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Abstract 
The third session of the ISSCT workshop on sugar losses covers chemical losses. The session will 
review mechanisms of sucrose degradation, consider strategies for chemical loss analysis, and 
present case studies. To introduce the subject, the mechanisms of sucrose loss reactions are briefly 
reviewed here. An objective of the session is to explore how loss measurement strategies, associated 
experimental errors and statistical analysis of significant differences relate to design of experiments 
aimed at demonstrating improvements resulting from process modification. 

Introduction 
The ISSCT Workshop on sugar losses covers 

physical, chemical and microbial losses, addresses 
sucrose loss as a consequence of poor molasses 
exhaustion, poor clarifier filter mud handling and of 
crystal characteristics. The workshop also addresses 
performance indicators that quantify loss and design 
of equipment. From a factory balance perspective, 
sugar loss is a combination of chemical, physical, and 
accounting losses. In experimental studies, the term 
'sucrose loss' generally refers to chemical or micro- 
bial loss on sugar solids input. This session of the 
ISSCT workshop deals only with chemical loss. The 
session will review mechanisms of sucrose degrada- 
tion under sugar manufacturing conditions and in 
model systems, consider strategies for chemical loss 
analysis by direct measurement and by modelling, 
and present studies on loss during clarification and its 
minimisation with in-line saccharate mixing. 

The chemical loss of sucrose in sugar manufac- 
ture occurs by both alkaline degradation and acid 
hydrolysis (or inversion). Subsequent degradations of 
reducing sugars and the production of coloured 
compounds occur mostly via the reaction with amino 
acids (the Maillard reaction) or by alkaline 
degradation. The mechanisms of these reactions are 
reasonably well understood and are reviewed in 
detail elsewhere (Clarke et al., 1997) and briefly 
here. 

Chemical loss mechanisms and rates 
It is a commonly held belief that the alkaline 

decomposition of sucrose proceeds initially via 
cleavage of the glycosidic linkage resulting in either 
D-glucose and D-fructose or ionic forms of these 
monosaccharides. In fact, Parker (1970) has reported 
that neither D-glucose nor D-fructose form even 
transiently during the hydroxyl-ion catalysed decom- 
position of sucrose. Furthermore, by comparison to 
reducing disaccharides, sucrose is somewhat stable to 
alkaline attack, yet by comparison to its alkyl glyco- 
sides analogues (e.g., methyl a-D-glucopyranoside and 
methyl P-D-fructofuranoside), sucrose is relatively 
labile to alkaline degradation. To account for these 

observations (and the relative stability of mono-0- 
methylsucroses), Manley-Harris et al. (1980, 1981) pro- 
posed that the alkaline degradation of sucrose proceeds 
via a slow, rate-determining SNiCB mechanism where 
the substitution at the C-1 of the D-glucose moiety by 
oxyanions derived from D-fructose 1'-OH or 3'-OH 
results in 1- or 3-0-P-D-glucopyranosyl-D-fructose. The 
1- or 3-0-P-D-glucopyranosyl-D-fructose intermediates 
are then rapidly degraded by mechanisms, and at rates, 
comparable to those of other reducing sugars. 

Sucrose can, however, degrade to D-glucose and 
D-fructose in slightly alkaline solution at pH up to 
ca. 8.3 (sucrose is most stable at pH 8.3-8.5, 
although the reason for this requires some elucida- 
tion) but this degradation proceeds by the normal 
acid hydrolysis mechanism (Clarke ec al., 1997). In 
sucrose manufacture, therefore, the main reaction 
causing sucrose loss, between pH 7 and ca. 8.3, is the 
same acid hydrolysis that occurs at lower or acid pH. 

The investigation of the reaction of sucrose in 
aqueous acid solution has a long history; it was the 
subject of several kinetic studies in the early 
19th century (Clement and Desormes, 1806; 
Wilhemy, 1850) and Arrhenius (1 889) developed the 
equation describing the effect of temperature on 
reaction rate using data from sucrose hydrolysis 
experiments. Today, it is generally accepted that the 
acid-catalysed sucrose hydrolysis mechanism 
involves protonation of the glycosidic oxygen 
followed by heterolysis of the glycosMic bond to 
initially yield D-glucose and a fructose oxocarbonium 
ion which can react with water to form D-fructose 
and regenerate Hf catalyst. 

