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The control and evaluation of spoilage*

R . H . D A I N T Y

Summary

Methods currently used in the control and evaluation of spoilage of meat are 
reviewed and their value discussed. In  many instances scientific explanations 
of the effectiveness of the control methods are lacking, e.g. the mechanism 
of action of carbon dioxide or sodium nitrite in controlling microbial growth.
A lack of knowledge regarding the chemical and biochemical processes 
involved in spoilage hinders the development of completely satisfactory 
methods of spoilage evaluation. Research directed towards rectifying this 
could lead to the development of new and perhaps more effective methods 
of spoilage evaluation and control.

Control

Ignoring the possibility o f m icrobial growth at the expense o f m eat proteins, the 
presence in m eat of substantial amounts of low molecular weight compounds such as 
peptides and amino acids, o f glycogen, and o f a variety of m etal ions and soluble 
phosphorus, together with a plentiful supply o f water, provides an ideal environment 
for the growth of micro-organisms. Accordingly, organisms finding access to meat are 
able to grow rapidly, being limited only by such factors as temperature, redox potential 
and pH, factors which also influence the type of organism which will grow. T h e results 
o f superficial bacterial growth are the appearance o f slime on the m eat usually accom 
panied by unpleasant odours, taints and discoloration; these last also characterize 
deep muscle tissue or formulated meat products in which bacteria have proliferated. 
I t  is such phenomena which constitute spoilage. The chem ical nature o f the compounds 
producing the unpleasant smells and taints is very poorly understood and what little 
information there is has been inferred from bacteria growing under conditions quite 
unlike those found in m eat spoilage.

The control o f spoilage and hence the increase in storage-life of meat is effected by 
a combination of the following procedures:

1. Prevention of m icrobial contamination.

Author’s address: Meat Research Institute, Langford, Bristol.
*Paper read at Symposium on ‘Meat in the future-Problems and Solutions’, London, 1971; 
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2. Destruction o f microbes which, nevertheless, gain access to  the product.
3. Establishment o f environmental conditions which prevent or retard development 

o f contam inating micro-organisms.

The conversion of the musculature of animals into m eat after slaughter is the result 
o f a complex series of chemical reactions leading ultimately to the state of rigor mortis. 
During this process oxygen stored in the muscle is depleted and the redox potential 
gradually falls from above +  250 m V  to — 150 m V. Such a low redox value, together 
with the initial muscle temperature of around 38°C, provides ideal growth conditions 
for such anaerobic organisms as the clostridia-bacteria associated with the breakdown 
o f animal tissues under natural conditions, i.e. putrefaction. Thus it is usual to cool 
the meat rapidly before the redox potential falls sufficiently to allow growth o f these 
organisms. However, i f  immediately prior to slaughter the animal has been excited 
and has struggled, thus using up a large part o f its muscle oxygen store, it is possible 
for the redox potential to fall rapidly, allowing proliferation of these mesophilic 
organisms before the carcass is cooled (Ingram , 1962a). The same bacteria have been 
implicated in ‘bone taints’— spoilage associated with sites deep in the muscle near to 
the bones (Ingram , 1952; Cosnett et a l., 1956)— presumably because it is at these 
deep sites that the temperature falls more slowly.

T he subjection o f animals, and in particular pigs, to such pre-slaughter stress has also 
been claimed to result in the passage o f organisms from the gut into the tissues o f the 
body (Haines, 1937). There is also evidence that amongst such organisms are those that 
would benefit from the rapid development of a low redox potential and a slow rate of 
cooling, e.g. facultative anaerobes such as streptococci and clostridia (M edrek & 
Barnes, 1962). Furthermore, some streptococci are able to grow at low temperatures, 
e.g. Streptococcus fa e ca lis  can grow at 0°C (Foter & R ahn, 1936) while Streptococcus lac tis, 
although not able to grow at this temperature, can still produce lactic acid from 
glucose (Borgstrom, 1962). Thus invasion of the musculature may result in the wide 
distribution of cells able to grow and/or metabolize in the meat during refrigerated 
storage. Clearly, ante-mortem conditions offer the first opportunities to exert some 
control over the subsequent course of spoilage of carcass meat. Pre-slaughter conditions 
are im portant for a second reason. Concurrent with the fall in redox potential, the pH 
falls from an initial value of about 7 to a stable value around 5-5, the so-called ultim ate 
pH. This is due to the breakdown of glycogen stored in the muscles to lactic acid, a 
process which is irreversible after death, and which occurs as a result o f oxygen 
depletion. The attainm ent of this pH plays an important role in the stability o f m eat to 
m icrobial attack, pH being an im portant factor limiting the rate of bacterial growth 
(Ingram , 1948; 1962a). In  general, the nearer the pH is to neutrality the faster the 
growth. Since various types of stress (e.g. starvation, exercise) are known to deplete 
an anim al’s glycogen reserves, and consequently reduce the amount of lactic acid 
produced, an animal slaughtered in such a condition is likely to produce m eat with



Control and evaluation o f  spoilage 211

a relatively high ultimate pH. Callow (1937) showed this to be true for pigs and it was 
subsequently shown that the resting of pigs before slaughter, together with the feeding 
o f sugar, produced m eat with a low ultim ate pH (Gibbons & Rose, 1950) and delayed 
the time to slime formation on bacon (Madsen, 1943). T he attainm ent o f a low pH 
is a contributory factor in the stability of cured and heat-processed meats due to the 
effect o f pH on the resistance o f bacteria to salt and nitrite, on the one hand, and to 
heat on the other (Ingram , 1962a).

Animals brought to slaughter invariably carry large numbers o f micro-organisms 
on their hides and, together with the gut contents, these appear to be the m ain sources 
o f the organisms which ultimately contam inate carcasses. Any of the slaughtering and 
butchering operations that are performed unhygienically, as they frequently are, e.g. 
the use of heavily contaminated knives for sticking, flaying or splitting the carcass, will 
spread contamination. Bacterial loads o f the order of 106/sq cm or more can be obtained 
during these operations. Thus the second point of attack in the control o f spoilage is 
on the slaughter floor.

Traditionally, a wiping cloth was used to produce visually clean carcasses, and very 
successfully too. Unfortunately, the same cloth was smearing large numbers of m icro
organisms from dirty areas to clean ones (Empey & Scott, 1939) and possibly shortening 
the subsequent storage life o f the carcass. M ore serious still, i f  the same cloth was used 
for more than one carcass, was the risk that food poisoning organisms were being widely 
distributed throughout the ‘kill’, for which reason the use o f wiping cloths was banned 
in O ctober 1968. Now, spraying with water (hot or cold), with or without the addition 
o f chlorine, is advocated. T h e process, especially with water in the temperature range 
75—90°C has been shown to reduce the numbers of organisms by as much as 80%  
{A nn. R ep . M e a t  R es. In s t. 1969-70) and somewhat smaller reductions are produced by 
20 ppm chlorine (Patterson, 1968).

Haines (1937) showed that the time taken for slime formation on carcass m eat was 
dependent upon the initial number o f contam inating bacteria, and Ayres (1955), that 
the storage life of ground beef was dependent upon the initial composition o f the micro
bial flora; m eat having a low proportion of typical slime-producing organisms, e.g. 
pseudomonads, keeping longer than m eat with a higher proportion. T h e expectation, 
in adopting spray treatments, is that the initial numbers of bacteria will be reduced 
and that, further, i f  hot water is used, the micro-organisms able to grow at refrigeration 
temperatures might well be specially susceptible. However, it should be understood 
(a) that such treatments may alter the m eat surface so as to favour subsequent bacterial 
growth, especially i f  it remains wet, and (b) that, though the water may start at a 
temperature near boiling point, at im pact it may be down to 60°C and thus unlikely 
to have the desired effect on the viability of contam inating organisms. So, although 
spraying may produce a visually clean appearance, its role in control o f spoilage should 
not be over-estimated, the use of hygienic conditions during butchering being of far 
more importance.
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At this stage almost any com bination o f micro-organisms may be present on the 
carcass including both mesophilic and cold-tolerant forms, although anaerobes would 
be expected only in the deep tissues whilst anaerobic forms would predominate at the 
surface. I f  the meat is now cooled, as in recommended commercial practice, to 5°C 
or below, there is a slowing down of m icrobial m ultiplication and metabolism. The 
effect of cooling is to prolong the lag period— that part o f the growth cycle before the 
cells divide— the effect being greatest for the mesophiles. Thus there is a selection of 
cold-tolerant species which themselves grow more slowly at low temperatures (Elliott 
& M ichener, 1965)— the so-called P seudom onas-Achrom obacter association. This nam e is 
no longer wholly appropriate because many of the strains previously named A chrom o- 
bacter are now regarded as non-pigmented Pseudomonas sp. and many of the remainder 
have been assigned to the genera Alcaligenes and Acinetobacter.

Superimposed on these effects of temperature is the effect o f desiccation. Drying , 
occurs during cooling because the equilibrium relative humidity (E R H ) of m eat is 
normally greater than that of the atmosphere. Scott & Vickery (1939) showed that, if  
surface water evaporation was prevented by covering the carcass, spoilage occurred 
more rapidly. In  the case o f meat cut to expose large areas o f naked muscle the effect 
is not so great (Ingram , 1962) because o f easy replacement by water from the deeper 
tissues— a process hindered in  carcass m eat by fatty and connective tissues (Haines & 
Smith, 1933). Desirable though desiccation is for the control o f spoilage, drying must 
be limited in practice, otherwise there is uneconomic weight loss.

Refrigeration effects control by manipulation of environmental conditions which 
slow down, but do not stop, the process of bacterial growth and spoilage. Equally 
important, it prevents growth of most of the mesophilic organisms pathogenic for man.
In  fact, the basis of the selective effect o f  cool temperatures is not understood and the 
mechanism may well differ from organism to organism. O ne o f the most popular 
hypotheses is that low temperatures affect the chemical and physical integrity o f cell 
membranes and thus interfere with the transport of essential metabolites into the cell 
(Rose, 1968). Damage to cell membranes also appears to be the m ajor cause o f the 
death of micro-organisms as a result of sudden chilling, this phenomenon of ‘cold 
shock’ being well documented for Gram  negative bacteria (e.g. Strange & Dark,
1962).

Refrigeration, therefore, neither kills nor prevents growth o f all of the organisms 
commonly contam inating meat. Consequently, spoilage eventually ensues, perhaps as 
the jo in t result o f the growth of cold-tolerant bacteria and o f enzymic activity o f meso
philes rendered non-viable by the cold. Also, it is known that some cold-tolerant organ
isms exhibit increased extracellular enzymic activity at lower temperatures, e.g. 
protease activity (Peterson & Gunderson, 1960; Ja y , 1967) and lipase activity (Alford 
& Elliott, 1960). A  logical extension o f the process, to restrict this residual spoilage 
activity, is to reduce the temperature until the meat freezes.
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Freezing, like cooling, has selective and lethal effects. Some species o f psychrophilic 
bacteria are able to grow down to around — 7°C though at much lower rates than at 
higher temperatures. However, many more yeasts and moulds are able to grow at and 
below this temperature and may become more o f a problem than bacteria in the frozen 
storage of meat, This is because they grow at lower water-activity levels and withstand 
greater solute concentrations (electrolytes being of particular interest) than bacteria.

The freezing o f bacteria results in an initially rapid death rate followed by a slower 
rate during subsequent frozen storage (Haines, 1938). T he extent of the kill varies, 
certain substrates exhibiting a protective effect. In  fact, in studies with pork, Sulzbacher
(1950) found no evidence for any effect o f freezing to — 18°C on the viability o f cold- 
tolerant bacteria. W here death does occur, the mechanism is unknown, though two 
theories invoke physical damage due to intra- or extracellular ice formation and protein 
denaturation (Borgstrom, 1962). W hatever the mechanism, sterile m eat does not result 
and thus strict control must be exercised over the preparation of meat for freezing and 
over the storage temperature. I t  is essential to prevent even partial thawing and hence 
the possibility o f  microbial growth, in particular o f moulds (Gunderson, 1962).

I f  meat is neither to be frozen nor processed but offered as fresh m eat to the consumer, 
it  is more stable under refrigeration in carcass form than cut into smaller units. Cutting 
distributes bacteria from the dry, fatty, natural surfaces o f the m eat to freshly exposed 
muscle surfaces where they proliferate more rapidly. Traditionally, therefore, cutting 
into retail jo ints was delayed until the last possible moment in the butcher’s shop.

Nowadays, centralized slaughter, buying and preparation offer economic advantages 
and eliminate the need for skilled butchery at the point o f retail sale. Therefore, 
packaging techniques (see Cavett, 1968 for review) have had to be developed to make 
possible the breakdown o f the carcass at an early stage in  its life without the risk of 
correspondingly early spoilage. However, the retention o f moisture is a hindrance in 
the control o f m icrobial growth (Haines, 1937) but other factors such as permeability 
o f the packaging materials to gases, and in particular to oxygen and carbon dioxide, 
must be taken into account in assessing the effectiveness o f the process.

The microflora o f freshly chilled m eat consists predominantly o f strictly aerobic 
organisms and if  the access o f oxygen is controlled a retarding effect upon their growth 
is to be expected. Nevertheless, it appears that the level o f oxygen required to support 
growth o f aerobes is very low, reductions to less than 5 per cent being necessary to 
affect the growth rate o f P s. aeruginosa (K ing & Nagel, 1967) and c. 1%  being capable 
of supporting aerobic growth on m eat (see Ingram , 1962b). In  addition, it has long 
been known that carbon dioxide exerts an inhibitory effect on the rate o f growth o f 
many micro-organisms, especially aerobes kept at refrigeration temperatures (Coyne, 
1933; Haines, 1937; K raft & Ayres, 1952), and Ingram  (1962b) predicted that the 
bacterial flora o f packed meats was more likely to be influenced by the accumulation 
of this gas than the restricted access of oxygen. Since the combined respiration of the
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m eat tissues and the micro-organisms present will reduce the level o f oxygen and in
crease that of carbon dioxide in packaged meats (to an extent dependent upon the per
m eability of the packaging film to the gases), an effect upon both the rate o f growth, 
of the microflora and its composition is to be expected. Several workers have demon
strated the replacement of the Pseudomonas¡Achromobacter association by facultatively 
anaerobic types (Jaye, K ittaka & O rdal, 1962; Halleck, Ball & Stier, 1958a, b ; 
Gardner, Carson & Patton, 1967), the precise composition varying both qualitatively 
and quantitatively. For example, Gardner’s group showed that a gas permeable cover
ing had little effect upon the flora of pork stored at 2°C, with the exception o f small 
increases in the proportion of M icrobacterium  thermosphactum  and lactobacilli, while an 
impermeable covering resulted in a large decrease in  the proportion o f the strict 
aerobes and large increases in M icrobacterium  thermosphactum  and lactobacilli. Incubation 
at 16°G further modified the picture with larger decreases in the Pseudom onas ¡Achromo
bacter association and the appearance o f K u rth ia  spp. and members o f the Enterobacter- 
H a fn ia  group. Besides studying these flora changes they also analysed the contents of 
the packages for oxygen and carbon dioxide. W ith both types o f packaging m aterial 
there was a marked increase in the level o f carbon dioxide, the increase being greater 
for the impermeable membrane. Since there was at least 1 %  o f oxygen left in all cases 
the microbial changes were attributed to the carbon dioxide concentration. M ore 
significant perhaps than these qualitative changes was the increase in storage life of 
the m eat stored at 2°C  in the impermeable package, in which microbial counts were 
lower than in the permeable packs at 2°C or in either type of pack stored at 16°C. 
T he mechanism by which carbon dioxide exerts these effects has not been explained, 
though one suggestion put forward is that it interferes with dehydrogenase enzyme 
systems.

Control o f  spoilage is not the only consideration when fresh meat is packaged, a 
prime factor being the effect o f the process on the colour o f the meat. Broadly, fresh 
m eat requires free access o f oxygen to m aintain its bright red colour whereas cured 
meats discolour unless oxygen is excluded. One of the earliest reports on the vacuum 
packaging of fresh meat (Halleck et a l., 1958a, b) noted that though the m eat darkened 
in colour, on removal from the pack the normal colour soon returned. Nevertheless, 
it is assumed that there would be sufficient consumer prejudice to make the vacuum
packaging of fresh m eat a doubtfully viable proposition for the retail trade. At whole
sale level, the production of prime cuts in vacuo is increasing and, recently, two patent 
applications have been filed for packing in mixtures of carbon dioxide and oxygen. 
Here the object is to supply enough carbon dioxide to inhibit sensitive bacteria and 
sufficient oxygen to m aintain the bright red colour of the meat.

T he role played in the control o f microbial growth by the degree of permeability of 
the packaging films to water vapour has not been studied for technical reasons, but 
control o f moisture loss is another prime factor in their use. There is at least one report
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(Bomar, 1966 cited by Cavett, 1968) that the gas permeable cellulose-based films used 
for covering small retail cuts of meat can be penetrated by micro-organisms though it 
i§ doubtful that this represents a serious contamination problem. Experience with 
packaged meat, particularly that of Gardner, indicates that the storage life is extended 
only when strictly hygienic methods of preparation are used and storage is at low 
temperatures.

The processes described so far have dealt with the storage of carcasses and retail 
joints of meat in the fresh state. Many meat products are produced by processes 
involving curing and/or heating, both of which produce flavour and texture changes 
while at the same time exerting appreciable effects on the types and numbers of 
micro-organisms.

