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ABSTRACT 

For future success in the biological manufacturing sectors the adoption of more efficient development 

strategies and manufacturing techniques is becoming essential. Therefore, nowadays the attention is 

directed to process intensification (PI) and some novel reactor designs have been proposed. An 

example is the Coflore Agitated Cell Reactor (ACR) which is a dynamically mixed plug flow reactor 

designed so to take advantage of the benefits that continuous flow offers over batch processes. 

This project evaluates the potential of the ACR as an alternative to batch or continuous stirred tank 

reactors (CSTRs) in series. An evaluation and comparison to ideal biocatalytic reactors was performed 

based on the quality of the data obtained in the study of an enzymatic reaction with focus on a glucose 

oxidation reaction. 

Results showed that this reactor is inefficient for processes in the presence of foam loosing 75 to 95 % 

of the liquid volume. The ACR also demonstrated to have a liquid volume correspondent to 50 % of 

the reactor volume when added aeration and agitation, which decreases the expected production 

rates. However, it presented high oxygen transfer rates (OTR) comparable with large-scale oxygen 

supply rates and it’s behavior was concluded to be close to 6 CSTRs in series both by a residence 

time distribution (RTD) study and by the construction of a MATLAB model based in the kinetic 

parameters. Therefore it was concluded that the ACR is presents advantages for bioprocess 

development and for replacing processes that normally use multi-stage CSTRs. 

Keywords: Agitated Cell Reactor (ACR); Glucose Oxidase; Antifoam; Residence Time Distribution 

(RTD); Oxygen Transfer Rate (OTR); Oxygen Transfer Coefficient (kLa). 



RESUMO 

A adopção de estratégias de desenvolvimento e técnicas de produção mais eficientes tem-se tornado 

essencial para o futuro da bioindústria. Assim, hoje em dia a atenção está direcionada para a 

intensificação de processo e reatores com designs inovadores têm sido propostos. Um exemplo é  o 

Coflore Agitated Cell Reactor (ACR), um reator pistão com agitação dinâmica desenhado de forma a 

beneficiar das vantagens de um fluxo contínuo quando comparado com processos em batch. 

Este projeto avalia o potencial do ACR como alternativa a um reator batch ou a uma bateria de 

reatores contínuos (CSTRs). Foi realizada uma avaliação e comparação com reatores biocatalíticos 

ideais baseada na qualidade dos resultados obtidos no estudo de uma reação enzimática com foco 

numa reação de oxidação de glucose. 

Os resultados mostram que este reator é ineficiente para processos na presença de espuma, uma 

vez que 75 a 95 % do volume liquido é ocupado por esta. Quando adicionados ar e agitação ao reator 

verificou-se a perda de cerca de 50% do volume útil o que resulta na diminuição das taxas de 

produção esperadas. No entanto, o reator apresenta elevadas taxas de transferência de oxigénio 

(OTR) comparáveis com as taxas de transferência de oxigénio à escala industrial. Através de um 

estudo de distribuição do tempo de residência (RTD) e através da construção de um modelo em 

MATLAB baseado nos parâmetros cinéticos, concluiu-se que o seu comportamento pode ser 

aproximado a 6 CSTRs em série. Assim, conclui-se que o ACR apresenta vantagens no 

desenvolvimento de bioprocessos e na substituição de processos que normalmente utilizariam 

baterias de CSTRs. 

Palavras-chave: Agitated Cell Reactor (ACR); Glucose Oxidase; Anti-espuma; Distribuição do Tempo 

de Residência (RTD); Taxa de transferência de oxigénio (OTR); Coeficiente de transferência de 

oxigénio (kLa). 
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LIST OF ABBREVIATIONS 

ACR Agitated Cell Reactor 
BSTR Batch Stirred Tank Reactor 

C* Oxygen saturation concentration in the bulk liquid in equilibrium to the bulk gas 
phase 

C0 Initial concentration 
CL Dissolved oxygen concentration in the bulk liquid 
CAT Catalase 
CPFR Continuous Plug Flow Reactor 
CSTR Continuous Stirred Tank Reactor 
DO Dissolved Oxygen 
E Enzyme Solution; Exit age distribution function 
F Cumulative distribution function; Flow 
FAD Flavin Adenine Dinucleotide 
GA Gluconic Acid 
Glc Glucose 
GOx Glucose Oxidase 
H Henry’s constant 
HPLC High Performance Liquid Chromatography 
kcat Turnover number 
kLa Volumetric coefficient of oxygen transfer 
Km Substrate concentration at which the reaction rate is half of Vmax 
MIR Mid-infrared 
N Number of reactors 
OTR Oxygen Transfer Rate 
OUR Oxygen Uptake Rate 
p Pressure 
PFR Plug Flow Reactor 
PI Process Intensification 
PT Total pressure in the reactor 
Q Volumetric Flow Rate 
q0 Initial rate 
R Ideal gas constant 
RTD Residence Time Distribution 
SSR Sum of Squared Residuals 
T Temperature 
𝑡! Mean Residence Time 
Vair Air Volume 
VL Liquid Volume 
Vmax Maximal Velocity 
Vr Reactor Volume 
y Molar fraction in the gaseous phase 

GREEK LETTERS 

𝜏 Mean Residence Time 

𝜐 Volumetric flow; velocity 
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SUBSCRIPT LETTERS 

exp Experimental 
i Initial 
in Inlet 
L Liquid 
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out Outlet 
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1. INTRODUCTION 

1.1. PROJECT MOTIVATION 

Nowadays, there are many opportunities to either replace existing chemical manufacturing reaction 

steps with biocatalytic process steps, or to enter new markets with entirely new products made via 

biocatalysts (mostly in combination with fermentation and/or other catalytic steps).1 It is widely 

expected that the use of bioprocesses can contribute considerably to a more sustainable 

development. Biotechnology is seen as a “powerful enabling technology for achieving clean industrial 

products and processes that can provide a basis for industrial sustainability”.2 Bioprocesses are 

economically competitive in a growing number of industries and have advantages concerning several 

local and global environmental challenges.2 

Although, for future success in the biological manufacturing sectors the adoption of more efficient 

development strategies and manufacturing techniques is becoming essential. In biocatalytic 

processes, efficient increase in concentration can be achieved in two complementary ways: protein 

engineering and process engineering. Therefore, nowadays the attention is directed to process 

intensification (PI): cheaper and safer processes, smaller equipment/plant, less energy consumption 

and less waste and by-products.3,4 

Process engineering solutions to achieve an efficiency increase can undergo by a different reactor 

selection based on cost, space, mass transfer, kinetics, heating and cooling, easiness of operation, 

operation mode and reusability of the catalyst. Therefore, opportunities to make changes in the reactor 

format are being studied to accommodate these special features.4 Additionally modeling the process 

under development and thorough assessment helps to improve the understanding of the actual future 

production process as early and detailed as possible.2 

Several variations of standard design reactors exist in the market but, in the recent years, also some 

novel reactor designs have been proposed. An example is the Coflore Agitated Cell Reactor (ACR) 

which is a dynamically mixed plug flow reactor designed so to take advantage of the benefits that 

continuous flow offers over batch processes. Such reactor is still in its infancy and has not yet been 

applied at large scale, but is already proving useful for salt forming reactions.5 

1.2. PROJECT GOAL 

The main goal of this project is to evaluate the potential of the Coflore Agitated Cell Reactor (ACR), an 

example of process intensification (PI) technology, as an alternative to batch or continuous stirred tank 

reactors (CSTRs) in series. An evaluation and comparison to ideal biocatalytic reactors will be 

performed based on the quality of the data obtained in the study of an enzymatic reaction with focus 

on carbohydrate oxidase technology, more specifically in a glucose oxidation reaction.  
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This project is divided into five phases: 

• Determine the kinetic parameters based on an initial rates study in a batch reactor; 

• Establish an experimental bases for testing carbohydrate oxidases using the Coflore 

technology; 

• Develop adequate oxygen measuring equipment in the reactor to assess the reaction; 

• Build a model to describe the kinetics of the ACR; 

• Evaluate the potential of the Coflore®
 technology based on the quality of the data obtained in 

the above.  
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2. THEORETICAL BACKGROUND 

2.1. OVERVIEW OF BIOCATALYTIC REACTORS 

Bioengineering, just like chemical engineering, includes kinetics, transport phenomena, reactor 

design, and unit operations; thus it is not surprising that it is necessary to match the specific features 

and characteristics of a biocatalyst and the reaction to a given reactor. The characteristics that need to 

be considered when choosing the reactor include space-time yield (which determines mass-transfer 

requirements and the amount of biocatalyst required), biocatalyst yield (which determines biocatalyst 

recycling requirements), the presence of more than one phase (which determines the mixing 

required), the need to add reagents (e.g., for pH control), and the kinetics and thermodynamics. The 

choice of reactor system will also depend on other factors, such as utilization and cost. 1,6 

There are three ideal types of reactors classified according to mode of operation (batch or continuous) 

and flow pattern in the reactor (well mixed or plug flow): (a) batch stirred tank reactor (BSTR); (b) 

continuous stirred tank reactor (CSTR); and (c) continuous plug flow reactor (CPFR). The basic 

characteristics of these ideal reactor systems are summarized in Table 1. 

Table 1 - Characteristics of Ideal Reactors 1,6. 

 Flow patter in reactor Concentration Profile Equation 

Batch Stired Tank 
Reactor (BSTR) Well-mixed 

 

𝒅𝑪𝑨
𝒅𝒕

= −𝒓𝑨 

Continuous Stirred 
Tank Reactor (CSTR) Well-mixed 

 

𝑪𝑨𝟎 − 𝑪𝑨
𝝉

= −𝒓𝑨 

Continuous Plug Flow 
Reactor (CPFR) Plug-flow 

 

𝒅𝑪𝑨
𝒅𝝉

= −𝒓𝑨 

Table 1 shows the concentration profile in different types of ideal reactors where it is possible to 

observe that BSTR and CPFR have identical profiles being the only difference the independent 

variable: time (t) for the batch reactor and residence time (𝜏) for the plug flow reactor. In contrast, the 

residence time (𝜏) in a CSTR is only an average, as every volume element has a different residence 

time throughout the reactor and since the reaction rate is obtained directly at each data point. 
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2.2. BATCH OR CONTINUOUS PRODUCTION 

Batch-wise processes have dominated the chemical and biological industry, specially the 

pharmaceutical manufacturing. The biggest advantage of a batch reactor may very well be its 

multipurpose functionality (e.g. reaction, separation, crystallization and distillation), providing great 

flexibility for manufacturing.7 Though batch processes’ parameters are difficult to control which can be 

traduced in low yields and productivities when compared with continuous processes.4 

Unlike batch reactor technology, which has changed little over the past century, continuous flow 

reactors form part of a rapidly growing research area. The continuous reactors employed are often 

highly specific for the intended process and often only capable of performing a single operation. The 

specificity of continuous reactors is among the things that make continuous reactors highly efficient. 

Continuous reactors are often significantly smaller in dimension compared to batch reactors. The 

smaller dimensions improve the mass and heat transfer performance of continuous reactors, resulting 

in more stable operating conditions. A major drawback of continuous reactors is their limited capability 

for handling solid reactants and special designs or precautions are often necessary. Control strategies 

also become an important factor when dealing with continuous manufacturing. 8,9 

2.3. REACTION ENGINEERING ASPECTS RELATED TO FLOW CHEMISTRY 

Chemical reaction engineering plays a very important part in the effort to transform the traditional 

batch industry into modern time-continuous process methods. In particular, understanding the 

potentials and limitations of flow reactors is necessary for attempting to make flow reactor setups for 

production purposes. 

The continuous stirred tank reactor (CSTR) and the plug flow reactor (PFR) are the two most 

important reactor modules to understand, since other reactor configurations can be described based 

on these. In section 2.1 the design equations for this two types of reactors were described. 

