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Abstract: Table 1. Averages characteristic of 22 different processes
A certain number of reactions in the organic synthesis pose ~ Which refer to production campaigns where a solid
serious scale-up problems: on the other hand, other reactions ~ 'ntermediate or final product is obtained (mainly

create safety issues that must be addressed early during process pharmaceutlc?al) : : i i
development. The following work shows a statistical analysis aver?)%a yield “”'trggggﬂons U”'tv\?(f’riLat'ons
of different reactions in terms of kinetics and phases (solid— > P
liquid —gas). It also introduces an approach that permits a rapid 77 21 27

identification of these sensitive reactions so that a better
allocation of resources can be performed from the start of a
project. syntheses are favored as long as the product quality remains
acceptable. Table 1 shows the number of reaction steps in
comparison to the number of downstream operations of 22

different processes in production at Lonza.

The amount of workup and downstream operations is
comparable to the number of chemical steps (even slightly
higher). However, it is important to point out that down-
stream operations are a direct consequence of the reaction
steps. For example an increase of 10% yield during a reaction
means fewer side products and usually a less demanding

ized person/team (internal) or even an external consultantWOrkup procedure. Moreover, the reasonable average yield

to be applied properly. In such cases the amount of resourced " campaign (77%) indicates that a further optimization

attributed to a project might increase considerably. The prime poter]t|a}l remains during product|o'n. For thg sake O.f cIar.|ty,
question is: how can one optimize the allocation of resources"'C will limit this paper to the analysis of reaction-engineering

to projects and work with the different tools properly from ta_\spel;:t?ho?ly. Ne\;erth_teless, f(t)_r a complteée proce_s;js opé|m|za-
the start of a project? ion both types of unit operations must be considered as a

The following work introduces an R&D methodology that whale.
was elaborated to address such problems. It will also give
an overview of the different types of reactions that are present )
in the fine chemical/pharmaceutical sector based on Lonza's -@Poratory automate reactors can be separated into two
experience within the last 2 years. The reactions will be cl_asses. Some appa_ratqs such as the RC_—l (Mettler Toledo)
subdivided in three classes: semi-batch (rapid), semi-batch9V& much information in a single experiment. Other ap-
(moderate), and batch (slow). This classification will be the Paratus, such as the Flexylab (Systag), ReactArray (Anachem),
starting point of a reaction-engineering analysis and will set 2nd Radleys Carousel (Radleys), are very useful to conduct

the basis of design of experiments. parallel experiments. ) ) ,
The Lonza approach is to use the reaction calorimeter

(RC-1) as an integrated method in process development. This
tool is not used exclusively in the safety and hazard
department. When a process is transferred from a pharma-
ceutical company to Lonza, it is very useful to perform the
initial “familiarization” reactions with a RC-1. Basic infor-
mation is acquired that will influence the whole process
development. An ideal process development strategy is
presented in Table 2. The basic idea of this approach has
already been described in the literaflaad in a textbookR.

(1) Ainsworth, D.; Brocklebank, MChem. Eng2003,July, 42-49. However, we emphasize here the importance of performing

Introduction

Many tools are available for a process R&D chemist to
perform an optimization of a synthetic route designed for
production. By mentioning some of therdesign of experi-
ments (DOE), use of laboratory automates, on-line monitor-
ing of reactions, simulation tools—are all appropriate and
valuable tools. Some of these tools might require a special-

The Approach/Methodology

Importance of Reaction Engineering

A multipurpose plant is usually based on a train/stream
approach where a solid key reagent from a previous step is
introduced and a crystalline product is obtaidd@iroduct
isolation is a fundamental requirement of such installations
and entails unit operations such as ligaljuid extraction,
distillation, crystallization, washing, and filtration. To opti-
mize the number of downstream unit operations, multistep
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Table 2. Ideal process development strategy

exotherm

| early phase RC-1 (to get as much information as possible)

Il familiarization experiments with laboratory automates (optional)
Il design of experiments> screening (for example with ReactArray)
IV design of experiments> optimization (for example with Flexilab)
V RC-1

VI pilot production or large-scale production

StoicHbmetrical point

Heat flow [W] +

|
300

an early phase RC-1 before starting a DOE to obtain a basic 10%
understanding of a process in terms of:

NaOCI dosage: X
. 153 g in 60 min .

