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ILLUSTRATED CONTENTS.

Solid/gas biocatalysis, is based on a
total thermodynamic control of the
reactions, compared to liquid
systems. With this system, involving
a biocatalyst as a solid phase acting
on gaseous substrates, it is possible
to modulate and to study the effect
of each component present in the
microenvironment of the catalyst.
Solid gas catalysis appears also as a
new clean technology for better
bioprocesses.
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SUMMARY.

Solid/gas biocatalysis appears today as a promiggatnology for fundamental
research and for the development of new cleaneistndluprocesses. The use of enzymes or
whole cells at the solid/gas interface appears ocomcurrent to liquid processes and presents
some very interesting features since total thermadyc control of the system can be
achieved easily. Moreover, on a technological pofntiew, solid/gas systems offer very high
productivity for minimal plant sizes, allow impontareduction of treated volumes and permit
simplified downstream processes.

These advantages result from the ability to conprekisely all the thermodynamic
parameters influencing not only the kinetics of thactions performed, but also the stability
of the biocatalysts working in a continuous way tamperatures far higher from the
temperatures encountered in nature.

In this article, an overview of some existing syséeand application of solid/gas
technology to fundamentals studies related to tifeuence of the microenvironment on
biocatalyst is given. The potential of this pecubsistem, and examples of applications that

should get benefits of the technology are presemeein.
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INTRODUCTION.

Non conventional enzymology cannot only be resurntedhe use of enzymes in
monophasic organic systems. During the last decades technologies in the field of
enzymatic catalysis have been developed, such agphadic systems, micro emulsions or
micellar systems. Lately, the use of supercrititatls or solid/gas catalysis have been tested
and implemented for new biotechnological processes.

Solid /gas catalysis presents many advantages cethpa other systems.€. liquid,
mono or biphasic ones). Its strength results froenpgossibility to obtain very high conversion
yields compatible with a high productivity for amnal plant scale, considering that: mass
transfers are more efficient at the solid/gas fatar, enzymes and cofactors are more stable in
systems with restricted water availability, probseat solubility of substrates and products do
not exist, the use of solvent can be avoided.

Moreover, because the solid/gas catalysis is synong with the use of higher temperatures,
microbial contamination of the bioreactor can beided.
Finally, the downstream process is simplified doi¢hie absence of a solvent phase and the

scale-up operation for such a process is simpletaltlee use of a gaseous circulating phase.

Although this system presents very interesting uiest, the technology in which
biocatalysts are suspended in mixtures of substratel water vapors remains relatively
unexplored in contrast to those where enzymes aceg@ldirectly in aqueous or non agueous
solvents. One of the major result obtained fromtfgtudies on such systems, was to prove
that biocatalysts, traditionally functioning in digl systems, were able to bind and to
transform molecules present in a gaseous phase #irece was only one example of an

enzyme acting on gaseous substrates, reported Iitd¢hature.



Hydrogenase is a unique enzyme whose substraf@ssous hydrogen. Yagi and
collaboratorshave clearly demonstrated that hydrogenase idhstate binds the hydrogen
molecule and renders it activated, resulting inapgdrogen-orthohydrogen conversion,
whereas, aqueous protons do not participate ingetion mechanism.

In a subsequent paper Kimusiaal,? proved that, using purified hydrogenase, it wassjine
to obtain not only the conversion and exchangetieas, but also the reversible oxido-

reduction of the electron carrier, cytochrome c8,.

From the middle of the 80’s, examples of gas/ssyistems using either entire cells or
isolated enzymes were reported in the literatueeya@hstrating that solid/gas biocatalysis was
also possible with enzymes usually acting on licgufstrates. These systems were involving
either isolated enzymes or whole cells for monanailti steps reactions. Different isolated
enzymes were tested successfully such as the hisesedehydrogenade the Sulfolobus
solfataricus dehydrogenadethe Pischia pastoris alcohol oxidast®, the baker’s yeast alcohol
dehydrogenadand finally lipolytic enzyme&™*2
Entire cells were also used in solid/gas system& sisdMethylocystis sp™°, Pseudomonas
putida'®, Saccharomyces cerevisiae™ or Rhodococcus erythropolis™, mainly for the bio

remediation of VOCs polluted gases.

This research area led to the definition of newtiomious cleaner processes for single
or multi steps biotransformations, involving eithenzymatic solid/gas bioreactors or
microbial set-ups. Nevertheless, as briefly desctibelow, efficient thermodynamic control
of the different operating parameters appears &rugi order to rationalize the kinetics of

biocatalysts in solid/gas systems and to stahilizee systems for larger scale applications.



Operating solid/gas systems:” the water activityradox”.

The impact on biocatalysis of very high substratecentrations or of the addition of
organic solvents in liquid systems have been extelys studied in the last decades.
Numerous publications reported the effect of physicemical modifications of the
microenvironment onto catalysis and stability okynes in non conventional media, and
consequently highlighted the importance of wateeonymatic catalyst$™

In 1985, Draproff made the following recommendation: "... Observaioon
enzymatic transformations in food of low water @itwere in some cases concerned with
the activity of enzyme multisystems in which miaalbgical and chemical reactions may be
involved. In this case it was often difficult tofférentiate between enzymatic and non
enzymatic influences. Sometimes, only the absoldeer content was taken into account,
although it is now clear that these phenomena testlated to the state of water which is
described by the water activityy@ of the medium. Thus, the enzyme activities amgekcs
could not be obtained, regardless of whether water involved as a reactant (hydrolysis) or
in an other way..."

and he concluded by the following :"...Although wme activity in media with low
water content generally has different propertiethtd observed in dilute aqueous solutions,
the classical laws of enzymes kinetics seem topipdicable. However, it is necessary to take
into account the thermodynamic state of water whicka fundamental factor influencing

enzyme activity in low water content media”.

Thus, water activity was reported to be the keyapwater in non conventional
biocatalysis. Consequently, the effect of wateivagtonto catalysis and stability constituted,

in most of the published works, the core of all shedies devoted to solid/gas biocatalysis.



Ethanol oxidation in gaseous phase in batch eescisingPichia pastoris alcohol

oxidase reported by Barzasgal,>®

showed that dehydrated enzyme immobilized on DEAE
cellulose or on controlled pore glass beads was tabbxidize methanol and ethanol vapors at
elevated temperatures, in absence of water in diseppase. Nevertheless, the study on the
effect of the water activity showed that enzymavégtin the gas phase increases by several

orders of magnitude, whereas the thermostabilirefeses drastically when water activity

(ay) is increased from 0.11 to 0.97.

Similar conclusions were drawn from the studiesatmohol dehydrogenases in a
solid-gas bioreactor for alcohol and/or aldehydedpction®* using alcohol dehydrogenase
and NAD" (or NADH,H") co-immobilized into albumin-glutaraldehyde porcpaticles in
batch and continuous fed column reactors. An aldehgduction was coupled to a second
alcohol oxidation in order to regenerate the caflact

As well, water activity was the key parametertudges concerning other types of
enzymes tested in solid-gas reaction such as Bpasesterase€andida rugosa lipase and
other esterolytic enzymes coated on glass feads suspended in mixtures of substrates and
water vapors over a range of water activity from60td 1 showed the ability to perform
different reactions, and the extent of reactiors w#assified in the following order, for

decreasingg values:

hydrolysis > alcoholysis > ester exchange > estatibn.
Robert et al*? showed the relationships existing between wateivig; the
hydration state characterized by the sorption isathef the catalytic preparation and the
activity /stability of a lipase used in a contingosolid/gas system for a transesterification

reaction.