One of the significant differences between a PFR and a CSTR is the mixing behavior. The PFR will in 

an ideal situation have no axial mixing, resulting in no back mixing. For the CSTR, the picture is 

completely the opposite and under ideal conditions the mixture within the reactor is the same as in the 

outlet. For real systems, ideal behavior is rarely observed even in a tubular flow regime, but the effect 

of this non-ideality can often be neglected. In the next section will be described a common method for 

expressing the effect of non-ideality, the residence time distribution (RTD). 10,11 

2.4. RESIDENCE TIME DISTRIBUTION (RTD) 

In any continuous flow process where chemical or biological reactions occur, the residence time 

characteristics of the reactor can be of significant importance and reveal useful information. In general, 

depending on the reaction order and on the formation of by-products a near plug flow response is 

most favorable, although in reality rarely achieved. Perfect plug flow characteristics imply that each 
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fluid element passing through the reactor has the same residence time and therefore also the reaction 

time, which means that the entire reaction mixture is processed under identical conditions. A 

residence time distribution (RTD) that strongly deviates from plug flow, resulting in a spread of the 

reaction mixture slug as it is passed through the reactor, can lead to a reduced conversion rate or 

selectivity. This deviation can be caused by channeling or recycling of fluid, or by creation of stagnant 

regions in the vessel.10,12 

Thus, there are three interrelated factors that help to describe the real flow pattern of the material 

flowing through the vessel: the RTD, the state of aggregation (microfluid or macrofluid) and the 

earliness and lateness of mixing (specially significant for systems with two entering reactant streams 

and it is related to the earliness or lateness of mixing through the vessel). 

The hydraulic mean residence time, often also called reactor holding time or simply mean residence 

time, is defined as 

 𝜏 = 𝑡! = 𝑉!/𝑄 (1) 

where Vr is the reactor volume and Q is the volumetric flow rate. The two most common stimulus-

response techniques to experimentally determine RTD are: pulse input and step input injection. In this 

project only the step input was carried so it is the one that is going to be here described 11. 

2.4.1. RTD DETERMINATION BY A STEP INPUT METHOD 

The age distribution of the effluent stream is called residence time distribution (RTD) or exit age 

distribution (E) and can be used to characterize non-ideal reactors. Therefore, the quantity E(t) dt is 

the fraction of fluid exiting the reactor that has spent between time t and t + dt inside the reactor. 

In a step input experiment the outlet responses can be calculated from the concentrations measured 

at the outlet of the reactor. For a system with a constant volumetric flow rate this method is 

characterized by a constant rate of tracer addition to a feed that is initiated at time t=0. Assuming a 

perfect step input signal, the cumulative and dimensionless F-curve is equivalent with the cumulative 

outlet response, 

 𝐶!"#
𝐶! !"#$

= 𝐹(𝑡) (2) 

Both F(t) and E(t) represent RTD in the flow system. One can be transformed in the other by 

integration or differentiation, respectively: 

 
𝐹 𝑡 = 𝐸 𝑡   𝑑𝑡

!

!
 

(3) 

 
𝐸 𝑡 =

𝑑𝐹(𝑡)
𝑑𝑡

 
(4) 
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The effective mean residence time can also be determined experimentally by this method, and is then 

termed 𝑡!,!"#:  

 
𝑡!,!"# =

𝑡  𝑑𝐶!"#$
!!"#
!

𝑑𝐶!"#$
!!"#
!

=
1

𝐶!"#
𝑡

!!"#

!
𝑑𝐶!"#$ 

(5) 

Theoretically the hydraulic and the experimental mean residence time should be identical, however, in 

reality, this is not always the case 11. 

 𝑡!,!"# ≅ 𝑡! (6) 

2.4.2. RTDS IN IDEAL REACTORS 

Models are useful for representing flow in real vessels, for scale up, and for diagnosing poor flow. 

There are different kinds of models depending on whether flow is close to plug, mixed, or somewhere 

in between. For the study of fluid flow characteristics in continuous flow chemical reactors, two general 

ideal flow patterns can be used as comparisons: plug flow and perfect mixing. In real vessels, the 

residence time distribution (RTD) of any given continuous flow device lies somewhere between the 

PFR and the CSTR.12 

2.4.2.1. PLUG FLOW AND BATCH REACTORS MODEL 

The RTDs in plug flow reactors and ideal batch reactors are the simplest to consider. As referred 

before in these reactors all the atoms spend precisely the same amount of time within the reactors. 

The distribution function in this case is given by the Dirac delta function 10,11: 

 𝐸 𝑡 = 𝛿(𝑡 − 𝑡!) (7) 

The Dirac delta function has the following properties: 

 𝛿 𝑥 = 0  , 𝑥 ≠ 0
∞, 𝑥 = 0 (8) 

 
𝛿 𝑥 𝑑𝑥 = 1

!

!!
 

(9) 

Graphically this equation is shown in Figure 1. 
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Figure 1 – Residence Time Distribution function (E(t)) for a plug flow reactor, Equation (7). 10 

2.4.2.2. SINGLE CSTR REACTOR MODEL 

In an ideal CSTR reactor the concentration of any substance in the effluent stream is identical to the 

concentration throughout the reactor. As this reactor is perfectly mixed Cout is the concentration of the 

tracer either in the effluent or within the reactor. The concentration of tracer in the effluent at any time t 

is given by 11: 

 𝐶 𝑡 = 𝐶!. 𝑒!!/!! (10) 

The distribution function, E(t) is assumes the form of: 

 
𝐸 𝑡 =

𝐶(𝑡)
𝐶 𝑡   𝑑𝑡!

!

=
𝐶!. 𝑒!!/!!

𝐶!. 𝑒!!/!!    𝑑𝑡
!
!

=
𝑒!!/!!

𝑡!
 

(11) 

Graphically this equation is shown in Figure 2, where it is possible to observe the profile of the 

distribution function for N equal to 1. 

2.4.2.3. TANK-IN-SERIES MODEL 

The use of tank-in-series model can also be used to describe nonideal reactors. This is a one-

parameter model where it is possible to analyze the RTD to determine the number of ideal tanks, N, in 

series that will give approximately the same RTD as the nonideal reactor. In the previous section it 

was already developed the distribution function for one CSTR, here it will be generalized to N reactors 

in series to derive an equation that gives the number of tanks in series that best fits the RDT data 10.  

 
𝐸 𝑡 =

𝑡!!!

𝑁 − 1 ! 𝑡!,!
𝑒!!/!!,! (12) 

Graphically this equation is shown in Figure 2. 
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Figure 2 – Residence Time Distribution curves (RTD) for the tank-in-series model, Equation (12).10 

2.5. OXYGEN TRANSFER RATE (OTR) IN ENZYMATIC PROCESSES 

Supply of oxygen to the enzymatic reaction can be a rate-limiting step due to poor solubility of oxygen 

in the liquid phase. The availability of oxygen in solution, which is determined by the oxygen transfer 

rate (OTR), is governed by the volumetric oxygen transfer coefficient (kLa) and the concentration 

gradient of oxygen in the liquid phase. In order to establish the aeration efficiency in the batch reactor 

and in the ACR, and to quantify the effects of the operating variables on the transfer of dissolved 

oxygen it was essential to determine the kLa. The mass balance for the dissolved oxygen can be 

establish as: 

 𝑑𝐶
𝑑𝑡

= 𝑂𝑇𝑅 − 𝑂𝑈𝑅 
(13) 

where dC/dt is the rate of oxygen accumulation in the liquid phase, OTR represents the oxygen 

transfer rate from the gas to the liquid and OUR is the oxygen uptake rate by the product formation. 

The availability of oxygen in solution, which is determined by the OTR, is governed by the volumetric 

oxygen transfer coefficient (kLa) and the concentration gradient of oxygen in the aqueous phase, as 

demonstrated in Equation (14). 

 𝑂𝑇𝑅 = 𝑘!𝑎. 𝐶∗ − 𝐶! = 𝑘!𝑎.𝐶∗. (1 − 𝐶 𝐶∗) (14) 

where C* is the oxygen saturation concentration in the bulk liquid in equilibrium to the bulk gas phase 

and CL is the dissolved oxygen concentration in the bulk liquid.13 
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2.5.1. DYNAMIC METHOD 

The dynamic method, which is based on an unsteady-state mass balance for oxygen, can be applied 

to estimate the values of kLa. In this method when the steady state is achieved the air supply of the 

reactor is turned off which stops the oxygen transfer and causes a decrease in the dissolved oxygen 

(DO) concentration at a rate equal to the oxygen consumption. Therefore OUR is equal to the slope of 

the graphic in this time range. After, the aeration is turned on again and the dissolved oxygen 

concentration increases until it reaches again the steady oxygen concentration. By using the 

estimated OUR value, kLa is determined from the measured profile of dissolved oxygen concentration, 

using Equation (14).13 

Graphically this method is shown in Figure 3. 

 

Figure 3 – Variation of oxygen tension for dynamic measurement of kLa.14 

2.5.2. OXYGEN SOLUBILITY 

The precise knowledge of oxygen solubility (C*) is important for the analysis and estimation of oxygen 

transfer. Popovic et al. 15 identified sugars as one of the major factors influencing oxygen solubility and 

proposed a physical method to measure oxygen solubility in simulated chemical systems and in 

fermentation broths. The authors measured, at 25 ºC and oxygen pressure of 1.013 bar, the oxygen 

solubility in solutions having different sugars (glucose, lactose, sucrose) concentrations and obtained 

a linear correlation between oxygen saturations in water (C*
water) and in aqueous sugar solutions 

(C*
sugar). 

 𝐶!"#$%∗ (𝑚𝑜𝑙 𝐿) = 𝐶!"#$%∗ (𝑚𝑜𝑙 𝐿). (1 − 0.0012.𝐶!"#$%(𝑔 𝐿)) (15) 

Equation (15) showed measurement accuracy up to a sugar concentration of 200 g/L. 
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2.6. COFLORE AGITATED CELL REACTOR (ACR) 

The Coflore Agitated Cell Reactor (ACR) is a recently developed multi-stage flow reactor that can be 

used for several different applications like chemical synthesis, bioprocesses, mixing, extractions and 

crystallizations. This reactor, initially designed for lab development and small scale manufacturing, is 

described by Gasparini et al. 16 and Jones et al. 4 as having a good transfer performance and 

delivering good mixing. AM Technology 17 states that based on a patented mixing technique, the 

Coflore delivers intense dynamic mixing without baffles or mechanical seals and provides a good plug 

flow due to the use of 10 stages at the lab scale reaction scales and up to 50 stages for industrial 

scale units. The Coflore reactor is reported by AM Technology as having “achieved consistently good 

mixing with zero back mixing (between stages) for reaction times of over 3 hours”.17 

The reactor system includes two main elements: a reactor block and a mixing platform that will be 

described in the next sections (Figure 4). 

a) b) 

Figure 4 - a) Coflore® ACR mounted in the shaking platform; b) Reactor block, Coflore® ACR.17 

2.6.1. REACTOR BLOCK 

The core of the ACR is a PTFE block with 10 equal sized holes interconnected by small channels 

where product flows from one cell to the next. Inside each cell, agitating rollers can be placed to 

promote mixing when the reactor body is subjected to lateral shaking. Agitating rollers vary in design 

and diameter (Figure 5) to give the option of carrying different functions, such as offering flexible 

volume, ensure consistent mixing and accommodate fluids of varying viscosity or catalysts. 4,5,18 
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a) b) c) d) 

Figure 5 - a) Hastelloy agitator; b) High shear agitator; c) Catalyst basket agitator; d) Agitator in PTFE.17 

The reactor block consists of several layers where the front plate features a series of circular holes 

covered by borosilicate windows or metal plates (in the case of high temperatures/pressure) and the 

back plate is responsible for the heat transfer. The temperature in the reactor can vary from -40 °C till 

140 °C and can be achieved with the addition of a heater/chiller unit. 

