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Water Activity Effects on Geranyl Acetate Synthesis Catalyzed
by Novozym in Supercritical Ethane and in Supercritical
Carbon Dioxide
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The esterification reaction of geraniol with acetic acid catalyzed by Novozym was studied in
supercritical ethane (sc-ethane) and in supercritical carbon dioxide (sc-CO,). Water activity (aw) had
a very strong effect on enzyme activity, with reaction rates increasing up to ay = 0.25 and then
decreasing for higher ay. Salt hydrate pairs could not prevent changes in aw during the course of
reaction but were able to control ay to some extent and had a beneficial effect on both initial rates
of esterification and conversion in sc-ethane. The enzyme was more active in sc-ethane than in sc-
CO,, confirming the deleterious effect of the latter already observed with some enzymes. Temperatures
between 40 and 60 °C did not have a strong effect on initial rates of esterification, although reaction
progress declined considerably in that temperature range. For the mixture of 50 mM acetic acid plus
200 mM geraniol, 100% conversion was achieved at a reaction time of 10 h at 40 °C, 100 bar, an aw
of incubation of 0.25, and a Novozym concentration of 0.55 mg cm~3 in sc-ethane. Conversion was
below 50% in sc-CO, at otherwise identical conditions. With an equimolar mixture of the two substrates
(100 mM), 98% conversion was reached at 10 h of reaction in sc-ethane (73% conversion in sc-
COy).

KEYWORDS: Novozym 435; Candida antartica lipase B; enzymatic esterification; supercritical fluids;
geranyl acetate; geraniol; water activity

INTRODUCTION approaches utilized and described in the recent literafiire (
i ) . 18). Earlier references have been reviewed by Yahya et@). (

Terpene alcohols and their esters are the major co_nstltuents Concerted efforts toward green chemistry require that organic
?r: many ?qtural ftragtrarlces_l._ Ogj[thesel, ger?rr]ly:jac?tate I;)st p.e.rhap%olvent residues be eliminated from reaction products. In this
f € mos |_mp|o(rjan (1)- . ra; ! 'On‘? metho 'SI or dof aning - context, the choice of solvent must be addressed. Options today
ragrances include extraction from plant materials and fermenta- oy, e performing reactions in supercritical fluids (sc-fluids),
tion processes, which exhibit Ipw ylelds., and chemlcgl synthesis. \ hich can be completely eliminated (vented) from the reaction
The production of esters via chemical synthesis normally megiym. Adjustable solvation ability and improved mass transfer
involves catalysis by strong acids, which may lead to structural rg|ative to conventional liquid solvents are additional potential
rearrangements in the case of terpenes. This adds to the 'mere%{dvantages of sc-fluids, also for biotransformatiois 20).
of the enzymatic route as an alternative to conventional chyjalaksananukul et a{) have studied the transesterification
esterification (1). Here, the use of a nonaqueous solvent may ¢ geraniol catalyzed bjucor mieheiipase in sc-C@ Here

be clearly advantageous by allowing easy manipulation of water e report on the synthesis of geranyl esters catalyze€ by
activity and the shifting of thermodynamic equilibrium toward  antarcticalipase in sc-ethane and in sc-g0

synthesis. In addition to being able to catalyze reactions that

are difficult to carry out in water, in nonaqueous solven.ts. MATERIALS AND METHODS

enzymes become more stable and can exhibit altered selectivity

(2). Lipases are the enzymes most commonly used for the Materials. Novozym 4_35 (C_. antarcticéipase B_immobilized ona
production of geranyl esters in organic media, in particular, macroporous acrylic resin), with a reported activity of 7000 PLUY, g
lipase B fromCandida antarcticavia direct esterification3— was a gift from Novo Nordisk Bioindustrial. To investigate the existence

e or : : - of internal diffusion limitations, the enzyme preparation was sieved
;) I?); t(;?r;?;::‘igzca;?rgvelgl)e.ggi ttc;];:gc d(;f?‘g;?#tezgg;r?feeslv:n d in_to different_ parti_cle sizes. Geraniol (98% purity) was purchased from
! Sigma; acetic acid, N&IPO,, NaaHPQ,-2H,0, NaHPO,-7H,0, and
LiSO4-H,O were from Merck; decane (99% purity) and geranyl acetate
* Author to whom correspondence should be addressed (telephone 351(98% purity) were from Aldrich; and NaAc, NaAgH,O, Hydranal
21 2949681, fax 351 21 2948385; e-mail sfo@dq.fct.unl.pt). Coulomat A, and C Karl Fisher reagents were from Riedel denHae
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Figure 1. Dependence of the initial rate of esterification on substrate esterification is linear (bars) and initial reaction rates are measured: (white
concentration: (white bars) sc-ethane; (shaded bars) sc-CO,. T = 40 bars and symbols) sc-ethane; (shaded bars and symbols) sc-CO.. The
°C. P = 100 bar. Initial ay = 0.25. [Novozym] = 0.15 mg cm~3 in sc- data given are for an initial aw of 0.25 set by the salt hydrate pair Na,-
ethane, 0.60 mg cm~2 in sc-CO,. HPO,4+2/0. T = 40 °C. P = 100 bar. [Geraniol] = 200 mM. [Acetic acid]