Water activity effects were also extensively stddifor solid/gas systems
involving whole cells as catalysts. Fifteen yeags,ahe, epoxidation of alkenes by bacteria
has received many attention, in view of the possgisbduction of certain epoxides by mean
of a biotechnological process. A solid-gas bioreatias been used to promote a rapid and
continuous removal of the toxic ethylene oxide fribra environment of the immobilized cells
of Mycobacterium Py 1 in alginate beads and on sand. The conversiooropylene or
ethylene to the corresponding oxide was performgd lmono-oxygenase system needing
molecular oxygen and NADH,Hor NADPH,H. The cofactor regeneration was reported to
be possible through endogenous respiration. THaeinfe of immobilization and reduced
water activity was studied, on gaseous-alkene oiday the same type of organism in a
solid-gas bioreactor by Hamstgal.?* Similarly, continuous production of propylene aid
was successfully demonstrated using a simple g@algd-heterogeneous bioreactor with
Methylosinus sp CRL 31 coated onto porous glass bédrking at 40°C at an optimal
water activity of 0.7.

VOCs removal in polluted gases was the second mmagearch topic developed
involving solid/gas catalysis. Trichloroethyleneednequent gaseous contaminant, has been
shown to be degraded by immobilized resting cellSlethylocystis sp M in the same kind of
reactor® The catalytic activity was found to decrease rigpis water activity was lowered.
Alcohol oxidase activity of extruded pellets Bichia pastoris has been tested for vapor
phase oxidations by Duff and Murfdyat different water activities to the end of protion

or removal of organics. More recently, Eralse al'®

reported the use drRhodococcus
erythropolis cells for the dehalogenation of chloro and brorkares and studied the effect

of water activity on stability and catalysis.



All these examples briefly listed above, dealinghvthe influence of water activity on

biocatalysts in solid/gas systems constitute “tlagewactivity paradox”.

While the authors in their majority noted that thegree of conversion, the observed
reaction rates, and the catalyst stability were lgighfluenced by the hydration state of the
biocatalyst and concluded to the crucial impadhefwater activity, all the other constituents
(substrates, products, effectors...) were charaet@iiz terms of volumetric concentrations or

partial pressures but rarely in terms of thermodyioactivity.

Surprisingly, for many years the use of the therynadhic activity was recommended
for quantifying the substrate availability in noaaventional media, such as liquid organic
media®>?® Indeed in such media, the “availability of sub&rto the enzyme” cannot be
guantified using its concentration mainly becausbstate solvation is modified as the
reaction medium changes. Replacement of concesrigatf species by their thermodynamic
activities in liquid media requires the knowledgelwdir activity coefficients y values). This
is far from being straightforward, as 1y)values depend on molar ratios of other species
present in the medium and 2°) methods used to atithese values such as UNIFAC group
contribution method are often called into question, as sources ofcimaxy?>2%°

In the solid-gas technology however, thermodynaaaitvity of each compound can
be precisely determined by calculating the ratithefpartial pressure of the compound in the
gas to its saturation vapor pressure at the wortengperature. As explained below partial
pressure is obtained from molar composition ofithet gas and the total pressure, assuming
that a poorly charged inert inlet gas can be cemsaias an ideal gas.

Moreover in solid-gas reactors molar fraction of thfferent species in the inlet gas can be

chosen independently. As a result thermodynamiwiges of the different species can be



fixed independently very easily. This constitutesignificant advantage over solid-liquid
system, in which reaction species and solvent mivkations are linked together and for

which totally inert liquid solvents do not exist.

Since total thermodynamic control was easily actbevan solid/gas systems, the
concept of working at controlled thermodynamic\attifor all the constituents only aroused
in the mid 90's"® Thus, this thermodynamic approach allows to inaprihe control and then
the understandings on solid/gas systems. It is miear that the ability to control
independently each thermodynamic activity consiguthe major advantage of solid/gas
systems, as it will be discussed later in this pape

Then, solid/gas systems represent a powerful adohvestigation concerning the
relationships existing between biocatalysts and théroenvironment, and its influence on

catalytic activity and stability.

THEORY AND PRACTICE.

The advantage of solid/gas catalysis: a system Wwhpermits independent control of the
thermodynamic activity of the different chemical spes in the microenvironment of the

catalyst.



If one considers a solid/gas bioreactor based opaeked bed, the following
representation can be done, as depicted on figufaen, very simple parameters, controlling
the thermodynamic activity of each compound cardsly identified.

The inlet gas will be characterized, by its molamposition, the inlet temperature and the
total pressure of the system. For poorly chargex] ifimne assumes that it can be considered
as an ideal gas, these few parameters allow a evenglefinition of the thermodynamic
parameters of the gas entering the reactor.

While the molar composition of the inlet gas andttital pressure are known, it is possible to

calculate easily the partial pressure of each campdPp, ), resulting from the following
equation:

Pp, = M Pa=—QX Pa

X
ntotal total

assuming thain, is equal to the number of moles of X in a fini@sgsolume containing a
total of n,,, moles at the absolute pressureRaf. For continuous systems, the molar flGwv
can be used instead af. Then, the thermodynamic activity() can be calculated, by using

the saturation pressure of the pure compound, rddafrom the saturation curves at the

temperature of the gas stream, &s described in figure 2 and using the follonaagation:

__Pp
Ppsat,

X

Two main strategies can be used for creating avasfixed thermodynamic activity,
based either on the saturation by an organic mtdemfua carrier gas or by vaporization of
liqguid molecules using a liquid/gas flash operationan inert carrier flow. The reactors

described in the literature use in their majoritg first approach, and simple calculations and

controls allow a precise control of all the opergtparameters of solid/gas systems.



If one considers the following bioreactor (depictadfigure 3) in which, different saturated
gases are mixed for the realization of the fina, dhe control of operational parameters can

be realized as indicated below.

Creating a gas: the saturated gases mixing techrequ

One can assume that a carrier gas, after bubblirgsubstrate solution at controlled
temperature, is in equilibrium with the liquid pband so, the partial pressure of the substrate
in the gas leaving the saturation apparatus isléquhe vapor pressure corresponding to the
saturation pressure above the pure compound aka tgmperature. In order to calculate the
composition of the gas, the different molar flows €ach compound (carrier + substrates +
water) have to be known. The molar carrier flowacleline is calculated when having access

to the volumetric normalized flows ( 273,15 K, inqfof carrier gas used for saturation:

_ Quy, normalized

vo= mol/h for T=273.15 K
Qn, RT ( )

Then, with the knowledge of the molar flow of therer gas it becomes possible to calculate
the different molar flows leaving the saturatioasks by the formula using the saturation

pressure:

Ppsat
a— Ppsaty )

Qx = QL. " (mol/h)

with Ppsaty determined at the temperature of saturation

After mixing the different lines, the partial prass of each compound in the gas entering the

bioreactor is determined using:



Ppy = B S Pa (atm)

n

2. @QF, +Q%)
1
and the activity of each compound in the reactagests calculated as follows:

_ Ppg

X

with Ppsaty determined at the temperature of the bioreactor.

n

Ppsat
Assuming that the applied conditions are far frdra tritical temperature and the critical

pressure for each compound, and by applying thel igles law P.V = n.R.T, one can have a

good estimation of the total volumetric flow and theidence time in the bioreactor.