To provide the free movement of agitators the reaction block is mounted on a laterally shaking motor. 

2.6.2. MIXING PLATFORM 

The mixing platform causes rollers to move and allows changing the intensity of agitation from 2 to 9 

Hz in order to achieve from mild to vigorous shaking. An inlet of compressed air to the mixing platform 

allows its movement. 

Besides the heat transfer provided by the pipes connected to a heater/chiller unit the platform also 

allows the reading of the temperature using a mid-infrared (MIR) temperature probe. In one side the 

probe is connected to a cell’s window and in the other side to the instrument panel’s front. The 

analogue control panel in the platform allows the temperature display. 

2.6.3. MAJOR ADVANTAGES 

In previous studies made by E. Jones et al.4, D.L. Browne et al.5 and G. Gasparini et al. 16, Coflore 

have enumerated some advantages over batch systems like: 

• Flexible capacity: the liquid volume can go from a range of 0.01 to 0.1 L; 

• Flexible heat transfer: external cooling/heating jacket; 

• Simple design: simple tubes with no rotating shafts, seals or baffles; 

• Agitators’ material of construction: flexible choice between stainless steel, alloys or plastic. 

In their articles these authors also state other advantages although they were not tested or justified: 

• Excellent mixing: strong radial mixing; 

• Orderly plug flow: product leaves the reaction channel in the same order that it enters; 

• Low pressure drop: large flow channels resulting in low pressure drops; 
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• Good product handling: large well mixed channels give good handling of multiple phase 

mixtures; 

• Easy to scale up: since orderly flow is independent of scale and mixing is substantially 

independent of scale; 

Some of the characteristics, cited above as advantages, will be studied and tested in this project. 

2.6.4. LIMITATIONS 

Most processes can be operated under flow conditions although there are some exceptions like: 

• Processes with sticky materials;18 

• Processes with a strong propensity to foul;18 

2.7. PROCESS PRINCIPLE 

In order to assess the ACR’s performance a model system is required. The glucose oxidase model 

system is chosen because it is a highly stable biocatalyst, which has been extensively studied and is 

easily accessible. Glucose oxidase is a key enzyme, which is potentially useful in food, 

pharmaceutical, biotechnology and flavoring industries. Additionally, it is being exploited commercially 

in biosensors for monitoring the glucose level in blood, as well as in fermentation broth for online 

estimation of residual glucose.19,20 

Moreover, this model system is highly specific for β-D-glucose and oxygen, which enables the study of 

the ACR’s performance in the fulfillment of the reaction’s oxygen requirement. Oxygen plays a central 

role as an electron acceptor in oxidase-based biocatalysis and it is required in stoichiometric quantities 

for a reaction. Therefore it is advantageous to measure oxygen concentrations in the reaction system 

and to collect kinetic data. 

2.7.1. REACTION MECHANISM 

Glucose oxidase (GOx: EC 1.1.3.4) from Aspergillus niger catalyses the oxidation of β-D-glucose by 

molecular oxygen to D-glucono-1,5-lactone (Figure 6.a), which subsequently hydrolyzes 

spontaneously (i.e. without enzyme catalysis) to gluconic acid (Figure 6.b). Each subunit of the 

enzyme carries one molecule of non-covalently bound co-enzyme Flavin Adenine Dinucleotide (FAD), 

which acts as the redox carrier in the catalytic action of the enzyme 21. 
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a) 

b) 

Figure 6 – a) Oxidation β-D-glucose catalyzed by glucose oxidase; b) Hydrolysis of glucono-δ-lactone. 

The enzyme obeys a Ping-Pong bi-bi kinetic mechanism (Figure 7): the first step consists of the 

binding of a β-D-glucose molecule to the enzyme (which contains the co-enzyme FAD); the co-

enzyme is reduced to FADH2 and the product D − glucono − 1, 5 − lactone is released from the 

complex. 21 This first part of the reaction corresponds to the reductive part of the overall reaction, 

because the co-factor is reduced (Figure 7.a). The second part of the reaction (Figure 7.b) 

corresponds to the re-oxidation of the co-factor after the binding of a molecule of oxygen to the 

enzyme and the release of H2O2. 

a) 
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b) 

Figure 7 – Ping-Pong bi-bi mechanism of GOx in the Cleland notation: a) Reductive half reaction; b) Oxidative 
half reaction. 

2.7.2. KINETIC MODEL 

In the previous section it was discussed that the steady-state kinetics of glucose oxidation by 

molecular oxygen obeys the Ping-Pong bi-bi mechanism (Figure 7), thus the initial rate data (ν0) is 

given by Equation (16) 22: 

 𝑣! = 𝐸! 𝑘!"#
!"# !!

!!,!! !"# !!!,!"# !! ! !"# !!
= 𝑣!"#

!"# !!
!!,!! !"# !!!,!"# !! ! !"# !!

  (16) 

where the kinetic constants can be related to the rate constants of each step in the Ping-Pong bi-bi 

mechanism in Figure 7. 

 
𝑘!"# =

𝑘!𝑘!
𝑘! + 𝑘!

 
(17) 

 
𝐾!,!"# =

𝑘!"#
𝑘!

𝑘! + 𝑘!
𝑘!

 
(18) 

 
𝐾!,!! =

𝑘!"#
𝑘!

𝑘! + 𝑘!
𝑘!

 
(19) 

If all the reactions in the Ping-Pong bi-bi mechanism are nearly irreversible, which is the case when 

glucose and oxygen are the substrates of the enzyme, then 

 𝑘! ≈ 𝑘! ≈ 𝑘! ≈ 𝑘! ≈ 0 (20) 

Subsequently Equation (18) and Equation (19) are reduced to  

 
𝐾!,!"# =

𝑘!"#
𝑘!

 
(21) 

 
𝐾!,!! =

𝑘!"#
𝑘!

 
(22) 

respectively. Under the assumption expressed by Equation (20), the bimolecular rate constants 

𝑘!"# 𝐾!,!"#  and 𝑘!"# 𝐾!,!! , which describes all steps beginning with interaction of enzyme and 
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substrate, become respectively 𝑘! and 𝑘!. This means that the enzyme interaction with each substrate 

is entirely determined by the rate of irreversible binding of that substrate. 21 

The reaction rate equation was derived from the preceding mechanism based on the following 

assumptions: 

• The total enzyme concentration stays constant during the reaction, that is [E0]=[ES]+[E]; 

• The amount of enzyme is very small compared to the amount of substrate. Therefore, the 

formation of the enzyme-substrate complex does not significantly deplete the substrate; 

• The product concentration is so low that product inhibition may be considered negligible. 23 

Equation (16) considers the two substrates present in the reaction, glucose and oxygen, although 

when applying the initial rate methods to estimate the kinetic parameters it is easier to consider one 

substrate Michaelis-Menten model. This approximation can be done keeping one of the substrate in 

constant and higher concentration than the other, thus 

 𝑣! 𝑂! → ∞ = 𝐸! 𝑘!"#
𝐺𝑙𝑐

𝐾!,!"# + 𝐺𝑙𝑐
= 𝑣!"#

𝐺𝑙𝑐
𝐾!,!"# + 𝐺𝑙𝑐

 (23) 

 𝑣! 𝐺𝑙𝑐 → ∞ = 𝐸! 𝑘!"#
𝑂!

𝐾!,!! + 𝑂!
= 𝑣!"#

𝑂!
𝐾!,!! + 𝑂!

 (24) 
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3. MATERIALS AND METHODS 

In this section the materials and methods used in the experiments will be presented. Chemicals used 

in the experiments will be listed and the reactors setups will be described, alongside with the analytical 

method and the experimental procedure. 

3.1. CHEMICALS 

The enzymes used in this project were Gluzyme Mono, commercial catalyst form of glucose oxidase 

from Novozymes (Denmark) and catalase from Sigma Aldrich (Denmark). D(+)-Glucose and D-

gluconic acid from Sigma Aldrich (Denmark) were used as reagent and reference compound. 

Phosphoric acid, 85 % purity, from Sigma Aldrich (Denmark) was used as mobile phase. Dipotassium 

hydrogen phosphate and potassium dihydrogen phosphate from Sigma Aldrich (Denmark) were used 

to prepare phosphate solution used as solvent for all the experiments. Sodium hydroxide from Sigma 

Aldrich (Denmark) was used to stop the enzymatic reaction. Antifoam 204 from Sigma Aldrich 

(Denmark) was used to decrease the formation of foam. 

3.1.1. ENZYME SOLUTIONS 

Glucose Oxidase, EC 1.1.3.4, from Aspergillus niger (10 000 U/g, the assay conditions are unknown) 

and Catalase, EC 1.11.1.6, from bovine liver (3172 U/mg, one unit decomposes 1.0 µmole of H2O2 per 

min at pH 7 at 25 ºC) were dissolved in water to prepare a glucose oxidase solution. The enzyme 

solution was prepared in a proportion of 72.8 % (W/W) glucose oxidase and 27.2% of catalase.  

For batch reaction the solutions were made separately and glucose oxidase solution was centrifuge in 

a Multifuge X3R Centrifuge from Thermo Scientific (Massachussets, USA) at 3500 rpm for 5 minutes. 

For Agitated Cell Reactor (ACR) reactions an aqueous solution with glucose oxidase and catalase 

was prepared which was also centrifuged at 3500 rpm for 5 minutes. 

3.2. BATCH SETUP 

The first set of experiments was carried out in a 250 mL MiniBio Reactor combined with a bio 

controller software, my-Control, from Applikon® Biotechnology (Delft, Netherlands). The reactor setup, 

shown in Figure 8, is equipped with two Rushton turbines as impellers, an aeration assembly, a sleeve 

diaphragm pH sensor and dissolved oxygen (DO) and temperature sensors. my-Control software was 

used to measure the pH and the stirrer speed and control the temperature values. 



 
28 

 

Figure 8 – Batch setup combined with a bio controller software (my-control). The batch setup is equipped with two 
Rushton turbines, an aeration assembly, a pH, a DO and a temperature sensor. 

3.2.1. OXYGEN PROBE 

Oxygen concentration was measured by a fiber-optic oxygen meter Firesting O2 from Pyro Science 

(Aachen, Germany). The oxygen meter consists of an optical oxygen sensor for polar and nonpolar 

solvents and a reader. The solvent-resistant oxygen probe measures oxygen partial pressure based 

on optical detection principles  (REDFLASH technology). REDFLASH indicators are excitable with red 

light (λ=620 nm) and show an oxygen-dependent luminescence in the near infrared (NIR), which 

decreases with increasing oxygen (quenching effect). The intensity of the emissions is detected and 

sent to the reader, which collects the signals and transmits them as an input data to the software Pyro 

Oxygen Logger that converts the signals to % DO.24 

A 2-point calibration was made for the fiber-optic oxygen meter by saturating the glucose solution with 

air (for 100% DO) and after by sparging it with nitrogen to remove all the oxygen (for 0% DO). 

3.2.2. AIR AND NITROGEN FLOW METER 

Air and nitrogen flows were measured by a Gilian Gilibrator 2 Calibration System from Sensydine (St. 

Petersburg, USA). Gilian Gilibrator 2 integrates a wet flow cell assembly and a control unit base. The 

flow cell assembly measures the soap film bubble traveling up a flow tube through a known volume of 

space. Top and bottom infrared sensor pairs mounted along the flow tube measure travel time, thus 

time difference between the bottom and top sensors becomes the elapsed travel time. This timing 

information (along with the volume information) is sent to the microprocessor in the control unit base. 