The use of salt as a means of preserving meats has been practised for thousands of 
years. Modern curing is an extension of this principle involving the use of sodium 
chloride, sodium nitrite and potassium nitrate. The process prevents the ‘putrefactive’ 
type of spoilage associated with fresh meat, no doubt because of the changes in the 
microflora caused by the curing salts. The aerobic Pseudomonas[Achromobacter group is 
replaced by a flora consisting mainly of aerobic micrococci with smaller proportions 
of Gram negative rods and sometimes lactobacilli in small numbers (Kitchell, 1958; 
Ingram, 1960; Gardner & Patton, 1969). Extensive microbial growth may produce a 
surface slime on sides of bacon (cf. fresh meat), but without the obvious organoleptic 
deterioration associated with fresh meat. There may also be an internal development of 
many thousands per g of similar organisms (Eddy, Gatherum & Kitchell, 1960) 
depending upon the type of curing procedure used, again without detriment to flavour.

The ultimate flora of bacon reflects the sensitivity of the various bacteria initially 
present to high concentrations of solutes, micrococci being relatively resistant. Sodium 
chloride is the main agent, though it may also have another effect by inhibiting micro
bial metabolism of amino acids. There are indications of this being true for some Gram 
positive cocci (Tonge, Baird-Parker & Cavett, 1964), and this may be a possible 
explanation of the relative stability of cured meat in the presence of large numbers of 
such organisms, even though, as a group, they exhibit strong proteolytic and lipolytic 
activity when grown at lower salt concentrations (Ingram & Kitchell, 1967). pH 
influences the action of salt and it has been known for a long time that salt-tolerant 
organisms from cured meats tend to be unusually sensitive to acidity and those tolerant 
of acidity are sensitive to salt. Hence the importance of pre-slaughter treatment of pigs 
intended for bacon production.

The role, if any, of nitrate in spoilage control is not clear, but nitrite at low pH 
values shows marked antibacterial activity especially against micrococci, undissociated 
nitrous acid being the active chemical species. This agent is, of course, also a powerful 
mutagen and an inhibitor of the outgrowth of germinated spores (e.g. Duncan & 
Foster, 1968; Labbe & Duncan, 1970).
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Vacuum packaging of cured meats is often used as a means of preserving the charac
teristic colour. Under such conditions, as described for fresh meats, oxygen levels are 
depleted and carbon dioxide levels rise. These factors result in a change in the micro
flora of the bacon, C 0 2-tolerant, facultatively anaerobic lactobacilli increasing l'apidly 
in numbers until they dominate the rest of the flora (Cavett, 1962; Kitchell & Ingram,
1963). Yeasts, when present, follow a similar pattern. Both salt concentration and tem
perature modify the proportion of each particular group present, high salt concentra
tion favouring the micrococci more than the lactobacilli, and high temperatures 
resulting in coagulase-negative staphylococci dominating the micrococci 'Cavett, 
1962; Tonge, Baird-Parker & Cavett, 1964). Similar changes, to a flora dominated by 
lactobacilli, have been reported for other cured meats stored in vacuum packs, e.g. 
cooked hams and frankfurters (Aim, Erichsen & Molin, 1961; Shank & Lundquist,
1963) and the overall effect of the process is to extend the storage life of the meat in 
comparison to the unpacked product. The reasons for the extension of shelf-life are * 
not altogether clear, particularly since the products still contain relatively large num
bers of micrococci, but must reflect some change in the metabolic pattern of these 
organisms, which are presumably growing anaerobically at the expense of nitrate.

Frequently, bacon undergoes a smoking process, which reduces the concentration of 
available water, thus accentuating the effects of sodium chloride. It also introduces 
chemical inhibitors to the meat, e.g. volatile acids, phenols and aldehydes. The anti
microbial properties of the latter two (Jensen, 1954) obviously exert an effect, but the 
reduction of pH by the volatile acids, systematically observed in smoked bacon, in 
conjunction with the nitrite normally present is thought to be an important influence 
in vacuum packed bacon (Kitchell, personal communication). For whatever reason, 
smoking results in a sharp decrease in the numbers of micrococci and Gram negative 
bacteria (Handford & Gibbs, 1964; Eddy & Ingram, 1962).

High temperatures, as well as refrigeration, are effective in controlling microbial 
spoilage of meat. In general, the higher the temperature the more effective the treat
ment. In practice, a compromise has to be accepted because of the deterioration of the 
organoleptic properties of the meat at high temperatures. Death of the microbes 
follows a logarithmic course, and thus the effectiveness of the process depends upon the 
initial load of organisms, i.e. upon the efficiency of any previous treatments given to the 
meat. The mechanism of heat destruction is widely believed to be a general denatura- 
tion of proteins though more specific effects having a lethal effect are more likely, e.g. 
on DNA (Brannen, 1970). The degree of heat treatment necessary to produce a product 
both safe from spoilage and from health hazard may vary with environmental condi
tions. For example, the presence of curing salts allows a shorter heat treatment to be 
applied without detracting from the safety of the product, the heat in some way sensi
tizing bacterial spores to the inhibitory effects of the curing salts (Riemann, 1963; 
Roberts, Gilbert & Ingram, 1966). Nitrite heated in laboratory culture media produces
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an extremely potent inhibitor of spores, though the evidence for its production in meat 
products is not conclusive. If use is made of lower heat processing times, cold storage 
should be used as an adjunct to delay the growth of surviving bacteria, especially of 
food poisoning organisms (Ingram, 1964).

Gamma irradiation, like heat, has the ability to destroy both vegetative cells and 
spores of many micro-organisms and hence is potentially useful for spoilage control. 
The use of sterilizing doses of radiation (radappertization), unless carried out at freezing 
temperatures which is extremely costly, produces unacceptable organoleptic changes. 
However, less severe doses (radurization) resulting in a reduction in numbers of the 
normal spoilage flora have been shown to extend the shelf-life of fresh and cured meats 
(Wolin, Evans & Niven, 1957). Again, as with reduced heat treatment, it would be 
necessary to use conditions such as refrigeration to prevent rapid proliferation of 
surviving micro-organisms. Moderate doses of radiation make spores of some organisms 
more susceptible to subsequent heating (see Ingram & Roberts, 1968) and such a pro
cess would, in theory, minimize organoleptic changes—though see Hansen (1966). 
Irradiation, like heat, has been shown to sensitize spores of some clostridial strains to 
curing salts, e.g. sodium chloride (Roberts, Ditchett & Ingram, 1965), though a report 
on the effects of irradiation on pork luncheon meat suggested that the treatment 
reduced the effectiveness of the salts present in preventing growth of Clostridium botulinum 
when the latter was inoculated into the meat (Kempe & Graikoski, 1964).

Evaluation

In the preceding section spoilage has been taken to be the processes leading to the 
formation of undesirable organoleptic characteristics in or on meat. Obviously it is 
easy to recognize meat in an advanced stage of spoilage but implicit in the idea of 
spoilage evaluation is the ability to recognize the incipient stages of the process and 
hence be able to predict the shelf-life, i.e. time to spoilage. Also implied is the ability 
to decide upon a value for the property being estimated as the spoilage index, which 
can be regarded as a cut-off value between acceptable and non-acceptable meat. To 
satisfy these criteria the property should be measurable with rapidity, reproducibility 
and preferably without the aid of elaborate, expensive equipment. Correlation with 
subjective organoleptic properties is also of importance since the latter determine the 
saleability of the product to the public.

Since micro-organisms are generally regarded as the main causative agents of spoilage 
the obvious method of evaluation is the enumeration of the total numbers of microbes 
present. The process requires the use of several different growth media to meet the 
growth requirements of the various microbial genera and, more important, requires 
24-48 hr incubation at the least, to provide meaningful answers. In practice, it is usual 
to estimate the groups of organisms known to be commonly dominant on the particular 
type of meat under investigation, e.g. Pseudomonas¡Achromobacter for refrigerated meats
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aerobic micrococci for unpacked cured meats, the assumption being that these are 
responsible for producing spoilage. That this may not necessarily be true is shown in the 
work on fish spoilage (e.g. Lerke, Farber & Adams, 1967) where only a small percentage 
of the total number of pseudomonads present was found to be capable of producing the 
effects recognized as spoilage in this food. Indirect evidence that a similar situation 
exists for meat is gained from early workers (see Jensen, 1945) and more recently, for 
example, from Saffle et al. (1961), whose results indicated little correlation between 
total bacterial numbers and organoleptic properties. Thus, the method has serious 
disadvantages but is, nevertheless, still much used.

An indirect method of estimating total bacterial numbers is based on an estimation 
of their overall metabolic activity, e.g. by dye reduction. This depends upon the ability 
of the microbes present to utilize synthetic dyes, which show colour changes on an 
alteration in their redox state, as electron and/or hydrogen ion acceptors in place of the 
physiological acceptors, i.e. oxygen, nitrate, etc. The time taken to effect this change is 
used as an index of cell numbers and consequently as an estimate of the quality of meat. 
One would expect such times to vary for different organisms and, moreover, with the 
physiological state of the cells. There appears to be little information available regarding 
these questions, so one does not know if the time taken reflects a small number of highly 
active organisms or a large number of less active ones. In spite of these objections, 
various workers have reported good correlation between meat quality and the rate of 
dye reduction—Rogers & McCleskey (1957) using ground meat and methylene 
blue, Saffle et al. (1961) using ground beef and resazurin, and Bradshaw, Dyett & 
Herschdoerfer (1961) using cooked and cured meats and tetrazolium salts. Although 
the first and last groups obtained good correlation with bacterial numbers, Saffle et al. 
found that the reduction time correlated better with odour than with total bacterial 
numbers. The relative rapidity of the methods (a few hours), coupled with ease of per
formance, makes their use attractive as an indication of the presence of large numbers of 
micro-organisms. However, what value one assigns as a cut-off, distinguishing between 
spoiled and unspoiled meats, requires further investigation, as does the use of such 
methods as a means of predicting shelf-life. Whether the methods are of use for evaluat
ing the spoilage of packaged meats does not appear to have been reported, and in view 
of the completely different flora from that on carcass meat, it cannot be predicted from 
published data.

For many years attempts have been made to measure chemical changes in meat and 
its juices and to correlate these with the degree of bacterial growth and organoleptic 
properties. Thus, changes in the concentrations of various low molecular weight 
nitrogen-containing compounds have been studied by a variety of methods, e.g. total 
non-protein nitrogen (e.g. Ockerman et al. 1969), total volatile nitrogen (e.g. Turner, 
1960; Pearson, 1968a,c), total a-amino groups (e.g. Saffle et al., 1961; Jay & Kontou,
1964), various individual amino acids (e.g. Gardner & Stewart, 1966a,b), nucleotides
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(Jay & Kontou, 1967) and urea (Gardner & Stewart, 1966b). In general, significant 
changes only occurred at very high microbial populations of the order of 1 0 8 — 1 0 9 

organisms/g, or when the meat was alreadyjudged to be spoiled, sensorily. Additionally, 
the changes reported were not always consistent from sample to sample, both overall 
increases (Turner, 1960; Jay & Kontou, 1967) and decreases (Saffle etal., 1961) having 
been demonstrated for amino acids for instance. An explanation of these differences is 
that the meat contained microbial floras with differing biochemical potentialities for 
metabolizing amino acids. The experiments of Jay & Kontou (1967) with beef, and 
Adamcic, Clark & Yaguchi (1970) with chicken skin, showing either increases or de
creases in amino acids during spoilage, depending upon the type of inoculum used to 
artificially infect the substrate, support this idea. In view of these discrepancies it is 
apparent that such measurements do not constitute a basis for a reliable method of 
predicting spoilage. However, Pearson (1967, 1968a,c) has shown that total volatile 
nitrogen estimations, which in the case of meat stored at low temperatures is essentially 
an estimation of ammonia produced, do correlate well with spoilage of beef as judged by 
odour. He suggests a cut-off value of 20 mgN/lOOg meat to be used in conjunction with 
values for free fatty acids and extract-release volume (see below) to assess acceptability. 
No microbiological data were obtained in this work and it is difficult to reconcile the 
reported success of the method with other accounts which conclude that it is only an 
indicator of advanced spoilage, whether judged organoleptically (Turner, 1960) or by 
bacterial count (Rogers & McCleskey, 1961; Gardner & Stewart, 1966b). There is an 
obvious need for more work correlating chemical changes of this type with both organo
leptic quality and bacterial condition.

Changes in other muscle constituents which could serve as substrates for bacterial 
growth, e.g. lactic acid, glycogen and glucose, have been reported (Gardner, 1965) 
for beef but were so haphazard as to be of no use in spoilage evaluation.

The use of pH was proposed many years ago because in meat undergoing aerobic 
spoilage the pH almost invariably increases to c. 6-5, or above, from its normal post
rigor value of c. 5-5. Again, the correlation between this parameter and bacterial 
numbers does not appear to be consistent, some authors reporting good agreement 
(e.g. Rogers & McCleskey, 1961) others, less good agreement (e.g. Gardner, 1965). 
However, measurement of pH is used as an adjunct to sensory examination in estimating 
the keeping quality of meat in several European countries, e.g. West Germany and Den
mark (see Turner, 1960), values of around 6-5 being regarded as indicative of poor or 
doubtful quality. Pearson (1968a) suggests a value of 6-0 to be used as a supplement to 
the other criteria he suggests (see above). With this method, it is obviously essential to 
know that the meat is in the post-rigor state. Its usefulness lies in the rapidity and ease 
of performance, plus the fact that it is non-destructive. More recently a titrimetric 
method to evaluate the spoilage of fresh beef has been described (Shelef & Jay, 1970). 
The amount of acid required to bring the pH of an homogenate of the meat to 5-0 was
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accurately determined and found to increase as spoilage advanced, good correlation 
being obtained with both bacterial numbers and extract-release volume (see below). 
One observes that the majority of samples giving titres close to the suggested cut-off 
value were also characterized by a relatively high pH, and it would appear that the 
titration was therefore superfluous. Nevertheless, it is possible that the titration method 
would detect the appearance in meat of substances exhibiting high buffering capacity 
and produced as a result of protein denaturation or proteolysis. Such compounds 
would, of course, prevent, or greatly reduce, pH changes and hence their existence 
might not be detected using the pH value method. However, it is generally accepted that 
proteolytic changes in meat are not very significant until high bacterial numbers are 
reached. Again, as in all of these methods mentioned previously, the predictive value 
of the test as opposed to the diagnostic value is negligible.

A somewhat different suggestion has been the measurement of ‘extract-release 
volume’ (ERV) by Jay (1964a). The basis of this procedure is not altogether clear, but 
it appears to reflect the water-binding capacity of the meat. The test measures the 
volume of fluid released on filtration by an homogenate prepared under standard 
conditions. Meat of good organoleptic quality with relatively low numbers of bacteria 
is said to release large volumes of liquid but spoiled beef only small volumes. Jay found 
a highly significant correlation between bacterial numbers and ERV. He suggested 
that meat (ground beef specifically) failing to produce an ERV between 25-30 ml 
should be regarded as spoiled, and he showed that this value corresponded to a bacterial 
load of c. 1 0s-5/g (Jay, 1964b). The ERV was compared with various organoleptic 
properties (colour, odour, tackiness) by a taste panel and with a ninhydrin test for 
a-amino acids (Jay & Kontou, 1964; Kontou, Huyck & Jay, 1966). The results showed 
that correlation was best between bacterial numbers and organoleptic properties, 
especially tackiness, but was also sufficiently high between ERV and bacterial numbers 
to warrant the use of ERV as a rapid test. Borton, Webb & Bratzler (1968) obtained 
similar results with pork. Later, Jay (1965) studied the relationship between the water
holding capacity of meat (WHC) (e.g. Hamm, 1960) and microbial quality. With 
both beef and chicken there was a linear decrease in WHC with increase in bacterial 
numbers, and the author suggested a combination of WHC and ERV as a rapid 
indicator of meat quality. However, no WHC value was suggested as distinguishing 
between acceptable and spoiled meat. The exact relation between ERV and WHC is 
not established, though they may well represent different methods of measuring the 
same thing. The related phenomenon of meat swelling (SW) which was described by 
Wierbicki, Tiede & Burrel (1962, 1964) as a method for investigating the water-binding 
capacity of muscle proteins has also now been shown to correlate closely with ERV 
and WHC and to be reliable in determining the microbial quality of fresh meat (Shelef 
& Jay, 1969b). Both ERV and WHC have been shown to be due not to autolysis but 
to bacterial action by comparing minced beef wrapped loosely in foil either with meat



treated with chlortetracycline or with meat packed in gas-impermeable sterile bags 
(Jay, 1964b, 1965, 1966b).

Both Jay (1964b) and Borton et al. (1968) suggest that the ERV phenomenon is not 
due to the presence of large numbers of bacteria per se but to some bacterial action 
during growth. Jay (1965) inoculated beef with two different proteinases and showed 
that this caused a drastic fall in ERV value. He tentatively suggested microbial proteo
lysis as a cause of increased WHC (decrease in ERV) in spoiling beef, possibly reflecting 
the unmasking of water-binding groups in the meat proteins, a proposal of Hamm
(1960) to explain changes in WHC due to various other factors, e.g. pH. Pearson 
(1968f), by studying the effect of protein and fat content on the ERV values of fresh 
beef, concluded that the drop in filtrate volume as spoilage advances is due to changes 
in protein, which is consistent with the suggestion made above. More recently Shelef & 
Jay (1969a) stated that the amino sugar content (presumed to be present as polymers) 
of spoiling beef increased with microbial count and appeared to be responsible for the 
increase in hydration capacity of spoiled meats. The evidence is far from conclusive, 
because all bacteria contain a mucopeptide layer in their cell walls, and consequently, 
amino-sugars like glucosamine, the concentrations of which are therefore likely—with 
a given spoilage flora—to reflect bacterial numbers and hence ERV (see above).