RTY QL +Q0)

QViga = P (I/nh at the temperature of the bioreactor in °K)

Creating a gas: the vaporization of organics in arcier gas technique.

When a liquid/gas flash vaporization techniquehissen, then a precise control of the
different molar flows of each molecules enteringtie composition of the gas must be
realized. Figure 4 describes a solid/gas setuphichw liquid substrates, water and nitrogen

are injected in a flashing unit for the realizatifrthe gas®

Then, thermodynamic control is realized, by caltatathe different partial pressures based
on the different molar flows. WhileQ, and Q; are well known, then
Qua = Qu, +Zn:QQ can be determined and partial pressures can belat@d easily by the

1
following equation,

Ppj = >

Pa

total



and thermodynamic activities are calculated, acogrth equations previously described.

Although the system brings a better control oftiedar flows of substrates compared
to the previous system described, care must bentakeorder to insure a complete
vaporization of the different molecules injectedhe system. To this end, saturation pressure
curves (Vapor Liquid Equilibriums) have to be knofan defining the minimal temperature
that has to be used at the flashing level. Thistpzan be considered as a bottleneck, since in
some cases, the use of very high temperaturesepagsent a serious constraint. Nevertheless,
this problem can be solved by performing solid/gatlysis under reduced pressure. This
strategy offers multiple advantages for the uséoonfer chain length compounds or for the
improvement of productivity. The use of reducedsptege allows a important enrichment of
the gaseous phase in reactants while minimizingtlyrehe carrier gas needed and the

required flashing temperature.

Variations of working absolute pressure: an easyyma improve solid/gas systems.

As an example, one can compare the effect of presso a simple theoretical
transformation.
Considering a simple transformation of X to Y cadriout at 100°C and=a,=0.1, with a
saturation pressure of X at 100°C of 0.2 atm and atm for water; boiling point of X is
200°C at 1 atm, theriRpx will be set to 0.02 atm an@pyy will be 0.1 atm in the inlet gas.
The total molar flow will be 100 moles/h, and tleaction will be carried out at two absolute
pressure, 0.2 atm and 1 atm.

The characteristics of the two gases are summainziadble 1.



The benefit of a reduced absolute pressure is dleanly established, since the gas at
0.2 atm is highly charged in X molecules, while thi'ogen consumption is divided by a
factor of 2.2 for a productivity increased by atéacof 5 compared to the system functioning
at atmospheric pressure. Flashing temperaturesis awered by the use of a reduced
pressure, thus minimizing the energy requiredtice operation.
Nevertheless, if one compares the two systems aaime productivity level, the advantages
of the reduced pressure is still significant. Whd&l volumetric flow and molar flows for X
and water will be the same in both cases, the red@mount of nitrogen will be now 5 times
lower at reduced pressure. Thus, nitrogen consomii divided by a factor of 11 compared

to a system at atmospheric pressure for the saouigtivity.

The use of solid/gas systems functioning at redupesksure is also of great
importance considering the step following the getal consisting in the recovery of the
products. If one considers now that after catajytbis gas stream is cooled at 10°C under an
absolute pressure of 1 atm for the recovery optiegluct Y, and that saturation pressure of Y
at 10°C is 0,01 atm, then, the system depictedgumnd 4 allows a better recovery of Y, while
it is very low for the system depicted on figure 3.

If all X is transformed into Y, then, on both sysi® the gas at the outlet of the reactor will
have the following characteristics at the steadyesPpy20= 0.1 atm,Ppx=0 atm,Ppy=0.02
atm.

Prior the cooling operation, the gas on system rdest on figure 4 will have an
absolute pressure at the outlet of the vacuum pomp@ atm. Then, in this case, the
characteristics will be prior the inlet of the conder:Ppu2= 0.5 atm,Ppx=0 atm,Ppy=0.10

atm sincePa is multiplied by a factor of 5.



Once cooled at 10°C, the condensation will takeelavhile the partial pressure of Y is
higher than the saturation pressure of Y at 10°QusT the efficiency will be completely

different in the two cases. For the reactor workatgatmospheric pressure, only 50% of Y

will be condensed£2 —Pgﬁ)sat Y = 0-0%_030120.5) while 90% of Y will be condensed

( Ppv—Ppsaty
Ppy

—0-16 2-01=O.9) for the system working at 0.2 atm.

Absolute pressure then appears also as cruciaémapetrature for optimizing such
systems since thermodynamic properties of gaseshigtdy dependent on Pressure and

Temperature parameters.

Thermodynamic activity and the hydration/solvatati@quilibrium of the catalyst.

When using thermodynamic activity, care must enasince this is an equilibrium
parameter. Hallint illustrated clearly the equilibriums existing innaultiphasic system. In
solid/gas systems, the equilibrium between thedsofiase and the gaseous phase is crucial,
since it defines the true solid/gas character.

Any solid phase, when placed in a gaseous envirahgantaining a chemical species
at a given thermodynamic activity, will be ablepdading on its physico-chemical properties
to adsorb molecules up to reach an equilibrium.

Likely to water, any compound can compete for saasorption sites onto a biocatalyst thus
having different interaction states and levels.

Experiments performed by Yang and Rupfeselated to the interactions of water
molecules with solid proteins brought numerous Iggits concerning the processes involved.

They showed that the hydration of lysozyme was @ueetial process, with a controlled



distribution of water molecules onto the proteiry &sing a micro calorimetric technique,
they followed the evolution of the specific heap(ﬁf a powder of lysozyme under different
hydration conditions. The results, presented omréigs allow to distinguish between 4
regions.

By taking into account the difference between thebgl G, and the ¢ of lysozyme and
water, they gave the following description of tleggence of events taking place when raising

the water content of the powder :

in region IV, the ¢ of water is very close of the one of ice, tradgca very high

organization degree. They also observed a lot ofoprexchanges between water and

the ionic groups of the protein.

- region Il corresponds to the binding of water ncoles onto amines and carboxylic
groups. The variation of gclose to 0.25g pO/g protein corresponds to the complete
coverage of sites involved in H bonds, and to timukaneous appearance of less
structured water molecules.

- in the phase Il water still continues to cover t®tein but without any specific

interactions.

then, region | corresponds to a protein in aquaoligion.

This interactions can also be characterized bylgtermination of the isotherm sorption curve
of the solid preparation (figure 6), by plottingetiariation of water content versus the water
activity as reported by Draprhand Hahn-Hagerd&f.
Typically, isotherms present two characteristicalirgoints (A and B) corresponding to two
important states of water.