800 |
 Enthalpy 2. 153 g in 40 min 2
e Kinetics 3. 153 g in 30 min

« Mass balance 600

e Type of phases
This RC-1 evaluation belongs, in a certain sense, to the 40— 150 200 550 300
familiarization reactions at the beginning of a process Reaction progress [min]
development. Indeed, we would suggest to carry on with a Figure 1. Example of a class | reaction where a &C double
DOE when the chemical knowledge permits an anticipation bond is oxidatively cleaved by aqueous NaOCI catalyzed by Ru.
of a linear influence of the different factors. A screening 1N€ reaction is rapid and proceeds without accumulation T =
DOE which determines and weighs the effect of main factors §o|$i|iglﬂ(]8.lég\?ntf;3, starting reagent is a solid with a low
and interactions assumes that the system is linear. This is a
fundamental initial assumption that is sometimes difficult
to fulfill at the beginning. A typical example is the influence
of solvents. The reactivity might be entirely different in one
solvent, or its effect might be so dominant that it hides :
completely the other factors. Such nonlinear or black and g sof |
white effects at the beginning of process development must3 |
not be underestimated. Useful experiments are to performT 0-—- - :
two runs, one with all factors high and the other with all
factors low. As a matter of fact, experience and chemical ;
intuition play a most critical role at that stage. asoo
Nevertheless, if a chemist chooses to run the reactions ing 500
the traditional manner (one factor at a time) one must gain E 400
as much information as possible in one single run. In such € 00|
situations it is not economical to continue working in the «
RC-1, and a high level of laboratory automation is required. T e i o 1w o 310
Indeed, a lot of information found with the RC-1 can be Reaction progress [mir]
obtained in a qualitative manner with less expensive labora- rjgre 2. Example of a class Il reaction where a solution
tory automates such as the LabMax (Mettler Toledo), treated with ozone is quenched into a methanol/dimethyl
Syntalab, and Midilab (both Systag). Parallel laboratory sulphide solution. The temperature T = 25 °C) is critical in
automates (Flexilab, ReactArray, etc.) are also useful hereSuch a way that lower temperatures favor high accumulation
to speed up development. In our case, any chemist Whoo:Otdwﬁittsand higher temperatures favor formation of side
wishes to upgrade his laboratory to a modern facility can P ' L L .
receive or work with such an automate. that the reaction is not completed or that major side reactions

Reaction Overview. When running a reaction in the are takm_g plgce. N .
RC-1, the enthalpy of reaction can be measured quite .OverV|eW|n Terms of K"."e“cs- The_m{:un advap tage of
precisely. This enthalpy is usually a mix between heat of using a RCl however, is to obtain mformgtlon about
mixing and heat of reaction. If we assume that heat of mixing reaction k!netlcs. With the he.Ip of RC-1, reactions can be
does not play a significant role (this is not always true), the classn‘led'ln one of th? foIIovymg classes: .
experimental enthalpy can be compared to the theoretical I._Seml-b_atch reactions with no accumulation of energy
value that is expected for the type of reaction under sfudy. (rapid reactions, Figure 1).

A significant difference between both values might suggest . Sem|-batch react_|ons with accumulation of energy
(moderate reactions, Figure 2).
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(2) Owen, M. R.; Luscombe, C.; Lai, L.-W.; Godbert, S.; Crookes, D. L.; [1l. Batch reactions or semi-batch reactions with more than
Emiabata-Smith, DOrg. Process Res. De2001,5, 308323, 70% accumulation of energy (slow reactions, Figure 3).