= 50 mM. [Novozym] = 0.15 mg cm~3 in sc-ethane, 0.60 mg cm=3 in

Geraniol and decane were dried over molecular sieves. Acetic acid wasS¢-COz.
distilled instead. LiSQwas generated from LiSEH,O by drying in
an oven at 100C. Ethane, C@ and nitrogen were supplied by Air
Liquide and guaranteed to have purities ©99.95 mol % (ethane) .
and >99.995 mol %. g — 600

Apparatus and Experimental Technique.Variable-volume stain-
less steel cells (reaction mixture volume-ef4 cn?) equipped with a
sapphire window and with loading and sampling valves were used.
Details of the high-pressure apparatus and experimental technique have
been given elsewher@?). The reaction studied was the esterification
of geraniol with acetic acid. Initiahy was set by salt hydrate pairs in
situ (1 g, usually 500 mg of each form): LiSQ/0, NaHPO,-2/0,
NaAc-3/0, NaHPQ,-7/2. ay values were calculated by dividing the
water concentration in the reaction mixture by the water concentration initial aw
in the same mixture at saturatioi23). Water concentration was  Figure 3. Dependence of the initial rate of esterification on initial aw,
measured by direct Karl Fischer titration. The enzyme and geraniol solvent, and enzyme particle size: (OJ) sc-ethane, small particle sizes
were allowed to equilibrate with the salt hydrate pair 2ch to allow (100-300 «m): (M) sc-ethane, bulk enzyme preparation (particle sizes

ample time for water transfe24) before acetic acid was added to start up to ~900 um); (O) sc-CO,, small particle sizes; (#) sc-CO;, bulk
the reactionn-Decane (20 mM) was used as internal standard for GC enzyme preparation. Initial ayw was set by pairs of salt hydrates in situ:

analysis. .
. . . _ LiSO,4+1/0 (ay = 0.10), Na;HPO,-2/0, NaAc-3/0 (aw = 0.43), Na;HPO,*
Analysis. GC anal formed with a Trace 2000 : \
naysis. Ll anaysis was periormed with a “race SeMeS 21 (aw = 0.75). T = 40 °C. P = 100 bar. [Geraniol] = 200 mM. [Acetic

Unicam gas chromatograph. GC conditions: 50xm0.32 mm i.d.; W " 5 s
DB-Wax capillary column from J&W Scientific; oven temperature  &cid] = 50 mM. [Novozym] = 0.15 mg cm™ in sc-ethane, 0.60 mg cm
program, 50°C for 5 min, 56-240°C ramp at 6.5C min™%, 240°C in sc-CO,.

for 3 min; injection temperature, 25@; flame ionization detection concentrations of acid above this value no inhibition by geraniol
(FID) temperature, 250C; carrier gas (helium), 2.3 chmin=?; split y9

ratio, 20:1. The data given are the average of at least two measurementsVaS detected. o
In the course of these studies, it was found that the measured
aw in sc-ethane increased abruptly during the early stages of
reaction when initial rates were measured (exceptions will be
The availability of water in the reaction medium is a key mentioned later). This effect was much less pronounced in sc-
parameter in nonaqueous enzymology because it affects bothCO,, as illustrated irFigure 2. To try to overcome the problem
reaction rates and equilibrium conversio2%), The latter is in sc-ethane, the amount of salt hydrate pair used was increased
particularly true in the case of esterification, in which water is but became excessive befag control proved to be effective.
a product. Water activitya{y) is the most convenient parameter Our concern then was to verify whether enzyme activity