In summary, although there can be no doubt that the ERV of non-packaged meat 
does decrease on spoilage, the conclusion of both Jay and Borton, that at the recom
mended ERV values for discrimination between acceptable and spoiled meat both 
beef and pork flesh exhibit off odours (and in the latter case sliminess), makes the predic
tive value of the recommended test seem little better than that of other tests. Also, 
because bacterial numbers of 400 million/g, which Jay shows correspond to his ERV 
rejection value in minced beef, exceed slime-producing populations of carcass meat, 
it is difficult to see what value ERV might have for such meat. Riedel, Burke & Nordin 
(1967) have shown that the ERV phenomenon in both ground pork and beef is influ
enced by the type of microbial flora and the changes in pH associated with the storage 
conditions. For instance, although storage of pork and beef in aluminium foil resulted 
in a decrease in ERV and growth of a mixed bacterial population, storage under vac
uum caused the growth of a predominantly lactic acid bacteria flora without any 
changes in ERV or pH. There are similar results in some of Jay’s work (e.g. Shelef & 
Jay, 1969a). Furthermore, Riedel et al. showed a striking correlation between ERV 
and pH and the inadequacy of the method for determining the microbial quality of 
porcine muscle with naturally attained different pH values. Price (1965), however, 
claimed that the ERV technique appeared to work satisfactorily for estimating the 
microbial quality of both beef and pork trimmings. There is an obvious need for more 
experimental data before the usefulness of the method can be fully assessed, though of 
those described it does appear to be the method of greatest promise.

One would suppose that spoilage of meat would involve breakdown of the fat,

Control and evaluation of spoilage 2 2 1
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besides the proteinaceous tissue. Indeed, titration of the fatty acids liberated by lipo- 
lysis has been used (e.g. in whale oil) as an index of decomposition, and Pearson 
(1968d) suggested the use of this method in conjunction with other measurements 
(see above) for assessing the quality of beef. However, the breakdown of fats by 
microbes is relatively slow so that in raw meat the lean is usually spoiled before fat 
breakdown becomes noticeable.
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A  note on the aerobic m icroflora o f fresh and frozen  
porcine liv e r stored a t 5°C

G. A. GARDNER

Summary

The microbiological contamination on porcine liver is predominantly on the 
surface. Storage at 5°C in air resulted in a proteolytic type of spoilage brought 
about mainly by Gram negative bacteria such as Alcaligenes and Pseudomonas. 
Other types such as Escherichia, Microbacterium thermosphactum, and lactic strepto
cocci were also found.

When stored at 5°C in polythene bags, the level of contamination was much 
higher in the ‘drip’, and this appears to be related to the load on the surface 
of the liver. The souring type of spoilage could be attributed to the predomin
ance in the flora of lactic streptococci and Leuconostoc.

Freezing was not found to change the spoilage characteristics.

Introduction

There is currently c. 45 ton of liver produced weekly from pigs slaughtered in N. 
Ireland, most of which is frozen prior to distribution and sale. The ‘pluck’, which 
includes the trachea, lungs, heart and liver, is removed from the pig in one piece on the 
slaughterline. It is then subjected to veterinary examination and may be washed prior 
to chilling, divided into the four anatomical parts, the livers being packed in polythene 
bags for freezing in cartons.

There appears to be no published data on the nature of the spoilage microflora, and 
the work described in this paper is concerned primarily with this aspect. Comparative 
studies were made between frozen and unfrozen livers stored either in air or in poly
thene bags at 5°C.

Materials and methods
Livers

All the livers were obtained from one factory and transported to the laboratory in 
insulated boxes, arriving within 45 min of removal from the pigs. In each of two experi-
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ments livers from the same batch were divided and tested as follows:
(a) Unfrozen.
(b) ‘Hot’ frozen. The livers in polythene bags were frozen in cartons in a blast freezer 

operating at an air temperature of — 32-2°C and an airspeed of 3-5 m/sec.
(c) ‘Chilled’ frozen. The livers were chilled overnight at 5°C before freezing as in (b), 

except that the air temperature was — 27-7°C.
In both (b) and (c) the average liver temperature was reduced to — 17-7CC in 

14—19 hr. After 13 days storage at — 17-7°C the livers were defrosted for 2 days at 5°C 
before an experiment was started.

For each storage experiment, two livers were held in a tray under aerobic conditions 
and two were stored in a polythene bag, where most but not all of the air was excluded. 
All livers were stored at 5°C for 7 days.

Bacteriological analyses
With aseptic precautions, 10 cm2 from the surface of each of the two livers in any one 

treatment were removed and bulked. The two surface samples were shaken with 20 
ml 0T% (w/v) peptone water for 3 min on a mechanical shaker. From livers in a 
polythene bag, 1 ml of drip was taken and added to 9 ml of the same diluent. Serial 
dilutions were plated out by the surface technique of Davis & Bell (1959) on a total 
count medium (TCM) (Gardner, 1968). Colonies were enumerated on the plates after 
incubation at 22° for 5-7 days.

The selection and identification of isolates from the total count plates is described 
elsewhere (Gardner, 1968).

Results and discussion
Preliminary investigation on methodology for the microbiological examination of liver

An experiment was carried out to determine the differences in the numbers and 
types of micro-organisms on the surface or in the deep tissue of liver. Samples (5 g) 
of ‘deep tissue’ were exercised from the liver, using a technique (Gardner & Carson,
1967) which negated any transfer contamination from the surface. All samples were 
plated out in duplicate for both aerobic and anaerobic incubation. The results of 
investigations on two fresh livers are given in Table 1. The aerobic counts differed little 
from the anaerobic counts. The deep tissue samples had a much lower level of con
tamination than the surface samples. It is difficult to compare counts related to weight 
with counts related to area. However, the mean weight of 288 surface samples each of 
10 cm2 was 5-2 g. Thus 1 cm2 of tissue would be approximately equivalent to 0-5 g. 
Flora analysis indicated that the types of bacteria on the aerobic plates were similar in 
both sites.

The results of the same livers after storage for 7 days at 5°C are given in Table 2.
Aerobic counts were higher than anaerobic counts on the surface of livers stored aero

bically. Aerobic counts on deep tissue samples and surface samples of livers stored in a
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polythene bag were, if anything, only slightly higher. In one of the livers (A) the level of 
contamination in the deep tissue was lower than that on the surface, but the difference 
was less marked on liver B. Analysis of the flora on the aerobic plates showed that 
surface spoilage in air was due to the growth of Pseudomonas, Escherichia, Micro bacterium 
thermosphactum, and lactic streptococci. The types found in deep tissue samples and on 
surface samples of bagged liver were mainly lactic streptococci and Leuconostoc.

Thus it would appear that surface sampling coupled with aerobic incubation of 
plates gives the highest counts.

The microflora of refrigerated frozen and unfrozen liver
The numbers and types of bacteria on frozen and unfrozen livers stored at 5°C for 7 

days were examined, and the results of the two experiments are combined and given in 
Table 3. The fresh livers had a similar flora to that found in the preliminary study 
(Table 1). After 7 days the microbial load on the livers stored in air exceeded 109/cm2; 
colonies were visible on the surface of the liver. The spoilage flora was primarily com
posed of Alcaligenes, M. thermosphactum and lactic streptococci. There was no appreciable 
difference in the numbers and types of spoilage organisms between frozen and unfrozen 
liver.

F ig . 1. Relationship between the total microbial load in the drip and on the surface of 
frozen and unfrozen liver stored at 5°C in polythene bags.
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In contrast to the proteolytic type of spoilage found on the livers stored in air, those 
stored in polythene bags exhibited a spoilage of a ‘souring’ nature. The flora was 
mainly composed of lactic streptococci and Leuconostoc with lower proportions of Alcali- 
genes and M. thermosphactum. Again, freezing did not affect the spoilage characteristics. 
Generally speaking most meats, when stored in low oxygen tensions, spoil due to the 
growth and activities of the facultative anaerobic lactic acid bacteria (Ingram, 1962), 
and pork liver does not seem to be an exception.

As in each bag of livers there was 4-6% (w/w) liquid, the system is biphasic, i.e. 
the liver and the drip. The relationship between the microbial counts in the drip and 
the counts on the surface of corresponding livers is shown in Fig. 1. Although there is 
considerable variation and also assuming that all the organisms on the surface of liver 
are in the drip, the slope of the line would indicate that there is c. 0 -0 1 ml drip/cm2 of 
liver or that there are c. 1 0 0  times more organisms in 1 ml drip than on 1 cm2 liver 
surface. Hence it would be expected that the drip would show signs of gross spoilage 
before the liver, and this probably contributes to the fact that these livers (Table 3) 
were spoiled with a relatively low level of surface contamination.

These experiments show that porcine liver stored at 5°C is spoiled in 7 days. When 
stored in air, a proteolytic type of spoilage is associated with a microflora dominated 
by Alcaligenes and Pseudomonas, whereas in a polythene bag the souring type of spoilage 
is associated with a predominance in the flora of lactic streptococci and Leuconostoc.
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The bacterio logy o f ‘scam pi’ (N e p h r o p s  n o rv e g ic u s) . 
I I I .  Effects o f processing

G. HOBBS, D. C. CANN,  BARBARA B. WI LS ON,  
a n d  R. W. H O R S LE Y

Summary

The effects of handling and processing on the bacteriology of Nephrops- 
norvegicus has been examined in five processing factories. Production of 
frozen ‘scampi’ and frozen breaded scampi were examined along with, in 
one case, the bacteriological aspects of automated polyphosphate treatment.

Apart from some contamination during hand peeling, there was no 
significant increase or decrease in the numbers of any of the various types 
of bacteria during processing. Studies of the spoilage flora developing during 
ice storage show that, in common with other fishery products, bacteria of the 
Pseudomonas-Achromobacter group predominate.

Introduction

Most of the scampi landed in the UK are marketed as frozen tail meats. Another 
product is coated with butter and breadcrumbs before a final freezing; another, for 
overseas markets, is left in the shell and then frozen.

Essentially, processing consists of the removal, in one operation, of the head, claws 
and thorax, followed by removal of the tail meat from the shell, then deveining, i.e. 
removal of the gut, and freezing of the individual meats. In practice, there are many 
variations in the details of processes (Early, 1965). Throughout there is considerable 
manual handling of the product, though machines are gradually being introduced for 
all stages of processing.

The important aspects of processing from the bacteriological viewpoint are the 
effects of ice storage, the effects of freezing, thawing and re-freezing and the general 
hygiene of the process.

The bacteriology of spoilage of fish and fishery products was reviewed by Shewan & 
Hobbs (1967) and work on the spoilage flora of Crustacea has been published by 
Harris (1932), Tobin & McGleskey (1941), Alford, Tobin & McCleskey (1942), 
Green (1949), Campbell & Williams (1952), Puncochar & Pottinger (1954), Fellers,

Authors’ address: Torry Research Station, Aberdeen. Department of Trade and Industry.
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Gagnon & Khutchikian (1956), Kachikian, Fellers & Litsky (1959), Sreenivasan 
(1959) and Early (1967).

It is clear from the published work that spoilage of fishery products at ice tempera
tures generally results from the growth of Gram negative bacteria of the Pseudomonas 
and Achromobacter genera, though at higher temperatures the Gram positive coryne- 
forms and Micrococci, along with some Enterobacteriaceae contribute significantly. This 
situation is presumably a result of the ability of the Pseudomonas-Achromobacter genera 
to grow actively in ice whereas the other genera grow poorly or not at all at this 
temperature (Torry Research Station, unpublished data).

The effects of freezing on the spoilage flora of fishery products were reviewed by 
Shewan & Hobbs (1967). They concluded that 60-90% of the population was killed: 
the Gram positive flora surviving better than the Gram negative flora. Storage of fish 
in the frozen state resulted in a slow decline in the number of viable organisms present.

The bacteriology of Nephrops when newly landed at the ports has been described in 
Parts I & II (Walker et al., 1970; Cann et al., 1971). In the present investigation the 
starting material was Nephrops examined on arrival at the processing factory or taken 
from bulk chill or cold stores and thawed out for processing. Because of the complexity 
of the marketing and distributing system it was not practicable to follow individual 
consignments of Nephrops from the catching vessels to the processing factories.

Materials and methods

Five processors of Nephrops, situated in different areas of Britain, were visited during 
the period December 1968 to September 1969 and an examination of the various 
stages of processing was made. Individual processing methods varied; an outline of 
the two major lines follows.

A. Frozen scampi processing
1. Shell-on Nephrops tails are taken into the processing line from either frozen or 

iced batches. Factories A and C used Nephrops frozen in the shell, factories B and E 
used iced Nephrops and factory D used both. Running tap water was used both for 
thawing of frozen Nephrops and for removal of ice from iced batches.

2. Grading for size and weighing in lots for issue to individual peelers.
3a. Peeling by hand or blowing out the meats with compressed air, followed by 

deveining by hand and washing in water.
3b. Large Nephrops with shell on, for overseas markets, are washed and then deveined 

by machine.
4. Grading by hand and check weighing for purposes of estimation of yield, peelers’ 

bonus, etc.
5. Treatment with polyphosphate solution by either dip or spray.
6 . Freezing by either air blast or liquid nitrogen.
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7. Glazing with water.
8 . Weighing and packing by hand.

B. Breaded scampi processing
1. Frozen scampi are coated with batter and breaded by either hand or machine. 

Some processors repeat this process after an intermediate freezing.
2. Freezing by air blast.
3. Weighing and packing by hand.
Samples for analysis were taken from each stage of these two lines. Wherever 

possible, two or three peelers were chosen at random and each was given a batch of 
Mephrops, large enough to provide samples throughout the processing line. An attempt 
was made to follow each experimental batch by tagging, but, due to conditions pre
vailing in a busy processing plant, this was not always possible. In addition similar 
samples were carefully peeled by hand by the authors and returned to the processing 
line.

The two following stages were examined in more detail.

Automated polyphosphate treatment
Most processors treat Mephrops with polyphosphate solution, either by spraying or 

hand dipping. A machine has recently been designed to automate, standardize and 
improve this procedure. The construction and usage of this machine is described 
elsewhere (Wignall, Potter & Windsor, 1970). Essentially, the Mephrops are passed 
through a tank of refrigerated polyphosphate solution on a continuous conveyor belt 
so that the concentration and time of immersion can be carefully controlled. This 
machine was installed in one factory and during its operation a detailed bacterio
logical examination of the treatment was carried out.

On each of 2 days four batches of Mephrops were passed through the machine and 
samples were examined at 2 -hr intervals both before and immediately after treatment. 
In addition samples of the solution in the tank were taken. On the third day the entire 
production of the factory was treated in the machine, and three batches were examined 
at intervals. Each batch was divided into two, half passing through the machine and 
the other half being treated with polyphosphate by the usual factory method. Each 
batch was examined before treatment, immediately after treatment and again as the 
finished, packaged product. Samples of the solution in the tank were also examined.

Ice storage o/Nephrops
Three batches each of two stones of Mephrops tails caught within the previous 12 hr, 

were iced in boxes and stored for 10 days. Total viable counts were carried out at 
intervals during the storage time; detailed examination of the bacterial flora was 
carried out on the fresh and 1 0  day stored samples.

One hundred gram amounts of peeled Mephrops were taken for each bacteriological 
examination. The methods used have been described by Cann et al. (1971).



R esults

The results of the examination of factory processing are presented in Tables 1-8. 
Total viable counts at 20°C and 37°C did not show any significant increases throughout 
processing except for some initial contamination at the peeling stage in each case.

The coliform, faecal coli and faecal streptococci counts are not correlated, when one 
is high the other two are not necessarily so. For instance in factory B coliforms and 
faecal coli were generally relatively high whereas the faecal streptococci were very low; 
in factory D the reverse was found. Similarly a high coliform count does not necessarily 
mean a high faecal coli count. However, all the counts are generally lower than the 
existing specified standards for fishery products (Shewan, 1970).

Staphylococcus aureus was frequently demonstrated in samples taken at all stages of 
processing and occasionally in numbers exceeding the existing standards for fishery 
products. This almost certainly reflects human handling and even when samples were 
carefully peeled and washed by ourselves this organism was frequently found.

Clostridium welckii was, for the most part, only found by enrichment techniques and 
even then in relatively few samples. In factory D it was not found at all.

Salmonella and Clostridium botulinum were not found in any of the samples.

Automated polyphosphate treatment
The polyphosphate solution in the dipping tank rapidly acquired a total bacterial 

load equivalent to that of the Nephrops passing through it. Subsequently the load did, 
however, remain at the same level throughout use on each of the three days. There was 
no build up of pathogens in the solution; S. aureus being demonstrated only once and 
Cl. welchii twice; Salmonella was not found.

As far as bacterial load is concerned, samples of Nephrops treated with polyphosphate 
by either the usual factory method or the automated dipping procedure were not 
significantly different at any stage of subsequent processing. The greater uptake of 
polyphosphate by the Nephrops in the automated process did not affect the bacterial 
load of the finished packaged product.

Iced storage of Nephrops
The results of the total viable counts and the flora analyses are presented in Table 9. 

In two of the experiments there was little difference in the numbers of bacteria growing 
at 37°C throughout the storage period but in the Nephrops from Eyemouth there was an 
increase of almost three orders of magnitude. Increases of the same order occurred in 
the counts at 20°C from all three storage experiments.

After storage for 10 days the predominant organisms found were Pseudomonas, 
especially groups III and IV.

Of the food poisoning bacteria, Salmonella and Cl. botulinum were not found and Cl. 
welchii was demonstrated by enrichment in only two samples. S. aureus was demon-

2 3 6  G. Hobbs, D . C. Cam, Barbara B . Wilson and R. W. Horsley
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strated in the 10 day iced sample from Eyemouth at a level of 40/g and in every sample 
taken during ice storage of the Buckie Nephrops, in two by enrichment and in three in 
countable numbers, the highest count being 400/g. Numbers of coliforms, faecal coli 
and faecal streptococci were low throughout storage; the highest figures were coliform 
36/g, faecal coli < 1/g and faecal streptococci < 2/g.