The calculated flow and sample information are then displayed directly on the liquid crystal display.25 
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3.3. AGITATED CELL REACTOR (ACR) SETUP 

The second set of experiments was carried out in a 100 mL CofloreTM Agitated Cell Reactor (ACR) 

from AM Technology (Cheshire, England). The reactor setup shown in Figure 9, is equipped with 10 

high shear agitators whose dimensions are shown in Table 2, a mid-infrared temperature probe in cell 

6 and DO sensors in cells 3, 5, 8 and 10. Additionally the setup also includes a pump responsible to 

pump the reagents into the reactor and a water bath (Julabo, Germany) for temperature control. 

Glucose and enzyme solutions were fed using a T piece.  

The general reactor setup includes the reactor block positioned vertically with the process fluid inlet at 

the bottom of the reaction mixture flowing upwards. This guarantees that the air fed in cell 1 flows out 

of the reactor. It was important to remove all the air initially present to have a precise control over the 

reactor volume. 

 

Figure 9 – Agitated cell reactor (ACR) setup. The ACR setup is equipped with 10 high shear agitators and it 
includes a pump and a water bath. 

Table 2 – Agitated Cell Reactor and agitators’ dimensions. 

Cell 
Diameter (mm) 25 

Depth (mm) 20 
Number 10 

Channel 

Width (mm) 4 
Height (mm) 4 
Length (mm) 30 

Number 11 

High shear agitator 
Volume (mL) 0.79 

% of cell volume 10 
Number 10 

Reactor block 

Depth (mm) 55 
Length (mm) 300 
Wide (mm) 100 

Volume (mL) 95.55 
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3.3.1. PUMP 

The pump used was a Reglo ICC (Independent Channel Control) from Ismatec SA (Glattbrugg, 

Switzerland). It is a peristaltic pump with four independent channels that can pump in a continuous or 

precision dispensing mode in a flow range from 0.0002 to 35.00 mL/min. To perform the ACRs 

experiments one channel for the enzyme solution and another for the glucose in continuous mode 

were used, with a flow rate within 0.20 to 3.64 mL/min. The flows were determined depending on the 

desired residence time and enzyme and glucose concentrations inside the reactor.26 

3.3.2. AIR FLOW METER 

Air flow was measured by a Sho-Rate flow meter from Brooks Instrument (Holland) with a 150 mm 

reference scale. The calibration curve for air was provided by Asbjørn Pedersen and it can be found in 

Appendix A. 

3.3.3. OXYGEN SENSORS SPOTS 

Oxygen concentration was measured by oxygen sensor spots combined with an optical fiber from 

Pyro Science (Aachen, Germany). Oxygen sensors spots allow contactless oxygen measurements 

within closed containers through the transparent reactor windows. The sensor spots were glued at the 

inner side of the windows and basic spot adapters at the outer side. The optical fiber measures 

oxygen partial pressure based on optical detection principles  (REDFLASH technology) using the 

same principle as the oxygen probe used in the batch reactor (Section 3.2.1).27 

A 2-point calibration was made for the oxygen sensors by exposing them to air (for 100% DO) and 1% 

sodium sulphite (for 0% DO). 

3.4. ANALYTICAL METHOD 

All the samples were analyzed using high performance liquid chromatography (HPLC). A Dionex 

Ultimate 3000 series HPLC system equipped with a Phenomenex column with 5 µm sized amine 

particles (Luna 5u NH2 100A), operated at 40 ºC and 140 bar, was used to separate the glucose and 

the gluconic acid. The mobile phase consisted of a 20 mM H3PO4 solution, flowing at 1 mL/min. The 

eluted compounds were detected by an ultraviolet (UV) multiple wavelength detector and a Refract 

Max 520 refractive index (RI) detector. The UV detector at a wavelength of 205 nm was used to 

quantify gluconic acid concentrations and the RI detector was used to determine the concentration of 

glucose.  

UV and RI spectra obtained from a typical sample analysis can be seen in Appendix B where glucose 

and gluconic acid peaks are identified. The areas under these peaks can be converted into amount of 

component using an analytical software (Chromeleon 6.8) and the calibration curve equation of each 

component (Appendix C). 
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3.4.1. SAMPLE PREPARATION 

Raw samples from the reaction mixture were taken and diluted before being analyzed in the HPLC. 

500 µL of the raw sample were mixed with 500 µL of 1 M NaOH to stop the enzymatic reaction. These 

samples were then analyzed in the HPLC. 

3.5. EXPERIMENTAL METHODS 

In the following sections the experimental methods for the batch and the ACR experiments will be 

described and explained. Guo et al. 28 observed that more than 88% of the maximum activity of GOx 

was observed between pH 4.0 and 8.0 and that the activity increased slightly at the reaction 

temperature ranging from 20 to 40 ºC, and then fall moderately till 60 ºC. Therefore, the experiments 

were carried in 400 mM phosphate buffer, pH 7.0 and at a set temperature of 30 ºC. 

3.5.1. BATCH EXPERIMENTS 

3.5.1.1. KINETIC STUDY 

Kinetic parameters of GOx were examined in the reaction of glucose oxidation. Since H2O2 evolves in 

the reaction, catalase was added in excess to eliminate this product of the reaction.  

The reaction solution was mixed with a Rushton turbine at 1000 rpm. Air was supplied to the medium 

through a sparger and the oxygen concentration was monitored during the experiments with an 

oxygen probe.  

When the 200 mL of glucose solution (working volume) were at a constant temperature of 30 °C, 1 mL 

of catalase and 1 mL of glucose oxidase solutions were added to start the reaction. The enzymes’ 

concentration during the reaction was 0.0187 g/L and 0.05 g/L for catalase and glucose oxidase, 

respectively. Before the initialization of the batch experiment, the solution was saturated with oxygen 

to its maximum solubility. To have more accurate results triplets of all the experiments were done.   

In the first part of the kinetic study, glucose was added to the reactor in different concentrations (Table 

3) to determine the impact of glucose concentration on GOx activity and on the reaction rate. Air was 

supplied with a constant flow of 595.6 mL/min. 

In the second part another set of kinetic measurements was carried out under the same pH, 

temperature, stirring and enzyme concentration. Though, in this set glucose was added at a constant 

concentration of 20 g/L but at different oxygen concentrations (Table 3) to determine the influence off 

this substrate. This was done through a sparger that supplied air and nitrogen at different flows (Table 

3). 

The two parts of the experiment were followed by HPLC and samples were taken every 10 minutes. 
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Table 3 – Initial glucose concentration ([Glc]0) in the 1st set of batch experiments. Air and nitrogen flow rates and 
oxygen concentration ([O2]) in the 2nd set of batch experiments. 

1st set of experiments 2nd set of experiments 

[Glc]0 (g/L) Air flow rate (mL/min) Nitrogen flow 
rate (mL/min) [O2] (mol/L) 

100 56.77 298.5 2.21x10-5 
35 197.4 437.4 7.45x10-5 
20 296.0 556.3 1.20x10-4 
15 396.1 199.3 1.62x10-4 
10 513.2 123.9 1.96x10-4 
5 548.1 44.23 2.26x10-4 
3 616.4 0.000 2.38x10-4 

 

3.5.1.2. OXYGEN TRANSFER COEFFICIENT (KLA) ESTIMATION – DYNAMIC METHOD 

The volumetric coefficient of oxygen transfer (kLa) from gas to aqueous phase was determined by a 

dynamic method. The reaction was mixed at 500 rpm, air was supplied to the reaction through a 

sparger with a flow rate of 135.5 mL/min and the dissolved oxygen concentration was followed with an 

oxygen probe. Table 4 summarizes the initial glucose, enzymes and antifoam concentrations during 

this experiment. 

After initializing the reaction and achieving a constant concentration of dissolved oxygen (DO), the air 

flow inlet was interrupted for ≈ 3 minutes and a decrease of DO concentration was observed and 

recorded by the oxygen probe. Afterwards, air was reintroduced under the same previous operational 

conditions, thus ensuring the same oxygen transfer rate (OTR). The procedure was repeated 3 times 

to ensure the validation of the kLa value determined.  

This study was done with and without the presence of antifoam to study its influence on the volumetric 

oxygen mass transfer coefficient (kLa). 

Table 4 – Glucose, Gox and Catalase concentrations in the volumetric coefficient of oxygen transfer (kLa) study in 
the presence and absence of antifoam. 

 1st experiment 2nd experiment 
Glucose (g/L) 20.0 20.0 

GOx (g/L) 4.99x10-2 1.50x10-2 
Catalase (g/L) 1.86x10-2 5.59x10-3 

Antifoam (mL/L) - 0.25 

3.5.1.3. REACTION PROGRESS STUDY AN DISSOLVED OXYGEN’S MEASUREMENTS  

A full reaction was carried out in the presence and the absence of antifoam to study its influence on 

the reaction rate. The reaction solution was mixed with a Rushton turbine at 500 rpm. Air was supplied 

to the reaction through a sparger with a flow rate of 135.5 mL/min and the oxygen concentration was 

monitored during the experiments with an oxygen probe. Before the initialization of the experiment, the 

solution was saturated with oxygen to its maximum solubility. Table 5 summarizes the initial glucose, 

enzymes and antifoam concentrations during this experiment. 
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The experiments were followed by HPLC and samples were taken every 20 minutes for the reaction 

made without antifoam and every 40 minutes for the reaction made with antifoam. 

Table 5 – Initial concentrations of glucose, glucose oxidase, catalase and antifoam for the two reaction studies in 
a batch reactor at 30ºC, 500 rpm and 135.5 mL/min of air.  

 1st experiment 2nd experiment 
Glucose (g/L) 20.0 20.0 

GOx (g/L) 1.0 1.0 
Catalase (g/L) 3.73x10-1 3.73x10-1 

Antifoam (mL/L) - 0.25 

3.5.2. ACR EXPERIMENTS 

In the set of ACR experiments time t=0 is considered when the solutions enter the reactor, not 

counting the time that the solutions are in the inlet tubes. As in the batch reactor, the experiments 

were carried in 400 mM phosphate buffer, pH 7 and at a set temperature of 30 ºC. 

3.5.2.1. MEASUREMENT OF RESIDENCE TIME DISTRIBUTION (RTD) – STEP INPUT 

METHOD 

To study the residence time distribution (RTD) a step input method was used and different parameters 

were varied to study their influence. In the first set of experiments the influence of the presence of 

agitation and aeration was studied according to data in Table 6. The reactor was filled with water and 

at time t=0 a flow of 7.11 mL/min of glucose was started. Glucose concentration was measured as a 

function of time by an HPLC analyzes in the outlet. 

In the second set of experiments the influence of foam in the liquid volume (VL) of the ACR was 

studied, which most likely reduces the residence time. In this set of experiments the reactor was filled 

with water and at time t=0 a flow of 0.33 mL/min of gluconic acid and a flow of enzyme solution 

(Glucose Oxidase and Catalase), were started as summarized on Table 6. Gluconic acid 

concentration was measured as a function of time by an HPLC analysis in the outlet. 

Table 6 – Values of aeration and agitation, type and flow of step tracer for the residence time distribution study. 
The first set of experiments it is for the study of the effect of aeration and agitation presence and the second set 
of experiments for the study of the influence of different enzyme solution concentrations. 

 Aeration (mL/min) Agitation (Hz) Step Tracer Flow Step Tracer 
(mL/min) 

1st set of 
experiments 

Absent Absent Glucose Glc - 7.11 
286.4 Absent Glucose Glc - 7.11 
286.4 6.2 Glucose Glc - 7.11 
156.5 6.2 Glucose Glc - 7.11 
63.1 6.2 Glucose Glc - 7.11 

2nd set of 
experiments 

24.1 6.2 Gluconic Acid + 
Enzyme Solution 

GA - 0.33 
ES - 1.01 

24.1 6.2 Gluconic Acid + 
Enzyme Solution 

GA - 0.33 
ES - 0.51 

24.1 6.2 Gluconic Acid + 
Enzyme Solution 

GA - 0.33 
ES - 0.25 
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3.5.2.2. OXYGEN TRANSFER STUDY 

The concentration of dissolved oxygen (DO) was measured in the 3rd, 5th, 8th and 10th cell of the ACR 

to study the oxygen concentration profile along the ACR. 