The alkaline degradation of monosaccharides pro- 
ceeds via a complex network of reactions (de Bruijn 
et al., 1984). Initially, reversible reactions are initi- 
ated by an equilibrium between neutral and ionized 
forms of the monosaccharides. The oxyanion at the 
anomeric carbon weakens the ring C-0  bond and 
allows mutarotation and isomerisation via an enediol 
intermediate. It is this reaction that is responsible for 
the sometimes reported occurrence of D-mannose in 
alkaline mixtures of sucrose and invert; the three 
reducing sugars are in equilibrium via the enediol 
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intermediate. The mechanism of isomerisation, 
known as the Lobry de Bruyn-Alberda van Ekenstein 
rearrangement, generates the enediol anion interme- 
diate that may undergo nonreversible degradation 
reactions. The first step in the nonreversible deg- 
radation reactions is the formation of a reactive 
a-dicarbonyl species through p-elimination of a 
hydroxide ion. The subsequent reaction pathways to 
all degradation products can be described by just five 
reaction types, viz., p-elimination, benzilic acid 
rearrangement, a-dicarbonyl cleavage, aldol con- 
densation, and retro-aldol condensation. Retro-aldol 
condensation and a-dicarbonyl cleavage involve 
C-C bond scission and result in lower molecular 
weight products. 4 Benzilic acid rearrangement 
essentially involves addition of a hydroxide ion, 
p-elimination, and the abstraction of a hydroxide ion. 
In the aldol condensation reaction an a-dicarbonyl 
compound reacts with another carbonyl to form an 
a$-dihydroxy ketone or aldehyde with consequent 
C-C bond formation increasing C-chain length. 

The acid-catalysed reactions of reducing sugars are 
complex, and in many ways, at least initially, similar to 
the reactions in alkali, but generally slower (Pigman and 
Anet, 1972). Under mild acid conditions (viz., pH 5-6 at 
0-60°C) reducing sugars ionize and mutarotate; at lower 
pH (viz., down to pH 3 or 4) and at higher temperatures 
(viz., up to ca. 100°C) enolisation and isomerisation 
occurs. In alkaline solution enolisation is initiated by 
base attack and abstraction of a proton a to the carbonyl 
group. In acid solution, enolisation is initiated by direct 
protonation of the carbonyl group. In fact, acids are far 
less effective enolisation catalysts than bases and, as a 
consequence, D-glucose and D-fructose in aqueous solu- 
tion show maximum stability between pH 3 and 4 
(McDonald, 1950). Therefore, under sugar manufac- 
turing conditions, the further acid-catalysed reactions of 
reducing sugars (e.g., dehydration to 5-(hydroxyme- 
thy1)-2-furaldehyde [HMF]) are extremely slow and 
would not be likely to occur to any large extent. Under 
acid conditions in raw cane sugar manufacture, most 

c) in alkali, the rate of degradation of sucrose is 
much less than the rate of degradation of 
D-glucose or D-fructose; 

d)since alkali degradation of sucrose does not result 
in inversion products, in slightly alkaline solution 
(pH < ca. 8.5) the loss of sucrose to invert (glucose + 
fructose) is a consequence of the acid hydrolysis mech- 
anism, which provides D-glucose and D-fructose for 
further alkaline degradation. 

The literature over many years has tabulated rates 
for sucrose hydrolysis and invert (glucose + fructose) 
formation, at various concentrations, pHs and 
temperatures (e.g., Spencer and Meade, 1963; Silin, 
1964; Parker, 1970). These studies, in general, were 
conducted in solutions of sucrose only, with pH 
adjusted by addition of acid or base, yielding solu- 
tions of very low ionic strength, inorganic content or 
ash content. The much-quoted Tables of King and 
Jison (in Spencer and Meade, 1963) result from 
measurement of hydrolysis rates in 0.5% to 2.5% w/v 
solutions of sucrose; these tables are reproduced in 
both the Cane Sugar Handbook (Spencer and Meade, 
1963) and the Handbook if ~ u i a r s  (Pancoast and 
Junk, 1980), in the former case with the unfortunate 
accompanying indication that the same rates could be 
applied in the 65 to 70 Brix (or % wlw) range. The 
foundation for the extrapolation of hydrolysis rate 
data from low sucrose concentration to process 
streams at high sucrose concentrations is the erro- 
neous assumption that impurities have no effect on 
reaction rate. Vukov (1965) has developed equations 
based on experimental data that predict the effect of 
temperature, pH and ionic strength on rate constants 
of sucrose decomposition in acid and alkaline 
medium. Despite the apparent shortcomings of these 
data and the extrapolation approach, many workers 
(e.g., de Bruijn et al., 1991) report that equations and 
rate data generally agree with experimental rate data 
from authentic process streams, and that the data can 
be used to model sucrose loss in process. 

reducing sugar degradation proceeds via reactions with 
amino acids (known as the Maillard reaction) and sub- Conclusion 

sequent rearrangements, enolisations and cyclisations to While sucrose degradation mechanisms and rates 
Maillard reaction products and reductones (Waller and are reasonably well understood and applied to sugar 
Feather, 1983). These reactions contribute significantly manufacture, the age old challenge ofchemical loss 
to sucrose loss and undesirable colour formation. minimisation still exists today. One of the barriers 

Under sugar manufacturing conditions the (but fortunately not insurmountable) to incremental 
following generalisations hold true: improvement in unit processes design is reliable 

a) sucrose degrades in acid far more easily than in measurement of small chemical losses and reliable 
alkali, while invert sugars (the product of acid comparison of data that result from experiments 
hydrolysis) are far more reactive in alkali than in aimed at demonstrating improvements resulting from 
acid; process modification. An objective of this session 

b) in acid, the rate of hydrolysis of sucrose is faster will be to explore loss measurement strategies, the 
than the rate of degradation of its inversion associated experimental errors, andthe statistical 
products; analysis of significant differences. 
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