Discussion
Comparison of data from five factories showed little variation in the degree of contam
ination during processing. In general, the total viable counts remained unchanged 
during processing in individual factories and where increases did occur, they were 
usually less than one order of magnitude. Nephrops peeled carefully by ourselves gen
erally had lower bacterial counts than those peeled in factories, indicating that there 
is an initial contamination which could be reduced by more hygienic handling.

The initial bacteriological quality of the Nephrops varied considerably and those 
with higher counts probably reflected the distances travelled from the port of landing 
and the extra handling involved. Some processors receive local and distant supplies of 
Nephrops which can be processed successively on the same day, giving widely differing 
results and making firm conclusions difficult. Nevertheless, the distance of processors 
B and C from the main ports of landing is reflected in the generally higher figures for 
total viable counts and coliform organisms in their supplies.

It has been shown that the majority of newly caught Nephrops carry total viable 
counts at 20°C and 37°C of 104/g and 103/g respectively, and are relatively free from 
organisms of public health significance. Many of the samples tested in the present 
work carried initial loads of 106-107/g at 37°G. Ice storage experiments at Torry 
Research Station have repeatedly shown that bacterial loads of this order are rarely 
reached after 10 days ice storage, which is beyond the period of edibility of Nephrops 
(Walker et al., 1970). It appears, therefore, that the high bacterial loads found on these 
Nephrops on arrival at the factories must represent heavy contamination during the 
procedures of landing, sale at markets and transport rather than spoilage.

Freezing of shell-on Nephrops prior to processing is advantageous both from the point 
of view of subsequent removal of the shell and elimination of the inevitable bacterial 
growth during the ‘conditioning’ period in ice. This advantage is lost if the Nephrops 
have been some time in transit or if heavy contamination occurs. On no occasion, 
however, was any significant bactericidal effect noted after freezing of the Nephrops 
at any stage during processing.

Use of polyphosphate did not affect the bacterial load when applied by either hand 
or machine. In the study of automated polyphosphate treatment, it was found that the 
solution in the tank became a pinkish, muddy brown colour and its appearance was 
aesthetically undesirable. Therefore, although the process was shown to be bacterio- 
logically satisfactory, it is desirable that the machine should be stopped, cleaned and
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fresh polyphosphate used at intervals during the day. The precise details of the process 
would have to take into account all aspects of quality control, economics and the 
advantages gained in increased weight or yield compared with the hand polyphosphat- 
ing procedures commonly in use.

The predominance of Pseudomonas strains after 10 days ice storage suggests that the 
flora changes in scampi are similar to those for most marine white fish. It is apparent 
however from the preliminary work on scampi (Walker et al., 1970), that in some 
circumstances Achromobacter strains can predominate.

Although, in the UK, legislation regarding food processing is not detailed and does 
not impose precise standards, there is a growing concern among processors about 
quality and quality control procedures. In international trade detailed legislation and 
standards are becoming more common, and it is evident that bacteriological standards 
will be increasingly applied to products such as ‘scampi’.

It has been pointed out by Shewan (1970) that existing standards for fishery products 
are largely based on analogy with other protein foods, and this is a wholly unsatis
factory situation. Details of some existing standards for fishery products are given by 
Shewan (1970). Total viable counts at 35-37°C are usually a- 104-106/g, a level of
> 105/g being the commonest; the level of coliforms is > 10-100/g; Escherichia coli
> 10/g; Enterococci > 103/g; Staphylococcus aureus absent to * 104/g and Salmonella 

should be absent in a given sample size. These standards apply both to cooked and 
uncooked products.

From the data presented here it is clear that in the case of scampi processing one or 
other of these figures is frequently exceeded. For example, as far as total viable counts 
at 37°C are concerned, only those Nephrops processed within 12 hr of catching would 
meet a standard of * 105/g. It is equally clear that, apart from some slight contam
ination at the peeling stage, the processing itself does not contribute a significant level 
of contamination. Since ‘scampi’ is not a cooked product the only aspect of processing 
which might have been expected to reduce the bacterial load is freezing and thawing 
The results presented here show that in practice no significant reduction does in fact 
occur.

If the data on freshly landed Nephrops (Cann et al., 1971) are compared with the 
figures obtained at the beginning of each processing line, it is probable that between 
landing and arrival at the processors a significant increase occurs both in total bacterial 
counts and in numbers of bacteria of public health significance. The experiments 
concerned with spoilage of Nephrops in ice show that the count at 20°C rises throughout, 
but that at 37°C does not necessarily rise at all. In addition, the organisms of public 
health significance do not grow at ice temperatures. The increase in bacterial load 
could, therefore, be the result of either storage at too high a temperature or contam
ination. In a few cases organoleptic assessment of the Nephrops indicated that some 
spoilage had occurred but it was usually known that they had been in ice for some days.
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It is suggested, therefore, that the increased bacterial load is predominantly the result 
of contamination during handling and transportation rather than of spoilage. It should 
be stressed that a total count of 105/g at 37°C does not necessarily indicate a spoiled 
product or represent a health hazard. Indeed, this figure appears to represent a count 
which is typical of even good quality scampi produced under existing commercial 
conditions. It has been stated (Hobbs, 1970) that in the absence of a sound basis for 
specific bacteriological standards, the only rational basis must be the levels which can 
be achieved by good hygienic handling, assuming there is no apparent health risk.

The data presented here indicate that the kinds of bacteriological standard mentioned 
are not realistic for this type of product, especially as ‘scampi’ is not marketed as a 
cooked product. On the other hand, the data do suggest that the bacteriological 
quality of this product could be improved by more hygienic handling. Bacteriological 
tests are primarily a test of the efficiency of quality control procedures and the prac
tical achievement of optimum processing conditions will only result from continued 
bacteriological testing and collaboration of quality controllers with everyone con
cerned from the fishermen to the processors.
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Practical applications of an accelerated stability test to 
rancidity problems in food processing

K. G. BERGER

Summary

An oxygen absorption test carried out at 100°C has been used to investigate 
rancidity problems occurring during processing and storage of foods. A 
relationship between induction period and flavour deterioration was estab
lished for fried foods. In the case of potato crisps the stability test was used to 
develop plant operating conditions which ensured sufficient shelf-life. Other 
applications of the test include the effect of artificial light and of emulsifier 
addition on fats and the comparison of antioxidants.

Introduction

The reaction of oxygen with the unsaturated fatty acid components of triglyceride oils 
is a two stage one in which tasteless hydroperoxides are first formed, and then de
composed in a second step to give low molecular weight oxygenated products, often 
with rancid flavours. It is well established that the reaction rates of the three main 
unsaturated acids present, oleic, linoleic and linolenic acids, with oxygen are very 
different. The decomposition of the hydroperoxides is known to be catalysed by small 
traces of metals, which are not completely eliminated in the refining process on the 
one hand or are quite likely to be introduced during food manufacture on the other 
hand. On decomposition of hydroperoxides free radicals are formed, which promote 
further reaction with oxygen.

If  natural or synthetic phenolic antioxidants are present, they will remove the free 
radicals and stop the chain reaction.

The food processor needs to be able to predict when the overall effect of these chemical 
reactions will produce rancid flavours in his products. A number of tests have been 
listed (Hoffman, 1970) in which oxygen uptake is accelerated, normally by the use of 
high temperature, sometimes also by elevated pressure or by exposure to light. These 
tests usually measure an induction period before rapid oxidation takes place.

Authors’ address: Lyons Central Laboratories, 149 Hammersmith Road, W.14.
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Experimental

This paper describes a number of practical applications of one such test, developed 
in these laboratories by Sylvester, Lampitt & Ainsworth (1942) and used routinely 
since then, in which the rate of absorption of pure oxygen at 100°C is measured mano- 
metrically. Publications describing essentially similar equipment have appeared at 
intervals since then, for example, Lancaster, Bitner & Beal (1956), Parsons (1968). The 
original Sylvester apparatus was modified by Martin (1961). The present results were 
obtained with this modification, but with a rubber and polythene connecting tube 
between the flask and the manometer in place of Martin’s glass connections, and using 
a water-cooled condenser.

Results
1. Relation of induction period to storage

Samples were stored under the conditions described in Table 1 and tested at intervals 
of about 4 weeks. The tests were continued for 4-6 months. Table 1 gives the mean 
loss of induction period per week of storage.

T a ble  I. Loss of induction period with storage

Loss Storage
Product (hr/week) conditions

Packaged Room temperature
Shortening A 0-17 Daylight

B 0-24
C 0-31 5 ?

Fried potato crisps 0-23 Room temperature 
Darkness

Beef fat flakes 
Opaque package 0-25 Room temperature

Mean 0-24

The loss of induction period is approximately 0-25 hr per week, independent of 
product. A faster rate was obtained for shortening C where the package permitted some 
daylight to penetrate. In the shortenings some flavour deterioration occurred on the 
surface before the induction period was reduced to nil.
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2. Applications to fried products
Under conditions of static heating an induction period of 1 0  hr at 100°C would be 

equivalent to a few minutes at 180°C. At frying temperature (180-200°C) normal 
rancid flavours either do not develop or are rapidly distilled out of the system. They 
develop, however, when the product is stored subsequently.

This point is illustrated by a study made of a potato crisp product while it was being 
manufactured on the pilot plant scale using a batch fryer. The crisps contained about 
25% oil and 3% moisture. It was possible therefore, to obtain oxygen absorption 
curves directly on the product. Table 2 shows the results of tests made on five separate 
samples of frying oil, directly on potato crisps sampled at the same time, and on the 
crisps after storage as indicated.

T a b l e  2. Storage of potato crisps induction period (hr)

Age 0 weeks 4 weeks 15 weeks
Decrease 
per week

Sample Oil Crisps Crisps Crisps
0-25 1 NIL* NIL*
4-5 5 — 2-5 0-17
7 7 — 3-5 0-23
4 9 — 6 0-20
7 10 — 5 0-33

Mean 0-23

* Rancid flavour

Crisps fried in oil having an induction period of only |  hr, developed rancid flavours 
after 4 weeks storage. No other samples developed rancid flavours during the above 
test period. It was concluded from these tests that, to obtain a product with a reliable 
shelf life of 12 weeks, a minimum induction period of 3 hr was required in the fresh 
product and in the oil used for frying. In order to provide a safety margin and to allow 
for the observed variability a quality standard of 4 hr was set. This standard was only 
achieved after modifications of the frying process, leading to adequate control. The 
effect of the several steps taken is summarized in Table 3.

A study of the thermograph charts (see Fig. 1) indicated the reason for variable 
results. The induction period of samples of oil is written on the charts against the time 
at which the samples were taken. It will be seen that with intermittent operation, 
stoppages resulted in a loss of induction period, since the oil was static at a relatively 
high temperature and was therefore reacting with oxygen fairly rapidly. During actual 
frying there was no loss of induction period. This was due to two effects, firstly the
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F ig. 1. Thermograph charts from batch fryer (a) discontinuous operation, 
(b) continuous operation.
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T a ble  3. Effect o f operating conditions in fryer

Condition o f frying

Induction 
period of oil

(hr) % Rejects
Frying time 
% o f total

Before Investigation 0-8 50 ____

Oil Level Controlled 
Oil Level Controlled

4-7* 0 —

Antioxidant added 
As above

3-12 4 —

Thermograph fitted 
As above

*-12 7 50-70

continuous frying 8-13 96-100

blanketing action of the steam generated, and secondly the regular addition, by way of 
a constant level device, of unused oil containing antioxidant. Satisfactory results were 
maintained only when truly continuous operation was achieved by providing relief 
operators during meal and rest breaks.

A correlation between flavour and induction period was also established with fried 
fish fingers. The product consisted of slices of cod, coated in bread crumbs, fried in 
ground nut oil and deep frozen. In this instance it was not possible to determine the 
induction period on the product itself. Instead the test was performed on oil extracted 
from the product with petroleum ether 40-60° C. The solvent was removed under a 
stream of oxygen-free nitrogen. Table 4 shows the results obtained on oil extracted

T a ble  4. Storage o f fish fingers

Induction period of oil (hr)
Storage period

(months) Initial Final Flavour

3 0-75 N IL Rancid, bitter
7 0-5 < 0-5 Poor
3 0-75 < 0-5 Bitter
0-75 — 0-5 Poor

6 1-5 1-5 Fair
6 1-5 1-0 Fair
7 — 1-0 Fair
0-75 — 1-3 Satisfactory
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from the product at the time of manufacture and'after varying storage periods, and of 
taste panel tests made on the stored product.

It will be noted that there is little loss of induction period during deep frozen storage. 
Off-flavour development however does occur and is related to the induction period 
of the oil as used for frying.

Frying was being carried out in a continuous fryer of about 300 lb capacity. Samples 
taken during one day’s operation (Table 5) showed that a fairly stable equilibrium 
condition had been reached during continuous operation. On other days some loss 
of induction period occurred as a result of shorter production runs. In consequence a 
minimum quality standard of 1 hr for the induction period and a maximum of 1-5% 
(as oleic acid) for the free fatty acid content was introduced and oil was discarded 
outside these limits.

T a ble  5. S h o rt te rm  tests o f  fry ing  oil

Frying time 
(hr)

Induction period 
of oil
(hr)

Acidity 
(as oleic 

acid)

0 0-8 0-85
i 1-1 0-71
i 1-2 1-14
2 1-2 1-14
4 2-0 0-93
5 1 1-14
n 1 1-14
9 i 1-5 1-0

3. Processing problems
(a) Fat in cake icings. A small proportion of fat is often incorporated in cake icings to 

improve their texture. The occurrence of rancid flavour in the icings led to an investi
gation of the method of incorporation of the fat. It was found that fat was being kept 
molten in a kettle for excessive periods and the kettle was being replenished before it 
was empty. Table 6  gives the results of the stability test on fat samples taken during 
the process and from the finished icings.

In the original process each step led to a substantial loss in induction period. Im
provement of the process led to a more satisfactory situation without rancid flavours.

In more complicated processes it is useful to test fat from samples taken at each step
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Table 6. Fat in cake icings

Induction period (hr)
Batch 1 Batch 2
Original After process
process improved

In drum 24 26

M elted in kettle 10 28

From finished
icings N IL 12

and to investigate in detail parts of the process where big losses in induction period 
occur.

(b) Effect of artificial light on fats. In connection with the planning of a processing area 
for fats, a comparison was made of the effect of tungsten filament bulbs and ‘daylight’ 
fluorescent tubes on four fats (see Table 7). In each case a 5 mm layer of sample in a 
shallow dish was exposed to an intensity of illumination of 2 0 -ft candles and a similar 
control sample was stored in the dark.

Table 7. Effect o f illumination on fats

Loss of

Sample
Hr

illuminated Control
Induction Period (hr) 

Fluorescent Filament
induction 

period (hr)

Lard 18 2-7 2-4 __ 0-3
2-7 — 2-5 0-2

Hardened whale oil 30 14 — 16
(40-42°C) 70 30 — 23 7

Teaseed oil 114 9-4 8-1 — 1-3
9-4 — 9-1 0-3

Groundnut oil 70 12-5 11-6 ___ 0-9
11-4 ■--- 10-7 0-7
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In order to obtain measurable effects with this illumination long exposure times were 
needed, and it was concluded that for practical purposes neither type of lighting would 
cause significant deterioration during processing. From the point of view of longer 
term storage, e.g. retail shelf life, the reduction in induction period observed after 
70-100 hr is very significant, and illustrates the need to protect fats from light during 
storage.

The largest effect obtained was with hardened whale oil and in this instance the 
fluorescent light had a significantly greater effect.

(c) Solutions of emulsifiers in fats. In manufacturing processes where both fats and 
emulsifier are used it is often desirable to dissolve the emulsifier in the fat and to store 
the solution as a liquid for a limited period. In this context the possible effects of the 
emulsifier on fats was studied. In the first place the induction periods of numerous 
samples of palm kernel oil with and without 3% of glyceryl monostearate (GMS) were 
determined. The results are summarized in Table 8  where the range of induction periods 
of the samples is given, together with the % loss in induction period in the presence of 
the emulsifier. Samples from five different suppliers are coded A to E.

T a b l e  8 . E ffe c t o f  GMS on p a lm  k e rn e l  o il

Emulsifier
sample

Number of 
oil samples

Range of initial 
Induction 

Period (hr)
Range of 

% loss

A (1) 5 42 to 48 26 to 57
A (2) 4 19 to 51 39 to 74
B 2 39 to 40 NIL
C 1 38 21
D 3 11 to 16 90
E 1 16 6

Only samples B and E could be regarded as presenting no risk in use; sample D 
had a very marked pro-oxidant effect and its use in manufacture would have presented 
a serious risk of rancid flavours in the final product.

In a further test series three commercial samples of fats in normal condition were 
used as substrates to examine the effect of 5% emulsifiers of different types on induction 
period (Table 9). The letters (F) to (J) are used to indicate different manufacturers, 
the numbers (1) and (2) indicate different samples from the same manufacturer. The 
substrates, with their initial induction periods, were palm oil (26 hr), rapeseed oil 
(6 -6  hr) and beef fat (4-3 hr).
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Table 9. Effect of emulsifiers on induction period
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% Change in induction period
Emulsifier Palm oil Rapeseed oil Beef fat

Soap containing GMS — -3 9 -5 2

Soap free GMS (F) Nil -1 5 -3 5

55 55 55 (G) -1 7 - 7 Nil
55 55 55 (H) —46 -3 5 -6 6

Polyglycerol esters (I) 0 -6 2 +  150

55 55 (J) — -1 2 +  33

P.G, Esters of oxidized acids -2 8 -1 2 +  116

Glyceryl lactopalmitate Nil -5 7 -6 4

Sorbitan esters (1) +  10 -5 0 —

(2) +  12 -1 2 +230

Polyoxyethylene sorbitan
esters (1) - 6 -1 5 -4 9

(2) -6 0 -3 9 -3 0

Changes in the initial induction period greater than 20% are underlined. It will be 
noted that beef fat is more sensitive in this respect than the vegetable oils, but effects on 
these are also quite marked.