The reactor was filled with glucose with a flow of 1.18 mL/min and at time t=0 a flow of 1.82 mL/min of 

enzyme solution was started. Air was supplied by an inlet in the first cell of the reactor with a flow rate 

of 24.1 mL/min. 

Due to the high quantity of foam it was not possible to measure the concentration of dissolved oxygen, 

therefore this study was made in the presence of antifoam. The effect of the presence of this agent 

was studied and its concentration in the glucose solution was 0.25 mL/L of the reactor total volume. 

3.5.2.3. REACTION PROGRESS STUDY 

To study the ACR behavior the production of gluconic acid was measured at different residence time 

residence time (𝜏). 

The reactor was filled with glucose and at time t=0 a flow of enzyme solution was started; Table 7 

shows the different flows of enzyme solution and glucose. Air was supplied by an inlet in the first cell 

of the reactor with a flow rate of 24.1 mL/min and the dissolved oxygen concentration was followed 

during the experiments with an oxygen sensor on cell 5. Glucose and Gluconic Acid concentrations 

were measured as a function of time by an HPLC analyzes in the outlet. 

Also the influence of the antifoam was studied and in this case antifoam was added to the glucose 

stock solution with a concentration of 0.25 mL/L of glucose solution. 

Table 7 - Flows of glucose and enzyme solution for the two reaction studies (absence/presence of antifoam) in 
the ACR reactor at 30ºC, 6.2 Hz and different residence times. 

 Residence Time (min) Flow Enzyme Solution 
(mL/min) 

Flow Glucose 
(mL/min) 

1st set of experiments 

3.9 3.64 2.36 
7.8 1.82 1.18 

15.7 0.91 0.59 
36.2 0.39 0.26 
47.0 0.30 0.20 

2nd set of experiments 
(antifoam) 

17.5 1.82 1.18 
34.9 0.91 0.59 
58.2 0.55 0.35 
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4. MODELLING APPROACH 

Process modeling enhances insight and understanding of a process and helps to identify potential 

improvements as well as possible difficulties. In process development an understanding of the actual 

future production process is wanted as early and detailed as possible. 2 The modeling of the process 

under development and a thorough assessment helps to improve this knowledge. For model 

implementation and simulation MATLAB R2014B was used. 

The generic models (Batch and ACR) consist of a set of ordinary differential equations, which 

represent mass balances using different variables. When modelling it was needed to solve differential 

equations through the MATLAB ordinary differential equation (ODE) solver ode45, which solves non-

stiff ODEs based on the Runge-Kutta equation. 

4.1. ASSUMPTIONS 

Some assumptions have been made for the MATLAB simulation. For the batch reactor: 

• The reactor is well mixed; 

• The reaction is at constant temperature and pH; 

• The concentration of enzyme is constant along the reactor and there is no decrease in 

enzyme activity; 

• The reaction rate equation respects the assumptions already discussed in Section 2.7.2.. 

And for the ACR: 

• The ACR behaves like a cascade of continuous stirred tank reactors; 

• The reactor is well mixed; 

• The reaction is at constant temperature and pH; 

• Substrate conversion takes place only in the ACR’s reactor block; 

• The inlet and outlet streams have the same constant flow rate; 

• The pump is well calibrated and pumping at a constant flux; 

• The concentration of enzyme is constant along the reactor and there is no decrease in 

enzyme activity; 

• The reaction rate equation respects the assumptions already discussed in Section 2.7.2.. 

4.2. BATCH REACTOR EQUATIONS 

To simulate the behavior of the glucose oxidation reaction in the batch reactor the mathematic 

expressions described in this section were used. 
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During the reaction a mass balance for the glucose, oxygen and the gluconic acid is required. The 

reaction rate considers the two substrates present in solution (glucose and oxygen) and uses the 

estimated kinetic parameters. 

 
𝑑[𝐺𝑙𝑐]
𝑑𝑡

=
−𝑘!"# . [𝐸!]. [𝐺𝑙𝑐]. [𝑂!]

[𝐺𝑙𝑐]. [𝑂!] + 𝐾!,!"# . [𝑂!] + 𝐾!,!!. [𝐺𝑙𝑐]
 (25) 

 
𝑑[𝐺𝐴]
𝑑𝑡

=
𝑘!"# . [𝐸!]. [𝐺𝑙𝑐]. [𝑂!]

[𝐺𝑙𝑐]. [𝑂!] + 𝐾!,!"# . [𝑂!] + 𝐾!,!!. [𝐺𝑙𝑐]
 (26) 

 
𝑑[𝑂!,!]
𝑑𝑡

= 𝑘!𝑎. ( 𝑂! !"# − [𝑂!,!]) − 0.5.
−𝑘!"# . [𝐸!]. [𝐺𝑙𝑐]. [𝑂!,!]

[𝐺𝑙𝑐]. [𝑂!] + 𝐾!,!"# . [𝑂!] + 𝐾!,!!. [𝐺𝑙𝑐]
 (27) 

where [Glc], [GA] and [O2] are the time dependent concentrations of glucose, gluconic acid and 

oxygen, respectively, [E0] is the initial concentration of glucose oxidase that is assumed to be 

constant, kcat and Km are the estimated kinetic parameters, [O2]sat corresponds to the oxygen saturation 

concentration in the bulk liquid in equilibrium to the bulk gas phase and [O2,L] to the dissolved oxygen 

concentration in the bulk liquid. 

4.3. ACR EQUATIONS 

To model and simulate the ACR its performance was approximated with a cascade of continuous 

stirred tank reactors and both the transient and the steady state were studied. The equations that 

describe the transient profile of glucose consumption and gluconic acid production are presented 

below. Also the oxygen and enzyme profiles were included in the construction of the model since 

oxygen is being consumed and in transient state the concentration of enzyme changes with time. 

 
𝑑[𝐺𝑙𝑐]!
𝑑𝑡

=
𝐺𝑙𝑐 !!! − [𝐺𝑙𝑐]!

𝜏
−

𝑘!"# . [𝐸]!. [𝐺𝑙𝑐]!. [𝑂!,!]!
[𝐺𝑙𝑐]!. [𝑂!,!]! + 𝐾!,!"# . [𝑂!,!]! + 𝐾!,!!. [𝐺𝑙𝑐]!

 (28) 

 
𝑑[𝐺𝐴]!
𝑑𝑡

=
𝐺𝐴 !!! − [𝐺𝐴]!

𝜏
+

𝑘!"# . [𝐸]!. [𝐺𝑙𝑐]!. [𝑂!,!]!
[𝐺𝑙𝑐]!. [𝑂!,!]! + 𝐾!,!"# . [𝑂!,!]! + 𝐾!,!!. [𝐺𝑙𝑐]!

 (29) 

 

𝑑[𝑂!,!]!
𝑑𝑡

= 𝑘!𝑎. 𝑂! !"# − 𝑂!,! !
− 0.5

𝑘!"# . 𝐸 !. 𝐺𝑙𝑐 !. [𝑂!,!]!
𝐺𝑙𝑐 !. [𝑂!,!]! + 𝐾!,!"# . [𝑂!,!]! + 𝐾!,!!. 𝐺𝑙𝑐 !

+
𝑂! !!! − [𝑂!]!

𝜏
 

(30) 

 𝑑[𝑂!]!
𝑑𝑡

= −𝑘!𝑎. 𝑂! !"# − 𝑂!,! !
+

𝑂! !!! − [𝑂!]!
𝜏

 (31) 

 𝑑[𝐸]!
𝑑𝑡

=
𝐸 !!! − [𝐸]!

𝜏
  

where [Glc], [GA], [E] and [O2] are the glucose, gluconic acid, glucose oxidase and oxygen 

concentrations, respectively, n is the number of CSTRs, 𝜏 is the residence time per CSTR, kcat and Km 

are the estimated kinetic parameters, and kLa is the estimated oxygen transfer coefficient. [O2]sat 

corresponds to the oxygen saturation concentration in the bulk liquid in equilibrium to the bulk gas 

phase and [O2,L] to the dissolved oxygen concentration in the bulk liquid. 
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After some time the ACR will achieve the steady state where glucose and gluconic acid concentrations 

does not depend on time. In the steady state the enzyme concentration inside the reactor is assumed 

to be constant and equal to the initial concentration. The oxygen concentration was approximated to 

the average concentration of the dissolved oxygen in the bulk liquid and considered constant along the 

reactor independently of the residence time. 

 0 =
𝐺𝑙𝑐 !!! − [𝐺𝑙𝑐]!

𝜏
−

𝑘!"# . [𝐸]. [𝐺𝑙𝑐]!. [𝑂!,!]
[𝐺𝑙𝑐]!. [𝑂!,!] + 𝐾!,!"# . [𝑂!,!] + 𝐾!,!!. [𝐺𝑙𝑐]!

 (32) 

 0 =
𝐺𝐴 !!! − [𝐺𝐴]!

𝜏
+

𝑘!"# . [𝐸]. [𝐺𝑙𝑐]!. [𝑂!,!]
[𝐺𝑙𝑐]!. [𝑂!,!] + 𝐾!,!"# . [𝑂!,!] + 𝐾!,!!. [𝐺𝑙𝑐]!

 (33) 
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5. RESULTS AND DISCUSSION 

In the following section the results from the performed experiments will be presented and discussed.  

5.1. MODEL DEVELOPMENT - BATCH REACTOR 

5.1.1. KINETIC STUDY 

Reaction kinetics has to be found under relevant process conditions; therefore the glucose oxidase 

kinetics was studied under the conditions selected previously (30 °C and pH 7.0). Figure 10 and Figure 

11 show the effect of substrates concentration on the kinetics of GOx, determined using the initial 

rates method. In this method initial glucose and oxygen concentrations are practically constants and 

the reverse reactions after the binding of the substrates can be neglected. 29 

 

Figure 10 - Initial reaction rate (r0) versus initial glucose concentration [Glc] for the runs under standard 

conditions. Model predictions were established based on Equation (23) and parameters present in Table 8. 
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Figure 11 - Initial rate (r0) vs oxygen concentration on the sparge for the runs under standard conditions. The 

model was calculated based on Equation (24) and parameters present in Table 8. 

Leskovac et al. 21 reported that GOx presented a bi-substrate (glucose and oxygen) mechanism. 

However, in the first part of the experiment only the effect of the glucose was considered, and in the 

second part only the effect of the oxygen. Equation (1) considers both subtracts, although when one of 

the subtracts is kept constant it is possible to simplify the equation. In the first set of experiments the 

oxygen concentration was kept constant using a high specific air flow rate (595.6 mL/min) and in the 

second set glucose was in excess (20 g/L). Thus the reaction can be described in each case as a 

Michaelis-Menten kinetic model. As expected there was no product inhibition detected, according to 

Bao et al. 30 this inhibition is just present in the late reaction. 

The kinetic parameters were estimated using a nonlinear regression technique, a method of 

regression analysis where a nonlinear model is fitted to the observed data directly. The best fit was 

obtained by means of numerical optimization procedure where the sum of squared residuals (SSR) 

was minimized by varying the model parameters. SSR is given by Equation (34) and it was minimized 

using Solver, an Excel tool, which performs the numerical minimization.  

 
𝑆𝑆𝑅 = (𝑓 𝑥! − 𝑦!)!

!

!!!

 
(34) 

The minimization routine requires an initial guess for the model parameters from which the 

minimization procedure begins the search for the set of parameters that minimizes the error function. 

