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ABSTRACT

Based on a previously reported, integral reaction-scheme for the homogeneous
oxidation of p-glucose and D-fructose with oxygen in aqueous, alkaline solutions,
a kinetic model covering the product distribution has been developed. The model
consists of a repeated set of reactions with constant rate coefficients, starting from
each enolate ion. The product distribution can be understood as a function of the
temperature, the hydroxyl-ion concentration, and the oxygen concentration in the
liquid phase.

INTRODUCTION

In a previous paper'*, an integral reaction scheme for the oxidation of D-glucose
and p-fructose with oxygen in aqueous, alkaline solutions was developed. The pre-
ceding paper? deals with the overall kinetics of the reaction and describes the influence
of the type and concentration of the hexose, the hydroxyl-ion concentration, the
oxygen concentration in the liquid phase, and the temperature on the rate of the total
acid production. The influence of these parameters on the product distribution is the
subject of the present paper.

From the integral scheme, it follows that the product distribution depends on
the subdivision within the total number of enolate ions. Basically, each type of
enolate ion can give both a peroxide and other enolate ions, which can be schemati-
cally represented by means of a division of the enolate ions into classes. In this division,
E_ includes all the enolate ions and equivalent aldehydes which are formed by way of
(n—1) steps starting from Eg; (where the subscripts 6 and 1 refer to the length of
the carbon chain and the position of the double bond, respectively): - E__, +E  —
E_;—etc. Thus, class E[ includes Eg;, E; includes Eg, + E3; + GyA, E; includes
Ez; + EL, + GoA, E includes EZ, + FoA + EZ;, eic.

Part II: precedine naper?.
*This paper includes a description of the apparatus, experimental and analytical procedures, and

process parameters, and an explanation of symbols.
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The actual concentration of a particular ion is presumed to decrease when the -
number of the class to which it belongs increases. The reactions which are related to
the ions of a given class are illustrated in the following scheme.
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In contrast to the overall kinetic model (Part I12), the equilibrium between
E~ and P~ had to be included here in order to explain the influence of the hydroxyl-
ion concentration on the product distribution. The attainment of the equilibrium
E, 2E__, via double-bond shift is described as an irreversible reaction which is
controlled by an effective rate constant k¥. The irreversible cleavage of E™ is repre-
sented by k; E; is formed from E__, either by double-bond shift or by cleavage,
denoted by E_, and E__, respectively; k* and k. are supposed to be constant for all
transfers from a lower class to a higher one; &, and k__ are supposed to be constant
for all oxidation steps. From our previous papers'-2, it is known that the product
distribution is independent of the reaction time and that the total enolate ion and
peroxide concentrations are very low. A steady-state concept for (E.) and (P, ) can
therefore be used.

Basic equations

Do) — 0 = k0,15~ k-0t KLOHD(PR D
d__(ft;s) = 0 = KB ) — (kL0 1+ K+ kJED +k_ (P2 @
____d(:'f:c) =0 = k(B ) —(kJO, ]+ KX+ k)E) +k_(PD) )

From equation I, it follows that

ko[ol]

(Pos,e) = k_.+k[OH]

(oo @
After defining o = (E_[)/(E__,) and B = (E_)/(E,_,), substitution of equation 4 into
2 gives
Y (k3k_o/kyk,) + KI[OHY/K,
[0 I[OHT+ [(ko+ k) ks x (kT k - of koK )] + kI [OHI /K,

®)
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Substitution of equation 4 into 3 leads to

kck_ofkoko + kJOH]/K,

ﬁ - [OIJEOH] + [(kc"'k:)/kc x kck-o/kako] + kc[OH]/ko (6)
From equations 3 and 6, it follows that > = (—E“’Q _ K @
B (B ke

which is a logical consequence of our propositions.

If the concentration of pD-arabinonic acid (Ar) is given a normalised value 1,
because it is formed directly from E;, the concentration of each product can be
expressed relative to that of p-arabinonic acid in terms of « and f. From the integral
reaction scheme?, it follows that, for p-erythronic acid (Er), (Er)/(Ar)=a+a38,
because the production of D-erythronic acid is proportional to the concentration of

oz and E5;. )

* *

- k. - kK - ke — kg —

Esi——é—— Esz——s-—-—-563——-—-E52—-———.- Eg,
|

Er Er

Table I lists the corresponding expressions for all of the acids formed.

TABLE1
PRODUCT CONCENTRATIONS (i) RELATIVE TO D-ARABINONIC ACID®

Product @/(A4r)

Arabinonic acid (Ar) 1

Erythronic acid (Er) at+a*p

Glyceric acid (Gy) 22 +2a2p+a382

Glycolic acid (Go) a+28+3af+azf+3a25% + 20> +o?p°

Formic acid (Fo) 1+28+2a*B+302 52 +a>f+20> f* +22° 5

Total acid (Ac) 2+2a+48+3af+ 50+ 62 p* + 203+ 5032 + 33 53

¢The product concentration relative to the total acid concentration can be obtained by multiplying
with (Ar)/(Ac).

