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Abstract

The selective oxidation af-glucose ta-gluconic acid was performed at atmospheric pressure, controlled pH value, and constant oxygen
concentration, in the temperature range from 273.2 to 303.2 K, using Hyderase (a commercial glucose oxidase and catalase preparatior
Measurements of initial rate as a function offiad glucose concenttin were interpreted by a simpkfil version of the already proposed
reaction mechanism, having the form of a simple equation of the Michaelis—Menten type, with two kinetic parametersefarring to
the reaction between glucose and oxidized enzyme kamdferring to a combination of the other steps. The activation energk,faras
found to be 4% kJ mol1; an apparent activation energy of.2&J mol~ was obtained fok.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction ing the production of gluconic acid bigenicillium or As-
pergillus employing the modern technique of submerged
Enzymatic catalysis and chemical catalysis are the basisculture of molds with stirring and aeration of the fermen-
of many industrial processes and often these different tech-tation mediuni5]. Yields as high as 90% in 48 to 80 h were
nologies compete for the synthesis of important chemicals. claimed for bottPenicilliumandAspergillus. Finally a strain
Thus, lactic acid, propane-tdol, and many pharmaceuti- of A. niger (Strain 67) was obtained by selectiff]. With
cal intermediates can be synthesized by using either chem+his last fungi yields of up to 95% from 150 to 200 gt
ical or biochemical processes where catalytic steps are ofsolutions in 24 h were obtained in a pilot plant. Elevated
great relevance. air pressure (from 2 to 4 bar) and neutralization with cal-
In many cases, however, only one industrial route is cium carbonate were later applied. In 1952 a process for the
known owing to economical reasons and, in particular, no production of sodium gluconate, where the acid produced
chemical processes are known for the production of gluconic was neutralized by NaOH to pH 6.5, was develop@dThis

acid and gluconates. process forms the basis of modern plant operations in deep-
In fact, b-gluconic acid and it$-lactone are simple de-  tank fermentation.

hydrogenation products af-glucose obtained by different Further developments forrplonging catalytic stability

microorganisms as discovered by Boutrojd}. Molliard and productivity led to the proposal of immobilized enzyme

first detected gluconic acid in cultures Afpergillus niger or fungi on different support matric¢8,9]. Moreover, in the

which convert glucose to this product in high yields espe- |ast decade a new growing interest on different aspects of the

cially upon acid neutralization with calcium carbonge4]. enzymatic oxidation using glucose oxidase or its modifica-

Later, Currie et al. obtained the first modern patent cover- tjons has been observgtb—15}

Although the simple aerobic oxidation represents the
* Corresponding author. Fax: +39-02-503-14405. most investigated technology, other oxygen-containing mol-
E-mail address: michele.rossi@unimi.ifM. Rossi). ecules have been used eitheirtorease the local concentra-
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tion of Op, by adding HO» into the reaction mediurfl6], claimed to contain 1 mgd" of FAD (flavine-adenine dinu-
or to gain insight into the reaction mechanism, as in the casecleotide) and not less than 15,000 unit$ g(Unit definition:
of quinoned17]. required amount of enzyme to oxidize 1 pmol of glucose to

Owing to the complexity of the fermentation process, gluconic acid and KOz, per minute at 28C and pH 7.) The
interest exists for an alternative environmental friendly tech- absence of free apoenzyme in this preparation was proved
nology based on the use of air, or molecular oxygen, in water by observing no benefit upon FAD addition.
solution with the aid of heterogeneous catalysis.