The causes of these effects are the subject of current investigation. At present it can 
only be postulated that the losses of induction period observed are due to pro-oxidants 
formed during manufacture of the emulsifiers, and that the antioxidant effects obtained 
are due to traces of citric or phosphoric acids or other residual reagents which act as 
sequestrants. Chemical antioxidants are absent.

4. Response to antioxidants
The stability test is of value as a method for the selection of the most appropriate
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antioxidant. This is illustrated by the results in Table 10, which cover the use of buty- 
lated hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and octyl gallate 
(OG).

T a b l e  10. Antioxidants in fats

Sample Antioxidant 0
Level % 

0-001 0-01 0-02
Protection factor at 
0-01% 0-02%

Beef BHA 5 __ 96 170 19-2 34
BHT 3 12 28 — 9-3
OG 6-5 15 64 — 10

Pork BHT 2 19 9-5

Chicken BHA 0-25 14 56

Cottonseed oil BHA 7-5 7-5 1-0
BHT 10-5 1-4
OG 10-5 1-4

Groundnut oil BHA 12 17 1-4
BHT 12 23 1-9
OG 12 24 2-0

Vegetable BHA 26 43 1-7
shortening BHT 22 36 1-6

OG 25 52 2-1

In this table a protection factor has been calculated by dividing the induction 
period of the protected fat by the initial induction period. The protection obtained 
when antioxidants are added to vegetable fats is an order of magnitude smaller than 
that obtained with animal fats.

Discussion and conclusions
Accelerated stability tests for fats are of the greatest value in those applications where 
the correlation with room temperature storage and with off-flavour development has 
been established. Two such applications of the ‘Sylvester’ test are described in this 
paper.

The test is also of value in applications where such correlations have not been fully 
demonstrated. Thus the test is useful in the investigation of the effects of factory pro
cesses on fats because it enables conditions to be specified which maximize induction
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period and therefore minimize the risks of the development of rancid flavours. The use 
of the test for the routine examination of incoming supplies of oils has made it possible 
in many cases to arrive at a range for the normal induction period of a particular type 
of oil. Large departures from this range can justifiably be regarded as the result of 
abnormal treatment before delivery, and therefore as requiring more detailed investi
gation. Other forms of accelerated test can also be used for these purposes, the 
‘Sylvester’ test is however in the author’s experience the simplest to perform, the total 
operating time required to test four samples being about 1 hr.
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Studies on the quality characteristics of canned grapefruit
segments.

III. Addition of surfactant agents during the lye-peeling 
process to improve their quality*

A. LEVI,  E S T H E R  H E R S H K O W I T Z  a n d  A. LUDIN

Summary

Lye peeling of grapefruit segments greatly facilitates the removal of the car- 
pellary membranes, but causes a decrease in the yield and quality of the 
whole peeled segments. The HC1 treatment used in some industrial plants 
not only does not improve the quality, but usually causes a decrease in the 
yield or in the quality. The use of ‘wetting’ agents, such as Faspeel and 
Tergitol, helps to reduce the temperature or concentration of the lye solution, 
thereby bringing about an increase in yield and an improvement in the 
canned segments’ quality.

Introduction
Citrus carpellary membranes in general, and grapefruit membranes in particular, are 
composed mainly of pectic materials (Webber & Batchelor, 1948; Braverman, 1949). 
The segments’ (carpellary) membranes must be removed during industrial preparation 
of ‘canned grapefruit segments’ in order to prevent bitterness (Braverman, 1949) as 
well as to make the product more easily edible. After removal of the peel and hand 
segmentation, the segments’ membranes are removed manually or more usually by 
dipping the segments in hot lye solution of about 2-3% NaOH for 10-20 sec, as 
described by Ludin et al. (1969) for grapefruit and by Suryaprakase et al. (1969a,b) 
for orange segments.

The lye peeling process is the most common one, but it may damage the segments 
severely—as a result of deep penetration of the lye and the high temperatures used in 
the process. Some producers in Japan use milder conditions, mainly for orange, which 
incorporates the use of HC1 for membrane removal (Suryaprakase, 1969c). These 
treatments require much more time for removal of the segment membranes and the 
process hence becomes too expensive, since it is too slow for the modern citrus industry.

Authors’ address: Division of Food Technology, Volcani Institute of Agricultural Research, Rehovot.
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In previous works we studied the factors affecting the quality and means of improving 
the quality of the canned grapefruit segments (Ludin et al 1969; Levi et al. 1969). The 
treatments and additives used improved mainly the drained weight and the textural 
properties of the segments. The lye-peeling affects mainly the yield, by increasing the 
peeling losses, but it also affects the quality of the product. Lye-peeling is likely to 
cause softening of the segments and to increase the quantity of broken segments in the 
can, particularly at the end of the commercial season, when the segments are already 
soft and easily broken.

The use of ‘wetting agents’, such as those employed in peeling tomatoes (Juven, 
Samish & Ludin, 1969), might reduce the ill-effects of the lye-peeling process, thus 
raising the yield and quality of canned grapefruit segments.

Materials and methods
Canned grapefruit segments were prepared from fresh grapefruits (variety Marsh 
Seedless) in A2 cans as described in the first paper of this series (Ludin et al. 1969), 
except for the conditions for removal of the carpellary membranes, which varied 
according to the requirements of each experiment. When the HC1 treatment was 
investigated the segments were dipped in HC1 solution at room temperature and then 
dipped in lye for different times (see Results and discussion). The times and concen
trations chosen approximated to those in use by the industry.

In trials to improve the yield and quality of the segments following lye-peeling, we 
investigated the influence of the ‘wetting agents’, Faspeel and Tergitol, which facilitate 
NaOH penetration and its action on the membranes. The agent was added to the lye 
peeling bath at different concentrations, as described in Results and discussion. The 
action of the agents was investigated at different concentrations (OT, 0-2,0-25 and 0-3%) 
and the lye peeling conditions (temperature, NaOH concentration) were varied 
accordingly.

For each given condition at least 10 kg of fruit was peeled; when quality character
istics of the canned segments were investigated, at least ten A2 cans were prepared 
and processed, as described in the first paper of this series (Ludin etal. 1969).

Yield is expressed as percent of the quantity of whole fresh segments used to prepare 
the peeled segments. Firmness, drained weight, tendency to break, and quantity of 
broken segments were measured as described by Ludin et al. (1969); firmness is ex
pressed in shear press units (S.P.U.) For drained weight determinations, the filled cans 
were first stored for 6  weeks at 21 °C.

Results and discussion
HCl treatment

In some factories in Israel as well as elsewhere, this technique is used to facilitate the 
removal of the carpellary membranes and to improve the quality of the peeled seg-
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T a b l e  1. Effect o f  HC1 treatment o n  the quality o f  canned grapefruit segments

HC1
NaOH 2%

(99°C) Yield* Quality of Canned Segments * *

0//o
Dipping time

(min) (sec) %

Drained
weight
g/can

Broken
segments

0//o
Firmness

S.P.U.

Tendency
to break

° //o

0 (Control) 12 76-7 302 1-5 678 27
0-3 20 12 60-6 305 2-5 749 35
0-3 20 15 80-0 301 19-0 550 74
0-5 15 15 71-0 288 19-0 582 57
0-5 15 12 69-5 292 5-0 881 71
0-5 20 15 86-8 288 10-0 510 50

weight of whole segments after lye-peeling
* Expressed as — —----?—:——------------- ;—  :----------— X 100weight oi whole segments belore lye-peeling

** Mean values after 6 weeks’ storage at 21°C, of ten A2 cans per treatment.

merits. The dipping in HC1 is usually done at room temperature, before the lye peeling. 
The dipping times and concentration of HC1 used were similar to those in use by the 
industry. The results as well as the conditions of the experiment are given in Table 1.

The results of the HC1 treatment are clear enough when compared with the control 
(no HC1 treatment) even without statistical evaluation. Dipping in 0-3% HC1 for 20 
min followed by NaOH for 12 sec reduced the yield from about 77% (control) to 
about 61%, slightly improved the firmness and had almost no effect on the tendency 
to break or the quantity of broken segments. Increasing the time of the NaOH treat
ment to 15 sec facilitated the removal of membranes, slightly increased the yield, 
decreased the firmness, increased greatly the tendency to break (from 27% to 74%) 
and the quantity of broken segments. The detrimental effects were probably a result 
of the damage caused by deeper penetration of the NaOH.

Reducing the time of the HC1 treatment to 15 min, while increasing its concentration 
to 0-5% followed by dipping in NaOH for 15 sec, did not decrease the yield but caused 
a decrease in the drained weight, probably by weakening the juice sacs, which burst 
during the heat treatment (pasteurization), with a resultant loss of juice from the 
segments. As a result, there was a decrease in firmness and an increase in the tendency 
to break and in the quantity of broken segments. Decreasing the duration of the lye 
treatment to 1 2  sec while keeping the other conditions constant, did not alter the yield 
or the drained weight markedly, but improved the firmness and decreased the quantity 
of broken segments. This last finding is questionable since the tendency to break for 
this treatment was much higher (71%) than in the control. Further increasing the time
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of the HC1 (0-5%, 20 min) and NaOH (15 sec) treatments facilitated the removal of 
the membranes giving an even higher yield. However, quality decreased (compared 
with the control), drained weight and firmness were low, and the tendency to break 
and the quantity of broken segments were high.

To summarize, it seems that the HC1 treatment has a negative effect on the quality 
of the canned grapefruit segments, causing undesirable changes in their textural 
properties.

Use of wetting agents
Specific detergents (wetting agents) were added to the lye solution in order to assist 

the spread of NaOH on the membranes, thereby facilitating their removal from the 
fruit. Adding Faspeel to the lye solution, without changing any other conditions of the 
treatment, improved the yield and textural properties of the fresh grapefruit segments 
(Fig. 1). Adding 0T% or 0-2% Faspeel increased the yield from 51% to about 70%; 
0-3% Faspeel decreased the yield — but this was still above that of the control — possibly 
due to deep undesirable penetration of the NaOH into the segments. The firmness 
increased and the tendency to break decreased following inclusion of Faspeel in the 
treatments.

An industrial-scale experiment aimed at reducing the damage caused by heat during

F ig . 1. Faspeel as a peeling agent and its influence on the improvement of the quality of
canned grapefruit segments. O------—O, Yield; A ----------- A, firmness; □ ----------Q
tendency to break.
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-i—:---------- 1__________I______i 
95 90 85 80

°C

Fig. 2. Improvement of textural properties of grapefruit segments following the use of
Faspeel and reduction of the lye-peeling bath (2-5% NaOH) temperature. A---------A %
broken segments; O -------- O, firmness; □ ------□  Tendency to break.

the lye treatment while facilitating the lye-peeling process with the addition of Faspeel, 
gave good results (Fig. 2). Reducing the lye temperature from 95° to 85°C, while 
adding 0-2% Faspeel, decreased the quantity of broken segments in the can (24 A2 
cans per treatment) from 1 0 % to 2 %, increased segment firmness and decreased their 
tendency to break (from 42-5% in the control to 9%). The yield was not determined, 
as the experiment was performed in a factory during the commercial season. The sub
jective quality evaluation by the workers was that the manual removal of residual 
membrane particles (after the lye-peeling process) was much easier after the addition 
of Faspeel.

The influence of temperature reduction was investigated on a pilot-plant scale, 
while comparing two detergents—Faspeel and Tergitol (Table 2). Both compounds 
increased the yield and improved the quality of the product. Good results were 
obtained when 0-2% Tergitol was added (at 90°G), increasing the yield from 54% 
in the control to more than 70%, improving the firmness and decreasing the tendency 
to break; 0-2% Faspeel (at 90°C) gave similar results.

While the results of these experiments do not establish the best conditions for lye 
peeling with the addition of wetting agents, they do indicate the improvement in yield 
and quality resulting from the reduction in temperature due to addition of such an 
agent.
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T a b l e  2 . Effect of addition of Faspeel and Tergitol to the lye-treatment 
at reduced temperature, on the quality of canned grapefruit segments 

(2 %  NaOH, 12 sec)

Treatment Quality of canned segments *

Wetting agent Lye Trendency
added temperature Yield Firmness to break

% °C % S.P.U. 0//o

0 (Control) 100 54 320 21
0-1 Tergitol 95 78 280 16
0-2 Tergitol 90 72 520 10
0-1 Faspeel 95 61 500 6
0-2 Faspeel 90 68 530 2

* Ten cans prepared from the segments o f  each treatment.

The yield and quality of the segments may also be improved through milder treat
ment conditions by reducing the lye concentration while adding a wetting agent 
(Table 3). This treatment improved the yield and firmness, but did not reduce the- 
tendency of segments to break.

Conclusions

The HC1 treatment used in the industry does not increase the yield of lye-peeled 
segments without bringing about a concomitant decrease in their quality. The addition

T a b l e  3. Effect o f  addition of Tergitol and reduction of lye concentration 
on the quality o f  fresh grapefruit segments *

Treatment* Quality of fresh segments

% Tergitol % NaOH
Yield
0//o

Firmness
S.P.U.

Tendency 
to break

0//o

0 (Control) 2-0 42 670 25
0-2 1-75 79 840 21
0-2 1-50 73 830 24

Peeling at 99°C for 12 sec
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of surfactant (wetting) agents to the lye enables milder treatment conditions, which in 
turn result in improved yield and quality of the segments.
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The exam ination o f starch gelling  by m icroscopy

C. D. F R E K E

Summary
A microscopic method of determining the gelling temperature of starches 
has been developed. The apparatus is described and some results showing 
the effects of varying concentrations of sucrose at two pH values on two 
starches are presented.

Introduction
The methods generally used to investigate the properties of starches, in particular their 
gelling temperature and the effects of various additives, are physical and tell one little 
of what is actually happening to the grains. One disadvantage of this is that since work 
is being done on the gel it may behave differently from a gel formed undisturbed. 
For some purposes it is preferable actually to observe and record the changes taking 
place. The method described here depends on direct observation of the swelling of the 
starch grains. An objective microscopic method has been described by Berry & White
(1966) using loss of birefringence measured by a photometer as the criterion of gela- 
tinization. This method is more rapidly performed than the method described here 
and has some of the advantages mentioned. However, birefringence is lost before any 
swelling of the grains occurs and the temperature would tend to be somewhat lower 
than that given by a physical method. With the method described below, additional 
information can be gained, if required, on the duration of swelling time, final size or 
grain, etc.

Materials and methods

M icroscope
A Cooke, Troughton & Sims M2525 microscope was used fitted with a vertical, 

monocular body and using an external light source for transmitted light.

Authors’ address: Beecham Food and Drink Division Limited, Product Research Laboratory, Harpen- 
den, Hertfordshire.
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Camera
The Exacta Varex lib  with its microscope attachment and a ‘Magnear’ viewfinder 

containing a clear screen with cross wires.

Stage heater
A slide heater was manufactured from glass and aluminium. The heater contained 

decolourized liquid paraffin as the heating medium. A length of 40 S.W.G. Nickel/ 
Chromium resistance wire giving a total resistance of 80 ohms was used as a' heating 
element. The whole was lagged with asbestos tape (Fig. 1). Current was provided by a 
constant voltage supply.

Recorder
Ether, 2 mV, single channel.

Sample cell
The sample cell was constructed by fixing a brass washer of about £ in. internal 

diameter to a slide with ‘Araldite’. A slot was cut in the washer and a Copper/Con- 
stantan thermocouple fixed so that the tip just projected into the cell. The ‘cold junc
tion’ of the thermocouple was held at a constant temperature in an oil bath.

The apparatus was assembled as set out in the block diagram (Fig. 2).

Fig. 1. Construction of heating chamber and sample cell.
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A sparse suspension of starch in the menstruum under investigation was placed in 
the sample cell and a coverslip sealed on with silicon grease. The sample cell was 
clipped onto the heater. The other junction of the thermocouple was held at 53°G 
(±  0-01 °C) in an oil bath and the temperature recorded on the recorder. As starch 
does not normally swell below 60°C a record of the rate of heating below 55°C is not 
of much interest. Recording from 55°C upwards allowed an expansion of the scale. 
With the particular conditions used, full scale represented about 30 Centigrade degrees 
and |  in. was equivalent to 1 Centigrade degree. The recorder was run at 30 in./hr so 
that -g in. was equivalent to 20 sec. Thirty-five volts at 0-44 amp. from the constant 
voltage supply gave a temperature rise of about 4 Centigrade deg/min between 55°C 
and 75°C and 37-5 volts gave the same rate above 75°C. The thermocouple, recorder 
combination was calibrated at intervals or if any alterations were made to the con
ditions.

A field containing 50-100 grains was selected and was observed as the temperature 
increased until a grain started to swell. At this point a photomicrograph was taken, a 
mark made on the recorder chart and the timer started. Further photomicrographs 
were then taken of the same field at 2 0 -sec intervals until all or most of the grains had 
swollen (usually about eight shots).

In early experiments (unpublished) it was shown that individual starch grains 
started swelling at intervals over about 5 min and that the distribution was normal. 
Thus the point at which half the grains had started to swell was coincident with the 
mean. The following method of assessing the result was used.
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After development, the series of photomicrographs were examined by projecting 
them on to a white surface. Starting at the first frame the total number of unswollen 
grains and the total of swollen grains was counted using a hand tally. In each successive 
frame only the unswollen grains were counted, since they were easier to recognize. By 
subtracting the number of unswollen grains from the total number of grains, the 
cumulative total of swollen grains in each frame can be found.

Expressed algebraically :
[U + S) -  Ux = Sx
U = grains not swollen in frame 1 ;
Ux = grains not swollen in frame x ;
S = grains swollen in frame 1 ;
Sx = total number of swollen grains in frame x.