An estimation of «[p =kF[k,

Starting from experimentally determined product concentrations, an estimate
of the ratio «/f can be made with the aid of a simplified part of the integrdl reaction
scheme, starting from Eg].

k‘
E—.‘,-“—“s-—" Egr GyA + Egj
O, O,
Gog + Erg 2(FoZ + GoZ)
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According to this scheme, the value of «/B = k¥*/k_ can be estimated by calculating,
from experimental data, the ratio of the normalised concentrations of glycolic acid,
formed either by double-bond shift or by cleavage. It follows from the scheme that
Er) = (Br)), (Go™) = (Go.)+(Goy), and (Go,") = (Er;"). Therefore,

(Goy) _ (Er7)

alf = — = — —.
0.5(Go;) 0.5(Go™)—0.5(Er™)

The value of «/ obtained in this way is only an approximation because, in the above,
partial scheme, the formation of glycolic acid by repeated double-bond shift and
cleavage of E, has been neglected. From a number of experiments with different
process conditions, we found average «/f values of 4 at 50° and 3 at 60°.

After substituting for « and B in the equations of Table I, a theoretical product
concentration relative to the total acid concentration was calculated as a function of
« at 50 and 60°. The resulting curves at 50° are represented in Fig. 1.
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Fig. 1. The calculated, theoretical, product distribution as a function of a.

The product concentrations measured in each experiment can be compared with
the theoretical ones as a function of «. The deviation between the measured and theo-
retical value for a given product is denoted by 4;. By means of minimalisation of £4;
as a function of «, the most suitable value of « for each experiment can be determined
accurately as shown in Fig. 2.

Carbohyd. Res., 23 (1972) 343-348



347

OXIDATION OF D-GLUCOSE AND D-FRUCTOSE. I

*z01 X 4 *9500nY~d *J {0500N[T-a ‘D {[/sojown G[Z ‘UOIBIJUIIUOD SSOXAY [EPIUY,

L9°0 06°0 £6°0 86'0 09

18°0 860 00°1 66'0 Y
SJUSDIPO0D UORR[OIIOD
67 £E 8T 0t 81 91 (4} 01 141 12! oL 09 10 87 D
6T 0o pIA 6T 91 131 (43 41 LI S1 290 09 £'0 Lt D
143 9t 1 w 6 6 o1 9 9 174 8€0 09 90 00L D
62 ot 9 Y4 A A (4§ 11 Lr Ll 290 09 9'0 18 g
87 £ 1£4 174 €l 14! 44 (44 114 61 50 09 Lo 8t d
67 6C 97 Lz 91 14} (48 1 81 61 19°0 09 Lo 8 5
i€ €3 | X4 14 [4! £l 1 II (44 | ¥4 8v'0 09 Lo 9¢ 3]
9 0t 1£4 §T [41 17 €l 4 £l (4! 780 0$ 0 1€ a
£¢ (13 61 1T ol o1 11 £l 9 T 0b'0 0§ $8'0 9 d
£ £ 61 A 01 ot It il 9T 91 0b'0 0s §8'0 9T D

‘90 vy 'sq0 D '|qQ W) Q0 VWD Sq0 "9w) (s92:33p)
1/sajount 2s6x9Y
©V)(ed) RG] oV)/(€D) W) YY) » z 'ol [HO] ol DY

SNOLLOENISIA 1ONAOYd dZNSVAN ANV AELVINITVO NEIMLEE NOSVINO0D

11 414VL

Carbohyd. Res., 23 (1972) 343-348



348 H. G. J. DE WILT, B. F. M. KUSTER

o8
0.6
Ar

24 04-
Fo

0.2

O 1 T L Ll
03 04 05 06 a

Fig. 2. The determination of « for a given experiment by minimalisation of the difference between
the measured and theoretical product distribution. For oxidation of p-glucose: [G], = 215, [OH] = 26,
and [O;] = 0.85 mmoles/l. T = 50°.

Determination of k,[k_, and k,[k¥*

For each experiment, the hydroxyl-ion concentration, the oxygen concentration
in the liguid phase, the value of « as determined by the above procedure, and the
estimated value of aff = k¥[k, at the desired temperature were substituted into equa-
tion 5. This provided a number of independent equations with 2 variables, namely
k_,-k¥|k,-k,and k¥/k,. By means of the method of least squares, the set of equations
was solved. The results were as follows.

Temperature (degrees) k. /k; kifk, (mmoles(I) k_ofkg (mmoles|D)
50 0.24 +£0.02 0.40 £0.08 16 £5
60 0.33 £0.06 0.5 X0.1 25 £10

A final check was carried out by the following procedure. For a number of
experiments with different process conditions, a was determined by means of equation
5 and the data in the above table. By substituting the resulting values of o in the equa-
tions in Table I, product distributions were calculated, which could be compared with
the experimental data. This comparison is shown in Table II.

CONCLUSION

The product distribution can be explained by a simplified reaction scheme,
consisting of a repeated set of reactions with constant rate coefficients, starting from
each enolate ion. By means of the ratios of the reaction rate constants for peroxide
formation, cleavage of the enolate ion, and double-bond shift within an enolate ion
as given in the above table, the product distribution as a function of the temperature,
the hydroxyl-ion concentration, and the oxygen concentration in the liquid phase can
be predicted. :
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