The chemical oxidation of glucose to gluconic acid with 2.3. Procedure for kinetic studies
Pd group metals has been investigated for a long {8 o
Working under mild conditions (303-323 K, 101 kPa), the 2-3.1. Oxidationof glucose _ _
reaction can be carried out with high conversion and good Al the experiments were cded out in a semibatch re-
selectivity but the catalyst deagtes by self-poisoningand ~ &ctor (50 mL) at controlled temperature@.1 K), pH value
overoxidation. In more recentuslies sophiscated bi- and ~ (£0.1), and magnetic stirring (1700 rpm), by using a 751
trimetallic catalysts have been proposed to overcome thesePD Titrino (Metrohm) equipped with NaOH as titration
effects. In particular, Bi-promoted catalysts showed the best "€@gent. Oxygen and nitrogen (total flow 100 ’\'3_“'“”_ )
performancé19,20] However, to our knowledge, no indus- Were mixed in different ratios using mass-flow instruments
trial application of platinum metal catalysts has been cur- (Brooks 5850E controlled by a Brooks 5878 gas controller)
rently applied. and bubpled at atmosphenp pressure through the aque-

In recent years it has been fouthdt Au-catalyzed liquid- ~ ©US solution of glucose at different concentrations .(0.100,
phase oxidation of alcohols and aldehydes to the corre-0-090, 0.033, and 0.025 M). For these concentration val-
sponding acid could be an alternative route to Pd group U€S: substrate inhibition effects were not foyid]. A Hy-
metals[21-23] In particular, naked and supported metal derase concentration of.0118 gL™" (corresponding to

—8 -1 ; i
nanoparticles (average diameter 3—-5 nm) resulted in ex-_}_‘h5 x 1,[(.) t'm0| L™ of FAD) wlas tusae'd ;E at” expen{nents.
tremely efficient oxidation bglucose allowing a reaction € activation energywas evaluated in the temperature range

rate comparable to thaf enzymatic systemi@4]. from 273.21t0 303.2 KAT = 10 K). Glucose oxidation was

These results prompted us to carry out a deeper investiga-StartEd by adding the enzyme to the gas-saturated solution

. : . . : . of glucose under stirring, while NaOH was automatically
tion on enzymatic and inorganic catalysis and for this reason . : . ;
. . . . added to neutralize the reaction product, gluconic acid, at

we have undertaken a comparative study of their reaction ki- H 7
netics under similar experimental conditions. P

This paper deals with the results of the homogeneous glu-
cose oxidation catalyzed by Hyderase, a commercial system
containing glucose oxidase and catalase as active coOmpoz,
nents. A second study, concerning the kinetic behavior of
colloidal gold sols under qsthomogeneous conditions, will
follow along with a comparisowith recent kinetic investi-
gations on heterogeneous gold catal25{.

2.3.2. Evaluation of reaction rate

Gluconic acid concentration vs time plots were derived
m the NaOH addition rate. After an initial induction pe-
riod (200-300 s) the plots af Cgjyconic VS time were linear
(R > 0.998) up to 5-10% fractional conversioRig. 1),
thus allowing the use of thaitial rate method. This method
avoids problems of product inhibitiof14]. The zero time
was taken after 500 s from the enzyme addition.

2. Experimental 0,004 4
e OT=2732K
— AT=2832K
2.1. Reagents and apparatus = 00031 o oy
E OT=3032K
D-Glucose monohydrate (99% pure) adddjluconolac- < 0,002
tone (99% pure) from Fluka were used as reagent and refer- &
ence compound without further purification. NaOH (Merck) §
was 99.9% pure and stored under nitrogen. Gaseous oxygen 3 0.001 1
and nitrogen (SIAD) were 99.99% pure. MilliQ water ob- *
tained by an Academic A-10 Millipore apparatus was used 0,000 HEEE ,
as solvent for all experiments. 0,0 0,1 02 03 0,4 0,5 0,6
Time (h)