(3) Erikson, L.; Johansson, E.; Kettaneh-Wold, N.; Wikstrém, C.; Wold, S. . . .
Design of Experiments. Principles and applicatipdsnetrics: Umea, 2000. Class I reactions show no heat accumulation, i.e., the heat

(4) Bender, CI:.: Muiller, M.; Conrad, D.; Vl\)/altrr]wer, C.-bD.; Berthold, W.;IGlor, signal is a function of the dosage speed and reduces to zero
M.; Wandrey, P.-A.; Mix, K.-H.; Steinbach, J.; Eberz, A.; Stoessel, F. In i : . S :
Ullmann’s Encyclopedia of Industrial Chemistrwiley-VCH: Online when dosage I.S mterrumed (F'Qure l)' This defmltlonlls’ of
article, 2000. course, a function of the dynamic response of the calorimeter.
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Figure 3. Example of a class Ill reaction in which an
intramolecular aromatic ring condensation takes place
(Knoevenagel-type reaction catalysed by NaOH). A key reagent
is dosed at 55°C, and the reaction is started by heating the
reaction mixture to 75 °C.
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Figure 4. Analysis of 86 different reactions which were
characterized in the RC-1 prior to being transferred into pilot-
or large-scale production. The reactions are classified in one
of the defined classes.

Batch (slow}, Class [l

occurs. In case of unexpected behavior the dosage is simply
interrupted.

Each reaction class has different fundamental attributes
that must be addressed in a different manner. Class | reactions
have the potential to be very sensitive to scale-up. Typical
relaxation times for micromixing are in the range of less
than 1 < If we recall that class | reactions are completed in
less than 3 min, there is a high potential for them to lie in
the mixing controlled domain. For such an analysis (Figure
1), it is important not to use the end accumulation as an
indication of the reaction kinetics. At that point (close to
stoichiometry) side reactions might play a dominant role
related to a different mechanism.

On the other hand, class Ill reactions accumulate most
of the heat potential; they might create safety issues during
scale-up that must be addressed early during process
development. In such a case, dynamic simulations might be
required to investigate different case scenarios to enable safe
and efficient processésThese simulations will only be
possible if an appropriate kinetic analysis has been under-
taken during the laboratory development. Such analyses are,
however, experimentally more demanding than simple DOE
modeling.

Within class | and class Il reactions, not all the reactions
show mixing limitations or safety issues (roughly less than
20% or 10%, respectively, based on all the reactions studied).
For example, several batch processes are simply performed
at reflux where the reaction heat alone cannot sustain solvent
boiling (a need for an external heat source). In such a case,
however, an in-process control is required to ensure reaction
completion before any further workup stage in order to avoid
unexpected accumulations. For the rapid reactions (class 1),
mixing limitations should be addressed early during process
development as, for example, in a screening DOE.

Overview in Terms of Phases (Solig-Liquid —Gas).

The picture becomes more complex when the different
reaction phases are taken into account. The importance of

From experience, we assume with the RC-1 that a reactionynis aspect is even often underestimated by the chemist. As
completed in less than 3 min shows no accumulation (within shown in Figure 5, less than 25% of all reactions are fully

the typical laboratory dosage rate, see Figures 1—3).

homogeneous, and the majority has to deal with some form

Class Il reactions show heat accumulation, i.e., not only s heterogeneity. The most important heterogeneity is the
does the heat signal depend on the dosage rate, but also gresence of solid phases whether as reagent, catalyst, or
certain amount of reagent accumulates and reacts after theproduct (63%). Reactions involving a gas are important

end of the dosage (Figure 2).

(30%), and hydrogenation (ca. 15%) is the most frequently

Class Ill reactions exhibit high accumulation of energy, |,geq single reaction unit operation.

i.e. most of the heat. potgntial evolves after the dosage (_Jf In analogy to the previous analysis, Figure 6 presents the
reagents (accumulation higher than 70%) or the reaction isyyo gpposed reaction-engineering scenarios that should be
run batch-wise (Figure 3). A batch reaction can be started considered during process development. An estimate of the

by increasing the r'eaction. temperature or intrgducing @ maximum reaction speed (Figure 6 (left)) that could be
catalyst. Autocatalytic reactions, where an induction period expected can be evaluated by considering experimental
is observed before the start of reaction, would also be sorted.rejations for the different mass transfer coefficients (

into class . _ _ _ in s71, k in (s*m)Y). Recent reviews of these correlations
Figure 4 shows the analysis of 86 different reactions that -5 pe found in the literatufe® The maximum reaction

were characterized in the RC-1 prior to a technical transfer rate (rin mol/s) that is theoretically possible becomes a
into pilot (or large-scale) production. It is interesting to note

that more than 70% of all reactions are run in a semi-batch sy quittmann, w.; Roberge, D. M.: Bessard,3tg. Process Res. De2004,
modus (classes | and Il together). Indeed, this modus permits 8B,1036—10F:11- o fes. b o

a very good reaction control and ensures that the reaction (&) Bourne. J. ROrg. Process Res. De2003, 7, 471 508,

