
Stellingen 

1. Van der Werf et al. (1995) betitelen het systeem waarin vast Ca-maleaat wordt 
omgezet in vast Ca-D-malaat als een twee-fasen systeem, terwijl dit een 
drie-fasen systeem is. 

Van der Werf MJ, Hartmans S, Van den Tweel WJJ. 1995. Effect of maleate counter-ion on 
malease activity: production of D-malate in a crystal-liquid two-phase system. Enzyme Microb 
Technol 17:430-436. 

2. Van der Werf et al. (1995) suggereren ten onrechte dat in nun drie-fasen 
systeem zuivere Ca-maleaat- en Ca-D-malaatkristallen aanwezig zijn. 

Eigen waarneming. 
Van der Werf MJ, Hartmans S, Van den Tweel WJJ. 1995. Effect of maleate counter-ion on 
malease activity: production of D-malate in a crystal-liquid two-phase system. Enzyme Microb 
Technol 17:430-436. 

3. Het aantal geintegreerde processen wordt vaak onderschat. 

4. Goed onderzoek staat of valt met de vrijheid om onderzoeksdoelen aan te 
mogen passen. 

5. Modelsystemen blijken in de praktijk vaak te complex. 

6. Het feit dat onderzoek naar falende marketingconcepten wel publiceerbaar is 
en onderzoek naar falende (bio)technologische concepten nauwelijks, wekt de 
indruk dat in beide wetenschapsgebieden een verschillend belang aan 
dergelijke bevindingen wordt gehecht. 

7. Het meest gebruikte weerwoord is 'lokaal'. 

8. Het gebruik van doping in de sport lijkt evenredig toe te nemen met de invloed 
van de commercie op de sport. 

9. Vier jaar na de val van Srebrenica moet het Nederlandse leger zijn stellingen 
nog steeds verdedigen. 

10. The sky is not the limit, the ground is. 

Stellingen behorende bij het proefschrift 'Modeling solid-to-solid biocatalysis'. 

M.J.F. Michielsen 
Wageningen, 6 oktober 1999. 
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Abstract 

Michielsen MJF. 1999. Modeling solid-to-solid biocatalysis. PhD-thesis, Wageningen 
Agricultural University, Wageningen, The Netherlands (190 p, English and Dutch 
summaries). 

Keywords: Modeling, dissolution kinetics, biokinetics, crystal growth kinetics, 
process integration, solid-to-solid bioconversion. 

In this thesis, a kinetic model is described for the conversion of solid Ca-maleate to 
solid Ca-D-malate. The reaction is catalysed by maleate hydratase in permeabilized 
Pseudomonas pseudoalcaligenes and is executed in a batch reactor seeded with 
Ca-D-malate (product) crystals. To this end, separate kinetic models were first 
developed for each of the constituent steps, i.e. substrate crystal dissolution, 
bioconversion (with biocatalyst inactivation superimposed), and product crystal 
growth. 

According to both the crystal dissolution and the crystal growth model, the rate 
is controlled by the rate of crystal surface processes, by the rate of solute transport 
from or to the crystal surface (in case of dissolution or growth, respectively), or by 
both. Tools are developed to determine the rate-controlling process(es). Dissolution 
of Ca-maleate crystals and growth of Ca-D-malate crystals were both found to be 
surface-controlled, obeying linear and exponential rate laws, respectively. The 
kinetic parameters were determined by fitting data sets of concentration versus time. 

The biokinetic model featured substrate inhibition, competitive product 
inhibition, and simultaneous first-order biocatalyst inactivation. The kinetic 
parameters were determined by fitting the complete kinetic model simultaneously 
through three data sets of maleate (substrate) concentration versus time. 
Furthermore, the biokinetic model was used to determine under which conditions the 
total costs of substrate and biocatalyst were minimal in a continuous system with 
biocatalyst replenishment and recycling. 

The individual kinetic models of the constituent processes were then integrated 
into one overall process model. The model gave a very good quantitative prediction 
of the solid-to-solid bioconversion in a batch reactor seeded with Ca-D-malate 
crystals. 

Finally, two potentially attractive modes for operation of a reactor for 
solid-to-solid bioconversions, batch operation at very high concentrations of 
undissolved substrate and continuous operation, are evaluated with respect to their 
feasibility and overall costs per kg of product. 
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CHAPTER 1 

Introduction 

One of the great challenges in applied biocatalysis is to develop reaction media in 

which very high amounts of product per reactor volume can be attained at high 

production rates; in other words, media in which a high overall volumetric 

productivity can be accomplished. Such media are generally associated with good 

process economics (Van 't Riet and Tramper, 1991). Water is generally an attractive 

medium for bioconversions, as most biocatalysts act in aqueous media. However, 

high overall volumetric productivities often cannot be achieved in aqueous media 

due to a limited substrate solubility in water and/or inhibition by high substrate and/or 

product concentrations. Both problems are generally tackled by application of a 

second phase, or even more phases, next to the aqueous reaction phase, in 

so-called multi-phase systems. 

In multi-phase systems, the substrate is extracted from a substrate-reservoir 

phase into the aqueous reaction phase, and/or the product is extracted from the 

aqueous reaction phase into a product-sink phase. In this manner, high product 

amounts can be accumulated and substrate and product inhibition can be 

minimized. These systems have the additional advantage of scaleability (Andersson 

and Hahn-Hagerdal, 1990). Such a concept of integration of bioconversion and 

extractions is especially useful in case of toxic or instable substrates and/or 

products, because the in situ extraction considerably reduces the residence time of 

these substrates and/or products in the aqueous reaction phase (Freeman et al., 

1993; Zijlstra et al., 1998). Particularly, the integration of biocatalysis and 

downstream processing, i.e. product extraction, has gained increased interest during 

the last decade, as it may shift the equilibrium in favor of synthesis, so that the 

overall conversion is increased considerably (Vermue, 1995). Besides, it offers the 

opportunity for continuous processing with biocatalyst retention, which may greatly 

improve the overall volumetric productivity. Finally, it may reduce the number of 

subsequent downstream-processing steps (Freeman et al., 1993; Zijlstra et al., 

1998). 

Selection of a suitable solvent for use as accumulation phase in multi-phase 

systems is mainly based on preventing solvent toxicity for the biocatalyst and on the 
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solubility of the compounds to be accumulated, indicating that it is highly case-

specific. In general, for accumulation of hydrophobic compounds an organic solvent 

is used, and for accumulation of hydrophilic compounds a second aqueous phase is 

applied. It is obvious that for accumulation of two dissimilar compounds (both 

hydrophobic and hydrophilic) selection of a single solvent becomes difficult. 

An approach that can be applied for both hydrophobic and hydrophilic 

compounds, is the use of solid phases as accumulation phases. In such multi-phase 

systems, the following consecutive steps occur: substrate dissolution, bioconversion 

(in the aqueous phase), and product crystallization. These kinds of conversions are 

called solid-to-solid bioconversions. The potential advantages of solid-to-solid 

bioconversions include: 

• Extremely high substrate amounts per unit of reactor volume can be used. 