For the initial guess the parameters values obtained by a Lineweaver-Burk linearization were used. 

 

Table 8 summarizes the kinetic parameters estimated for the two substrates, glucose and oxygen. 
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Table 8 – Kinetic parameters and Michaelis-Menten model for GOx at 30 °C and pH 7,0. 

 Glucose Oxygen 

Kinetic Parameters 

Km,Glc (mol/L) 1.71x10-2 Km,O2 (mol/L) 1.72 x 10-4 
Vmax,Glc 

(mol/L.min) 2.09x10-4 Vmax,O2 
(mol/L.min) 2.78 x 10-4 

kcat,Glc 
(mol/genz.min) 4.19x10-3 kcat,O2 

(mol/genz.min) 5.56x10-3 

Correlation Coefficient 0,989 0,993 

Model 𝜐! =
𝑉!"#,!"# . [𝐺𝑙𝑐]
𝐾!,!"# + [𝐺𝑙𝑐]

 𝜐! =
𝑉!"#,!!. [𝑂!]
𝐾!,!! + [𝑂!]

 

In the literature Guo et al. 28 determined a Km,Glc of 16.95 mM at 40 ºC and pH 6.0 and Nakamura et 

al.31 a Km,O2 of 0.18 mM at unknown temperature and pH conditions, therefore its possible to state that 

the Km values determined in this section agree with the values in the literature.  

5.1.2. OXYGEN TRANSFER RATE STUDY 

Since the concentration of oxygen dissolved in the solution influences the glucose conversion in 

gluconic acid, the concentration of oxygen was followed. This study was made in either the absence or 

presence of antifoam to detect the effect of this agent on the oxygen transfer. 

 

Figure 12 – Evolution of dissolved oxygen in the liquid-phase with the progression of a glucose oxidation reaction 
in the absence and presence of antifoam under standard conditions in a batch reactor. 

Figure 12 shows the moment when the reaction stops, which was marked by an increase on the 

concentration of dissolved oxygen, moment when the reaction stops consuming oxygen. Considering 

the time that both reaction stop, after 250 min in the reaction without antifoam and 600 min in the 

reaction with antifoam, it was possible to observe a dramatic decrease in the reaction rate in the 

reaction with antifoam. 
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5.1.2.1. OXYGEN TRANSFER RATE COEFFICIENT (KLA) ESTIMATION 

In order to establish the aeration efficiency in the batch reactor and to quantify the effect of the 

antifoam agent addition on the transfer of dissolved oxygen it was essential to determine the 

volumetric coefficient of oxygen transfer (kLa). 

The oxygen saturation in water at 30 °C is equal to 2.38x10-4 mol/L, therefore for a solution with 20 g/L 

of glucose the oxygen saturation was calculated using Equation (15) and it is equal to 2.32x10-4 mol/L, 

considering a small change of this value with temperature and pressure. As the value is approximately 

the same, oxygen saturation in water was used for all the calculations. 

To estimate the values of kLa a dynamic method was applied that measures the oxygen consumption 

in the production of gluconic acid (Figure 13 and Figure 14). The values of OUR and kLa are shown in 

Table 9. 

 

Figure 13 – Evolution of oxygen concentration in the liquid-phase during a glucose oxidation reaction when the air 
flow is turned on and turned of. 
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Figure 14 – Evolution of oxygen concentration in the liquid-phase during a glucose oxidation reaction in the 
presence of antifoam when the air flow is turned on and turned of. 

 

Table 9 – Values of Oxygen Uptake Rated (OUR) and kLa obtained by a dynamic model. C* corresponds to the 
oxygen saturation in water and C/C* to the DO concentration measured by the oxygen probe when the steady 
state is achieved. 

 1st experiment 2nd experiment (antifoam) 
OUR (mol/L.min) 5.00x10-6 3.00x10-5 

C* (mol/L) 2.38x10-4 2.38x10-4 
C/C* 0.98 0.68 

kLa (min-1) 1.05 0.395 

The rate of oxygen transfer in the aqueous phase from the gaseous phase is influenced by several 

physical and chemical factors that change either the value of kLa or the concentration gradient of 

oxygen, which is the major driving force for oxygen transfer. Michelin et al. 32 reported that kLa values 

are affected by many factors, such as mechanical design, geometry of air distributor and impellers, 

and operating conditions, such as agitation velocity and/or aeration rate. Moreover, medium 

composition, presence/absence of an antifoam agent, as well as biocatalyst properties are also factors 

that influence kLa values. However in this project only the influence of an antifoam agent presence 

was studied. It was found that contrary to what appeared in the previous section, antifoam addition at 

low concentrations markedly decreases the kLa despite it increases the oxygen uptake rate. 

Previously, Figure 12 showed a percentage of DO around 3% that could mislead to the conclusion that 

the presence of antifoam does not have an effect on the oxygen transfer. Although as stated by Morão 

et al. 33 antifoam addition at low concentrations markedly decreases the gas-liquid volumetric mass 

transfer coefficient, kLa. Therefore it is likely that the measurements done by the oxygen probe for low 

concentrations of dissolved oxygen concentrations are not accurate to enable the study of the 

influence of an antifoam agent. 
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5.1.3. MODEL VALIDATION 

MATLAB was used to design the model of the ping-pong bi-bi kinetic mechanism in the batch reactor, 

described in Section 4.2, using the kinetic parameters and kLa estimated previously. To validate this 

model a comparison study between it and the experimental data for a total conversion reaction of 

glucose to gluconic acid is shown in Figure 15 and Figure 16. Since kLa changes significantly in the 

presence of an antifoam agent the reaction in the absence and in the presence of this agent was 

simulated, Figure 15 and Figure 16 respectively. 

 

Figure 15 – Experimental data and fitted model for glucose consumption and gluconic acid production. The sum 
of squared residuals for the glucose is 3.90x10-4 and for the gluconic acid is 0.052. 
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Figure 16 – Experimental data and fitted model for glucose consumption and gluconic acid production in the 
presence of antifoam. The sum of squared residuals for the glucose is 8.12x10-4 and for the gluconic acid is 
0.044. 

For both experiments (absence/presence of antifoam) it is possible to observe that the profiles of 

glucose consumption and of gluconic acid production were in similar trend between the simulation and 

the experimental results. 

It clearly seen in these Figures that the addition of an antifoam agent decreases the reaction rate, 

which is expected as discussed in the previous section. 

5.2. ACR SETUP 

5.2.1. DETERMINATION OF RTD RESPONSE BY A STEP INPUT METHOD 

Determination of the Residence Time Distribution (RTD) is an overall and experimental approach that 

provides valuable information about the product flow regime in a nonideal reactor like the ACR, 

according to the operational conditions. In this section the ACR will be characterized by the mean 

residence time (𝑡!), the residence time distribution function (E (t)) and the cumulative distribution 

function (F(t)). 

Residence time is a parameter frequently used when treating with ideal reactors and it is defined as 

being equal to volume/volumetric flow. When treating nonideal reactors, like the ACR, it is possible 

that elements of the fluid take different routes through the reactor and take different lengths of time to 

pass through it, this way it is important to study the mean residence time that characterizes the ACR 

as well as determine its liquid volume (VL). 

By a method of step input the effect of several operating parameters (aeration, agitation, foam) in the 

𝑡! of glucose inside the ACR was studied. Different patterns of glucose concentration distribution 

were measured in the outlet of the ACR analyzing the influence of aeration and agitation on the 𝑡!. 
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As referred previously in Section 2.4, E(t) (residence time distribution function) is the function that 

describes in a quantitative manner how much time different fluid elements have spent in the reactor. 

Figure 18 shows E(t) obtained by the derivation of C(t) (Figure 17) divided by C0. 

 

Figure 17 – Glucose concentration profile in the outlet of the ACR for a Residence Time Distribution experiment 
test in the presence/absence of aeration and agitation. 

 

 

Figure 18 – ACR’s residence time distribution function (E(t)) in the presence/absence of aeration and agitation, 
using glucose as a tracer.  
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reactor decrease significantly 𝑡!. The addition of air decreased the volume of each cell due to the 

space occupied by the bubbles of air, moreover when added the agitation there is a better mixing of 

the air inside the cells which increase their residence time inside the cells decreasing even more the 

liquid volume of the reactor. Through Equation (5) the value of 𝑡!  for the different settings was 

calculated (Table 10) and it was confirmed the conclusion of the previous observation. It is also 
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possible to observe that when there is no air and no agitation the ACR behavior is closer to a plug 

flow. 

 

Figure 19 – Glucose concentration profile in the outlet of the ACR for a Residence Time Distribution experiment 
test in the presence of different air flow rates. 

 

 

Figure 20 - ACR’s residence time distribution function (E(t)) in the presence of different air flow rates, using 
glucose as a tracer. 

Figure 20 shows that although the introduction of aeration in the ACR affects considerably the 𝑡! the 

variation of the air flow rate (3.0 vvm, 1.5 vvm and 0.5 vvm) is not significant for a change in the 

reactor outline profile. Once again it was calculated 𝑡! through the Equation (5) that confirmed the 

previous observation (Table 10). 
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Table 10 – Mean residence time (𝑡!, min), liquid volume (VL, mL) and air volume (Vair, mL) of the ACR dependent 
on the air flow and agitation. 

 No air + No 
agitation 

3 vvm + No 
agitation 

3 vvm + 6.2 
Hz 

1.5 vvm + 6.2 
Hz 

0.5 vvm + 
6.2 Hz 

𝑡! (min) 10.8 9.2 6.0 5.7 5.5 
VL (mL) 103.3 88.3 56.9 54.7 52.4 
Vair (mL) 0.0 7.3 38.7 40.9 43.2 

% VL 108.2 92.4 59.6 57.2 54.8 
% Vair 0 7.6 40.5 42.8 45.2 

It was observed that the enzyme solution (GOx + Catalase) produces foam during the reaction (Figure 

21); therefore it was essential to study its influence in the reactor liquid volume (VL). Once again it was 

used a step input method but this time the reactor was filled with water and at time t=0 a flow of 

gluconic acid and enzyme solution was started. 

 

Figure 21 – Production of foam during the reaction of glucose oxidation in the Agitated Cell Reactor. 

Table 11 shows the residence time and the liquid volume calculated in the case where there is foam in 

the reactor. It is observed that the foam occupies 75 % to 95 % of the reactor volume. 

Table 11 - Mean residence time (𝑡!, min), liquid volume (VL, mL) and air volume (Vair, mL) of the ACR dependent 
on the glucose oxidase concentration inside the ACR. 

 [GOx]=0.72 g/L [GOx]=1.00 g/L [GOx]=1.25 g/L 
𝑡! (min) 35.5 27.9 7.2 
VL (mL) 20.8 23.5 9.7 
Vair (mL) 74.8 72.1 85.8 

% VL 21.7 24.6 10.2 
% Vair 78.3 75.4 89.8 

For future experiences, VL was estimated dependent on the GOx concentration inside the ACR. Figure 

22 assumes that the air flow rate and the level of agitation are not responsible for a significant change 

in the liquid volume of the reactor, therefore it was possible to obtain a regression that gives the liquid 

volume only dependent on the glucose oxidase concentration. More GOx concentrations should have 

been tested to have a higher correlation coefficient and this way have more reliable VL values, 

although due to lack of time this was not possible. 
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Figure 22 – ACR’s liquid volume (VL) variation with glucose oxidase concentration inside the reactor. 

5.2.1.1. COMPARISON TO RTDS IN IDEAL REACTORS 

Modeling of nonideal reactors is useful for representing flow in real vessels, for scale up and for 

diagnosing poor flow. In this section the ACR experimental data is compared by an approximation to 

ideal reactors models.  