800

esterification rate
nmol min-1 mg-1

0 0.2 04 06 0.8

RESULTS AND DISCUSSION

for correlating enzymatic activity in nonaqueous media)( responded to thay of incubation in the reaction medium, before
With the idea of controllingaw during the course of esterifi-  addition of the second substrate to start the reaction. This is
cation, pairs of salt hydrates were used in ditigure 1 shows indeed the casd=igure 3 clearly indicates that the initial rates

the effect of acetic acid and geraniol concentrations on the initial of esterification showed a strong dependence on the irijjal
rates of esterification at fixed initisdy, in sc-ethane and in  even though in the time scale of data collectapwas found
sc-CQ. Concentrations of acetic acid100 mM caused  to vary. Rates first increased up to aw of ~0.25 and then
Novozym inhibition in both sc-fluids, in agreement with the decreased for highexy. This is unlike what we observed for
findings of Claon and Akoh (34) and lkeda and Kurokawa Novozym in a transesterification reactid6f, when rates varied
(6). Both groups looked at the effect of geraniol, and although little with aw. However, bell-shaped curves such as the one
Claon and Akoh did not detect any inhibitory effect for shown in the figure for sc-ethane and, in general, a decrease in
concentrations up to 700 mM, Ikeda and Kurokawa remark that rates of esterification and transesterification at higagrare
concentrations of this alcohel500 mM already had a negative  often reported for Novozym and other enzymes in the synthesis
impact on reaction rates. AsSgure 1 shows, geraniol concen-  of geranyl esters (67, 13, 21, 27, 28).

trations>200 mM were no longer beneficial in any of the sc- In our earlier study with Novozym2@), reaction rates were
fluids for a 50 mM concentration of acetic acid, although for found to depend on the size of the enzyme particles. Thus, here
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Figure 4. Dependence of the conversion of geraniol to geranyl acetate
(symbols on full lines) on reaction time for the bulk enzyme preparation
incubated at different initial ay values, in sc-ethane. The larger black
symbols are for [Novozym] = 0.55 and 1.10 mg cm~2 (data sets coincide),
and the other symbols are for [Novozym] = 0.15 mg cm~2. For the latter
enzyme concentration, the dashed lines ending in small symbols show
the actual aw as a function of time. Initial ay values were set by pairs of
salt hydrates in situ: () 0.10; (m) 0.25; (a) 0.43; (x) 0.75; (O) blank
(no salt hydrate). Actual ay values >1 as obtained for (x) dashed line

Peres et al.
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Figure 5. Dependence of conversion on reaction time at different
temperatures: (black symbols) sc-ethane; (shaded symbols) sc-CO;
(squares) T = 40 °C; (diamonds) T = 50 °C; (triangles) T = 60 °C.
Reactions were performed in the presence of the pair Na,HPO,-2/0.
Included in the figure are other results obtained at 40 °C in sc-CO,: (O)
blank; (x) initial awy = 0.75. The dashed lines ending in small symbols
show the actual ay as a function of time for experiments in sc-CO, at 40
°C. P =100 bar. [Geraniol] = 200 mM. [Acetic acid] = 50 mM. [Novozym]
= 0.15 mg cm~2 in sc-ethane, 0.60 mg cm=3 in sc-CO,.

are artificial and indicate that the water concentrations measured were
above saturation. T = 40 °C. P = 100 bar. [Geraniol] = 200 mM. [Acetic

in the reaction times depicted Kigure 4 (exceptions addressed
acid] = 50 mM.

below). In fact,aw increased steadily for the blank, again less
notoriously as reaction progress slowed. Selmi et3&) (eport

a similar situation for a different esterification reaction in which
the method selected for water removal was evaporation. These
authors observed a drastic increase in the water content of the
medium during the first 45 min of reaction, corresponding to
an important production of water and a comparatively lower
rate of water elimination. As the rate of water production
decreased, the water content of the medium went down and
stabilized. As mentioned above, there was one case in which
aw remained fairly constant, in particular, the salt hydrate pair

reactions were done not only with the bulk enzyme preparation
but also with the smaller enzyme particle siZeigure 3 shows

that reaction rates were higher for the smaller particle sizes, as
anticipated, although particle size did not affect the rate versus
aw profile. At the time @6), we attributed the dependence of
reaction rates on enzyme particle size to the existence of internal
diffusion limitations. However, Garcia-Alles and Got@9]
have crushed small and large Novozym particles to comparable
sizes and observed that the powder resulting from the smaller

particles had hlgher activity and also higher protein gontent than NaAc-3/0 was used. The control ajy that the pair NaAGS/O
the powder obtained from the larger enzyme particles. Thus,