• High conversions and rates can be attained; note that a very high substrate 

amount per reactor volume, in combination with a high conversion, results in a 

very high product amount per reactor volume. 

• The formation of product crystals makes easy downstream processing possible 

(centrifugation or filtration followed by drying), resulting in lower downstream-

processing costs than in conventional multi-phase systems. 

• The costs associated with these multi-phase systems are lower, because the 

use of organic solvents or expensive polymers (for formation of aqueous-

organic and aqueous two-phase systems, respectively) is avoided. 

• These systems are environmentally friendly, and the selectivity and specificity 

of the biocatalyst should remain unaffected, as they consist of an aqueous 

phase and two solid phases. 

The potential of the use of multi-phase systems with solid phases of substrate 

and/or product has long been recognized by the industry (Ashina and Suto, 1992; 

Kitahara et al., 1960; Miller, 1985; Oyama, 1992; Takahashi, 1986; Watanabe and 

Osawa, 1966), and the number of applications still increases (Bornscheuer and 

Yamane, 1994; Cao et al., 1996; Erbeldinger et al., 1998; Kasche, 1986; Michielsen 

et al., 1999; Petkov and Stoineva, 1984; Kasche and Galunsky, 1995; Van der Werf 

et al., 1995; Wolff et al., 1999). However, quantitative models for process 

development, optimization, and control of this kind of systems are still lacking. 
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OUTLINE OF THIS THESIS 

In this thesis, a quantitative model for the biocatalytic conversion of a solid substrate 

to a solid product is developed. As a model reaction, the conversion of solid 

Ca-maleate to solid Ca-D-malate by maleate hydratase in permeabilized 

Pseudomonas pseudoalcaligenes, as shown in Fig. 1, was chosen. 

inactive maleate hydratase 

t 
maleate hydratase 

Ca-maleate (aq) -^-*~ Ca2* + maleate2"—>• D-malate2-+ Ca2* -^-fr- Ca-D-malate (aq) 

n it 
Ca-maleate (crystal) Ca-D-malate (crystal) 

Figure 1 Reaction scheme for the conversion of solid Ca-maleate to solid Ca-D-malate by 

maleate hydratase in permeabilized P. pseudoalcaligenes. 

In order to develop an overall kinetic model for this conversion, it was splitted in 

separate steps: Ca-maleate dissolution, bioconversion of maleate2" to D-malate2' 

accompanied by biocatalyst inactivation, and Ca-D-malate crystal growth. Note that, 

in principle, the last step in the solid-to-solid bioconversion should also involve 

product nucleation (the formation of new product crystals). However, at the 

conditions described in this thesis, i.e. moderate to low supersaturation in the 

presence of product crystals, the occurrence of product nucleation can be neglected. 

Separate kinetic models for these steps were first determined (chapter 2, 3-5, and 6, 

respectively) and then integrated into an overall model (chapter 7). 

In chapter 2, a kinetic model based on the interfacial-barrier theory and the 

diffusion-layer theory is presented; it describes the increase in Ca-maleate 

concentration due to dissolution. In order to evaluate this model, the effects of 

stirring speed, temperature, pH, and initial Ca2+ concentration were determined 

experimentally. For model simplification, it is of importance to know whether the 

dissolution process is reaction or transport controlled. As in case of polydispers 

crystals such a determination is not straightforward, a method based on overall 

reaction and transport rates (per unit of driving force) was developed. 

In chapters 3 to 5, the biokinetics of conversion and inactivation are studied. In 

chapter 3, part of the kinetics of D-malate production by permeabilized P. 



Introduction 

pseudoalcaligenes is characterized, as a function of temperature and pH. This is 

done by fitting a kinetic model, featuring competitive product inhibition and first-order 

biocatalyst inactivation, simultaneously through two independent data sets of 

substrate concentration versus time. With this method, the number of experiments 

needed for accurate determination of the kinetic parameters can be reduced 

significantly as compared to methods based on initial-activity experiments. In 

chapter 4, the effects of temperature, product, Ca2+ and biocatalyst concentrations 

on the biocatalyst inactivation rate are quantified. In chapter 5, the effects of the 

remaining process parameters, i.e. ionic strength, substrate and Ca2+ 

concentrations, on biocatalyst activity are studied, and the biokinetic model is 

completed, i.e. a substrate inhibition term is added. In order to obtain more realistic 

values, all kinetic parameters were determined once more, as a function of 

temperature, by applying the method described in chapter 3, but now with the 

complete kinetic model. Furthermore, it is shown how this model can be used to 

select the process conditions in a CSTR with biocatalyst replenishment and 

recycling, corresponding to a minimum in the sum of the substrate and biocatalyst 

costs. 

Since growth of salt crystals can obey different rate laws, chapter 6 shows a 

procedure for selection of an appropriate one. Chapter 6 further presents a kinetic 

model that is based on this rate law; it describes the decrease in supersaturation 

due to Ca-D-malate crystal growth as a function of the concentrations of the 

constituent ions, Ca2* and D-malate2". For evaluation of the model, the effects of 

temperature and stirring speed were investigated. 

Chapter 7, finally, shows how these separate quantitative models are 

integrated into a single overall model, and how it is validated. Chapter 8 addresses 

the future trends in solid-to-solid bioconversions, with respect to the mode of 

operation. These future trends include batch operation at high concentrations of 

undissolved substrate, and continuous operation. This final chapter ends with a 

procedure that can be used to select the most profitable mode of operation for a 

specific solid-to-solid bioconversion. 
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CHAPTER 2 

Dissolution kinetics of Ca-maieate crystals: 

evaluation for biotransformation reactor design 

ABSTRACT 

In order to develop a bioreactor for solid-to-solid conversions the biocatalytic 

conversion of solid Ca-maleate to solid Ca-D-malate is studied. The dissolution of 

Ca-maleate is the first step in this process and is described here. A kinetic model, 

based on the interfacial-barrier theory and the diffusion-layer theory, was developed 

which describes the increase in Ca-maleate concentration due to dissolution with the 

help of time-dependent parameters. According to the model two processes 

contribute to the dissolution of Ca-maleate-H20 crystals: (1) the dissolution (and 

dissociation) reaction of Ca-maleate at the solid-liquid interface, characterized by a 

time-independent reaction rate coefficient, and (2) the transport of Ca2+ and 

maleate2" across a boundary liquid film, characterized by a time-dependent 

mass-transfer rate coefficient. In addition, the surface of a crystal and the driving 

force are time-dependent variables. Since Ca-maleate-H20 crystals are not uniform, 

a crystal-size distribution was also used in the model. The effects of stirring speed, 

temperature, pH, and initial Ca2+ concentration on the dissolution rate of 

Ca-maleate-H20 crystals were determined experimentally in order to evaluate the 

model. The model fitted the data well (R2 > 0.97). In order to determine whether the 

overall dissolution process was reaction or transport controlled, a method based on 

overall reaction and transport rates (per unit of driving force) was developed. This 

showed that the dissolution of Ca-maleate was reaction controlled. Temperature 

influenced the reaction rate coefficient the most; it ranged from 5.7-10"6 m-s"1 at 10°C 

to 67-10"6 m-s1 at 60°C. The reaction rate coefficient was also influenced by the pH 

and the initial Ca2+ concentration, but, as expected, hardly by the stirring speed. 