- Before the point A, the water is highly structur@dater molecules are located on ionic

groups and polar groups. They constitute what vealee called the first hydration



"layer". The point O corresponds to the tightly bduwater (or structural/buried

water).

- Between A and B, the water content changes inemfimay while increasing the,.at
corresponds to the formation of new hydration layd@ihe protein dissolve molecules
of water, thus forming a solid solution.

- The point B corresponds to the appearance of fraeerwOnce the water activity is
higher than the abscissa value of point B, an aga@base exits, with lots of water
molecules having no interaction with the proteineTpoint C corresponds to the total

guantity of non solvent water.e. structured by the solid sample.

Since each molecule present in the gas phase evilblte to compete for adsorption onto
the catalyst, isotherms resulting from the use aftintomponents systems may greatly vary
depending on the thermodynamic activities usechéngaseous phase. This competition for
adsorption onto the solid seems to be the key fatetstanding the observed effects on

catalytic activity and stability as it will be disesed in the following part of the present paper.

Moreover, considering that thermodynamic activityan equilibrium parameter, care must
be taken in order to insure that the exchangesobdécules between the different phases are in
a steady state, and that a set of thermodynamigesatiot not lead to the appearance of a
liquid phase by modifying the global isotherm o goreparation, resulting in the definition of
a solid/liquid/gas system. Some systems, reportedsa@id/gas systems were in fact

solid/liquid/gas systens.

FUNDAMENTALS APPLICATIONS OF SOLID/GAS TECHNOLOGY



The possibility to determine intrinsic kinetic arattivation thermodynamic parameters
Liquid enzymatic reaction systems can be said twist of three components : the substrate,
the protein and the solvent. These three compometetsct and it is their overall interactions
that determine the efficiency of the catalysis. Effects on catalysis and the differential
activation parameters from each of these comporaatsomplex and highly interdependent.
In the solid/gas enzymatic systems the addition smivent is avoided and the
microenvironment of the enzyme is solely composesubstrates and products molecules. It
is therefore possible to measure enzyme activitghmn absence of predominant species,
contrary to liquid systems in which the solvent stttntes by far the most important molar
fraction. The presence of such large quantitiesabfent molecules in liquid media renders
the interpretation of kinetic and thermodynamic smu@aments quite hazardous. Indeed, it is
now well established that solvent molecules caeatly interact with amino acids of the
active site®>%® The result is an important effect of solventsemzyme catalysis : numerous
examples of modification of substrate specifititgnantioselectivii?>® thermodynamic and
kinetic parametef8 can be found in the literature. Therefore the igbibffered by the
solid/gas technology of determining kinetic andrthedynamic parameters of an enzyme in
the absence of solvent is fully interesting whesklog for the own particular properties of an
enzyme.

Moreover diffusion in the gaseous phase is moieiefit than in solution because of very low
viscosity coefficients and very high molecular dgffon coefficients values. Thus the
reactions are less likely to be limited by diffusio

For these reasons kinetic and thermodynamic pagamebtained in solid/gas reactors can be

considered as “intrinsic parameters”.



To test the ability of the solid/gas system to datee intrinsic parameters of enzymes, we
have performed a complete kinetic study of alcosislpf methyl propionate and n-propanol
catalysed by immobiliseBandida antarctica lipase B in a continuous solid/gas reattofhe
kinetics obtained were suggested to fit a Ping FRiri§i mechanism with dead-end inhibition
by the alcohol (figure 7), as it is the case inuiitjorganic media and in supercritical carbon
dioxide"**® Even if mechanism determination cannot rest oretic data alone, these result
strongly suggest that the mechanism of lipase-sedl alcoholysis is unchanged over a wide
range of non conventional reaction media. The knainstants inherent to this model were
calculated and the values obtained were compartdtive ones obtained in liquid methyl-2
butanol-2. The use of thermodynamic activities teamify substrate availability for the
enzyme in both media permitted to express all ikenebnstants in terms of thermodynamic
activities and to compare them. This methodologympieed to point out a significant
difference between results determined in the twadime values obtained for methyl
propionate dissociation constant and propanol itibib constant were found to be
respectively 15 and 10 times lower in gaseous phlage the ones obtained in organic
medium. Experimental studies are currently in pesgrto explain this difference; it already
seems that the inhibition of the enzymatic actiatiprded by solvent molecules could largely
explain the apparent lower affinity of the enzynoe its substrates in liquid organic media.
Indeed, several authors have explained part ofstiteents effects on enzyme kinetics by
competitive inhibition of the solverffs*

Concerning the determination of intrinsic enzymaiitivation energies, the solid/gas system,
which allows the measurement of activation enerfjermezymatic reactions in absence of
added solvent, appears also as an interesting ltwt#ed, the reaction thermodynamics are
strongly influenced by substrate solvation and dbdity of solvents to stabilize enzyme’s

transition stat€*® In an attempt to determine intrinsic effects @lfzent polarity on subtilisin



catalysis activation energies, Kiet al. (2000}° used a transfer free energy approach to
calculate differences in activation energies betwssveral organic solvents and acetone. The
observed differences in activation energies wergected for substrate desolvation, i.e.
ground state stabilisation of substrate in a giselvent relative to acetone (the quantitative
measure of this last effect was provided by satmagolubility experiments). This enabled
“intrinsic enzymic activation energies” to be cdatad, which resulted in a linear free energy
relationship with respect to solvent polarity. Thesult was considered to be consistent with
the charged nature of subtilisin’s transition stétethis study, the calculation of differential
activation energies required the choice of a paldicsolvent as a standard state (acetone in
this case), despite the fact that it has its pragct on substrate solvation and enzyme’s
transition state stabilisation. In this kind of @stigation the solid/gas biocatalysis would
afford an interesting standard state for enzymetitvation energy in the absence of solvent

(provided that the substrate can be vaporised).

A powerful tool for the determination of the rolef avater on biocatalysis

The behaviour of biocatalysts in non-conventionadra, is usually greatly affected by the
level of water present in the medium. Numerousnagits have been made to investigate this
dependence. As it is the case for the substratagravailability in non-conventional media
cannot be quantified using its concentration beedhe capacity of the medium to dissolve
water varies considerably with its polarity. Th8uence of water is best analyzed in terms of
its thermodynamic activity @*"*

Concerning the role of water on enzyme kineticsmantioned by many authors, the only
way to assess the influence of water on enzymdikibehaviour is to perform a full kinetic

description based on properly determingg &nd Ky values at different water activiti€s



Indeed it leads to the true maximal enzyme activapd not substrate concentration-
dependent activity.