These totals were plotted against temperature and the temperature at which 50% 
of the grains had swollen was found by interpolation. The temperature at each time 
interval was found from the trace made by the recorder by measuring from the mark 
made when the run was started. An example is shown in Fig. 3.

F ig . 3. Run 106. Swollen grains plotted against temperature to find 5 0 %  value.
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Using the method described, two starches were examined to find the effect of sucrose 
concentration and pH value on their gelling properties. One was an unmodified waxy 
maize starch (Amioca) and the other a modified waxy maize starch (Col-flo 67). 
Their gelling temperatures were determined at pH 4-0 and pH 2-8 in sucrose solutions 
of 0, 5, 10, 15, 20, 30, 40 and 50% w/v. Duplicate runs were made with each com
bination of variables. If the difference between runs was greater than 0-9°C a third 
determination was made. When the third value was close to one of the previously 
determined values a mean of these two was taken and the odd value ignored otherwise 
a mean of all three was taken.

Results

The results are shown in Figs. 4 and 5.

F ig . 4. Effect of sucrose and pH concentration on the gelling temperature of ‘Amioca’ 
starch.

Discussion

The differences between duplicate runs were in no case greater than 2-0°C. None of 
the values in the third runs differed from the duplicate values by more than 1-0°C. 
This is a very reasonable degree of accuracy considering the innate variability of
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biological material and the range of temperature over which the individui grains start 
to gel.

The method has the advantage that a permanent record in the form of the 35-mm 
negatives, may be kept from which further information, such as rate of swelling of 
individual grains, final size, etc., may be gained if desired.

F ig . 5. Effect of sucrose and pH concentration on the gelling temperature of ‘Colflo’ 
starch.

The result of the series of runs on the two starches shows a relationship between 
sucrose concentration and gelling temperature which seems to be independent of the 
state of the starch and pH value. The gelling temperature increased by 3-5°C for each 
10% increase in sucrose concentration above 20% w/v. Acidity had an effect in that 
the more acid slope was 2-4°C lower and 2-l°C lower for Amioca and Col-flo 67 
respectively. Previous work (unpublished) had showed that the gelling temperature of 
Amioca was stable down to about pH 3-5 but dropped sharply by 2°C at lower pH 
values. Col-flo 67 was stable down to about pH 3-0 and declined slowly below that 
value. The difference in the two responses to pH value is not reflected in the response 
to changing sucrose concentration. Since the gelling temperature increases with 
increasing sucrose concentration, the implication is that more energy is required before 
the starch can start to take up water. The possible mechanism of the effect of sucrose 
on starch gelation will be discussed in another paper.
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Some observations on the mechanism of starch gelation

C. D. F R E K E

Summary

The temperature at which starch gelled in systems with varying dielectric 
constants was examined. Starch was also examined by differential thermal 
analysis (DTA) and thermogravimetric analysis (TG). Findings showed that 
the temperature at which starch gels depended on the polarity of the environ
ment. Implications of this and of the DTA and TG findings are discussed.

Introduction

In a previous paper Freke (1971) showed that increasing sucrose concentrations in the 
suspending liquid caused a corresponding increase in the temperature at which starch 
starts to gel. This observation raised some interesting speculations as to the mechanism 
of starch gelatinization. The competition for water cannot be purely osmotic as can be 
deduced from the following observations. Osmosis requires the existence of a membrane 
but if one is present it does not play a large part in the properties of the starch. Leach 
& Schoch (1961) have shown that fragmented starch grains continue to behave as 
whole grains, i.e. they retain their shape when heated in water until the gelling temp
erature of the starch is reached when they swell, take up water and lose their shape. 
Intact grains can be stained by iodine, primulin and other dyes (Sterling, 1964, 1965) 
showing that the pores in the starch are sufficiently large to admit fairly large molecules, 
certainly most solvents.

As the effect of sugar cannot be explained as an osmotic phenomenon, the polarity 
of solvents was investigated since sucrose dissolved in water would lower the dielectric 
constant of the solution and dielectric constant may be taken as a measure of polarity.

In addition, the number of sites available for bonding in the starch polymer are far 
too few to account for the amount of water taken up when starch gels. It was therefore 
of interest to see how much of the water was bound to the gelled starch.

The experimental work therefore falls into two parts—the effect of dielectric constant 
on gelling temperature, and the determination of bound water in gelled starch.

Author’s address: Beecham Food and Drink Division Ltd, Product Research Laboratory, Harpenden, 
Hertfordshire.

Present address: Department of Microbiology and Genetics, Massey University, Palmerston North, 
New Zealand.
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Materials and methods

T h e  effect o f  d ielectric  co n sta n t on the g e llin g  tem pera ture  o f  starch  

T h e  s t a r c h  u s e d  i n  t h e  s t u d y  w a s  C o l f lo  6 7 ,  a  m o d i f i e d  w a x y  m a i z e  s t a r c h .  T h e  

s o lv e n ts  s h o w n  a n d  t h e  f o l lo w in g  s o l v e n t  m i x t u r e s  w e r e  u s e d  i n  t h e  s t u d y .  W a t e r /  

g ly c e r o l ,  w a t e r / s u c r o s e ,  w a t e r / p r o p y l e n e  g ly c o l ,  w a t e r / e t h y l e n e  g ly c o l ,  w a t e r / e t h y l  

m e t h y l  c a r b a m a t e ,  f o r m a m i d e / b e n z y l  a l c o h o l ,  f o r m a m i d e / e t h y l e n e  g ly c o l ,  f o r m a -  

m i d e / e t h y l  m e t h y l  c a r b a m a t e ,  f o r m a m i d e / p r o p y l e n e  g ly c o l .  A l l  b i n a r y  s y s te m s  w e r e  

t e s t e d  a t  i n t e r v a l s  o f  1 0 %  v / v  c o n c e n t r a t i o n  e x c e p t  s u c r o s e  w h i c h  w a s  t e s t e d  a t  5 %  

w / ’v  i n t e r v a l s .  T h e  s t a r c h  w a s  s u s p e n d e d  i n  t h e  v a r i o u s  s o lv e n ts  o r  s o l v e n t  m i x t u r e s  

a n d  t h e  g e l l i n g  t e m p e r a t u r e s  d e t e r m i n e d  b y  t h e  m e t h o d  d e s c r i b e d  b y  F r e k e  ( 1 9 7 1 ) .

S tu d y  o f  b o u n d  w a te r  in  g e lle d  starch

A t t e m p t s  w e r e  m a d e  t o  g e l  s t a r c h  w i t h  m i n i m a l  a m o u n t s  o f  w a t e r .  T h e s e  w e r e  

u n s u c c e s s f u l  a s  t h e  s t a r c h  g e l l e d  c o m p l e t e l y  l o c a l ly  a n d  n o t  a t  a l l  e l s e w h e r e .  I n s t e a d  

a  c o m p l e t e l y  g e l l e d  s t a r c h  s u s p e n s io n  w a s  v a c u u m - d r i e d  a t  8 0 ° C  a n d  t h e  r e s u l t a n t  

c l e a r  f i lm  g r o u n d  to  a  p o w d e r .  T h i s  p o w d e r  s h o w e d  n o  r e g u l a r  g r a i n s  a n d  n o  b i 

r e f r i n g e n c e .  I f  p l a c e d  i n  c o ld  w a t e r  i t  s w e l l e d  im m e d i a t e l y .  T h i s  p r e g e l l e d  p o w d e r  a n d  

a  s a m p l e  o f  u n g e l l e d  s t a r c h  w e r e  s u b m i t t e d  t o  t h e r m o g r a v i m e t r i c  ( T . G . )  a n d  d i f f e r 

e n t i a l  t h e r m a l  a n a ly s i s  ( D .T .A . ) .

D .T .A .  S lu r r i e s  o f  2 0 %  s t a r c h  i n  w a t e r  a n d  i n  g ly c e r o l  w e r e  e x a m i n e d  u s i n g  t h e  

s u s p e n d i n g  f l u id  a s  a  r e f e r e n t  i n  e a c h  c a s e .

T . G .  C o l- f lo  6 7 , p r e g e l l e d  C o l - f lo  6 7 , a n d  p r e g e l l e d  C o l - f lo  6 7  w h i c h  h a d  b e e n  h e l d  

i n  a  h u m i d  a t m o s p h e r e  f o r  2 4  h r  w e r e  e x a m i n e d  b y  T . G .  i n  a  g a s  s t r e a m .

Results
T h e  r e s u l t s  a r e  g i v e n  i n  T a b l e  1 a n d  F ig .  1.

T able 1. Gelling temperatures in solvents of various dielectric constant

Solvent
Dieletric 

Constant (25°C)
Gelling 

Temp. °C

Formamide 109-0 60-70
Water 78-5 62
Glycerol 42-5 120
n-Propanol 20-1 does not gel

The following solvents did not gel the starch under the conditions of test. Their dieletric constants 
range between 17-1 and 2-0. n-butanol, iso-butanol, ethyl-n-methyl carbamate, n-amyl alcohol, benzyl 
alcohol, methyl salicylate, morpholine, n-butyric acid, dioxan and petroleum ether.



Mechanism o f starch gelation 2 8 3

Fig . 1. The effect of dielectric constant of the suspending menstruum on the gelling 
temperature of ‘Colflo’ starch.

D . T . A .  W a t e r :  A  s m a l l  p e a k  w i t h  a  m a x i m u m  a t  7 2 ° C  w a s  o b s e r v e d .  G l y c e r o l :  

a  s m a l l  p e a k  w i t h  a  m a x i m u m  a t  1 2 0 ° C  w a s  o b s e r v e d .

T . G .  C o l - f lo  6 7 :  1 3 %  b y  w e i g h t  o f  w a t e r  w a s  lo s t  b e t w e e n  r o o m  t e m p e r a t u r e  a n d  

1 7 5 ° C . P r e g e l l e d  c o l- f lo  6 7 :  1 0 %  b y  w e i g h t  o f  w a t e r  w a s  lo s t  b e t w e e n  6 0 ° C  a n d  2 2 0 ° C  

w h e n  t h e  s t a r c h  d e c o m p o s e d .  P r e g e l l e d  a n d  h u m i d i f i e d  C o l - f lo  6 7 :  1 8 - 6 %  b y  w e i g h t  

o f  w a t e r  w a s  lo s t  b e t w e e n  r o o m  t e m p e r a t u r e  a n d  d e c o m p o s i t i o n  a t  a b o u t  2 3 0 ° C .

Discussion

I t  w a s  n o t  p o s s ib le  t o  m e a s u r e  t h e  d i e l e c t r i c  c o n s t a n t s  o f  t h e  v a r i o u s  s o lv e n ts  a n d  s o l v e n t  

m i x t u r e s .  I n  s o m e  c a s e s  t h e  v a lu e s  f o r  b i n a r y  m i x t u r e s  a t  v a r i o u s  t e m p e r a t u r e s  w e r e  

a v a i l a b l e  ( T i m m e r m a n s ,  1 9 5 9 )  a n d  i n  o t h e r s  t h e y  w e r e  c a l c u l a t e d  f r o m  v a lu e s  g iv e n  

i n  t h e  l i t e r a t u r e  ( W e a s t ,  1 9 6 9 ) .  T h e  l a t t e r  p r o c e d u r e  is  n o t  e x a c t  b u t  t h e  v a lu e s  w o u l d  

n o t  b e  v e r y  d i f f e r e n t  f r o m  t h e  t r u e  v a lu e .

I t  is  c l e a r  f r o m  F ig .  1 t h a t  t h e r e  is  a  s e m i - lo g  r e l a t i o n s h i p  b e t w e e n  d i e l e c t r i c  c o n s t a n t
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a n d  g e l l i n g  t e m p e r a t u r e .  H a l v i n g  t h e  d i e l e c t r i c  c o n s t a n t  l e a d s  t o  a n  in c r e a s e  o f  a b o u t  

3 2 ° C  i n  t h e  g e l l i n g  t e m p e r a t u r e .  D e v i a t i o n s  f r o m  l i n e a r i t y  m a y  b e  d u e  to  e x p e r i m e n t a l  

e r r o r  o r  d u e  to  t h e  r e l a t i v e  s iz e s  o f  t h e  m o l e c u le s  i n v o l v e d .  I t  w o u l d  b e  e x p e c t e d  t h a t  

t h e  l a r g e r  m o l e c u le s  m a y  t a k e  a  l i t t l e  l o n g e r  t o  e n t e r  t h e  p o r e s  i n  t h e  s t a r c h  t h a n  

s m a l l e r  o n e s .  O t h e r  f a c t o r s  s u c h  a s  p H  v a l u e  a n d  w a t e r  a c t i v i t y  m a y  a ls o  a f f e c t  t h e  

g e l l in g  t e m p e r a t u r e  a n d  m o d i f y  t h e  e f f e c t  o f  a n y  g iv e n  b i n a r y  s y s te m .

P e a k s  o b s e r v e d  b y  D . T . A .  a t  7 2 ° C  a n d  1 2 0 ° C  f o r  w a t e r  a n d  g ly c e r o l  r e s p e c t i v e ly  

a r e  c lo s e  t o  t h e  g e l l i n g  t e m p e r a t u r e s  i n  th o s e  s o lv e n ts  a n d  s h o w  t h a t  s m a l l  a m o u n t s  o f  

e n e r g y  a r e  u s e d  a t  th o s e  t e m p e r a t u r e s .  T h e  f o l lo w in g  h y p o th e s i s  is  p u t  f o r w a r d  to  

e x p l a i n  t h e s e  f i n d in g s .  T h e  e n e r g y ,  a s  h e a t ,  n e e d e d  to  g e l  s t a r c h  is  r e q u i r e d  t o  b r e a k  

t h e  i n t e r n a l  s t a r c h - s t a r c h  b o n d s .

I f  t h e  d i s r u p t i o n  o f  t h e  s t a r c h  w h e n  i t  g e ls  is  d u e  t o  r e p l a c e m e n t  o f  s t a r c h - s t a r c h  

b o n d s  b y  s t a r c h - s o l v e n t  b o n d s  o f  a  p o l a r  k i n d ,  t h e n  a n y  d e c r e a s e  i n  p o l a r i t y  o f  t h e  

s o l v e n t  w o u l d  n e c e s s i t a t e  a n  i n c r e a s e  i n  t h e  e n e r g y  n e e d e d  to  f o r m  t h e  b o n d s .  C o n 

v e r s e ly ,  t h e  g r e a t e r  t h e  p o l a r i t y  o f  t h e  s o l v e n t  t h e  le s s  e n e r g y  is  r e q u i r e d ,  s i n c e  t h e  

s t a r c h  s o l v e n t  b o n d s  w i l l  b e  s t r o n g e r  a n d  m o r e  e a s i ly  f o r m e d .

T h e  t h e r m o g r a v i m e t r i c  o b s e r v a t i o n s  s h o w  t h a t  u n g e l l e d  s t a r c h  lo s e s  w a t e r  c o n 

t i n u o u s l y  f r o m  r o o m  t e m p e r a t u r e .  T h i s  w a t e r  is  t h e  n o r m a l  u n b o u n d  m o i s t u r e  o f  

s t a r c h .  T h e  p r e g e l l e d  s t a r c h  lo s t  w a t e r  a t  a  h i g h e r  t e m p e r a t u r e  i n d i c a t i n g  t h a t  th i s  

w a t e r  w a s  m o r e  f i r m l y  b o u n d .  A s s u m in g  t h a t  o n e  w a t e r  m o l e c u le  is  b o u n d  to  e a c h  

g lu c o s e  u n i t ,  t h e  w a t e r  lo s t  b y  t h e  p r e g e l l e d  s t a r c h  ( 1 0 % )  a g r e e s w e l l  w i t h  t h e  t h e o r e t i c a l  

v a l u e  ( 9 - 4 % ) .  T h e  p r e g e l l e d  h u m i d i f i e d  s t a r c h  lo s t  w a t e r  f r o m  r o o m  t e m p e r a t u r e  a s  

d i d  t h e  u n g e l l e d  s t a r c h  b u t  c o n t i n u e d  t o  lo s e  w a t e r  u p  t o  5 0 ° C  h i g h e r  i n d i c a t i n g  t h e  

lo s s  o f  b o t h  b o u n d  a n d  u n b o u n d  w a t e r .

T h i s  e v id e n c e  is c o n s o n a n t  w i t h  t h e  f o l lo w in g  h y p o th e s i s .  O n l y  t h e  i n i t i a l  1 0 %  o f  

w a t e r  t a k e n  u p  b y  s t a r c h  is  b o u n d  t o  t h e  m o le c u le s .  T h i s  b i n d i n g  o f  w a t e r  d i s o r g a n iz e s  

a n d  w e a k e n s  t h e  s t r u c t u r e  w h i c h  in c r e a s e s  i n  v o l u m e  to  a c c o m m o d a t e  t h e  n e w  b o n d s  

a n d  p a s s iv e ly  a d m i t s  m o r e  w a t e r .
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An electron m icroscopical investigation o f fa t destab ilization
in  ice cream

K .  G .  B E R G E R  and G . W .  W H I T E

Summary

A  l i m i t e d  a m o u n t  o f  f a t  d e s t a b i l i z a t i o n  o c c u r s  w h e n  ic e  c r e a m  m i x  is  a e r a t e d  

a n d  f r o z e n ,  a n d  th i s  e m u l s i o n  b r e a k d o w n  i m p a r t s  s o m e  d e s i r a b l e  p r o p e r t i e s  

t o  i c e  c r e a m .  A  m e t h o d  o f  m e a s u r i n g  t h e  a m o u n t  o f  d e - e m u l s i f i e d  f a t  is  

d e s c r i b e d ,  a n d  t h e  r e s u l t s  o f  a n  i n v e s t i g a t i o n  o f  t h e  p r o c e s s  b y  m e a n s  o f  e l e c 

t r o n  m i c r o s c o p y  a r e  g iv e n .  T h e  e f f e c ts  o f  f a t  c o m p o s i t i o n  a n d  p r o c e s s in g  

v a r i a b l e s  o n  f a t  d e s t a b i l i z a t i o n  a r e  s u m m a r i z e d ,  a n d  a n  o v e r a l l  p i c t u r e  is  

p r e s e n t e d  o f  t h e  p a r t  p l a y e d  b y  f a t  i n  t h e  s t r u c t u r e  o f  i c e  c r e a m .