Simplifying the model by omitting the time-dependent mass-transfer rate coefficient 

and by assuming uniform crystals, resulted in only slightly worse fits of the data with 

R2 being at most 0.004 smaller. 

This chapter was published in Journal of Chemical Technology and Biotechnology, 73:13-22. 
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INTRODUCTION 

Much attention is paid to two-phase systems in biotechnology (Tramper et al., 1992), 

because bioconversions are often inhibited by high substrate and/or product 

concentrations (Van den Heuvel and Beeftink, 1988; Van der Werf et al., 1993; Van 

der Werf et al., 1994). Inhibition in the reaction phase is minimized by extraction of 

substrate and/or product into a second phase, resulting in higher production rates 

per cubic meter of reactor volume (Van der Werf et al., 1994). In the case that only 

product is extracted, high product concentrations in one phase can be reached, 

which facilitates downstream processing. For hydrophobic compounds these 

advantages can be gained by the introduction of an organic solvent as an immiscible 

extraction phase. For hydrophilic compounds, similar advantages can be gained in 

systems with solid substrate and/or solid product as a second phase. On a 

commercial scale, bioconversions with solid substrate and/or product are already 

applied; examples are the production of aspartame (Oyama, 1992), acrylamide 

(Ashina and Suto, 1992), and L-malate (Kitahara et al., 1960; Watanabe and Osawa, 

1966). However, a theoretical basis for process optimization is lacking (Van der Werf 

et al., 1994); it should consider mass-transfer rates between the liquid and solid 

phases and the kinetics of the biological reaction. 

We are currently developing a model bioreactor for the conversion of solid 

substrate to solid product in a continuous process. The conversion of solid 

Ca-maleate to solid Ca-D-malate by permeabilized Pseudomonas pseudoalcaligenes 

(NCIMB 9867) was chosen as a model reaction as shown in Fig. 1. 

P. pseudoalcaligenes 

Ca-maleate (aq) ^ *• Ca2*+ maleate2-—>• n-malate2-+ Ca2t ^ > Ca-D-malate (aq) 

tl It 
Ca-maleate (crystal) Ca-D-malate (crystal) 

Figure 1 Reaction scheme for the conversion of solid Ca-maleate to solid Ca-D-malate by 

permeabilized P. pseudoalcaligenes. 

In order to produce Ca-D-malate with a high purity and at a high production rate 

(per cubic meter of reactor), the dissolution of Ca-maleate, the conversion of 

maleate2- to D-malate2", and the crystallization of Ca-D-malate have to be adjusted 

relative to each other. Adjustment is possible by changing process conditions such 
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as pH, temperature, and Ca2+ concentration among others. The effect, however, of 

these changes on the dissolution of Ca-maleate, the conversion of maleate2", and 

the crystallization of Ca-D-malate is not yet known. In this work we focus on the 

dissolution kinetics of Ca-maleate and on the effects of process conditions on the 

dissolution. Process parameters that potentially influence the dissolution rate of 

Ca-maleate are stirring speed, temperature, pH, initial Ca2+ concentration, and 

crystal size. 

THEORY 

In order to characterize the dissolution rate of solids, two theories are used most 

frequently: (1) the interfacial-barrier theory, and (2) the diffusion-layer theory. Both 

theories are often used in combination to describe the dissolution process (Grant 

and Higuchi, 1990). In the model described in this work both theories were 

combined. This means that the increase in Ca-maleate concentration due to 

dissolution of Ca-maleateH20 crystals was attributed to two processes: (1) the 

dissolution (and dissociation) reaction of Ca-maleate at the solid-liquid interface, 

characterized by a time-independent reaction rate coefficient kR, and (2) the 

transport of Ca2+ and maleate2" across a boundary liquid film, characterized by a 

time-dependent mass-transfer rate coefficient kT(t). For process optimization and 

model simplification it is of importance to know whether the dissolution process is 

reaction or transport controlled. The model described in this paper can be used to 

determine this for uniform particles of all shapes in various kinds of equipment 

(agitated vessel, bubble column, etc.). The derivation of the model is given below. 

In this work the increase in Ca-maleate concentration due to dissolution in a 

batch experiment was determined. The dissolution rate is defined as: dC,(f)/df; with 

C,(f) referring to the concentration of Ca-maleate at time f; the subscript I refers to 

the bulk liquid phase. 

As the decrease in crystal volume (due to dissolution) has to correspond with 

the increase in dissolved Ca-maleate, it can be shown by mass balance that: 

/v-(vc(0)-vc(0)-pc=v;.(cl(f)-cl(0)) (1) 
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where N is the number of crystals, V is the volume, and p is the density. The 

subscript c refers to one crystal, V(0) refers to the volume at t=0, and C(0) refers to 

the concentration of Ca-maleate at f=0. Since Ca-maleateH20 crystals are needles, 

the volume Vc(t) and surface area Ac(t) of a Ca-maleateH20 crystal can be 

expressed as (Myerson and Ginde, 1993): 

Vc(t) = aL(t)3 (2) 

Ac{t) = pL{t)2 (3) 

with a and J3 denoting shape factors (see Table 2), and L denoting a characteristic 

dimension of the crystal (in this work, the breadth). The volume and surface area of 

the crystal are time-dependent variables, as the characteristic dimension of the 

crystal decreases due to dissolution of Ca-maleateH20. Combination of eqs. (1), 

(2), and (3) and rewriting gives: 

C,(t)="-a-Pc-{L(0)3-L{t)3) + Ct(0) (4) 

Eq. (4) can be solved if the characteristic dimension of the crystal (L) is known as a 

function of time. 

According to the interfacial-barrier theory and the diffusion-layer theory (Grant 

and Higuchi, 1990), the release of Ca-maleate (due to dissolution) from one crystal 

can be expressed as: 

df Vc(0A=M0A( ' ) (C s a t -c , (0) (5) 

with km denoting a composite mass-transfer coefficient; the subscript sat refers to 

saturation. Combination of eqs. (2), (3), and (5) and some algebraic transformation 

results in: 

d«'> " " ^ . ( c - c m ) (6) 
df 3a-pc 

10 
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According to the interfacial-barrier theory and the diffusion-layer theory (Grant and 

Higuchi, 1990) two processes contribute to the dissolution of Ca-maleate: (1) the 

dissolution (and dissociation) reaction of Ca-maleate at the solid-liquid interface, and 

(2) the transport of Ca2+ and maleate2" across a boundary liquid film. Ca-maleate is a 

strong electrolyte, which was assumed to dissociate instantaneously; Ca2+ and 

maleate2 were assumed to be transported at the same rate. In this case /cov(r) can be 

expressed as (Grant and Higuchi, 1990): 

1 1 1 
+ ̂  (7) MO *R MO 

where kR is the time-independent reaction rate coefficient and kT(t) is the 

time-dependent mass-transfer rate coefficient. The time-dependent mass-transfer 

rate coefficient can be expressed as (Sherwood et al., 1975): 