2.2. Enzymatic system
Fig. 1. Examples of initial rate determination for the glucose oxidation un-

. . der pH controlled conditions for diffené temperature values. Reaction con-
The enzymatic catalyst was a commercial glucose 0X- gitions: glucose 0.100 molt: [Hy] 0.0118 g LL; total flow of Oy—Ny

idase and catalase preparation (Hyderase) produced bymixture 100 N cri min~1; stirring rate 1700 rpm. The pH was maintained
A. niger fermentation (Amano Enzyme Co., UK), which was at 7 by automatic NaOH addition.
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Table 1 the standard runs, but using a constant glucose concentra-
Parameterf26] used to calculate solubility of oxygen and nitrogen in water  tion (0.100 M) and different @ molar fractions. In these
by_the foI_Iowing equation wherg; is expressed in mol &mol H,O and experiments the oxygen concentrations investigated were
!'in Kelvin 1.18x 10°3,8.85x 1074, 5.90x 104, and 248 x 10~* M.
Gas A B C Temperaure  SD This last value was obtained using air.

range (K)

O, —66.7354 874755 244526  27315-34815 +0.36%

2.5. Evaluation of the H,O2 production
N, —67.3877 863213 247981 27315-34815  +0.72%

IN(X;)=A+ B/T*+CInT*, whereT* = T/100. Owing to the known inhibition of hydrogen peroxide on
glucose oxidasf27-31] quantitative determinations of this
2.3.3. Oxygen—nitrogen ratio by-product have been done during the runs: no free hydrogen

The solubility of oxygen in the reacting solution was Peroxide was detected throughout the experiments.
mainly dependent on temperature and less on glucose con- )
centration (from 0.100 to 0.025 M). Therefore, different 2-6- Analysisof product
oxygen molar fractions in the gas phase, calculated accord- o . .
ing to the reported smoothing equation and related table The_only.product of gl_ucose _OX|dat|on was identified as
(Table 9 [26], have been used at different temperatures. gluconic acid by comparison with the standard compound.

- : The analysis was performed by HPLC on a Varian 9010
A constant concentration of dissolved oxygerd@H-0.15x . . . ;
103 M) was measured with an AMEL instrument equipped instrument equipped with a Varian 9050 UV (210 nm) de-

: . tector. An Alltech OA-1000 column (30Q 6.5 mm) was
with an AMEL 332/P electrode throughout the experiments. used with aqueous4$0y 0.01 M (pH 2.1) (0.4 mL min?)

2.3.4. Diffusional effects as the eluent.

In order to avoid gas-mass-transfer control during glu-
cose oxidation, stirring rate, oxygen flow, and enzyme con- 3. Results and discussion
centration were optimized atethighest temperature inves-

tigated (303.2 K) and using a 0.100 M glucose solution.  Gjycose oxidase from. niger is the key factor for the
Over 1400 rpm, no rate control by oxygen was found using enzymatic glucose oxidation. It is a flavoprotein, a homod-
more than 50 N crimin™ of Oz and enzyme concentration  jmer of molecular weight 150 to 180 kDa, containing two
below 0118 gL~*. Therefore, the standard kinetic experi- {ightly bound flavin adenine dinucleotide molecul@g].
ments were carried out at 1700 rpm, with a total gas flow of pjssociation of the subunits is possible only under denatu-
100 Nen? min~*, and using an Hyderase concentration of rating conditions and is accorapied by the loss of the FAD

0.0118gL™. cofactor.
_ _ According to the accepteBicheme 1 [33]the conversion
2.4. Effect of the oxygen concentration on the reaction rate of glucose to gluconic acid or gluconate can be represented

by rather simple reactions whesdactone formation is cat-
Another set of kinetic measurements was carried out un- alyzed by glucose oxidase (EC 1.1.3.4). This reaction in-
der the same conditions and at the same temperatures asolves the direct consumption of 1 mol of oxygen per mole

Reductive half-reaction

OH
Ho M OH
— > Yo' H _coona
NaOH
H OH

L)

E-FAD (E) E-FADH, (R)

\_/

HyOp =———— 0O,

Oxidative half-reaction

Scheme 1.
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Fig. 2. Plots of initial rate vs initial glucose concentration for the runder standard conditions at the diffieréeemperatures. The curves wegdaulated by

Eq.(10), using the parameter valuesTdble 3

of glucose resulting in the formation of hydrogen peroxide;

Recently, other studies were performed on glucose oxidation

this by-product is cleaved by catalase (EC 1.11.1.6). The and new results were obtained on the determination of the
glucono-lactone is converted to gluconate by spontaneousrate parameters at 298.2[k0] and 303.2 K[14].

hydrolysis.