If we focus on a particular class of enzymes,lipases, it appears thag,kobtained in liquid
organic media generally increases witi°&2 This corresponds to the activation of enzyme
by hydration, involving a general role of watemnaking the enzyme structure more flexible
and mobile, increasing the turn-over rate. Howdwgh water levels have also been shown to
reduce the rate of lipase-catalysed esterificatiotransesterificatiof?>. This decline cannot
be attributed to water competition with the alcobelkause J; is obtained at a saturating
substrate concentration, but might be due to physaggregation of enzyme, reducing
interfacial area and limiting mass transfef. All these studies were performed in organic
media, which makes the sole role of water impdsdib assess. Indeed it was shown that at
constant @, kea: varies with the organic solvent used. For exanpline case of PEG-lipase
catalysed transesterificatiog.)decreases with increasing solvent hydrophobitity

As far as the kg values are concerned, it is shown in several sgjdhat k; obtained at
constant @in different organic solvents vary with the solveised, but as they are expressed
in molar concentration instead of thermodynamiavagt it is impossible to distinguish
between the variation ascribed to different panithg of the substrate and water between the
enzyme and the organic phase or to the influentheo§olvent alorfé. In an other study, i
obtained in different solvent were subjected tatimeent with the UNIFAC group contribution
method, to be expressed in thermodynamic actibity,this attempt failed to give adequate
alignment of the I in the different solventé This would indicate that solvent has a proper
effect on this parameter.

As mentioned above the solid/gas process permitgmib the microenvironnement of the
enzyme to substrates/products/water since no spaceepredominant, contrary to synthesis

in organic solvent. As a consequence, the sokeablater can be better assessed. Moreover



the thermodynamic activity of water can be contumlyp controlled by incorporating water in
the inlet gas at the correct molar fraction.

We have studied the influence of water on the kisedf alcoholysis of methyl propionate
andn-propanol catalysed by immobilised lipase B fr@andida antarctica in a continuous
solid/gas reactdf. Results obtained concerning the substrate daSogi constants and

propanol inhibition constants at different@e summarised in table 2.

It appears that water affects mainly the first siEthe reaction, i.e. the acylation step, by first
decreasing the dissociation constants between &otlyme and acyl substrate (i and
enzyme and alcohol (Kwhen & increases from 0 to 0.1. This can be related eogéneral
water-induced enzyme activation, observed when abédgsis is performed in anhydrous
mediun?>>°. From &=0.1 upwards water increases bothafid Kye. It was suggested that
water, as polar alcohols, binds to the enzyme titguolar interactions and thereby blocks
the access to the active site. These results sugjggsaddition of water in the solid/gas
reactor mimicks an increase of solvent polarityonganic media. Indeed Garcia-Alles and
Gotor® studied the kinetics of immobilised CALB-catalysé@nsesterification in non-
aqueous organic media. They measured how the gobféatts the first substrate (ester)
binding constant and the nucleophile inhibition stant. It was shown that these constants
were significantly increased when the polarity lué solvent increased; these variations could
not be explained using thermodynamic argumentsgsioh of the ester or the inhibitor). The
solvent itself could thus lead to a decrease of dfimity between enzyme and ester or
nucleophile by an other effect than solvation asi molecules, like direct hindrance effect
of the active site for example. It was shown tlés effect increases with the polarity of the

solvent.



It appears in table 2 thatpKs not influenced by\a nor by the state of the medium (gas or
organic phase). This seems to mean that the sestepdof the reaction (deacylation) is not
influenced by the microenvironment contrary to finst step (acylation step) which is both
influenced by the water activity and the statehef medium.

As far the role of water on activation thermodynamarameters is concerned, we have
shown that the solid/gas technology afforded irstiing results, again because of the
possibility to perform catalysis in the absencsafent.

We have determined the enthalpic and entropic dmrions of water to the Gibbs free
energy of activation the alcoholysis of methyl pomate and n-propanol catalysed by
immobilised Candida antarctica lipase B both in a continuous solid/gas reactat eman
organic liquid medium (2-methyl-2-butandfl) It appears thatH* and AS* variations with @

are opposite in the two media. Upon increasipglae effects involved in the gas phase was a
decrease of the reaction energetic bardét*] and an increase of enzyme flexibilit$*),
which means that the ground state ES complex oesup@ broader distribution of
conformational states. In the organic medium, thhedpminant phenomenon affecting
thermodynamic parameters was an increased polarittye solvent at high,aleading to an
increase of the reaction energy of activation amné tdecrease entropy level of the ground
state ES complex.

Thus it appears that the influence of water onvatbn parameters measured in liquid media
is a lot affected by the solvent itself. On the tcary the effects observed thanks to the

solid/gas reactor can really be ascribed to water.

An appropriate tool for the investigation of the l@of organic species on biocatalysis



Another component like an organic compound differfgsam the reaction species can be
added in the solid/gas biocatalysis system, byrpm@ting this additional species in the inlet
gas. This offers the possibility to assess the oblthis component at different chosen levels
of availability.

As an example, we have studied the effect of 2-gh&tfbutanol and hexane at a fixed
thermodynamic activity of 0.3, on kinetic paramstef the alcoholysis of methyl propionate
by 1-propanol catalysed by immobilised lipase Brft@andida antarctica *°.

It has to be emphasized that this possibility ttedeine kinetic parameters at constant.a

Or ahexaneby fixing the partial pressure of added 2-methydt2anol or hexane in the carrier
gas at the adequate value, and simultaneouslynggs- and @ to perform the full kinetic
study, is a specific advantage of solid/gas reacths a comparison, we have calculated the
variation of 2-methyl-2-butanol thermodynamic aityivinherent to variations of substrate
thermodynamic activities necessary to perform kilietic study in liquid 2-methyl-2-
butanol as solvent : this involves variations af.ga between 0.33 and 0.96 ! Thesga
values are obtained by calculations, from molarctioms using the UNIFAC group
contribution method, and correspond feia =0.33 to the highest substrate quantities used
(a=0.5 and @p=0.3) and for a2 =0.96 to the lowest substrate quantities usgel)(@1 and
avp=0.05). This very important variation ofy@s makes the interpretation of solvent effect
difficult and renders kinetic parameters obtainedliquid solvents questionable, when

keeping in mind the proper effect of solvent onyene catalysis.

Results obtained thanks to solid/gas technologg@anng the effect of 2-methyl-2-butanol,
hexane and water aja0.3on the inhibition constant of propanol are givenahble 3.
It appears that inhibition by propanol is stron@i€rlower) as the hydrophobicity of the added

component increases (Kexane < K2-methyl-2-butanol < Kwater). These results indicate



that these components interfere with the bindiracess between substrate and immobilized
enzyme. As mentioned above these components, yausdld as solvents in liquid media,
would act as competitive inhibitor.

In the solid/gas reactor, it is possible to stutlg teffect of increasing thermodynamic
activities of an added compound on enzyme actiaiyykeeping availability of substrates for
the enzyme constant. This experiment is shown guardi 8 and clearly demonstrates the
inhibitory character of water, 2-methyl-2-butan@hd hexane. The more polar is the
component, the more important is the inhibitoryreleger. This has to be related to the effect
of these components on the intrinsic value gfikdicating that the inhibition by propanol is
stronger in the presence of hydrophobic compondtd hexane. It is thus clearly
demonstrated that the effect of added organic compoon alcoholysis catalyzed by lipase B
from Candida antarctica is related to their inhibitory charactéys reported by Uppenbes
al.>® the region around the catalytic serine (Ser-1@5polar in nature so hydrophilic
components may bind to this region to form a deadl-eomplex. This explains the
differences of the Kintrinsic values obtained in presence of an apatanponent like hexane,

of a moderately polar tertiary alcohol such as 2hyle2-butanol and in presence of water.