MO-^-^T 

where D is the diffusion coefficient, h(t) is the thickness of the boundary liquid film, 

and Sh{t) is the Sherwood number. Eq. (8) shows that the thickness of the boundary 

liquid film h(t) is dependent on the Sherwood number Sh{t) and the characteristic 

dimension L(t). The value of the diffusion coefficient D is expected to depend on 

temperature T according to (Chang, 1981): 

0 = ^ ^ - (9) 

where kB is the Boltzmann' constant, 77 the dynamic viscosity of the liquid phase, and 

r the molecular radius of Ca-maleate. In this work the dynamic viscosity 77 was 

approximated by the dynamic viscosity of water. By fitting data of the dynamic 

viscosity of water against temperature (given by Lide (1991)) with an Arrhenius type 

of equation, rj can be expressed as a function of temperature (Hunik et al., 1994): 

18100 

77 = 6 .021-10- 7-e R T (10) 
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where R is the gas constant. If the needle-shaped crystals are approximated by 

granular crystals, the Sherwood number can be expressed as (Sano et al., 1974): 

Sh(t) = 2 + a 4 , ^ « n « M 3 
en) 

where sis the energy input per unit mass of liquid phase, vis the kinematic viscosity, 

and <t>c is Carman's surface factor. This equation for the Sherwood number was 

chosen, since it allows us to predict the effect of stirring speed on the 

time-dependent mass-transfer rate coefficient kT(t). The energy input per unit mass 

of liquid phase (e) for a standard baffled stirred vessel (TJd - 3, with 7V as the vessel 

and d as the stirrer diameter; 4 symmetrically located baffles (width: 10% of the 

vessel diameter); fill height equal to Tv) can be expressed as (Sano et al., 1974): 

NB-ds-n6 

£=-^r~ (12) 

with Np as the power number and n the stirring speed. By approximating the needle-

shaped crystals to granular crystals, Carman's surface factor can be expressed as 

(Sanoetal., 1974): 

(13) 
"- Pc-S(t)L(t) 

with S(t) as the specific surface area of the crystal. S(t) can be expressed as: 

S(f)= .;.. (14) 
a-L(t)pc 

It should be noted that in this work the Sherwood equation derived by Sano et 

al. (1974) was used, as it is valid for a wide range of applications. However, in 

applications when a more specific Sherwood equation is known, it is recommended 

to incorporate this equation into the model instead of the version used here. 
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The model shows that the increase in Ca-maleate concentration depends 

(among others} on a characteristic dimension of the crystal L(t). Since Ca-maleate 

crystals are needle-shaped and thus break easily, it was not possible to obtain 

monosized crystals. Therefore an experimentally determined crystal-size distribution 

was used in the model. In case of a crystal-size distribution, however, it is possible 

that size classes of small crystals dissolve reaction controlled, while size classes of 

large crystals dissolve transport controlled. In that case it is difficult to discriminate 

between the overall dissolution process being reaction or transport controlled. For 

that reason, a method based on overall reaction and transport rates (per unit of 

driving force) was developed. 

MATERIALS AND METHODS 

Materials 

Ca-maleateH20 was purchased from Syncom (Groningen, the Netherlands; purity > 

98%). Tris was obtained from Boehringer Mannheim GmbH, HCI from Riedel-de 

Haen, and CaCI2-2H20 from Merck. 

Determination of crystal-size distribution 

The initial crystal-size distribution was determined by image analysis (Magiscan 

image analysis system with GENeral Image Analysis Software (GENIAS) from 

Applied Imaging; screen 262144 pixels; the breadth of the smallest object was 

characterized by at least 2.5 pixels). The object breadth (OB) is the minimum 

breadth of all possible orthogonal projections and was chosen as the characteristic 

dimension of the needle-shaped crystals (L(t)). The object length (OL) is the 

minimum length of all possible orthogonal projections. The breadth and length of in 

total more than a thousand crystals were determined. 

Dissolution of Ca-maleateH20 crystals 

The concentration of dissolved Ca-maleate was determined by conductance 

measurements, reflecting the total Ca-maleate concentration in solution: 

conductance increases when Ca-maleate dissolves and dissociates into Ca2* and 

maleate2". 

13 
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To a 60-ml stirred vessel of standard geometry (TJd = 3.33, HJd = 1, with Hsb 

the height of the stirrer above the bottom) with 4 symmetrically located baffles 

(width: 10% of the vessel diameter) and a six-blade turbine stirrer, 50 ml of a 500 

mmol-dm"3 Tris-HCI buffer (of pH 6, 8 or 10) was added. The vessel was placed in a 

water bath at 10, 35 or 60°C and stirred at 1000, 1500 or 2000 rpm. High stirring 

speeds were chosen in order to keep the mixing time low in comparison to the 

dissolution time; at 1500 rpm the mixing time was about 3 seconds (data not shown). 

This was much smaller than the time to reach saturation at the conditions tested in 

this paper (see Figs. 3 to 6). The conductance was measured with a conductance 

cell (Mettler Toledo 980-K19/120) and a conductance meter (WTW LF 521). At r=0, 

2.15 g of Ca-maleate-H20 was added to the vessel and conductance was measured 

as a function of time. Note that a part of the Ca-maleate-H20 crystals did not 

dissolve under these conditions because the saturation concentration was reached. 

The conditions at which the dissolution rate was measured are shown in Table 1. In 

order to get insight into the effects of stirring speed, temperature, pH, and initial Ca2+ 

concentration on the dissolution rate of Ca-maleate-H20 crystals, each factor was 

varied at a low, high and intermediate level. In run 1 all factors were tested at their 

intermediate level. In run 2 to 6 only one factor was tested each time at a high or low 

setting, while the other factors were set at their intermediate level. In run 8 and run 9 

CaCI2 was added to the vessel (50 mmol-dm3 and 100 mmol-dm"3, respectively) and 

mixed before Ca-maleate-H20 was added; the other factors were set at their 

intermediate level. All measurements (runs) were carried out at least in duplicate 

and the results were averaged; the maximum standard deviation from the average 

was 18.6 mmol-dm"3. 

The conductance profiles were converted into Ca-maleate concentration 

profiles with calibration curves of conductance vs. Ca-maleate concentration. Since 

conductance depends on temperature, the total amount of ions in solution, and the 

charge of the ions (Chang, 1981), a new calibration curve was determined whenever 

temperature, pH or initial Ca2+ concentration were changed. 