Introduction

I c e  c r e a m  is  m a d e  b y  a e r a t i o n  a n d  f r e e z in g  o f  a  m i x ,  a n d  i t  h a s  b e e n  k n o w n  f o r  m a n y  

y e a r s  t h a t  th i s  o p e r a t i o n  i n d u c e s  a  c e r t a i n  a m o u n t  o f  d e s t a b i l i z a t i o n  i n  t h e  f a t  e m u l s i o n  

( D a h l e ,  1 9 3 6 ;  S o m m e r ,  1 9 4 4 ) .

V a l a e r  &  A r b u c k l e  ( 1 9 6 1 ) ,  i n  d e s c r i b i n g  t h e  s t a t e  o f  d i s p e r s i o n  o f  b u t t e r f a t  i n  ic e  

c r e a m ,  d i s t i n g u i s h e d  b e t w e e n  s m a l l  h o m o g e n i z e d  g lo b u l e s ,  i m p r o p e r l y  h o m o g e n i z e d  

g lo b u le s ,  s m a l l  c l u m p s ,  a g g l o m e r a t e d  f a t ,  c o a le s c e d  f a t  a n d  b u t t e r  p a r t i c l e s .  T o  a v o id  

c o n f u s io n  i n  t h e  p r e s e n t  c o n t r i b u t i o n ,  t h e  g e n e r a l  o r  p a r t i a l  b r e a k  d o w n  o f  t h e  f a t  

e m u l s i o n  w i l l  b e  r e f e r r e d  t o  a s  d e s ta b il iza t io n  o r  de-em u ls ifica tio n . W e  d i s t i n g u i s h  tw o  

c a s e s  :

(a )  w h e n  t h e  g l o b u l e  m e m b r a n e s  a r e  l a r g e l y  r u p t u r e d  a n d  t h e  g lo b u l e s  lo s e  t h e i r  

i d e n t i t y ,  j o i n i n g  t o g e t h e r  t o  f o r m  l a r g e  m a s s e s  o f  c o n t i n u o u s  f a t ;  t h i s  w i l l  b e  c a l l e d  

f a t  coalescence o r  ch u rn in g , a n d

( b )  w h e n  t h e  f a t  g lo b u l e s  r e t a i n  t h e i r  f o r m ,  b u t  j o i n  t o g e t h e r  l ik e  b u n c h e s  o f  g r a p e s ;  

t h i s  w i l l  b e  c a l l e d  f a t  c lu m p in g  o r  clus terin g .

A  c e r t a i n  a m o u n t  o f  f a t  d e - e m u l s i f i c a t i o n  is  d e s i r a b l e  i n  f r o z e n  i c e  c r e a m  i n  o r d e r  t o  

o b t a i n  a  d r y  p r o d u c t  ( K e e n e y ,  1 9 5 8 ;  K e e n e y  &  J o s e p h s o n ,  1 9 5 8 ;  K l o s e r  &  K e e n e y ,  

1 9 5 9 a ,  b ) ,  g o o d  s h a p e  r e t e n t i o n  a n d  s lo w  m e l t  d o w n  ( K e e n e y ,  1 9 5 8 ;  J o h n  &  S h e r m a n ,

1 9 6 2 ) ,  a n d  f i r m e r  t e x t u r e  ( J o h n  &  S h e r m a n ,  1 9 6 2 ) .  E x c e s s iv e  f a t  c o a l e s c e n c e  o r  

c h u r n i n g ,  h o w e v e r ,  is  u n d e s i r a b l e  a n d  is  a s s o c i a t e d  w i t h  p o o r  w h i p p i n g  p r o p e r t i e s ,
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f a t  a n d  i c e  s e p a r a t i o n  i n  t h e  f r e e z e r ,  u n s a t i s f a c t o r y  e x t r u s io n ,  a  b u t t e r y  t e x t u r e ,  a n d  a  

‘d o e s  n o t  m e l t '  d e f e c t  a c c o m p a n i e d  b y  s e p a r a t i o n  o f  a  t h i n  w a t e r y  s e r u m .  T h e  s i t u a t i o n  

is  a n a l o g o u s  t o  t h a t  o f  w h i p p e d  c r e a m  w h e r e  a  c o n t r o l l e d  a m o u n t  o f  f a t  c l u m p i n g  

p r o m o t e s  s t a b i l i t y  ( G r a f  &  M u l l e r ,  1 9 6 5 ) .

T h e  e x t e n t  o f  f a t  d e s t a b i l i z a t i o n  i n  f r o z e n  i c e  c r e a m  is  a f f e c t e d  m a i n l y  b y  t h e  t y p e  

a n d  a m o u n t  o f  f a t ,  e m u l s i f i e r  a n d  s t a b i l i z e r ,  b y  t h e  m i l k  p r o t e i n  s t a b i l i t y  a n d  m i n e r a l  

s a l t  b a l a n c e  i n  t h e  m i x ,  a n d  b y  s u c h  p r o c e s s in g  v a r i a b l e s  a s  a g e i n g  t i m e ,  f r e e z in g  t i m e  

( b a t c h  f r e e z e r s )  a n d  e x t r u s i o n  t e m p e r a t u r e  ( c o n t i n u o u s  f r e e z e r s ) .  T h e  i n f l u e n c e  o f  

s o m e  o f  t h e s e  f a c t o r s  w i l l  b e  d is c u s s e d  l a t e r .

T h e  p r e s e n t  i n v e s t i g a t i o n  is  c o n c e r n e d  m a i n l y  w i t h  t h e  e f f e c ts  o f  d i f f e r e n t  e x t r u s i o n  

t e m p e r a t u r e s  ( c o n t i n u o u s  f r e e z e r s )  a n d  o f  d i f f e r e n t  t y p e s  o f  f a t  o n  t h e  f a t  d e s t a b i l i z a t i o n .

A f t e r  h o m o g e n i z a t i o n ,  p a s t e u r i z a t i o n  a n d  a g e in g ,  f r e e z in g  w a s  c a r r i e d  o u t  i n  V o g t  

c o n t i n u o u s  f r e e z e r s .  T h e  i c e  c r e a m  w a s  h a r d e n e d  a t  — 2 3  ° C  to  — 3 0 ° C  b e f o r e  e x a m i 

n a t i o n .

M e a s u re m e n t o f  f a t  d e s ta b iliza tio n

V a r i o u s  m e t h o d s  f o r  t h e  m e a s u r e m e n t  o f  t h e  e x t e n t  o f  f a t  d e s t a b i l i z a t i o n  i n  ic e  

c r e a m  h a v e  b e e n  d e s c r i b e d  b y  K e e n e y  &  J o s e p h s o n  ( 1 9 5 8 ) ,  S c h u lz ,  V o s s  &  G u t t e r  

( 1 9 5 9 ) ,  a n d  A l s a f a r  &  W o o d  ( 1 9 6 5 ) .

T h e  m e t h o d  d e v e l o p e d  i n  o u r  l a b o r a t o r i e s  in v o lv e s  c e n t r i f u g a t i o n  o f  t h e  s a m p l e  o f  

i c e  c r e a m  m i x  o r  m e l t e d  i c e  c r e a m ,  u n d e r  c o n d i t i o n s  w h i c h  h a v e  b e e n  c a l c u l a t e d  t o  

s e p a r a t e  a l l  f a t  g lo b u l e s  g r e a t e r  t h a n  2  a m  i n  s iz e .  S ix t y  g r a m m e s  o f  t h e  s a m p le ,  a t  r o o m  

t e m p e r a t u r e ,  is  c e n t r i f u g e d  a t  3 5 0 0  r p m  f o r  15  m i n ,  a n d  t h e  b o t t o m  2 0  g  i n  t h e  c e n t r i 

f u g e  t u b e  is  s l o w ly  r u n  o f f  f o r  a  f a t  d e t e r m i n a t i o n  ( M o j o n n i e r  m e t h o d ) .  T h e  r e s i s t a n c e  

o f  t h e  e m u l s i o n  t o  b r e a k  d o w n  is  c a l c u l a t e d  a s  a  s t a b i l i t y  c o e f f i c i e n t  ( s .c . ) ,  g i v e n  b y

F a t

M i l k  s o l id s  n o t  f a t  

S u g a r  

E m u l s i f i e r  

S t a b i l i z e r

1 0 -5 %

1 6 - 5 %

0 4 %

0 - 1 4 %

s .c .  =  — -  x  1 0 0
F u (1)
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w h e r e  F b  is  t h e  f a t  c o n t e n t  o f  t h e  b o t t o m  t h i r d  o f  t h e  c e n t r i f u g e  t u b e ,  a n d  F  m  is  t h e  

o r i g i n a l  f a t  c o n t e n t  o f  t h e  m i x .  I t  is  c l e a r  t h a t  t h e  p e r c e n t a g e  o f  d e s t a b i l i z e d  f a t  c o u l d  

b e  t a k e n  a s  ( 1 0 0 — s .c . ) ,  a l t h o u g h  w e  h a v e  p r e f e r r e d  t o  w o r k  w i t h  s t a b i l i t y  c o e f f ic ie n ts .

C onsistency m easurem en t

C o n s i s t e n c y  w a s  m e a s u r e d  a t  — 5 ° C ,  w i t h  t h e  F . I . R . A . / N . I . R . D .  e x t r u s i o n  a p p a r a t u s ,  

o n  s a m p le s  o f  i c e  c r e a m  t a k e n  a t  t h e  o u t l e t  f r o m  t h e  f r e e z e r .

S p ecim en  p rep a ra tio n  f o r  electron m icroscopy

S p e c i m e n  p r e p a r a t i o n  w a s  b y  t h e  f r e e z e - e t c h i n g  t e c h n i q u e  d e v e l o p e d  b y  M o o r ,  

W a l d n e r  &  F r e y - W is s l i n g  ( 1 9 6 1 ) ,  M o o r  &  M u h l e t h a l e r  (1 9 6 3 )  a n d  M o o r  ( 1 9 6 4 ) ,  a n d  

w a s  c a r r i e d  o u t  i n  t h e  B a lz e r s  a p p a r a t u s  ( B o h le r ,  1 9 6 8 ) .  F r e e z e - e t c h i n g  o f  t h e  s p e c i 

m e n s  i n v o l v e d  (a )  v e r y  r a p i d  f r e e z in g  o f  t h e  s p e c i m e n  ( ~  1 0 0 ° C /s e c ) ,  ( b )  p a r t i a l  c u t 

t i n g ,  b u t  m a i n l y  f r a c t u r e  o f  t h e  s p e c i m e n  u n d e r  v a c u u m  a t  — 1 0 0 ° C , (c )  e t c h i n g  a w a y  

o f  t h e  s u r f a c e  l a y e r s  o f  ic e  b y  lo w  t e m p e r a t u r e  s u b l i m a t i o n  ( — 1 0 Q °C  f o r  1 -5—2 -0  m i n ) ,

( d )  m e t a l  s h a d o w i n g  a t  a n  a n g l e  o f  2 5 °  w i t h  P t - C ,  a n d  (e )  r e p l i c a  m a k i n g  b y  s p u t t e r 

i n g  o n  c a r b o n  a t  r i g h t  a n g le s .  T h e  r e p l i c a  c l e a n - u p  t e c h n i q u e s ,  e m p l o y e d  b e f o r e  

e x a m i n a t i o n  i n  t h e  e l e c t r o n  m i c r o s c o p e ,  i n v o l v e d  r e m o v a l  o f  (i) w a t e r  s o lu b le s ,  ( ii)  

m i lk  p r o t e i n s ,  a n d  ( i ii )  f a t ,  i n  t h i s  o r d e r .  T h e  r e p l i c a  w a s  p a s s e d  s e q u e n t i a l l y  t h r o u g h  

t h e  f o l lo w in g  t h i r t e e n  l i q u i d s :  w a t e r ,  3 0 %  H C 1 , 7 0 %  H C 1 , c o n e .  H C 1 , 7 0 %  H C 1 , 

3 0 %  H C 1 , w a t e r ,  2 0 %  e t h a n o l ,  5 0 %  e t h a n o l ,  8 0 %  e t h a n o l ,  e t h a n o l ,  e t h a n o l / f a t  

s o l v e n t ,  f a t  s o l v e n t .  T h e  f a t  s o l v e n t  u s e d  w a s  m e t h a n o l  : c h l o r o f o r m  =  1 : 2 . T h e  

r e p l i c a  w a s  t h e n  p i c k e d  u p  o n  a n  E M  g r i d  a n d  t h e  s o l v e n t  g e n t l y  e v a p o r a t e d .

I n  tw o  c a s e s ,  s p e c i m e n  p r e p a r a t i o n  w a s  b y  f r e e z e  f r a c t u r e  o n ly ,  t h e  e t c h i n g  s t a g e  

b e i n g  o m i t t e d .

Results
M i c r o s c o p i c a l  e x a m i n a t i o n  o f  t h e  h o m o g e n i z e d  i c e  c r e a m  m ix e s  b e f o r e  f r e e z in g  i n 

v a r i a b l y  s h o w e d  v e r y  f e w  f a t  g lo b u l e s  a b o v e  2  a m  i n  s iz e ,  a n d  t h e  s t a b i l i t y  c o e f f i c i e n t  

o f  t h e  m ix e s  u s e d  i n  t h e s e  e x p e r i m e n t s  w a s  9 0 - 9 5 % .  T h e  s t a b i l i t y  c o e f f i c i e n t  a f t e r  

f r e e z in g  a n d  t h a w i n g  w a s  m u c h  lo w e r  a n d  is  a  m e a s u r e  o f  t h e  p r o p o r t i o n  o f  f a t  g l o b u l e s  

s t i l l  b e l o w  2  a m  i n  s iz e .
F ig .  1 s h o w s  t h e  e f f e c t  o f  r e f r i g e r a t i o n  o n  t h e  s t a b i l i t y  c o e f f ic i e n t .  A  r e l a t i v e l y  s m a l l  

i n c r e a s e  i n  t h e  a p p l i e d  r e f r i g e r a t i o n  c a u s e s  a  m a r k e d  d e c r e a s e  i n  s t a b i l i t y  c o e f f i c i e n t  

w h e n  p a l m  o i l  is  u s e d ,  w h e r e a s  a  p a l m  k e r n e l  o i l  m i x  is  n o t  a s  s e n s i t i v e .  F ig .  2  i l l u s t r a t e s  

t h e  r e l a t i o n s h i p  b e t w e e n  t h e  a p p l i e d  r e f r i g e r a t i o n  a n d  t h e  c o n s i s te n c y  o f  t h e  i c e  c r e a m  

l e a v i n g  t h e  f r e e z e r .
P l a t e  1 s h o w s  t h e  r e p l i c a  o f  a  v a n i l l a  ic e  c r e a m  m ix  b e f o r e  a e r a t i o n  a n d  f r e e z in g ,  a n d  

t h e  f i n e  d i s p e r s i o n  o f  t h e  e m u l s i o n  is  c l e a r l y  v is ib l e .  H o w e v e r ,  t h e  f r e e z e - e t c h i n g  t e c h 

n i q u e  d o e s  n o t  n e c e s s a r i l y  p r e s e n t  t h e  m a x i m u m  d i a m e t e r  o f  i n d i v i d u a l  f a t  p a r t i c l e s  b u t  

r a t h e r  a  r a n d o m  s e l e c t i o n  o f  a l l  p o s s ib le  d i a m e t e r s  u p  t o  t h e  m a x i m u m .
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Fig. 1. Effect of refrigeration on stability coefficient.
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F ig. 2. Effect of refrigeration on the consistency of ice cream.
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P la te  1. R ep lica  o f  freeze-e tched  ice c ream  m ix .
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P l a t e  2a. Replica of freeze-etched, — 5-0°C extruded, vanilla ice cream.

b. Replica of freeze-etched, — 8-2 JC extruded, vanilla ice cream.
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P la te  3a. Replica of freeze-fractured ice cream, containing palm kernel oil. 
b. Replica of freeze-fractured ice cream, containing palm oil.
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P late  4. Replica showing interior of typical air cell in ice cream.

Plate  5 .  Replica showing fat globules with casein sub-units in the membrane.



Fat destabilization in ice cream

P l a t e  6 . Replica o f  ice cream showing fat globules and casein micelles.



K. G. Berger and G. W. White

P la te  7. R ep lica  o f  ice c ream  show ing casein su b -u n its lin ing  fat globules.
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T h e  p a r t i c l e  s iz e s  o b t a i n e d  b y  d i r e c t  m e a s u r e m e n t ,  t h e r e f o r e ,  h a v e  b e e n  c o r r e c t e d  

b y  a  f a c t o r  o f  4 /n ,  o b t a i n e d  b y  m a t h e m a t i c a l  i n t e g r a t i o n .  T h e  s iz e  r a n g e  o b t a i n e d  i n  

t h i s  w a y  w a s  0 - 0 4  t o  3 -0  t im , w i t h  a  m e a n  v a l u e  o f  0 - 4 5  a m .  T h i s  d i s t r i b u t i o n  is  i n  g o o d  

a g r e e m e n t  w i t h  r e s u l t s  o b t a i n e d  b y  o t h e r  m e t h o d s .