Later in this project a glucose oxidation reaction in the presence and absence of foam will be studied, 

therefore the RTD experiments chosen to design the model were the ones that have similar operating 

parameters to the future experiments. Hence an experiment with glucose as a tracer, an aeration of 

0.5 vvm and agitation of 6.2 Hz and an experiment with gluconic acid as a tracer, an aeration of 0.25 

vvm and agitation of 6.2 Hz were chosen. 

Figure 23 and Figure 24 show a comparison between the experimental data, a tank-in-series model 

and a plug flow reactor (PFR) model.  
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Figure 23 – Experimental profile of the residence time distribution function (E(t)), using glucose as a tracer, 0.5 
vvm of air and 6.2 Hz of agitation. Tank-in-series model based on the Equation (12) for setup with 2, 5 and 10 
CSTRs. Plug Flow model based on the Equation (7). 

 

 

Figure 24 – Experimental profile of the residence time distribution function (E(t)), using gluconic acid as a tracer, 
in the presence of enzyme solution, 0.25 vvm of air and 6.2 Hz of agitation. Tank-in-series model based on the 
Equation (12) for setup with 2, 6 and 10 CSTRs. Plug Flow model based on the Equation (7). 

The RTD were analyzed to determine the number of ideal tanks, N, in series that give approximately 

the same RTD as the non-ideal reactor. The model is given by the Equation (12) and the reactors 

number was varied to find the best number to describe the ACR behavior. It was found that 5 and 6 

are the number of reactors that minimizes the sum of the squares between the experimental RTD and 

the RTD tank-in-series model for the experiment done in the absence (glucose as a tracer) and in the 

presence of foam (gluconic acid as a tracer and presence of enzyme solution), respectively. The 

experimental data was also compared with a plug flow reactor model (Equation (7)) where all the 

particles inside the reactor take exactly the same time to leave it. 
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5.2.2. OXYGEN TRANSFER STUDY 

In order to evaluate, model and improve the performance of the ACR it was necessary to quantify the 

oxygen transfer. Due to the high quantity of foam it was not possible to make measurements of 

dissolved oxygen concentrations in reactions without antifoam, therefore all the oxygen transfer 

studies in the ACR were made in the presence of an antifoam agent. 

The ACR setup in study has only an air inlet in cell 1 and afterwards the air flows through the reactor 

using the channels between the cells. While it flows through the cells the oxygen is consumed by the 

reaction to produce gluconic acid. Since a change in the oxygen availability can lead to drastic effects 

on the reaction kinetics it is essential to assure that it does not change significantly along the reactor.  

Figure 25 shows the percentage of dissolved oxygen in cell 5 for different residence times. As 

expected with higher residence times the reaction rate is slower and so there is higher concentrations 

of dissolved oxygen. The dissolved oxygen concentration for a residence time of 35 min is considered 

to be lower than expected and should be repeated.  

 

Figure 25 – Percentage of dissolved oxygen (DO) during glucose oxidation reactions with different residence 
times in the ACR. 

Figure 26 shows the percentage of dissolved oxygen in different cells along the reactor for the same 

operating conditions.  
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Figure 26 – Percentage of dissolved oxygen (DO) during glucose oxidation reactions in cells 3, 5, 8 and 10 of the 
ACR with a residence time of 17 min. 

If the interfacial mass transfer rate was larger that the oxygen consumption by the reaction it was 

expected that the dissolved oxygen concentration would increase along the reactor. Though cell 3 

shows a higher concentration of DO than cell 5 since the consume of oxygen is higher in cell 3 than in 

cell 5 but cell 3 is also closer to the air inlet (cell 1) having a higher availability of oxygen. In cell 8 and 

10 the rate of oxygen consumption decreases significantly showing higher DO concentrations. 

5.2.2.1. KLA ESTIMATION 

To build a more accurate model for the ACR it was essential to estimate the oxygen transfer rate 

coefficient (kLa) in this reactor. As in the batch reactor the mass balance for the dissolved oxygen is 

given by Equation (13). Assuming that there is no variation of oxygen concentration along the reactor, 

the mass balance is 

 0 = 𝑘!𝑎. 𝐶∗ − 𝐶 + 𝑞! = 𝑘!𝑎.𝐶∗ 1 − 𝐶 𝐶∗ + 𝑞! (35) 

Henry’s Law states that the amount of gas dissolved in a given volume of liquid, at constant 

temperature, is proportional to the pressure of the gas, which it is in equilibrium. This law can be 

expressed by the following equations: 

 𝐶∗ = 𝑝!!/𝐻 (36) 

 𝑝!! =
𝑝!!,!" − 𝑝!!,!"#
𝑙𝑛

𝑝!!,!"
𝑝!!,!"#

 (37) 

 𝑝!!,!" = 𝑦!!,!".𝑃! (38) 
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where H, which is equal to 815.63 atm.L/mol14 is the Henry’s constant for oxygen at 30 ºC and pO2 is 

the partial pressure of the gas. Considering pO2,in equal to 0.21 atm since yO2,in is the oxygen fraction in 

the air inlet of the ACR and PT is the total pressure in the reactor which is assumed to be 1 atm. It is 

now necessary to calculate pO2,out. 

 
𝑝!!,!"# = 𝑦!!,!"# .𝑃! =

𝐹!!,!" − 0.5.𝐹!",!"#
𝐹!!,!" 𝑦!!,!" − 0.5.𝐹!",!"#

 
(39) 

 𝐹!!,!" =
𝜈!"#,!". 𝑦!!,!!.𝑃!

𝑅.𝑇
 (40) 

 𝐹!",!"# = 𝐶!",!"#.!"#. 𝜐!"# (41) 

where yO2,out is the fraction of oxygen in air in the outlet, FO2,in is the molar flow of oxygen in the inlet 

(2.09x10-4 mol/min) and FGA,out is the molar flow of gluconic acid in the outlet. FGA,out is multiplied by the 

oxygen stoichiometry coefficient (0.5) to be converted into the molar flow of oxygen in the outlet of the 

reactor. FO2,in was calculated by the ideal gas law, where 𝜈!"#,!" is the volumetric flow of air in the inlet 

(24.14 mL/min), yO2,in is the fraction of oxygen in the inlet (0.21), R is the ideal gas (8.206x10-2 

L.atm/K.mol) and T is the room temperature (295.15 K). FGA,out is determined by the product of the 

experimental value of gluconic acid’s concentration (CGA,out.exp, mol/L) in the steady-state and the 

volumetric flow of liquid in the outlet (𝜐!"#, mL/min). 

With these expressions and assuming a constant percentage of DO along the reactor it was possible 

to calculate a mean kLa with a sample variation of 0.50 % and with a value equal to 6.75 min-1 (Table 

12). 

Table 12 – Values of CGA,out.exp (mol/L), 𝜐!"# (mL/min), FGA,out (mol/min), pO2,out (atm), (pO2)avg (atm), (C*)avg (mol/L), 
(C/C*)avg, q0 (mol/L.min), kLa (min-1) for residence times of 17.5, 34.9 and 58.2 min. 

 Residence Time (min) 
 17.5 34.9 58.2 

CGA,out.exp (mol/L) 3.55x10-2 7.65x10-2 9.48x10-2 
𝝊𝒍𝒊𝒒 (mL/min) 3.00x10-3 1.50x10-3 9.00x10-4 

FGA,out (mol/min) 1.06x10-4 1.15x10-4 8.53x10-5 
pO2,out (atm) 0.164 0.160 0.174 

(pO2)avg (atm) 0.186 0.184 0.191 
(C*)avg (mol/L) 2.29x10-4 2.27x10-4 2.35x10-4 

(C/C*)avg 0.33 0.28 0.50 
q0 (mol/L.min) 1.02x10-3 1.09x10-3 8.14x10-4 

kLa (min-1) 6.66 6.77 6.83 

5.2.3. ACR’S REACTION PROFILE IN PRESENCE/ ABSENCE OF ANTIFOAM 

In previous sections, it has been discussed the effect that antifoam addition can have in the reaction 

rate. As stated before the addition of this agent will have its higher influence in the oxygen transfer 

although it was not possible to make measurements of dissolved oxygen concentrations in reactions 

without antifoam in the ACR to confirm this statement. 
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Thereby, in order to detect if there was any change in the reaction rate when added the antifoam a 

kinetic study based on the gluconic acid’s production was made. Figure 27 shows the percentage of 

conversion in the ACR dependent on the residence time inside the reactor for reactions done in the 

presence and absence of antifoam.  

 

Figure 27 – Conversion’s percentage variation with residence time in the ACR in the presence and absence of 
antifoam. 

As expected the profile of the reaction done in the presence of antifoam has a lower reaction rate than 

when done in its absence. Although the decrease in the reaction rate is most likely due to the 

decrease of the oxygen transfer rate in the presence of the antifoam it cannot be stated since it was 

not possible to do a more detailed study of the profile of the oxygen concentration along the reactor in 

the absence of antifoam. 

5.2.4. MODEL VALIDATION 

Kinetic modelling allows an efficient evaluation of the reactor and saves time and manpower in 

experimental investigation by predicting the system behavior and assisting in the formulation of the 

experimental design. 

The ACR model was implemented in MATLAB, as described in Section 4.3, and fitted to the 

experimental data by varying the number of CSTRs in series. The minimum sum of square residuals 

(SSR) for different residence time (17.5, 34.9 and 58.2 min) and number of CSTRs in series model 

was calculated to evaluate which model fits better the experimental data. It was concluded by this 

study that the number of CSTRs that better fit the experimental data is 5. 

Figure 28, Figure 29 and Figure 30 show the adjustment of the 5 CSTRs in series model to the 

experimental data for a transient state. 
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Figure 28 - Experimental data and fitted 5 CSTRs in series model for glucose consumption and gluconic acid 
production during the transient state and in the presence of antifoam in the Agitated Cell Reactor for a residence 
time of 17.5 min. The sum of squared residuals for the glucose is 4.27x10-4 and for the gluconic acid is 2.52x10-5. 

 

 

 

Figure 29 – Experimental data and fitted 5 CSTRs in series model for glucose consumption and gluconic acid 
production during the transient state and in the presence of antifoam in the Agitated Cell Reactor for a residence 
time of 34.9 min. The sum of squared residuals for the glucose is 0.0013 and for the gluconic acid is 7.41x10-4. 
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Figure 30 - Experimental data and fitted 5 CSTRs in series model for glucose consumption and gluconic acid 
production during the transient state and in the presence of antifoam in the Agitated Cell Reactor for a residence 
time of 58.2 min. The sum of squared residuals for the glucose is 5.59x10-4 and for the gluconic acid is 4.61x10-5. 

It is possible to observe that the profiles of glucose consumption and of gluconic acid production were 

in similar trend between the simulation and the experimental results. The difference between 

simulation and experimental values is in an acceptable range. 

Figure 31 shows the model fitted to the experimental data in the steady-state. Here, the profile of 

glucose and gluconic acid dependent on the residence time was studied.  

 

Figure 31 - Experimental data and fitted 5 CSTRs in series model for glucose consumption and gluconic acid 
production during the steady state and in the presence of antifoam in the Agitated Cell Reactor. 

It is possible to observe a higher difference between simulation and experimental values that may be 

due to the approximation of the oxygen concentration to the average concentration of the dissolved 

oxygen in the bulk liquid and the assumption that it is constant along the reactor independently of the 
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residence time. An optimization of the model is required in a way to improve the model prediction in 

steady state. 

5.3. BATCH VERSUS ACR 

Jones et al. 4 described and compared the results of an oxidation reaction catalyzed by D-amino acid 

oxidase (DAAO) operated under batch and continuous conditions, illustrating how the application of an 

ACR reactor can facilitate process development. Also in this project the efficiency of the glucose 

oxidation reaction performed in a batch and in an ACR reactor was compared. 