The saturation concentrations determined from conductance data were 

checked by HPLC measurements, as described by Van der Werf et al. (1992). This 

resulted in similar saturation concentrations (data not shown). 
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Table 1 Process conditions at which the dissolution rate was measured. 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

n 

(rpm) 

1500 

1000 

2000 

1500 

1500 

1500 

1500 

1500 

1500 

T 

(°C) 

35 

35 

35 

10 

60 

35 

35 

35 

35 

Process conditions 

pH 

8 

8 

8 

8 

8 

6 

10 

8 

8 

[Ca21 

(mmoldm3) 

0 

0 

0 

0 

0 

0 

0 

50 

100 

Data fitting 

The parameters /cR and Csat were determined by fitting the kinetic model through data 

of Ca-maleate concentration against time. Therefore eqs. (1) to (14) were 

implemented in the computer program STEM (Simulation Tool for Easy Modeling). In 

this program the dissolution rate was determined by three time-dependent 

parameters: (1) the overall mass-transfer coefficient km(t), (2) the surface area of a 

crystal Ac(t), and (3) the driving force (Csat - C,(f)). The overall mass-transfer 

coefficient consists of a time-independent reaction rate coefficient kR and a 

time-dependent mass-transfer rate coefficient ky(t). The time-independent reaction 

rate coefficient kR and the saturation concentration Csat were determined by fitting of 

the model through data of C, against t using a simplex method (Nelder and Mead, 

1965) in combination with the method of Gear (1971), while the time-dependent 

mass-transfer rate coefficient /cT(f), the surface area of a crystal Ac(t), and the 

concentration of Ca-maleate C,(0 were calculated during fitting as described before 

(see eqs. (8), (3), and (4), respectively). Although the saturation concentration Csat 

was known from the measurements, it was used as a fit parameter, because small 

deviations of Csat had a great influence on R2 and at some conditions the saturation 

concentration was not reached within 300 seconds. In general, the fitted values for 

Csat were in good agreement with the measured saturation concentrations. A 

crystal-size distribution with nine size classes was used in the program. For this 

reason eq. (4) was rewritten as: 
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c,(o = Z ^a-A-(L,.(0)3-L,.(03) + C,(0) (15) 

with / referring to the class number. In order to calculate C,(t), eqs. (6) to (14) were 

solved simultaneously for each size class of crystals, as /cT(f), Ac(t), and Vc(t) differ 

for each size class of crystals. When the characteristic dimension of a class of 

crystals was calculated to be negative by eqs. (6) to (14), it was automatically set at 

zero from that moment on, as the crystals from that crystal size have been dissolved 

completely at that moment. The known or estimated parameters used in the program 

are shown in Table 2. 

Table 2 

Parameters of crystal-size distribution with nine classes 

N, (-) 

N2 (-) 

N3 (-) 

N< (-) 

Ns (-) 

Ns (-) 

N7 (-) 

Na (-) 

Ns (-) 

a) 

a) 

a) 

a) 

a) 

a) 

a) 

a) 

a) 

6.97-106 

1.11-107 

1.40-107 

1.64-107 

1.24-107 

3.13-106 

2.12-106 

8.06-105 

8.06-105 

Parameters of the solid phase 

Pc (kg 
a (-) 

P (-) 
r (m) 

nr3) b| 

a) 

s) 

c) 

1677 

2.54 

11.75 

3-10-10 

<-(0), 

L(0)2 

L(0h 
L(0)4 

L(0)5 

L(0)s 

L(0)7 

L(0)s 
L(0)9 

(m) a» 

(m) a» 

(m) a> 

(m) a> 

(m) a» 

(m) a> 

(m) a' 

(m) a» 

(m) 3) 

Parameters of the 

A (kg-m3) d» 

V, (m3) 

C,(0) (kg-m3) 

2.5-106 

7.5-10'6 

12.5-106 

17.5-10-6 

22.5-10"6 

27.5-106 

32.5-106 

37.5-10'6 

42.5-10'6 

liquid phase 

1000 

50-10-6 

0 

Other parameters 

kB (N-m-K"1) 

WP (-) e| 

1.38-10"23 

1.4 

d (m) 12-103 

determined from crystal-size distribution, assuming that the needle-shaped crystals 

were cylindrical; object length (0/_)/object breadth (OS) was determined to be 3.24 

and constant. 

determined with a piknometer. 

estimated from bond lengths and angles, given by Lide (1991). 

from Lide (1991). 

from Bates etal. (1963). 
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RESULTS AND DISCUSSION 

Determination of crystal-size distribution 

The initial crystal-size distribution of Ca-maleateH20, as determined by image 

analysis, is shown in Fig. 2. The breadth of a crystal (OB) was used as the 

characteristic dimension of the crystal (L(t)). 
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Figure 2 Crystal-size distribution of Ca-maleateH20 with object breadth OB as characteristic 

dimension of the needle-shaped crystals; the total number of crystals was 1136. 

Dissolution of Ca-maleateH20 crystals 

Effect of stirring speed 

The effect of stirring speed on the dissolution of Ca-maleate-H20 crystals is shown in 

Fig. 3, which indicates that the initial slopes of the curves were equal. This means 

that the dissolution rates at stirring speeds of 1000 rpm, 1500 rpm, and 2000 rpm 

were equal. The model could be fitted well through the data (see Fig. 3 and Table 3), 

which indicates that the proposed model, based on a dissolution reaction and mass 

transfer, describes the process well. 
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100 250 300 

time (s) 

Figure 3 The effect of stirring speed on the dissolution of Ca-maleateH20 crystals at 35°C, pH 

8, and 0 mmol-drrr3 CaCI2; measurements at 1000 rpm (O), 1500 rpm (a), and 2000 

rpm (A), and corresponding fits with the model (—). The dotted curve represents a 

simulation with the model at 500 rpm, with kR = 25-10"6 ms"1 and CM, = 142 mmol-drrr3 

(the averages of kR and Csa, as a function of stirring speed). 

In contrast to changes in the temperature, the pH, and the initial Ca2+ 

concentration, stirring significantly increases the mass-transfer rate coefficient kT(t), 

since it reduces the thickness of the boundary liquid film (see eq. (8); Carstensen, 

1974). In the interfacial-barrier theory it is assumed that the solid-liquid interface is 

surrounded by an infinitesimally thin boundary layer. This means that the reaction 

rate coefficient kR is not influenced by the stirring speed (Grant and Higuchi, 1990). 

As no effect of the stirring speed on the overall dissolution rate was found (see Fig. 

3), and only kT(t) is dependent on the stirring speed according to eq. (12) and kR not 

(see Fig. 3 and Table 3), the dissolution of Ca-maleate-H20 crystals was probably 

reaction controlled at stirring speeds ranging from 1000 to 2000 rpm. As would be 

expected, the saturation concentration was not influenced by the stirring speed. 

High stirring speeds (from 1000 to 2000 rpm) were chosen in order to minimize 

mixing times. For practical applications, however, a continuous set-up will be used. 

In that case the stirring speed will probably be lower in order to reduce formation of 

nuclei for crystallization due to crystal fragmentation (Myerson and Ginde, 1993). For 

that reason, the dissolution rate was calculated at 500 rpm with kR = 25-10"8 ms"1 
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and Csat = 142 mmol-dm"3 (the averages of kR and Csat as a function of stirring 

speed), since kR and Csat are not influenced by the stirring speed. The 

time-dependent mass-transfer rate coefficient kT(t) at 500 rpm was calculated for 

each size class of crystals with eqs. (8) to (14). Fig. 3 shows that the dissolution 

rate(s) of Ca-maleate-H20 crystals at 500 rpm would be equal to the dissolution 

rates at 1000, 1500, and 2000 rpm. This means that the dissolution process at 

500 rpm would still be reaction controlled. 