TECHNOLOGICAL APPLICATIONS OF SOLID/GAS BIOCATALYSI S
Enzyme technology: natural flavoring substances gretion.

Esters represent an important class of aroma conggourhey often possess fruity
odors and are widely used by the food and the dragg industries. Many of interesting
compounds are alkyl esters of acetic, propionic lamyric acids. Most of these compounds

are obtained either by chemical synthesis for natmal labeled molecules or by extraction



from natural sources, dependent to seasonal, atiraad geographical variations and often
require a large amount of raw materials.

A biotechnological process, can be an alternato@ti®n for producing naturally
labeled esters, minimizing then constraints encedt in natural extraction, and offering

closer economical costs compared to the ones afftémical processes.

Thanks to the thermodynamic approach we develapgdk optimization of solid/gas
enzymatic catalysis to perform esterification reatt was achieved and direct esterification
of natural kosher alcohols and acids by Novozym K85 been transferred successfully to
industrial scale for the production of fragranced aroma¥.

The methodology was constituted by different stegsof them deriving from the
determination of théG*° of the target reaction by determination of thg #nder different
conditions in terms of thermodynamic activities safbstrates and water. For all syntheses,
three different inlet conditions were applied f@taining the correct value &iG°.

Once theAG® was obtainedin silicon optimization was realized, after experimental
determination of thermodynamic barriers. Theserida were defined by Kkinetic
experiments, and stability tests and correspondethé upper limits of thermodynamic
activities for alcohols, acids or water affectinither the stability or the reaction rate of the
catalyst. Cross effects (especially concerning maatel acid moieties) were also studied.

Taking into account these barriers, further optation was realized taking into
account the process constraints (liquid and gasdéowss, power consumption, absolute
pressure on the different stages).

Tests using the defined set of parameters wene pleeformed at the lab scale for

samples production at the kilogram level. This &ep also permitted to validate the stability



of the catalyst over periods varying from 50 to 1@@urs. Then, results were directly

transferred at the pilot scale for validation.

The industrial pilot used for real production $emst depicted on figure 9. This setup is
developed on a closed loop of nitrogen, circulatmthree different zones, thus reducing the
nitrogen consumption to zero during continuous aten.

This loop is realized between a low pressure zélashing unit, heat exchanger and
bioreactor), a medium pressure zone (gas/liquicrsgpr) and a high pressure zone (final
condenser) .

Liquid substrates (acid and alcohol), water andogén are injected into a flashing
unit using a pressurized loop with a mass contloléak going to the flashing unit of each
flow for liquid substrates. Once the liquid/gassfiais realized in the flashing unit, the gas
enters in a heat exchanger and its outlet temperaiset to the working temperature of the
bioreactor. Then, the thermodynamic activitiesh@ gjaseous stream are obtained at this stage
by controlling each partial pressure as explainegvipusly. A packed bed type reactor
follows the heat exchanger, and all this part & #ystem is maintained under regulated
vacuum using the liquid ring vacuum pump and theuuan regulation valve. After catalysis,
the end of the process is solely dedicated to eéngoval of condensable molecules from the
nitrogen fraction, and is performed by a two stageadensation operation involving a
cooling of the gas stream coupled to an increassblute pressure performed by the liquid
ring vacuum pump itself and a compressor for fimgtthe condensation process. Then, clean
nitrogen at the outlet of the pressurized heat axghr can be depressurized and recycled to
the flashing unit.

In order to control proper operation of the ingtadin, an automated sampling system was

developed for gas chromatograph analyses. Thugclestnitrogen, inlet and outlet gaseous



streams on the bioreactor were sampled and analjgredn line monitoring purposes.
Complete automated supervision was developed,dardo define a process able to operate

without any human supervision. Figure 10 gives araew of the overall plant.

Fig 11 shows an example of butyric alkyl ester bgnis realized at a productivity
level of 2.5 kg/hour of ester. Because the estation reaction is exergonidG® varying
from -14 to -9,5 kd/mole for the different synth&sehe removal of heat produced during the
reaction over the packed bed on the pilot insialtatvas found to be insufficient.

As a result, it exists a gradient of temperaturerahe catalytic bed, function of the
degree of conversion and total molar flow passimgrahe bed. Thus, temperature at the
outlet of the reactor was found to be higher of t&520°C in the majority of the tests
performed at productivity levels of 3 to 5 kg ofexsper hour.

As shown in the example of fig 11, since the irtlmhperature was 80°C and the
productivity was set at 2.5 kg/hr of ester, the gemature of the gas at the outlet was under
steady state stabilized around 89°C. The main etiethis variation of temperature on the
catalytic bed was a slight decrease of the maxaoaversion of the acidic moiety of 1.5 % as
shown on the measured conversion. Since no rapidtdetion of the catalyst was observed
by a rapid decrease of the acidic conversion, peatuced by the catalysis was found to be
responsible of the decrease of the conversion wbdaturing the first hours. Calculation of
the theoretical equilibrium point at 89°C gave #aene value as the one that was measured
during the experiment indicating thus that the terafure of the catalyst was in equilibrium
with the gas leaving the bioreactor and that tleeeiase of temperature was solely responsible
of the lower conversion achieved, by changing tregrhodynamic activities of the different
chemical species, thus modifying the compositiothefgas at the equilibrium. Stability was

checked for the different syntheses taking intooaat the heat exchange over the catalytic



bed. The half-life time of the reactors for thefeliént synthesis was found to vary from 850
to more than 2000 hours for outlet temperaturegingnfrom 90 to 120°C. More detailed
analysis of the behavior of the catalytic bed gitkens the conclusion that stability in this
system is mainly governed by the acid thermodynaantovity. As a result, the reactor is not
homogeneous in terms of stability and the cataf/shore subject to denaturation in its first
part (lower temperature, higher acid thermodynaautivity) than in the last part (higher
temperature, lower acidic thermodynamic activity)fferent syntheses coupling C1 to C4
carboxylic acids and C1 to C9 alcohols for the stdal production of natural aromas were
optimized and tests production were performed. @a@bkbummarizes some examples of the
productivity that the system can achieve with amiacconversion higher than 95% and a
maximal excess of alcohol of 2 (mole per mole)ha worst casedG° > -11 kJ/mole) for

residence time commonly observed as low as 0.51t® €econd.

If the production of natural esters is the firsamwple of a large scale application of
solid/gas biocatalysis, many other systems ardesiutday in the view of short or medium
term development.

Lipases, offer an important potential of applicaticsince they are able to carry out
reactions of esterification as well as transestation (acidolysis or alcoholysis), inter
esterification or hydrolysis. Moreover, their sgety and/or selectivity is suitable for the
production of high added value molecules (sterempealkylation, acylation or hydrolysis
for the resolution of racemic mixtures of acidgadlols or esters).

Dehydrogenases also represents a class of integestizymes since chiral reduction
of ketones can lead to the production of enanticcalty pure alcohols for the fine chemistry,
and since it was demonstrated that the regeneratithre cofactor was effective in a solid/gas

system by addition of a second substtate



Many other applications can be envisaged, but omstneke into account that
solid/gas biocatalysis can only be applied to fi@msations involving compounds presenting
a criteria of volatility, thus limiting the fieldsf applications to smaller molecules, compared

to the ones accessible by other systems (liquglipercritical ones)

The next challenge: using whole cells.