Figure 32 shows the percentage of conversion in an ACR and in a batch with the same enzyme and 

glucose concentrations in the inlet. It is clearly observed an increase of the reaction rate in the ACR 

when compared with the batch reactor. Jones et al. 4 made the same observation which they 

attributed to the ACR’s small diameter and the use of transverse mixing which is self baffling and does 

not promote centrifugal separation.  

In the previous sections the oxygen transfer rate in this reactor was studied, where it was observed 

and calculated a significantly higher volumetric oxygen transfer coefficient compared with the batch 

reactor in the same operation conditions. Aeration efficiency depends on oxygen solubilization and 

diffusion rate into the solution (glucose in phosphate buffer). Figure 26 shows that DO concentration 

was maintained above 27% in all the cells of the ACR, instead Figure 12 shows that in the batch 

reactor the DO concentration was around 3%. The low value of DO observed in the batch reactor 

limited the reaction rate showing that the use of this reactor with the previously detailed operation 

conditions is not sufficient to supply the necessary oxygen for high rates of glucose conversion. 

Therefore with a kLa of 0.395 min-1 and 6.75 min-1 for the batch and the ACR respectively in the 

presence of antifoam, it can be concluded that the ACR has a higher aeration efficiency, which leads 

to higher rates of gluconic acid production. 
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Figure 32 – Percentage of conversion variation with time in the batch reactor and with residence time in the ACR. 

Figure 33 also shows the percentage of conversion in an ACR and in a batch but in the presence of an 

antifoam agent. As expected and observed before in this project the rate of conversion decreases with 

the presence of this agent. 

 

Figure 33 – Percentage of conversion variation with time in the batch reactor and with residence time in the ACR 
in the presence of antifoam. 
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6. FUTURE APPLICATIONS  

Chemical and biological industries are nowadays concerned not only with the capability of designing 

and operating innovative reactors but also in the development of new and more efficient reaction 

technologies in order to become cost and product quality competitive and to meet environmental 

aspects. In industrial processes design and optimization of scale-up is one of the most basic issues 

and its study is essential to ensure that the optimal physiological conditions identified in the small-

scale studies are maintained at larger scales. 34 AM Technology developed the Agitated Tube Reactor 

(ATR) as an industrial alternative to the ACR. The ATR employs the same mixing principle as the lab 

scale Coflore ACR and has a maximum capacity of 10 L, although there are still not many studies in 

this reactor. 35  

The ACR has demonstrated favorable oxygen transfer rates when compared with a batch reactor at a 

lab scale. Though, when scaling-up it is likely that the batch reactor will achieve close results to the 

ACR due to the increase of the mean bubble residence time and of the absorbed oxygen fraction by 

the liquid phase. Thus, it is not likely that the ACR is a good substitute for the batch reactor when 

thinking to go to bigger scales. 

Fine chemicals are used mainly as starting materials for specialty chemicals, particularly 

pharmaceuticals, biopharmaceuticals and agrochemicals. They are produced in limited volumes and 

at relatively high prices, meaning that normally they are produced in small-scale plants. Considering 

the results obtained in this project for the lab scale ACR, it appears that the production of fine 

chemicals is a good asset for this reactor. The higher conversion rates observed will contribute to 

faster productions. 

The behavior of the ACR was approximated to 5/6 CSTRs in series, therefore it seems promising to 

substitute setups composed by multi CSTRs. Despite the advantages of multi-stage CSTRs they are 

relatively uncommon due to its assembly and performance complexity. These systems present 

difficulties in altering the volumetric profile as in maintaining the same heat transfer rate in all the 

reactors. In addition they are responsible for large product losses in the start and shut-down of the 

system that is overcome by the addition of pumps between stages, yet this adds complexity and costs 

to the setup. Thereby the ACR it is a good substitute for processes that normally use multi-stage 

CSTRs since it is easier to start and shut-down, it has good heating transfer and it is easier to perform.  
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7. CONCLUSIONS 

The main goal of this project was to evaluate the potential of the Coflore Agitated Cell Reactor (ACR), 

an example of process intensification (PI) technology, as an alternative to batch or CSTRs in series. 

An evaluation and comparison was done based on the quality of the data obtained in the study of an 

enzymatic reaction with focus on a glucose oxidation reaction. 

The ACR demonstrated to be ineffective in the presence of foam since this substance occupies a 

range of 75 to 90 % of the reactor volume, dependent on the glucose oxidase concentration. 

Therefore, there was the need to add an antifoam agent, which decreased the oxygen transfer rates. 

Since oxygen supply rates are essential in oxygen dependent reactions the ACR shows to be 

inappropriate for reactions in the presence of foam and therefore to be an inadequate choice when 

compared with other type of reactors that can handle better with the presence of this agent.  

The addition of an antifoam increased the reactor liquid volume, although when in presence of air and 

agitation it is still detected a decrease in a range of 45 to 50 %. Since agitation and aeration are 

essential in the majority of bioprocesses, it is possible to conclude that although the reactor has a 

volume of 100 mL the real working volume of the reactor is around 50 mL decreasing the expected 

production rates, which reveals to be a big disadvantage of this reactor.  

In small-scale experiments, reaction parameters should mimic large-scale production processes. This 

will increase the possibility that the improvements found in process development can also be attained 

in large-scale production. Here, one of the most important parameters is the oxygen transfer. Values 

of the oxygen transfer rate in stirred tank reactors can reach up to 500 mmol/(L.h), but a mean for 

many standard batch reactions is approximately 100 mmol/(L.h).36 The ACR revealed high oxygen 

transfer rates, approximately 94 mmol/(L.h), which is very close to the value of standard batch 

reactions revealing a good approximation between the two scales. Therefore the ACR represents an 

efficient tool for bioprocess development.  

The volumetric coefficient of oxygen transfer of the ACR has been estimated in the presence of 

antifoam since it was impossible to make measurements of the dissolved oxygen concentrations in the 

presence of foam. The estimated values of kLa showed that even in the presence of antifoam the ACR 

has higher oxygen transfer rates than the batch providing big advantages for aerobic enzymatic 

reactions where the oxygen transfer strongly affects product formation.  

Based on the RTD profile and on the estimated kinetic parameters, the ACR was concluded to have a 

behavior close to 5 or 6 CSTRs in series, respectively for a reaction in presence of antifoam and in the 

absence, when compared with a tank-in-series model. An empirical approach was used to design the 

reactor based on the design of experiments. The construction of the reactor model in MATLAB 

confirmed the previous conclusion and revealed that the behavior of the reactor ranges from perfect 

mixing to plug flow, which goes against the previous statement4,5,16 saying that the ACR has an orderly 

plug flow. 
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Overall it can be concluded that this reactor it is inefficient for processes in the presence of foam and 

has a small liquid volume, which decreases the expected production rates. However, it presents an 

advantage for oxygen dependent processes due to the high oxygen transfer rates observed 

comparable with large-scale oxygen supply rates. Therefore the ACR it is very efficient for bioprocess 

development. It also presents advantages in the replacement of processes that normally use multi-

stage CSTRs since it has a similar behavior but it is much easier to implement.  
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8. FUTURE WORK 

In this thesis some experimental and modelling work has been developed in order to evaluate the 

performance of an agitated cell reactor (ACR). During the experimental work and modelling 

development different questions were answered but some other were raised. In this section some 

suggestions of future work are given in a way to improve the ACR performance evaluation. 

Process characteristic parameters like power input per volume, residence time and oxygen mass 

transfer coefficient can give a quick estimation of the performance of bioreactors at large scale. 

Hence, knowledge of the rate-limiting mechanisms (mixing, oxygen transfer, among others) in the 

ACR can help characterizing and solving scale-up problems. Particularly oxygen transfer and the 

corresponding power input necessary to meet the oxygen demand strongly affects production costs. 

Therefore, it is suggested a study of the power input per volume of the agitated cell reactor. This 

reactor has a different agitation mechanism and therefore it is difficult to quantify the power input, 

although it is proposed to make an approximation to similar existing agitation methods. 

Since oxygen transfer rate is one of the best improvements of this reactor when compared with a 

batch reactor with the same operating conditions it is suggested a study with a multi stage air injection 

where it is expected an optimization of the gas/liquid dispersion within the reactor. With this 

experiment it is aimed to follow the dissolved oxygen concentration profile in the different cells and to 

compare it with the profile of a reactor setup with just one air inlet.  

Oxygen sensor spots are not able to measure the dissolved oxygen concentration when there is foam 

present in the reaction, therefore the kLa values estimated in this project correspond to the oxygen 

transfer rate in the presence of an antifoam agent. To have a more accurate knowledge of the 

behavior of the ACR it is recommended to perform a reaction that does not produce foam and this way 

be able to calculate the oxygen transfer of the reactor without being affected by the antifoam. 

The higher rates of conversion were attributed to the higher oxygen conversion rates in the reactor, 

although more studies are needed to know which other factors can be causing this increase. It is 

suggested to perform a batch and an ACR reaction with equal oxygen transfer rates to be able to 

determine which other parameter can be influencing the reaction rate. 

The construction of a Computational Fluid Dynamics (CFD) model it is also suggested since it 

provides a good description of the flow inside the reactor. A detailed description of the velocity, 

temperature and mass concentration along the ACR will allow a better prediction of its behavior.  
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10. APPENDICES 

10.1. APPENDIX A 

In this Appendix the calibration curve for the Sho-Rate flow meter from Brooks Instrument (Holland) is 

presented. The calibration curve for air was provided by Asbjørn Pedersen and it relates the air flow 

rate with the reference scale of the instrument. 

 

Figure 34 – Calibration curve for the Sho-Rate flow meter from Brooks Instrument (Holland). 

10.2. APPENDIX B 

The high performance liquid chromatography (HPLC) system used for analysis of the glucose and 

gluconic acid concentrations employs a ultraviolet (UV) and a refractive index detector (RI). Figure 35 

and Figure 36 show an example of RI and UV spectra, respectively. 
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Figure 35 – Example of RI spectrum of a reactor’s sample where it is possible to detect glucose’s presence. 

 

Figure 36 – Example of UV spectrum (205 nm) of a reactor’s sample where it is possible to detect gluconic acid’s 
presence. 

10.3. APPENDIX C 

In this Appendix the standard curves are presented. The standard curves were done in order to be 

able to correlate the measured areas of the absorbance peaks of a compound in the chromatogram to 

the compound concentration in a solution. The absorbance of Glucose is measured in terms of 

refractive index units (RIU) and of Gluconic Acid in terms of Absorbance Units (AU). 
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Area = 0,1299 [Glc] R2 = 1 

 
Figure 37 – Standard curve for Glucose. 

 

Area = 0,3610 [GA] R2 = 1 

 
Figure 38 – Standard curve for Gluconic Acid 

10.4. APPENDIX D 

The RTD were analyzed to determine the number of ideal tanks, N, in series that give approximately 

the same RTD as the non-ideal reactor. Here it is presented the sum of squares between the 

experimental RTD and the RTD tank-in-series model for the experiment done in the absence (glucose 

as a tracer) and in the presence of foam (gluconic acid as a tracer and presence of enzyme solution), 

respectively. 

Table 13 - Sum of squares between the experimental RTD and the RTD tank-in-series model for the experiment 
done in the absence (glucose as a tracer) and in the presence of foam (gluconic acid as a tracer and presence of 
enzyme solution), respectively. 

# Reactor SSQ (Presence of foam) SSQ (Absence of foam) 
1 0.06310 0.0012274 
2 0.03941 0.0009558 
3 0.02717 0.0006948 
4 0.02214 0.0005195 
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5 0.02107 0.0004294 
6 0.02230 0.0004008 
7 0.02505 0.0004109 
8 0.02883 0.0004435 
9 0.03335 0.0004887 

10 0.03840 0.0005406 

 