Table 3 The fit parameters kR and Csat (with 95% confidence intervals) as a function of the 

process parameters n, T, pH, and [Ca2*], and the R2 values of each fit; upon varying 

one process parameter, the other process parameters were set at their level of run 1 

in Table 1. 

Process 

parameters 

n 

(rpm) 

T 

(°C) 

pH 

[Ca2+] 

(mmol-dm"3) 

Values of 

process 

parameters 

1000 

1500 

2000 

10 

35 

60 

6 

8 

10 

0 

50 

100 

R2 

0.989 

0.997 

0.997 

0.981 

0.997 

0.999 

0.992 

0.997 

0.974 

0.997 

0.999 

0.993 

* R 

(m-s1) 

27-10"6 + 

3.6-10"6 

22-10-6! 

1.6-106 

25-10"6± 

1.7-10"6 

5.7-10"6± 

1.1-10"6 

22-10"6± 

1.6-10"8 

67-106± 

2.2-10"6 

26-106± 

3.3-10"6 

22-10"6± 

1.6-106 

15-10"6 + 

2.4-10-6 

22-106 + 

1.6-10"6 

25-10'6± 

9.9-10"7 

35-10"6 + 

3.6-10"6 

Csat 

(mmol-dm'3) 

146 ±2.82 

135 ±1.45 

146 ±1.35 

190 ±9.76 

135 + 1.45 

108 ±0.42 

142±2.10 

135 ±1.45 

188 + 6.45 

135 ±1.45 

122 ±0.70 

99.4 ±1.30 

"R Cj,( 

(mmol-m2-s" 

3.9 

3.0 

3.7 

1.1 

3.0 

7.2 

3.7 

3.0 

2.8 

3.0 

3.1 

3.5 

') 
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Effect of temperature 

The effect of temperature on the dissolution of Ca-maleate-H20 crystals is shown in 

Fig. 4, which indicates that the initial slope of the curve increased, when temperature 

increased from 10 to 60°C. This means that increasing the temperature from 10 to 

60°C, resulted in higher dissolution rates. In the model, the effect of temperature on 

kT(t) was incorporated by eqs. (9) and (10). The model could be fitted well through 

the data (see Fig. 4 and Table 3). As expected, kR increased with temperature (see 

Table 3). In contrast to data reported by Lide (1991) and Linke (1958), the saturation 

concentration of Ca-maleate decreased with temperature (see Fig. 4 and Table 3). 

Such an effect has also been found for certain other compounds (Martell and Smith, 

1979). 

a a a a o o o D o a a Q a o D D D a g 

A A A A A A -A . -A A A- A A A A , •• A A A A A i . 

100 
I 

150 
I 

200 
I 

250 300 

time (s) 

Figure 4 The effect of temperature on the dissolution of Ca-maleateH20 crystals at 1500 rpm, 

pH 8, and 0 mmoldnr3 CaCI2; measurements at 10°C (O), 35°C (Z), and 60°C (A), 

and corresponding fits with the model (—). 

The overall equation for the dissolution of Ca-maleate is: 

Ca-maleate (crystal) ^ : Ca2+(aq) + maleate2(aq) 

The solubility product of Ca-maleate is defined as: 
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Ksp=[Ca2+][maleate2-] (16) 

According to Van 't Hoff (Chang, 1981): 

»*.-£•£ <") 

with Ahf the enthalpy change, and AS" the entropy change. Assuming AH" and AS" 

to be independent of temperature, Ahf' and AS" were calculated from the data in Fig. 

4 as: AH" = -17 kJ-mol"1, and AS" = -89 J-moM-rC1. 

In the case of stirring speed it was possible to discriminate between a reaction-

or transport-controlled process, as the stirring speed only influences /cT(f), and not kR 

and Csat. Temperature, pH, and initial Ca2+ concentration, however, could influence 

two or more of the above-mentioned parameters. This makes it hard to discriminate 

between the overall dissolution process being reaction or transport controlled in 

those cases. For this reason, a method based on overall reaction and transport rates 

(per unit of driving force) was developed (see below). 

Effect of pH 

The effect of pH on the dissolution of Ca-maleate-H20 crystals is shown in Fig. 5, 

which indicates that the initial slopes of the curves were similar. This means that the 

dissolution rates at pH 6, pH 8, and pH 10 were (almost) equal. The model could be 

fitted well through the data, though a little less accurately at pH 10 (see Fig. 5 and 

Table 3). The reaction rate coefficient kR was found to decrease with pH (see Table 

3). The saturation concentration at pH 10 was much higher than at pH 8 (see Fig. 5 

and Table 3). This could be due to formation of CaOH+ and Ca(OH)2 at pH 10 (K = 

[CaOH*]/[Ca2*][OH-]: pK = 0.64 at 25°C, / = 3.0; pK = 1.3±0.1 at 25°C, 7=0 (Martell 

and Smith, 1981)). When these compounds were formed, the ionic product of the 

Ca2+ and maleate2" concentration at pH 10 was smaller than the solubility product Ksp 

(see eq. (16)). As a consequence more Ca-maleate could be dissolved, if the 

solubility product Ksp is assumed to be independent of pH. At pH 6 maleate in 

monoanionic form was formed (pKa2 = 6.07 (Lide, 1991)). However, the saturation 

concentration at pH 6 was hardly different from the saturation concentration at pH 8 

(see Fig. 5 and Table 3). This means that the effect of formation of maleate in 
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monoanionic form (at pH 6) on the saturation concentration of Ca-maleate was 

apparently small. 
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Figure 5 The effect of pH on the dissolution of Ca-maleateH20 crystals at 1500 rpm, 35°C, and 

0 mmoldm"3 CaCI2; measurements at pH 6 (O), pH 8 (D), and pH 10 (A), and 

corresponding fits with the model (—). 

Effect of initial Ca2+ concentration 

The effect of the initial Ca2+ concentration on the dissolution of Ca-maleateH20 

crystals is shown in Fig. 6, which indicates that the initial slopes of the curves were 

equal. This means that the dissolution rates at initial CaCI2 concentrations of 0, 50, 

and 100 mmoldm3 were equal. The model could again be fitted well through the 

data (see Fig. 6 and Table 3). The reaction rate coefficient kR was found to increase 

with initial Ca2+ concentration (see Table 3). The saturation concentration of 

Ca-maleate decreased when the initial Ca2t concentration increased from 0 to 100 

mmoldm"3 (see Fig. 6 and Table 3). This was due to the fact that the solubility 

product was reached at a lower concentration of Ca-maleate, when initially more 

Ca2+ was present (see eq. (16)), assuming the solubility product to be constant. 
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Figure 6 The effect of initial Ca2* concentration on the dissolution of Ca-maleateH20 crystals at 

1500 rpm, 35°C, and pH 8; measurements at [Ca2+]=0 mM (•), [Ca2+]=50 mM (O), and 

[Ca2+]=100 mM (A), and corresponding fits with the model (—). 