) . (7) Landau, R. N.; Blackmond, D. @hem. Eng. Progl994,November, 43
can be safely scaled up provided only a low accumulation — 4s.
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Figure 5. Analysis of 86 different reactions which were
characterized in the RC-1 prior to being transferred into pilot-
or large-scale production. The reactions are classified in terms
of reaction phases (solig-liquid—gas).
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Figure 6. Two opposed reaction engineering scenarios that
should be considered during process development.

simple function of the mass-transfer coefficient and the

solubility (concentratiorC in mol/L) of the limiting reagent

(approximation, for accurate values the Hatta number must

be considered):
r=k,CV or r=kaCV

(whereV = volume in L anda = specific surface area in
m2/msd).

The kinetics of class | reactions can vary from a few
milliseconds (mixing controlled) up to approximately 3 min.
Their exact evaluation requires the use of sophisticated
methods such as stopped-flow mixing appar&tideverthe-
less, three solutions will be mentioned to study the influence
of mass-transfer limitations in more detail.

(1) The use of microreactor technology has proven to be
a very efficient tool to study micromixing in our laboratory.
The contribution of such a technology to process develop-
ment has already been mentioned in the literattire.

(2) The use of a small reaction calorimeter with a very
fast dynamic response is a direct alternative. A good example
is the use of a power compensation calorimeter with
integrated Peltier elements eliminating the need for calibra-
tion.t®

(3) However, the most pragmatic way to study mass-
transfer limitations is to simply integrate the analysis into a
screening DOE. These aspects should be integrated into the
process R&D and not just when the reaction is mature to be
transferred to production.

Design of Experiment.A DOE shall be performed when
the chemical knowledge permits an anticipation of a linear
influence of the different factors/parameters. As a rule of
thumb, this condition is usually satisfied when key param-
eters such as solvent, type of catalyst, reaction class, and
phases are defined. From our point of view the use of a
screening DOE is the most efficient way to proceed forward
in a project development. A list of arguments to use DOE
has been publishétibut we would like to emphasize two
major advantages:

o Parameter interactions can be estimated; this is only
accessible by the use of a design matrix.

o A rigorous statistical interpretation is obtained which
reveals the quality of the experimental data.

Table 3 shows a list of different factors that have potential
influence on the reaction. This list is not intended to describe
all possible cases. It just emphasizes the need to look at the
process differently, depending on the reaction class.

In comparison to that, the actual reaction rates for class  The factors that potentially show a nonlinear trend are
Il and class lll reactions can be estimated with the RE-1.  the qualitative factors presented in Table 3. These factors
The comparison of both values indicates where the reactiongre ysually fundamental parameters that can strongly influ-
is located on the axis of Figure 6 and gives an idea of the gnce the chemistry. By inspection of 10 different DOE that
influence of mass-transfer limitations. From experience, \yere performed recently, three “classic” factors are almost
however, class Il reactions that are mass-transfer limited areg\ways included in such designs, namely: stoichiometry of
relatively rare. For example, Figure 1 shows a seliduid reactants, temperature, and concentration (or dilution) of
reaction where the solubility of the solid reagent in the liquid gypstrates and reagents.
phase is only 0.8 wt %. Even under such a low solubility,  The |jst of factors for class | reactions is important. All
the RC-1 results show typical results for class | reactions. these factors are known to influence to a certain extent the
Class Il reactions can become mass-transfer limited whenyass-transfer limitatiorfsA rigorous choice of the appropri-
the concentration of the limiting reagent is very low. aie factor has the capability to identify mass-transfer limita-

However, this is often true for hydrogenations in organic tjgns by the use of DOE. On the other hand, for class IlI
medium, but this subject should be treated somewhat

differently 12

(12) Fogler, H. SElements of Chemical Reaction EngineeriRgentice Hall:
Upper Saddle River, 1992.

(13) Roessler, A.; Rys, -Chem.-Ztg2001,35, 314—323.