However, despite many detailed investigations, no experi-

The mechanism of the glucose oxidase reaction has beermental values of the activation energies controlling the main
extensively studied and a detailed reaction scheme has beenxidation steps were, to our knowledge, reported.

proposed34—39] According to this model, the reaction can
be divided into two main half-reactions, the oxidation of sub-

In the present study, experiments devoted to this latter
scope were performed at the fixed pH value of 7 by us-

strate with the corresponding reduction of the enzyme in the jng an automated apparatus that allowed the titration, in real

reductive half-reaction, anché subsequent reoxidation of
the enzyme in the oxidative half-reaction.

Nakamura and Oguri@0], and in more detail Gibson et
al.[34], derived a mechanism involving four steps according
to

E+G % RL, (1)
RLZ R4, )
R+0; 2% E . H0y, (3)
E -Hy02 % E + Hy0,, (4)

whereE is the oxidized enzymeR is the reduced enzyme,
G is theD-glucose, and. is the gluconate, while RL and
E -H207 are complexes between enzyme and products. Gib
son and Brigh{35] and Duke et al[37], using deuterated

_concentration o,

time, of the gluconic acid produced. Examples are given in
Fig. 1L Several runs were carried out for ea@@lucoseand
temperature value. Initial rategj were obtained averaging
the slopes of the plots cosponding to a given condition.
With this procedure the experimental values reported in
Fig. 2have been derived.

A stationary-state treatment, taking into account the most
significant steps of the process, i.e., st€hs(4), gives[37]

1 1

+
ka  k3z-Co,

1

cg 1
ky - CGIucosé

k2

(7)

r

Standard kinetic runs were carried out at constant oxygen
= 0.00118 mol L1, corresponding to
an aqueous solution saturated by oxygen at 303.2 K), with

0_ J1 : s
glucose and an oxygen electrode, were able to demonstraté’e = 0-0118 gL, so that a composite coefficieks can

that two additional reactions could be taken into account

(5)
(6)

E + G «<— EG,
RL+G— R+L+G.

be defined as in

1

ke

1

k2

1 1

+
ka  k3-Co,

(8)
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Table 2 Table 3
Initial reaction rate under different @tose concentrations and for the  Evaluation ofkc andk; for the temperatures investigated
tée(r)nperature0 \éjlrgs Il_?\iestlgated folp, = 1.18 x 107> molL™" and T (K) ke (molg-2h-1) ki (Lg-th1)
Hyderase™ ™ 9 2732 0.2076 3425
T (K) [CeH1206] (Mol L~ ro (molL=1h~1) 2832 0.3108 7908
2732 0100 0001528 2932 0.4652 1879
0.050 0001095 3032 0.6606 2810
0.033 Q000879 At the optimum, the objective functio had values< 4 x 1078; the
0.025 Q000710 standard error of the estimate of the variables= FY 2) is therefore
2832 0.100 0002641 < 0.0002 forryg.
0.050 0002019
0.033 Q001715 at 273.2 K and even more at higher temperatures, the term
0.025 0001411 . 4 :
1/ka should have a prevailing weight: in other worésap-
2932 0.100 Q004309 pears to be a rough approximation fof or better a lower
0.050 0003826 limit f h fficient. which ds 1o the di :
0.033 0003254 imit for such coefficient, which corresponds to the dissoci-
0.025 0002564 ation rate of adduck - HoOo.
3032 0100 0006250 A comparison with values previously published for
0.050 Q005362 the different coefficients, using molar concentrations for
0.033 Q004748 the enzyme, is possible by considering that our catalyst
0.025 0003812 is given as containing 1 M@p 9y gerase that is 13 x