Reaction-controlled dissolution 

At a stirring speed of 1000 rpm or greater the dissolution of Ca-maleateH20 crystals 

was assumed to be reaction controlled (at 7=35°C, pH 8, and 0 mmoldm"3 CaCI2). At 

other conditions tested in this work, it will be rather straightforward to determine 

whether the dissolution process is reaction controlled or transport controlled, if kR is 

smaller or bigger than all kT(t) values for all size classes of crystals. In case kR is 

smaller (or bigger) than kT(t) for only a part of all (size) classes, it is difficult to 

discriminate between the overall dissolution process being reaction controlled or 

transport controlled. Therefore the mass transfer was characterized by an overall 

kRA and an overall kTA value. The overall kRA value was defined as: 

1=1 

with / referring to the class number. This value is the overall reaction rate at the 

solid-liquid interface per unit of driving force. In this case the transport across the 
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boundary liquid film was assumed not to be rate-limiting. The overall kTA value was 

defined as: 

This value is the overall mass-transfer rate across the boundary liquid film per unit of 

driving force. In this case the reaction at the solid-liquid interface was assumed not 

to be rate-limiting. As the driving force (Csa, - Ct(t)) for both processes (reaction and 

transport) is equal, the difference between the two overall kA values determined 

whether the overall dissolution process was reaction or transport controlled; the 

smallest overall kA value controls the rate of the overall dissolution process. Both 

overall kA values were determined as a function of time at T = 60°C, 1500 rpm, pH 

8, and 0 mmoldm"3 CaCI2 (see Fig. 7 and Table 4). At these conditions the smallest 

relative difference between kR and kTi(t) existed, since the increase of kR/kT(t) with 

temperature was slightly greater than the increase of kR with Ca2+ concentration; kT(t) 

is not dependent on Ca2+ concentration (see Theory). As even at these conditions 

the overall kRA value was about 7 times smaller than the overall kTA value (see Fig. 

7 and Table 4), it can be concluded that the dissolution of Ca-maleate-H20 was 

reaction controlled at all process conditions applied in this work. 

Figure 7 
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Overall k^A (—) and krA (—) values as a function of time at T=60°C, 1500 rpm, pH 8, 

and 0 mmoldm3 CaCI,. 
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Table 4 Effect of Sherwood number on the overall kA values at MOO s, r=60°C, 1500 rpm, 

pH 8, and 0 mmoldnr3 CaCI2. 

Sherwood number 

1>R A,(300)-A/, |>T,(300)-4,(300).*/,. 

Sanoetal. (1974) 1.110s 8.0-105 

Ranz and Marshall (1952) 9.5-106 1.1-10"2 

For kj(f) calculations the Sherwood number derived by Sano et al. (1974) was used. 

In the literature many Sherwood equations are given (Levins and Glastonbury, 1972; 

Ranz and Marshall, 1952; Tournie et al., 1979). Because the Sherwood equation 

used in the model, has a standard deviation of 30.8% according to Sano et al. 

(1974), an alternative equation (Ranz and Marshall, 1952) was tested as well; the 

overall kA values were determined again at 7 = 60°C, 1500 rpm, pH 8, and 0 

mmol-dm"3 CaCI2 (see Table 4). Table 4 shows that the overall k^A value would also 

be much smaller than the overall kTA value, when the Sherwood equation derived by 

Ranz and Marshall (1952) was used. This means that the dissolution process would 

still be reaction controlled. 

Since the dissolution of Ca-maleateH20 was reaction controlled, the model 

was simplified by replacing km(t) in eq. (5) by kR. This simplified model was tested by 

fitting the data at all conditions again. This resulted in fits with (almost) exactly the 

same R2 values. This means that the difference between kR and kr(t) was big, and 

supports our previous conclusion that the dissolution of Ca-maleateH20 crystals 

was reaction controlled at the conditions tested in this work. As the difference 

between kR and kT(t) was big, kR-Csa{ can be used to characterize the dissolution rate 

at a known total surface area of the crystals and C,(0) = 0 (see eq. (5)). Table 3 

shows that /cRCsat, and thus the dissolution rate, would be maximal at 60°C, pH 6, 

and a Ca2+ concentration of 100 mmol-dm"3. 

The model was simplified further by approximating the crystal-size distribution 

of Fig. 2 by uniform crystals with a characteristic dimension L(t) corresponding to the 

average volume of all crystals. This was tested again by fitting the data at all 

conditions. This resulted in fits with slightly smaller R2 values (difference: 0.004 or 

less). So for modeling the dissolution rate of Ca-maleateH20 crystals at the 

conditions tested in this paper, a model containing only the time-independent 

reaction rate coefficient kR and uniform crystals with a crystal size corresponding to 

the average volume of all crystals, is probably satisfactory. 
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CONCLUSIONS 

A kinetic model based on the interfacial-barrier theory and the diffusion-layer theory, 

containing time-dependent parameters and describing the increase of Ca-maleate 

concentration due to dissolution, fitted the experimental data well (R2 > 0.97). A 

method, based on overall kRA and overall kTA values, was developed in order to 

determine whether the overall dissolution process is reaction or transport controlled 

in case the crystals are not uniform. This revealed that the dissolution of 

Ca-maleate-H20 crystals was a reaction-controlled process for all the conditions 

tested in this work. Temperature influenced the reaction rate coefficient kR the most; 

kR ranged from 5.7-10"6 ms 1 at 10°C to 67-10"6 m-s"1 at 60°C. The reaction rate 

coefficient kR was also influenced by the pH and the initial Ca2+ concentration; it 

decreased with pH and increased with the initial Ca2+ concentration. As expected, kR 

was hardly influenced by the stirring speed. Temperature, pH, and initial Ca2+ 

concentration also influenced the saturation concentration of Ca-maleate. 

Simplifying the model by approximating the time-dependent overall rate coefficient 

ôvM by the time-independent reaction rate coefficient kR and simplifying the 

crystal-size distribution to uniform crystals, resulted in only slightly worse fits of the 

data at the conditions tested in this paper; R2 differed 0.004 or less. So, in case the 

dissolution of Ca-maleate is the rate-limiting process in the conversion of solid 

Ca-maleate to solid Ca-D-malate, the overall Ca-D-malate production rate would be 

maximal at 60°C, pH 6, and a Ca2+ concentration of 100 mmoldnr3. 

ACKNOWLEDGEMENTS 

This work was financially supported by the Ministry of Economic Affairs, the Ministry 

of Education, Culture and Science, the Ministry of Agriculture, Nature Management 

and Fishery in the framework of an industrially relevant research programme of the 

Netherlands Association of Biotechnology Centres in the Netherlands (ABON). 