(14) Wérz, O.; Jackel, K.-P.; Richter, T.; Wolf, hem. Eng. Sci2001,56,

(8) Tatterson, G. BFluid Mixing and Gas Dispersion in Agitated Tanks
McGraw-Hill: New York, 1991.

(9) Doraiswany, L. K.Organic Synthesis Engineering; Oxford University 1029-1033.
Press: New York, 2001. (15) Zogg, A.; Fischer, U.; Hungerbuhler, kad. Eng. Chem. Re2003,42,
(10) Zlokarnik, M.Stirring. Theory and Practigé/Niley-VCH: Weinheim, 2001. 767—776.
(11) Gigante, L.; Lunghi, A.; Martinelli, S.; Cardillo, ®rg. Process Res. Dev. (16) Lendrem, D.; Owen, M. R.; Godbert, Srg. Process Res. De2001,5,
2003,7, 1079-1082. 324-327.
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Table 3. Potential factors that should be considered in a DOE; the importance of each factor should be weighted as a function
of the reaction class

class | class Il class Il
reactant concentration dosage rate (accumulation) reaction time
stirrer type temperature (accumulation) temperature
stirrer speed reaction time (aging) reaction enthalpy (uncontrolled)
dosage position and type product stability (uncontrolled)

particle size (solid—liquid)

use of sparger (gas—liquid)
amount of catalyst (if applicable)
viscosity (uncontrolled)

classical factors: proportion (stoichiometry) of reactants
reactant concentration or dilution
temperature
pH (if applicable)
dosage sequence

formulation factors: solvent proportion (if cosolvent)
ratio of phases (organic, ageous, if applicable)
salt concentration

qualitative factors: type of solvent
type of acid/base
type of active reagent (reducing agent, oxidation chemical, etc.)
type of catalyst

reactions the determination of the right reaction time is  The reaction should now be ready to be transferred to
usually essential. Moreover, an additional concern arises inlarge-scale production. This analysis can be completed with
terms of safety due to the complete heat accumulation. Thea test for robustness. In addition, after the optimization a
temperature plays a significant role for class Il reactions in safety test using the RC-1 remains imperative; the conditions,
such a way that it directly influences the accumulation. kinetics, and enthalpy might have changed from the initial

Higher temperatures favor less accumulation and cause theprocess.

reaction to be safely controlled. Conclusions

The dosage rate is usually not open to much variation in Reaction calorimeters and automated reactors with a
large-scale production. Semi-batch reactions are usua”ydesign of experiment approach (DOE) should be a central
performed at constant temperature, and the maximum coolingpart of process development. To speed up the DOE the use
c_apacity determines the dosage time. Details of such_c_alcula—of high throughput automates such as the Flexilab and
tions can be found elsewhereOptimal feed-rate policies  paactarray turns out to be imperative. To gain widespread
were also analyzed in depth, but constant dosage speed ang entance of DOE, good training and education of chemists
isothermal control remain the preferred stratégindeed, g needed. This is also true for reaction engineering aspects
I IS interesing to note that an |sothermal strategy _C(_)mblned such as mass-transfer limitations due to its potential interfer-
with a cascade temperature control is a very efficient and g ce in process development (class | reactions).
probably the most pragmatic method to control the process. |5 contrast, specialists should be strongly involved once
Moreover, cascade controls are found in most modem j reaction has been found critical in terms of mass transfer
facilities, and in that case, for throughput maximization, the |imitations or in terms of safety issues. However, such
maximum allowed temperature in terms of selectivity should g;yations, where a specific knowledge is required, remain
be determined. limited (roughly less than 30% of cases). Empirical modeling,

A screening DOE determines the most critical factors and g,ch as a DOE, is a very pragmatic and efficient way to
sets high/low values for the others. The most straightforward ayoid dynamic simulations that are based on a detailed kinetic
way is to continue in the same direction and perform an analysis. Mainly, the critical reactions in term of safety
optimization with the most critical factors. Here, too, many should be addressed in this manner.
arguments speak in favor of such a procedure and by A practical example of the application of this approach

mentioning just a few: is presented in ref 5.
» A response surface model is obtained that indicates the

true maximum of the process.
o The profile or contour of the maximum is revealed and
tells if this maximum is broad or narrow.
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