10-8 moleap g~ 2. Therefore the order of magnitude of co-
and, for initial rate measurements, E(f) assumes the efficientks (of the order of 5< 103 Lg~*h™1) is convertible

Lineweaver—Burke form of Eq9), into 1x 10° L mol~1s~1. The values given previously (from
1 1 1 1 1.3 x 10° to 2.4 x 10° Lmol~%s™1 in the range 273.2—
— = 5+ 5 o , (9) 303.2 K)[34,37]were of the same order of magnitude. The
"o ke-Cg  k1-Cg Cgyeose value of the composite coefficient in Table 3for T =

or the equivalent Michaelis—Menten form of E@0): 2732 K can be converted intk, = 45 s71; the published,

values are 360-370$[34,37] for T = 3032 K, we found

. 0 . O
_ ke CE - Caiucose (10) ke =145 s°3; the publishedk value is ca. 1350 [37].

ro= .
ke/ki+ C&ucose Due to the approximations made, it seems an acceptable dis-
The measured, values are presentedTiable 2 agreement. . .
A first evaluation of the parameteks and kc was ob- As to the coefficient, the value inTable 3for 7' =

tained by Eq.(9), followed by a refinement obtained by 2732 K can be converted inté; = 750 Lmol1s™1; the
a nonlinear regression routirfé1], applied to Eq.(10), value for 7 = 3032 K is equivalent to 6100 L mof's™*.
with an objective function, to be minimized, defined as Higher values are found in the literature: at 273.2k =
F = X (ro.exptl — ro.calcd?/2. The final values are collected 2100 Lmol*s™* was given by Gibson et g34] andk; =
in Table 3 The curves ofg vs C2 calculated by these 3600 L mol*s~* was given by Duke et al37]; at 303.2 K,

Glucose

values, are compared with the experimental pointidn 2 ki = 21,000 Lmof*s™t was given by Duke et al37].

the agreement is generally good, although slightly less satis-However, the disagreementis within one order of magnitude,

factory for the runs at 293.2 K. and could be due to the approximately reported concentra-
The influence of oxygen concentration anhas experi-  tion of enzymatic cataly487].

mentally been checked in order to assign the relative weight A further comparison with recent work, based on a simple
to the term ¥(ksCo,). Working at different oxygen con- Mlc.haells—Menter_l model, can also be made. Using the fol-
centrations (1.8 x 103, 8.85 x 1074, 590 x 104, and  lowing rate equatiom = keatCZCs/(Km + Cs), for runs at
2.48x 104 M), and keeping a constant glucose and enzyme 298.2 K, values okcar= 508 s'* and Ky = 0.028 mol L™*
concentration (0.100 molt! and 0.0118 gL, respec-  Were reported10] to be compared with our results, in-
tively), tests have been performed at 273.2, 283.2, 293.2, anderpolated by the Arrhenius equatiok, = 121 s'1 and
303.2 K. The plots of Arg vs 1/ Co, gave roughly straight  kc/k1 = 0.024 mol ™%, respectively. Using the following
lines; their slope, interpreted ag(k3Cg), as from Eq(7), rate equationr = VmCs/(Km + Cs), for runs at 303.2 K,
allowed evaluation of only the order of magnitude /af values Vi = 8.05 mmol L' min~! and Ky = 2.61 gL!
This was due to experimental uncertainty and to the scarcewere reported14] to be compared with our valuésC2 =
dependence ofs on temperatur§34]. The results indicate  0.130 mmolL"*min~! and kc/k1 = 4.32 gL™1, respec-
that the values of A(k3Co,) during the standard runs are tively. While a good or fair agreement can be observed in
a small fraction of Ykc, at most 15%. Therefore the term the case ofKy and our related/k; values[10,14] and
1/kc is mainly a combination of Ak> and 1/ k4. Since liter- an acceptable disagreentés noted in the case dfzat and
ature value$34,37]indicate thak; is larger thark, already k¢ [10], the rate parametebrccg is quite far fromVyy, [14].
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