Solid/gas biocatalysis must not remain only synooysn of use of isolated and
purified enzymes. Whole cells are of particulaerest, on one hand by the lowering of the
costs related to the catalyst compared to the tipardied enzymes, and on the other hand by
the possibility of coupling several enzymatic sysdein cascade in a same micro reactor
constituted by the cell itself. One of the majoplagation that should get benefit of the
technology has a strong environmental impact andcexms applications related to the
bioremediation of gas effluents.

Different strategies can be envisaged for the bi@diation of polluted gases and two main
approaches can be defined:

- either a simple modification of the pollutant facilitating its trapping in a second
step (reduction of aldehydes or ketones to prodinee corresponding alcohols
presenting a lower volatility, dehalogenation ofloch alkanes, leading to the
formation of epoxides or alcohols, acylation oryédkion for increasing the chain
length or modifying the hydrophilic/hydrophobic aate...),

- or performing a cascade of reactions insuring almdic degradation of the pollutant.



Although some work was initiated at the end of ®@&s on the subject, no real
development has outcome of the reported works. Nlesless, some works were recently

published in the scope of providing new solutiomisdioremediation purposes.

Alcohol dehydrogenases are of particular interaéstes they are able to catalyze
reactions of oxido-reduction with different specities according to their origin towards
primary or secondary alcohols. Nevertheless, threggnt a major disadvantage which is the
use of a relatively expensive nicotinamidic cofacto
Thus the use of whole cells used as an enzymatjccbataining enzymes and cofactor has
received many attention over the past decadesjundlisystems in order to develop processes
insuring an efficientn situ cofactor regeneration.

However, the majority of the systems were confrdnteth the washing of the
cofactor by the liquid phase. Solid/gas catalysis constitute an interesting alternative for
solving this problem, since the washing of the ctufa by a circulating gas is impossible
because of its non volatile character.

Maugard et al,°* showed that the reduction of an aldehyde to theesponding
primary alcohol bySaccharomyces cerevisiae lyophilized cells, was possible in a solid/gas
system with an effective cofactor regenerationriediby the oxidation of ethanol.

However, this work and results published by Gotideighlighted an important effect of the
cellular matrix, which modifies completely the cai@hs of hydration necessary to the

expression of the catalytic activity.

Haloalkane dehalogenase is an enzyme capableayzayg the conversion of short-

chained aliphatic halogenated hydrocarbons to eesponding alcohol. Because of its broad



substrate specificity and cofactor independencépalicane dehalogenases are attractive
biocatalysts for gas-phase bioremediation of patitthalogenated vapor emissions.

Work recently published on haloalkane dehalogenastvity from Rodococcus
erythropolis cells for the hydrolysis of chloro and bromo alkanalso highlighted the
importance of the cellular matrix constituting tecro environment of the enzyrtfeSince
higher water activity is required for revealing thetivity in whole cells compared to the
necessary one for the purified enzyme, the autsloosved that proton exchange was effective
in the system, due to the production of HCI aftgdrolysis of chloro alkanes. Addition of a
volatile Lewis base (triethylamine), coupled toatreent of cell wall by lysozyme showed
that inhibition by HCI could be prevented efficigntSome similar results were reported
previously concerning the use of purified haloatkadehalogenase frorRhodococcus
rhodochrous concerning the dehalogenation reaction of 1-cldotane or 1,3-
dichloropropane by Draviet al.®? Nevertheless, thBhodococcus rhodochrous dehalogenase
was found to require a water activity of 1. (A waaetivity of 0.5 led to a decrease of 80% in
enzymatic activity). Triethylamine addition, altegi the electrostatic environment of the
enzyme via a basic shift in local pH, allowed undech conditions of hydration a tenfold
increase in activity.

Whole cells appear as suitable catalysts for ggdslbiocatalysis. Nevertheless, while
the technological feasibility has been demonstratbé optimization of these systems
involving cells remains a hard task. Some routes@entified, and a better comprehension of
the effects due to macro and micro-environmentefénzyme and the factors affecting the
hydration/solvation of the catalytic material clgatonstitutes the key for maintaining these

systems active and stable for proper operation.



Concerning the realization of cascade of reactionsgonsistent data are available in
the literature, proving that multiple steps reawsican take place in the same cell.

Some work reported by Barzadrghowed that two enzymatic systems were able @chee at
the same time. The oxidation of primary alcohold®}is of Pischia pastoris involving an
alcohol oxidase can be enhanced in term of staltijitthe addition of catalase or peroxidase,
by elimination of the activated species of oxygeodpiced during the reaction. But these two
enzymatic systems are not both located in the cell.

Following the work reported by H6% concerning the methane monooxygenase from
Methylosinus sp CRL 31 for the production of epoxides, we testbd tlegradation of
trichloroethylene by freeze-dried cells Mifethyl osinus trichosporium (unpublished results).
According to the degradation pathway presented igard 12, the unique action of the
methane monooxygenase results in 3 possible pradiiet epoxyde, the dichloroacetate or
the chloral hydrate.

Further degradation requires the action of dehyeinages or others monooxygenases
in cascade to degrade trichloroethylene either etafyolic intermediates, or in G@nd HCI
in the case of a complete degradation. The residoatentration of TCE measured at the
outlet of the reactor over a period of 24 hoursws that freeze-dried cells d¥l.
trichosporium were able to degrade all the TCE in a continuoag.\Whe presence of any
product of the action of methane monooxygenase x{dpp chloral hydrate or
dichloroacetate) was not detected in the outlet glaggesting a possible re-use by a second
(or several) enzymatic system(s) since all theetipm@ducts have a sufficient saturation vapor
pressure at 40°C for being removed continuouslthBygaseous stream.

Then cascade of reaction may occur in whole cblis the complete characterization
of the different tested systems still has to beejdand more fundamentals studies appear

necessary if one wants to ensure the developmerawfefficient biofilters.



CONCLUSION

Solid/gas system appears as a powerful tool fadies devoted to the effect of
hydration/solvation and more generally for studas the effect of modification of the
microenvironment on biocatalytic ativity and stélil The main reason is that solid/gas
systems allow a very accurate control of the micvoenment of the biocatalyst by a
complete independent control of thermodynamic patars.

Nevertheless, a lot of questions are still withdetr answer, and numerous work still
remains to be done in order to make the followileguer :

does the biocatalysis occur directly with moleculeghe gaseous state or does the

biocatalysis necessitate first a kind of solvatidthe enzyme by its substrates?

- What are the energetics in solid/gas biocatalysmspared to liquid systems ?

- How do the mechanisms of enzymes working on gassastrates differ from those in
solution and especially concerning the binding steg the catalytic process?

- What is the exact influence of water and organaietules on the enzyme structure ?
Could it be predictable to act on properties sushsalectivity, affinity, binding
constants and catalytic constants by controllirggttidration/solvation state ?

- What can be the partition of water and organicsname complicated systems such as
whole cells, and how the physico-chemical propsrted@ the macro and micro

environments can affect this distribution ?