26 



Chapter 2 

NOMENCLATURE 

A 

C 

C(0) 

D 

d 

/"/Sb 

AH" 

h 

I 

Ksp 

k 

kB 

L 

N 

NP 

n 

OB 

OL 

R 

r 

S 

Sh 

AS" 

T 

Tv 

t 

V 

V(0) 

Greek symbols 

a 

P 
n 

surface area 

concentration 

concentration at t=0 

diffusion coefficient 

stirrer diameter 

height of the stirrer above the vessel bottom 

enthalpy change 

thickness of the boundary liquid film 

ionic strength 

solubility product 

mass-transfer coefficient 

Boltzmann' constant 

characteristic dimension of the crystal 

number of crystals 

power number 

stirring speed 

object breadth 

object length 

gas constant 

molecular radius of Ca-maleate 

specific surface area 

Sherwood number 

entropy change 

absolute temperature 

vessel diameter 

time 

volume 

volume at t=0 

(volume) shape factor 

(surface) shape factor 

dynamic viscosity 

(m2) 

(mmol-dnr3) 

(mmoldm"3) 

(m2-s-1) 

(m) 

(m) 

(kJ-mor1) 

(m) 

(molkg1) 

(mmoP-dnr8) 

(m-s-1) 

(N-m-IC1) 

(m) 

(-) 

(-) 
(s1) 
(m) 

(m) 

(8.314 J-mol"1-K-1) 

(m) 

(m2-kg-1) 

(-) 
(J-mol"1-K-1) 

(K) 
(m) 

(s) 
(m3) 

(m3) 

(-) 

(-) 
(N-s-nr2) 
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energy input per kg liquid phase 

Carman's surface factor 

V 

p 

Indices 

c 

/ 

1 

ov 

R 

sat 

T 

kinematic viscosity 
density 

one crystal 

class number 

liquid phase or bulk solution 

overall 

reaction at the solid-liquid interface 

saturation 

transport across a boundary liquid film 

(Wkg-1) 

(-) 

(m2-s"1) 

(kg-m3) 
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CHAPTER 3 

Kinetics of D-malate production 

by permeabilized Pseudomonas pseudoalcaligenes 

ABSTRACT 

The kinetics of D-malate production from maleate by permeabilized Pseudomonas 

pseudoalcaligenes was described by assuming competitive product inhibition, in 

addition to biocatalyst inactivation. The kinetic parameters for conversion and 

inactivation were determined from a simultaneous fit of two independent data sets of 

substrate concentration vs. time. In order to select appropriate conditions, the effects 

of pH and temperature on the initial substrate conversion rate (excluding 

inactivation) were studied first. The pH optimum ranged from pH 7 to 8. The 

temperature optimum was approximately 45°C. The conversion parameters 

increased with pH and/or temperature. The first-order inactivation rate constant 

depended on temperature only; it increased strongly between 25 and 35°C. 

This chapter was published in Enzyme and Microbial Technology, 22:621-628. 



D-malate production by permeabilized P. pseudoalcaligenes 

INTRODUCTION 

D-malate is an optically active oc-hydroxy acid. In contrast to L-malate, it sporadically 

occurs in nature (Hahn and Nahrstedt). However, it is becoming a valuable source of 

chirality for various applications in organic chemistry (Van der Werf, 1994). It is 

applied as a chiral synthon (building block in organic syntheses) for the synthesis of 

various compounds (Crosby, 1992; Seebach and Hungerbuhler, 1980), like 

pharmaceuticals (Almeida et al., 1992; Baily et al., 1991; Barth et al., 1990; Shiuey 

et al., 1988; Sleevi et al., 1991), antibiotics (Miller et al., 1982; Tanner and Somfai, 

1988), D- and L-carnitine (Bellamy et al., 1990; Rajashekhar and Kaiser, 1985), the 

pheromone (S)-ipsdienol (Mori et al., 1979), the vitamin (R)-pantothenic acid 

(Wasmuth et al., 1982), and many natural compounds (Adam et al., 1987; Niwa et 

al., 1992; Shiba et al., 1982; Shieh and Prestwich, 1982; Stork et al., 1978; Walkup 

and Cunningham, 1987). D-malic acid is also used as a resolving agent (Clarke et 

al., 1978; Shiozawa et al., 1988), and as a ligand in asymmetric synthesis (Heil et 

al., 1985; Tanabe et al., 1973). 

D-malate is produced chemically or enzymatically. Both routes result in 

D-malate of high optical purity, but the (molar) yield depends very much on the 

method used. With chemical production methods, yields are low, since more than 

one reaction step is required (Van der Werf, 1994). Enzymatic production of D-

malate can result in high yields (Van der Werf, 1994). However, cofactor 

regeneration is required, making the process very complex. The production of D-

malate using maleate hydratase from Pseudomonas pseudoalcaligenes seems to be 

the most promising method. This process does not require cofactor regeneration 

(Van der Werf et al., 1993). The substrate maleate, a cheap bulk chemical, is 

converted into D-malate in a simple one-step bioconversion: 

maleate hydratase 

o o c coo - COO 

H H 
H ' ' | 

OH 

- C H 2 - — COO 
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and the enantiomeric purity of D-malate produced by maleate hydratase is 99.97 % 

(VanderWerfetal., 1992). 

Purification of maleate hydratase from P. pseudoalcaligenes is complicated 

(Van der Werf et al., 1993). Besides, the stability of the purified enzyme is 

dependent on D,L-malate and protein concentrations. Higher D,i_-malate 

concentrations result in better stabilization of maleate hydratase activity with D- and 

L-malate being equally effective. Dilution of the purified enzyme (from 0.32 mg-cnrr3 

to 0.008 mg-cm-3) results in 80% loss of activity after 30 minutes at 30°C (Van der 

Werf et al., 1993). To overcome stability and purification problems, permeabilized P. 

pseudoalcaligenes has been used in the experiments described in the present 

research; intact cells do not convert maleate into D-malate. Permeabilization is 

assumed not to influence the activity of maleate hydratase and is assumed to lead to 

a more stable biocatalyst (Van der Werf et al., 1992). 

For purified maleate hydratase, Van der Werf et al. (1993) found competitive 

product inhibition. In the present paper, the kinetics of maleate hydration by 

permeabilized P. pseudoalcaligenes were studied. Under appropriate conditions of 

pH and temperature, a kinetic model featuring competitive product inhibition and 

biocatalyst inactivation was fitted simultaneously through two independent data sets 

of substrate concentration vs. time (Cs(f)-curves; each with a different initial 

substrate concentration). The effects of pH and temperature on the kinetic 

parameters were shown by measuring sets of two Cs(f)-curves at another pH or 

temperature, followed by simultaneous fitting again. 

MATERIALS AND METHODS 

Cultivation of P. pseudoalcaligenes 

One hundred milliliter of a sterilized mineral salts medium (30 min at 120°C; 

Hartmans et al., 1989) with 5 g/l of yeast extract (Oxoid) and 0.5 g/l of 

3-hydroxybenzoate (Acros Chimica) of pH 7 in a 500-ml erlenmeyer was inoculated 

with 1 ml of a pure culture of P. pseudoalcaligenes NCIMB 9867 (kindly supplied by 

the Division of Industrial Microbiology, Wageningen Agricultural University) and was 

statically incubated at 30°C. Growth was measured by following the OD660 with a 

spectrophotometer (Beckman DU 640). At OD660 « 0.4, approximately 80 % of the 

maximal cell density, the suspension was used to inoculate 1 liter of sterilized 
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