol. Genet. Eng. Rev. 2008, 25, 405–428.
21. European roadmap for process intensification, http://www.senternovem.

nl/mmfiles/Report%2520%2527European%2520Roadmap%2520for%
2520Process%2520Intensification%2527_tcm24-258503_tcm24-271299.pdf, 
last accessed: Apr 2011.

JFC-D-11-00005R1.indd   22 8/1/2011   6:31:47 PM



I. Dencic et al.

23

22. Huebschmann, S.; Kralisch, D.; Hessel, V.; Krtschil, U.; Kompter, C. 
Chem. Eng. Technol. 2009, 32(11), 1757–1765.

23. Hessel, V. Chem. Eng. Technol. 2009, 32(11), 1655–1681.
24. Hessel, V.; Kralisch, D.; Krtschil, U. Energy Environ. Sci. 2008, 1(4), 

467–478.
25. Kralisch, D.; Kreisel, G. Chem. Eng. Sci. 2007, 62(4), 1094.
26. Kralisch, D. Application of LCA in Process Development. In Green 

Chemistry Metrics: Measuring and Monitoring Sustainable Processes; Lapkin, 
A., Constable, D. J. C., Eds.; John Wiley, Chichester, UK, 2009.

27. Krtschil, U.; Hessel, V.; Kralisch, D.; Kreisel, G.; Küpper, M.; Schenk, R. 
Chimia 2006, 60(9), 611–617.

28. Hessel, V.; Cortese, B.; de Croon, M. H. J. M. Chem. Eng. Sci. 
DOI:10.1016/j.ces.2010.08.018.

29. Malat, T.; Baiker, A. Catal. Today 1995, 24, 143–150.
30. Dijkgraaf, P. J. M. Oxidation of Glucose to Glucaric Acid by Pt/C 

Catalyst. Ph.D. Thesis, Eindhoven University of Technology, Eindhoven, 1989.
31. Gogová, Z.; Hanika, J. Chem. Eng. J. 2009, 150, 223–230.
32. Matveeva, V.; et al. Top Catal. 2009, 52, 387–393.
33. Önal, Y.; Schimpf, S.; Claus, P. J. Catal. 2004, 223, 122–133.
34. Odebunmi, E. O.; Owalude, S. O. J. Appl. Sci. Environ. Manag. 2007, 

11(4), 95–100.
35. Beltrame, P. J. Catal. 2004, 228, 282–287.
36. Klein, J.; et al. Biochem. Eng. J. 2002, 10, 197–205.
37. Doneva, T.; Vassilief, C.; Donev, R. Biotechnol. Lett. 1999, 21, 1107–1111.
38. Blandino, A.; Macias, M.; Cantero, D. Process Biochem. 2001, 36, 

601–606.
39. Bankar, S. B.; et al. Biotechnol. Adv. 2009, 27, 489–501.
40. Godjevargova, T.; Dayal, R.; Turmanova, S. Macromol. Biosci. 2004, 4, 

950–956.
41. Hestekin, J. A.; et al. J. Appl. Electrochem. 2002, 32, 1049–1052.
42. Giorno, L.; Drioli, E. TIBTECH 2000, 18, 339–349.
43. Bao, J.; et al. Biochem. Eng. J. 2004, 22, 33–41.
44. Miron, J.; et al. Enzym. Microb. Technol. 2004, 34, 513–522.
45. Astruc, D. Nanoparticles and Catalysis; Wiley-VCH: Weinheim, 2008; 

p 412.
46. Dworkin, M.; et al. (2006) The Prokaryotes: A Handbook of the Biology 

of Bacteria: Symbiotic Associations, Biotechnology, Applied Microbiology; 
Springer Science and Business Media, 2006; Vol. 1.

47. Sulman, E.; et al. J. Mol. Catal. A Chem. 2007, 278, 112–119.

48. Rahman, M.; Heikkilä, A. M.; Hurme, M. J. Loss Prev. Proc. Ind. 2005, 
18, 327.

49. IMM Falling film microreactor, technical data, http://www.imm-
mainz.de/fileadmin/IMM-upload/Flyer-Katalog_etc/Catalogue09_FFMR.pdf, 
last accessed: Mar 2011.

50. Zanfir, M. Ind. Eng. Chem. Res. 2005, 44, 1742–1751.
51. Ehrich, H.; Linke, D.; Morgenschweis, K.; Baerns, M.; Jaehnisch, K. 

Chimia 2002, 56, 647–653.
52. Yeong, K. K.; et al. Catal. Today 2003, 81, 641–651.
53. Jaehnisch, K.; Baerns, M.; Hessel, V.; Ehrfeld, W.; Haverkamp, V.; 

Loewe, H.; Wille, C.; Guber, A. J. Fluor. Chem. 2000, 105, 117–128.
54. Vankayala, B. K.; et al. Int. J. Chem. React. Eng. 2007, 5, Article A91.
55. Commenge, J. M.; et al. Chem. Eng. Sci. 2006, 61, 597–604.
56. Commenge, J. M.; et al. Chem. Eng. Sci. 2011, 66, 1212–1218.
57. van Male, P.; et al. Int. J. Heat Mass Tran. 2004, 47, 87–99.
58. Ullmann’s Encyclopedia of Industrial Chemistry; Wiley-VCH: 

Weinheim, 2007; Electronic Release.
59. Tonkovich, A. Trans IChemE A Chem. Eng. Res. Des. 2005, 83(A6): 

634–639.
60. Losey, M. W.; Schmidt, M. A.; Jensen, K. F. Ind. Eng. Chem. Res. 2001, 

40, 2555–2562.
61. Al Dahhan, Larachi, Dudukovic, Laurent. Ind. Eng. Chem. Res. 1997, 

36(8), 3292–3314.
62. White, R.; et al. Chem. Soc. Rev. 2009, 38, 481–494.
63. Sheldon, R. Adv. Synth. Catal. 2007, 349, 1289–1307.
64. Krenkova, J.; Foret, F. Electrophoresis 2004, 25, 3550–3563.
65. Matosevic, S. Biotechnol. Prog. 2010, 26(1), 118–126.
66. Urban, P. L.; et al. Biotechnol. Adv. 2006, 24, 42–57.
67. Schilke, K. Biotechnol. Prog. 2010, 26(6), 1597–1605.
68. Thomsen, M. Biotechnol. J. 2009, 4, 98–107.
69. Ji, X.; et al. Talanta 2010, 82, 1170–1174.
70. Matsuura, S.; et al. Chem. Eng. J. 2010.
71. Mugo, M.; et al. J. Mol. Catal. B Enzym. 2010, 67, 202–207.
72. Miyazaki, M.; et al. Chem. Eng. J. 2004, 101, 277–284.
73. Mohr, X.; et al. Lab Chip 2010, 10, 1929–1936.
74. Baiker, A. Chem. Rev. 1999, 99, 453–473.
75. Kayrak-Talay, D.; Akman, U.; Hortac, O. J. Supercrit. Fluids 2007, 42, 

273–281.
76. CheManager, www.chemanager-online.com, last accessed: Jun 2011.

JFC-D-11-00005R1.indd   23 8/1/2011   6:31:47 PM