Bu

—

, solid/gas biocatalysis, because of its pedtiks enables a more accurate approach for
studying the effect of the microenvironment on enatic activity and stability. This allows
to have an access to intrinsic parameters, thusigpng additional information for a

molecular understanding of enzyme catalysis in ggn€&inally, solid/gas catalysis appears



probably as the most appropriate and the most camgitary experimental tool for

validating molecular modelization experiments.

From a more applied point of view, biocatalysistlie gas phase seems today more
promising than ten years ago, since the demormtratf its ability to face new
biotechnological processes, not only in terms ehmécal feasibility but also in terms of
productivity and competitiveness has been succiggierformed.

Nevertheless, important bottlenecks still exist] #me next challenge will really be the use of
whole cells as micro reactors for multi steps tfamsations and the development of
technological tricks allowing to enlarge the numbecompounds that shall be usable by the
technology.

Moreover, solid/gas technology represents a cleannology, since, compared to the organic
liquid systems, the use of organic solvent candmiced to zero. Its use shall lead to the
definition of “green processes” and numerous appbos should get benefit of this
technology concerning either the production of bateoules or the bio-treatment of waste

gases for toxic removal or modification.

Beside these application fields, biosensors antiytirel techniques should beneficiate from
the technology. Some examples have already beecarilde$ concerning the use of a
biological part constituting the body of detecti@md a transmitter for detection in gaseous
medig®. The detection of formaldehyde by a formaldehyedydrogenase coated onto a
piezoelectric crystal was performed at the ppm lleveDetection of pesticides and
organophosphorous compounds at the level of pplkbhas rendered possible by the same

technique involving either acetylcholinesterasebatyrylcholinesterase. And lastly, very



specific biosensors were developed with the sanmmoaph by using antibodies directed
against parathion, or against the benzoyl ecodiointne specific detection of cocaine.
Concerning analytical developments, one can imagasgly that affinity gas chromatography
can be envisaged seriously, as well as the remizaif on-line specific derivatization

precolumns for GC analysis.
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Table 1: Compositions and characteristics of two gasesttiersame reaction in terms of
thermodynamic activity performed at two differebsalute pressures.

Absolute working pressure (atm) 1.0 0.2
Minimal flashing temperature required () 200 100
Reactor inlet : Ppy / Ppu2o/ Ppn2 0.02/0.10/0.88 0.02/0.10/0.08
Reactor inlet : Qx / Quzo/ Qnz (Mol/h) 2/10/88 10/50/ 40
Productivity : Qy (mol/h) 2 10
Organic charge of the gas ( molar %) 12% 60%
Ppy at the outlet : (atm) 0,02 0,02
Ppy at the inlet of the condenser : (atm) 0,02 0.1
Condensation efficiency (%) 50 90
Productivity after condensation (mole/h) 1 9
Loss of Y after condensation step (%) 50 10

Table 2 : Effect of g on dissociation constants of propanol-enzyme, mezgnethyl
propionate and acyl-enzyme-propanol complexes otispdy (K, Kyp and Kp)

aw Ki Kwmp Kp
0 0.019 0.047 0.022
0.1 0.009 0.009 0.015
Gas phase
0.2 0.052 0.044 0.021
0.3 0.161 0.161 0.013
Organic phase 0 0.160 0.651 0.020

* results from Bousquet-Dubouehal. **



Table 3: Effect of water, 2-methyl-2-butanol and hexaned@ssociation constants of

propanol-enzyme complex (Kin the solid/gas reactor

Added component Thermodynamic K,
activity
None 0 0.019
Water 0.3 0.16%
2-methyl-2-butanol 0.3 0.045
Hexane 0.3 0.018

* results from Bousquet-Dubouehal. (2001}*

** results from Grabeet al. (2003%*

Table 4: Examples of ester productivity and acid conv@rsichieved on the preindustrial
scale bioreactor for different optimized synthesieacetic, propionic, butyric or iso-butyric

acid alkyl esters.

Ester Catalyst
Acidic Moiety Number of Acid conversion Productivity Charge
alcohols tested (%) (kg/h) (kg)
Formic 2 94.0-95.4 15-20 2.0-3.0
Acetic 5 95.0-974 3.8-4.0 2.0-3.0
Propionic 5 95.6 - 98.0 3.0-45 2.0-3.0
Butyric 5 97.5-98.1 26-3.2 2.0
Iso-Butyric 5 94.0 - 97.8 22-35 2.0




DIAGRAM LEGENDS

Figure 1: schematic diagram of solid gas catalysis in a patiesl reactor.

Figure 2 : example of partial pressure saturation curves (¥gHilibriums).

Figure 3: from Lamare and Legoy, (1995)
schematic diagram of a packed bed solid gas bitweaorking at atmospheric pressure.

Figure 4: from Lamare and Legoy, (1999)

schematic diagram of a packed bed solid gas biteaworking at reduced pressure.

Figure 5: from Yang P.-H. and Ruppley A. (1979)

Variation of lysozyme specific heat as a functidit®hydration state.

Figure 6: from Drapron R. (1985}

Schematic diagram of an isotherm sorption curve.

Figure 7: from Bousquet-Duboucét al. (2001}*
Reciprocal initial rates versus reciprocgp dor different & values.

Synthesis was carried out in the solid/gas biooeaatt 70°C, at a molar flow of 1 mmol.rin

in the presence of 15 mg of adsorbed CALB onto @lwsorb AW DMCS. Water activity
was set near to 0.

For low & values (from 0.007 to 0.016), the plotted profiesre parallel with a decrease of
the 1/V axis intercept. For highes @alues, the plots converged to a limit of 1/Vmawxtoe y-
axis corresponding to I4a equal to 1. Indeed, in the present case, as tliymaonic
activities are used instead of classical conceantrat the 1/Vmax axis is not the usual y-axis
(for 1/ayp values equal to zero) but a parallel axis corredpay to 1/gp values of 1,
corresponding to the highest possible valueygf ahese results agree with the Ping Pong Bi

Bi mechanism with dead-end inhibition by the aldoho



Figure 8: from Létisseet al. (2003§°

Effect of water, hexane and 2-methyl-2-butanoltieatynamic activity on initial rates.
Reaction was carried out at 70°C, at a molar flét mmol.min’ in the presence of 15 mg of
adsorbed CALB onto Chromosorb AW DMCS. Methyl poomte and propanol
thermodynamic activities were fixed at 0.15 andrritiedynamic activity of solvents was

varied from O to 0.6.

Figure 9: Schematic diagram of the industrial continuougdégéds bioreactor.

Figure 10: Industrial solid/gas bioreactor.

Figure 11: Production run of a butyric acid alkyl ester reatl at 80°C (inlet gas

temperature). The productivity was set at 2.5 kgstér per hour.

Figure 12: TCE removal in solid/gas bioreactor by trichosporium freeze-dried cells. 50mg
of dehydrated cells are placed in a packed bedaeat40°C. Inlet gas contains water, TCE
and methanol at the following levelsy=®.7, ace=0.1, &e¢thanoe 0.1. The total gaseous flow

is set at 500pmoles.min
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