they attributed the dependence of reaction rates on enzymeis apparently aff_ording was a_lso observed Wh?” the amount of
particle size to a heterogeneous distribution of enzyme on theWatelr release_d into the mepllum was much hlgher, as was the
Novozym particles. For comparison, data points for sc-Bave case of experiments done with about 5 or 10 times more enzyme
been included in this figure. These results again show that, at(la_rge_r symbol_s iFigure 4, for which ?C‘“ahw.'s not shown).
least for some enzymes, sc-&@ less supportive of enzyme St'”’.'t was with N&.HPO“'Z/O that higher initial rates were
function than the alkanés due to acithse effects (30—34) obtalneq and reaction progress was faster, yielding 100%
and possibly carbamate formatid@il). Enzyme activity maxima conversion ‘Tﬂ 10 h of rea_lctlon. .
are thus comparatively less pronounced in se:@@n in sc- Whereas in sc-ethane it was clearly advantageous to provide
ethane (32). The latter solvent has the disadvantage of flam-SOMe sort oéw control, in sc-CQthe blank gave results similar
mability, but this may not be so crucial for prospective smaller 10 experiments performed at an initial, of 0.25, as seen in
scale applications in biocatalysis. Figure 5. This is probably due to the similarity of the actual
As with initial rates, theay of incubation had a strong effect ~ @w Pprofiles obtained in the two cases. The less pronounced
on conversion in sc-ethane despite the changes;iabserved increase irayw must reflect the higher solubility of water in the
during the course of reaction, as seerFigure 4. Initial aw medium, which is~5 times higher than in sc-ethane at the same
first had a positive effect on conversion and then a negative temperature and pressure, as well as lower conversions/lower
effect, in agreement with many accounts on geranyl ester ates of water production in sc-GQn the case of experiments

synthesis via esterification and transesterification reactions founddone in the presence of the pair JN&Qy-7/2, there was much
in the literature (47, 13,16, 18, 27). Here theay that yielded more water in the reaction mixture at the start of reaction than

a higher initial rate of esterification is also that which promoted found for the blank, and this must account for a less favorable
a higher conversion. Vazquez Lima et al. (27) studied the réaction progress.
esterification of geraniol with butyric acid catalyzed by Li- The impact of temperature on enzyme productivity can be
pozyme and found that as the degree of hydration of the catalystseen inFigure 5. In both sc-fluids, the amount of geranyl acetate
particles increased, the rate of uptake of each of the substrate§ormed decreased as temperature increased abovéC40
decreased and particle aggregation occurred, as evidenced bywlthough temperature did not have a pronounced effect on initial
electron microscopy. They considered water inhibition to be a rates of esterification in any of the solvents in the temperature
predominantly physical effect. range studied (550 nmol mih mg! in sc-ethane at both 40
Figure 4 also shows that as reaction progress slowed, the and 60°C, 125 and 175 nmol mit mg~! in sc-CQ at 35 and
actualay decreased. This seems to indicate that at lower rates60 °C, respectively, for the bulk enzyme preparation). These
of water production, the salt hydrate pair was able to exert someresults generally agree with the findings of Claon and Akoh
sort of ay control, althoughayw never reached its initial value  (4), who reported an optimum temperature range between 35
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Figure 6. Conversion versus reaction time for the equimolar mixture (100 @)
mM for both substrates). The data shown are for the bulk enzyme
preparation incubated at an initial ay, of 0.25 in sc-ethane (black squares)
and in sc-CO, (shaded squares). The dashed line shows the actual ay
as a function of time in sc-ethane. [Novozym] = 2.2 mg cm™=3. T =

40 °C. P = 100 bar.

®)

9)
and 40°C for Novozym and the same reaction. Bartling et al.
(7) obtained an increase in reaction rate and a slight reduction
in conversion between 10 and BC. Oguntimein et al. §)
indicate a sharp decrease in initial rates of formation of a
different ester at temperature$0 °C. The use of salt hydrates
in the context ofay control has already been discussed. In
addition, theay set by the pair NaHPQ,-2/0 that was used in
these experiments is considered to be too uncertain to quote at
temperatures>40 °C (36). Even so, the presence of this salt
hydrate pair kepaw within certain boundaries (not shown) and
was thus beneficial. It was particularly so in sc-ethane, again
probably due to the higher conversions achieved in this solvent
and a significantly lower solubility of water.

As pointed out by Bartling et al7, downstream processing
would be much facilitated if the two substrates were completely
consumed and only geranyl acetate remained at the end of
reaction. These authors used an equimolar mixture of the two
substrates (100 mM each)iirhexane at 30C with a Novozym
concentration of 2.2 mg cnd and obtained an equilibrium
conversion of 94%. By applying membrane pervaporation, the
authors were able to push conversion up to 100%. As shown in
Figure 6, in sc-ethane it was not possible to go beyond 98%
conversion at 10 h of reaction, a value that dropped to 73% in
sc-CQ. In this caseay remained fairly constant in sc-ethane
throughout the reaction despite the high conversions obtained,
a fact that may be due to a higher initial concentration of acetic an
acid and increased polarity of the medium.

A major focus of the present study has been the analysis of (18)
water activity effects. We avoided the use of zeolites as drying
agents (3,4) because we have recently shown that these
materials can also have very pronounced atidse effects on
enzyme activity (23). We are currently looking at how zeolites
affect geranyl acetate synthesis by Novozym in sc-fluids.
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