P l a t e  2 ( a )  a n d  ( b )  s h o w  r e p l i c a s  o f  tw o  f r e e z e - e t c h e d  i c e  c r e a m s  t h a t  h a d  b e e n  

e x t r u d e d  a t  — 5 - 0 ° C  a n d  — 8 - 2 ° C  r e s p e c t i v e ly .  T h e  h i g h e r  e x t r u s i o n  t e m p e r a t u r e  

le a v e s  t h e  f a t  e m u l s i o n  s t i l l  f a i r l y  w e l l  d i s p e r s e d ,  b u t  t h e  l o w e r  e x t r u s i o n  t e m p e r a t u r e  

h a s  c a u s e d  c o a le s c e n c e  a n d  d i s t o r t i o n  o f  t h e  f a t  g lo b u l e s ,  w h i c h  a r e  r e d u c e d  i n  n u m b e r .

T h e  e f f e c ts  o f  u s i n g  f a t s  o f  d i f f e r e n t  l i q u i d  o i l  c o n t e n t s  a r e  i l l u s t r a t e d  i n  P l a t e  3 ( a )  

a n d  ( b ) ,  w h i c h  s h o w  r e p l i c a s  o f  f r e e z e - f r a c t u r e d  i c e  c r e a m s  t h a t  h a d  p r e v i o u s l y  b e e n  

e x t r u d e d  a t  — 5 - 4 ° C . I t  c a n  b e  s e e n  t h a t  p a l m  k e r n e l  o i l  r e m a i n s  r e a s o n a b l y  w e l l  

d i s p e r s e d  i n  t h e  f r o z e n  ic e  c r e a m  b u t  t h a t  p a l m  o i l  s h o w s  n o t  o n l y  c h a i n s  a n d  c l u m p s  

o f  f a t  g lo b u l e s ,  b u t  a ls o  l a r g e  m a s s e s  o f  c o a le s c e d  f a t  a n d  c r y s ta l s ,  s o m e  o f  w h i c h  h a v e  

b e e n  f o u n d  to  b e  s e v e r a l  m i c r o m e t e r s  i n  l e n g t h .

M e a s u r e m e n t s  o f  t h e  l i q u i d  c o n t e n t  o f  t h e s e  tw o  o ils  h a v e  b e e n  m a d e  u s i n g  N M R .  

I t  w a s  f o u n d  t h a t  i n  t h e  t e m p e r a t u r e  r a n g e  4- 5  t o  — 5 ° G , t h e  l i q u i d  c o n t e n t  o f  p a l m  

o i l  w a s  h i g h e r  b y  5 - 9 % .  I t  is  t h o u g h t  t h a t  th e s e  m e a s u r e m e n t s ,  m a d e  u n d e r  e q u i l i 

b r i u m  c o n d i t i o n s ,  d o  n o t  f u l ly  r e p r e s e n t  t h e  d y n a m i c  c o n d i d o n s  o b t a i n i n g  i n  a  s c r a p e d  

s u r f a c e  h e a t  e x c h a n g e r .  U n d e r  t h e s e  c o n d i t i o n s ,  i t  is  p r o b a b l e  t h a t  t h e  d i f f e r e n c e  i n  

l i q u i d  o il  c o n t e n t  w i l l  b e  g r e a t e r  b e c a u s e  o f  t h e  d i f f e r i n g  r a t e s  o f  c r y s t a l l i z a t i o n  o f  t h e  

tw o  o ils .  F u r t h e r  e x p e r i m e n t s  w e r e  d o n e  to  c o m p a r e  i c e  c r e a m s  m a d e  w i t h  ( a )  p a l m  

o i l ,  a n d  ( b )  c o t t o n s e e d  o i l .  I t  w a s  f o u n d  t h a t  f a t  g l o b u l e s  w e r e  m u c h  le s s  n u m e r o u s  i n  

t h e  i c e  c r e a m  m a d e  w i t h  t h e  m o r e  l i q u i d ,  c o t t o n s e e d  o i l ,  a n d  t h a t  m a n y  a r e a s  o f  

c o a le s c e d  f a t ,  a n d  s o m e  f a t  c r y s ta l s  w e r e  v is ib le .

W e  h a v e  f o u n d  t h a t  a s  t h e  a m o u n t  o f  f a t  d e s t a b i l i z a t i o n  i n  f r o z e n  ic e  c r e a m  is  i n 

c r e a s e d ,  t h e  e m u l s i o n  b r e a k d o w n  i n  t h e  c a s e  o f  c o n t i n u o u s  f r e e z e r s  d o e s  n o t  u s u a l l y  

r e s u l t  i n  t h e  f o r m a t i o n  o f  c lu s t e r s  o r  c lu m p s  o f  f a t  g lo b u le s ,  b u t  r a t h e r  i n  t h e  f o r m a t i o n  

o f  c o a le s c e d  o r  c h u r n e d  f a t .  T h i s  is a c c o m p a n i e d  b y  a  l a r g e  d e c r e a s e  i n  t h e  n u m b e r  o f  

f a t  g l o b u l e s  p e r  u n i t  a r e a  o n  t h e  e l e c t r o n  m i c r o g r a p h s .

F ig .  3  s h o w s  t h e  r e s u l t s  o f  f a t  g lo b u l e  c o u n t s  m a d e  o n  e l e c t r o n  m i c r o g r a p h s  f r o m  t e n  

s e p a r a t e  e x p e r i m e n t s .  T h e  b e s t  s t r a i g h t  l i n e  w a s  c a l c u l a t e d  b y  t h e  m e t h o d  o f  l e a s t  

s q u a r e s .  A  c o r r e l a t i o n  c o e f f i c i e n t  o f  0 -8 8 4  w a s  o b t a i n e d  ( s ig n i f i c a n t  a t  t h e  0 - 1 %  l e v e l ) .

P l a t e  4  s h o w s  o n e  o f  t h e  a i r  c e lls  i n  ic e  c r e a m ,  a n d  i t  a p p e a r s  t h a t  t h e  s u r f a c e  is  l i n e d  

w i t h  s m o o th  m a t e r i a l ,  c h a r a c t e r i s t i c  o f  c o a le s c e d  o r  l i q u i d  f a t ,  a n d  a ls o  w i t h  m a n y  

i n d i v i d u a l  f a t  g lo b u l e s  w h i c h  p r o t r u d e  i n t o  t h e  a i r  c e l l .

T h e  s t r u c t u r e  a n d  s t r e n g t h  o f  t h e  a r t i f i c i a l  m e m b r a n e  a r o u n d  t h e  f a t  g lo b u l e s  is  a n  

i m p o r t a n t  f a c t o r  c o n t r o l l i n g  f a t  d e s t a b i l i z a t i o n  i n  ic e  c r e a m .  S o m e  i n f o r m a t i o n  o n  th i s  

m e m b r a n e  c a n  b e  o b t a i n e d  f r o m  e l e c t r o n  m i c r o g r a p h s  a t  v e r y  h i g h  m a g n i f i c a t i o n .  

P l a t e  5  s h o w s  a  r a t h e r  g r a n u l a r  c o a t i n g  o n  t h e  o u t s id e  o f  t h e  f a t  g lo b u le s .  T h e s e  a r e  

t h e  s u b - u n i t s  o f  t h e  c a s e i n  m ic e l l e s  a n d  t h e  s u b - u n i t s  f o r m  p a r t  o f  t h e  f a t  g l o b u l e  

m e m b r a n e .  N o r m a l l y  t h e s e  a r e  l i f t e d  o f f  i n  f r a c t u r e d  a n d  f r e e z e - e t c h e d  s p e c i m e n s  t o
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Stability coefficient (%)

F ig . 3. F a t g lobu le  c o n cen tra tio n  versus stab ility  coefficient.

r e v e a l  t h e  s t e p s ,  o f  m o l e c u l a r  th i c k n e s s ,  i n  t h e  l i p i d  l a y e r s  a t  t h e  s u r f a c e  o f  t h e  g l o b u l e s  

( P l a t e s  2 , 6  a n d  7 ) .  P l a t e  6  s h o w s  a  r e p l i c a  o f  i c e  c r e a m  e x t r u d e d  a t  — 5 ° C ,  i n  w h i c h  

t h e  c a s e i n  m ic e l l e s  m a y  b e  s e e n  b e t w e e n  t h e  f a t  g lo b u le s .  T h e  m ic e l l e s  s h o w  a  g r a n u l a r  

i n t e r n a l  s t r u c t u r e  o f  s u b - u n i t s ,  a n d  t h e  l a t t e r  a r e  a ls o  f o u n d  f r e e ly  d i s t r i b u t e d  i n  t h e  

c o n t i n u o u s  p h a s e .  P l a t e  7 s h o w s  a  r e p l i c a  o f  t h e  f a t  g l o b u l e s  a n d  c a s e i n  m ic e l l e s  u n d e r  

h i g h  m a g n i f i c a t i o n  ( 1 0 5 ,0 0 0  x ) ,  a n d  t h e  s u b - u n i t s  f r o m  t h e  m ic e l l e s  c a n  b e  s e e n  

l i n i n g  t h e  f a t  g lo b u le s .

Discussion

T h e  r e s u l t s  r e p r e s e n t e d  i n  F ig .  1 d e m o n s t r a t e  t h e  q u a n t i t a t i v e  r e l a t i o n s h i p  b e t w e e n  

a p p l i e d  r e f r i g e r a t i o n  i n  t h e  c o n t i n u o u s  f r e e z e r  a n d  t h e  d e s t a b i l i z a t i o n  o f  t h e  e m u l s i o n ,  

a n d  a ls o  t h e  d i f f e r e n t  e f f e c ts  o b t a i n e d  w i t h  p a l m  o i l  a n d  p a l m  k e r n e l  o i l .

F i g .  2  s h o w s  t h a t  t h i s  d e s t a b i l i z a t i o n  is  r e f l e c t e d  i n  t h e  t e x t u r e  o f  t h e  f r o z e n  p r o d u c t .  

A  l i n e a r  in c r e a s e  i n  c o n s i s te n c y  is  o b t a i n e d  w i t h  i n c r e a s e d  r e f r i g e r a t i o n .  A  s t i f f  c o n s i s 

t e n c y ,  i n d i c a t i n g  g o o d  ‘s t a n d - u p ’ p r o p e r t i e s  c a n  b e  a t t a i n e d  w h e n  p a l m  k e r n e l  o i l  is  

u s e d .  W i t h  p a l m  o il ,  h o w e v e r ,  t h e  d e s t a b i l i z a t i o n  o f  t h e  e m u l s i o n  is  m o r e  r a p i d ,  a n d  

a  s t i f f  c o n s i s te n c y  c a n n o t  b e  a t t a i n e d  w i t h o u t  e x c e s s iv e  d e s t a b i l i z a t i o n .
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B e f o r e  i n t e r p r e t i n g  t h e  p h e n o m e n a  o f  f a t  d e s t a b i l i z a t i o n  i n  i c e  c r e a m ,  i t  is  h e lp f u l  

t o  s u m m a r i z e  t h e  l i t e r a t u r e  o n  t h e  e f f e c ts  o f  p r o c e s s in g  a n d  f a t  c o m p o s i t i o n  o n  e m u l s i o n  

b r e a k d o w n  i n  f r o z e n  i c e  c r e a m .

I t  h a s  b e e n  n o t e d  t h a t  i n  b a t c h  f r e e z e r s  t h e  p e r c e n t a g e  o f  d e s t a b i l i z e d  f a t  in c r e a s e s  

w i t h  a e r a t i o n - f r e e z i n g  t i m e  ( K e e n e y ,  1 9 5 8 ;  A l s a f a r  &  W o o d ,  1 9 6 5 , 1 9 6 6 , 1 9 6 8 ) .  

S i m i l a r l y ,  i n  c o n t i n u o u s  f r e e z e r s ,  l o w e r i n g  t h e  e x t r u s i o n  t e m p e r a t u r e  i n c r e a s e s  t h e  f a t  

d e s t a b i l i z a t i o n  ( J o h n  &  S h e r m a n ,  1 9 6 2 ) .  A n  o b s e r v a t i o n  m a d e  b y  H o l l a n d  &  H e r r i n g 

t o n  ( 1 9 5 3 ) ,  o n  t h e  e f f e c t  o f  t e m p e r a t u r e  o n  t h e  c h u r n i n g  t i m e  o f  m i l k  f a t ,  w a s  t h a t  t h e  

f a t  m u s t  b e  p a r t l y  l i q u i d  a n d  p a r t l y  s o l id  f o r  c h u r n i n g  t o  o c c u r .  W h e n  t h e  f a t  w a s  

t o t a l l y  l i q u i d  o r  s o l id  t h e  n o r m a l  c h u r n i n g  p h e n o m e n o n  d i d  n o t  o c c u r .

T h e  e f f e c t  o f  f a t  c o n t e n t  h a s  b e e n  d i s c u s s e d  b y  K l o s e r  &  K e e n e y  ( 1 9 5 9 b )  a n d  

K n i g h t l y  ( 1 9 5 9 ) ,  a n d  i t  w a s  c o n c l u d e d  t h a t  t h e  d e g r e e  o f  f a t  d e s t a b i l i z a t i o n  d u r i n g  

f r e e z in g  i n c r e a s e d  a s  t h e  f a t  c o n t e n t  o f  t h e  m i x  i n c r e a s e d .  T h e  e f f e c t  o f  t y p e  o f  f a t  h a s  

b e e n  d i s c u s s e d  b y  F r a z e u r  ( 1 9 5 9 ) ,  F r a z e u r  &  N o l l e r  ( 1 9 6 0 ) ,  a n d  A l s a f a r  &  W o o d  

( 1 9 6 6 ,  1 9 6 8 ) ,  a n d  i t  is  a p p a r e n t  t h a t  c h u r n i n g  is  e n c o u r a g e d  w h e n  t h e  l i q u i d  f r a c t i o n  

i n  t h e  f a t  is  g r e a t e r .  K e e n e y  &  J o s e p h s o n  ( 1 9 5 8 ,  1 9 6 2 )  s u g g e s t e d  t h a t  t h e  o v e r r u n  

o b t a i n e d  i n  i c e  c r e a m  d e p e n d s  o n  t h e  a c t i v i t y  o f  t h e  e m u l s i f i e r  a t  t h e  a i r  c e l l - s e r u m  

i n t e r f a c e  ( p r o m o t i n g  a e r a t i o n )  r e l a t i v e  to  i t s  d e s t a b i l i z a t i o n  a c t i o n  a t  t h e  f a t - s e r u m  

i n t e r f a c e  ( i n h i b i t i n g  a e r a t i o n ) .  T h e  e f f e c t  o f  t y p e  a n d  le v e l  o f  e m u l s i f i e r  o n  i c e  c r e a m  

e m u l s i o n  s t a b i l i t y  h a s  a l s o  b e e n  d i s c u s s e d  b y  K n i g h t l y  (1 9 5 9 )  w h o  r e c o m m e n d s  t h e  

m o r e  l i q u i d - t y p e  e m u l s i f i e r ,  s u c h  a s  g ly c e r y l  m o n o - o l e a t e ,  t o  p r o v i d e  c o n t r o l l e d  f a t  

d e s t a b i l i z a t i o n .  J o h n  &  S h e r m a n  (1 9 6 2 )  i n v e s t i g a t e d  t h e  e f f e c ts  o f  t h e  e m u l s i f i e r  i n  ic e  

c r e a m ,  a n d  f o u n d  t h a t  m o n o g l y c e r i d e  i n c r e a s e d  t h e  p e r c e n t a g e  o f  c h u r n e d  f a t ,  d e 

c r e a s e d  t h e  s u b s id e n c e  a t  b o d y  t e m p e r a t u r e  u n d e r  c o n s t a n t  l o a d ,  d e c r e a s e d  t h e  r a t e  o f  

s o f t e n in g  a n d  i n c r e a s e d  t h e  s h a p e  r e t e n t i o n .

G o v i n  (1 9 6 9 )  h a s  i n v e s t i g a t e d  e m u l s i f i e r  a c t i o n  i n  i c e  c r e a m  u t i l i s i n g  t h e  H L B  

c o n c e p t .  H e  f o u n d  t h a t  t h e  le v e l  o f  m i l k  s o l id s  n o n - f a t  n o r m a l l y  u s e d  i n  i c e  c r e a m  h a s  

s u f f i c i e n t  c a p a c i t y  t o  e m u l s i f y  t h e  f a t  p r e s e n t .  I t  w a s  f u r t h e r  f o u n d  t h a t  t h e  a d d e d  

e m u l s i f i e r ,  i r r e s p e c t i v e  o f  i t s  H L B  v a l u e  o r  c o n c e n t r a t i o n ,  c o n t r i b u t e d  l i t t l e  t o  t h e  

e m u l s i f i c a t i o n  o f  t h e  m i x ;  i n s t e a d ,  i t  p r o m o t e s  d e s t a b i l i z a t i o n  i n  t h e  f r e e z e r ,  t h e  e x t e n t  

o f  d e - e m u l s i f i c a t i o n  b e i n g  p r o p o r t i o n a l  t o  t h e  H L B  v a l u e  o f  t h e  e m u l s i f i e r — t h e  h i g h e r  

t h e  H L B  n u m b e r ,  t h e  g r e a t e r  is  t h e  d e s t a b i l i z a t i o n .

T h e  e v i d e n c e  g iv e n  a b o v e  c a n  n o w  b e  i n t e r p r e t e d  i n  t h e  l i g h t  o f  t h e  p r e s e n t  s t a t e  o f  

k n o w le d g e .  W h e n  i c e  c r e a m  is f r o z e n ,  t h e  c o m b i n e d  e f f e c ts  o f  a e r a t i o n ,  r a p i d  f r e e z in g  

a n d  m e c h a n i c a l  a g i t a t i o n  c a u s e  r u p t u r e  o f  s o m e  o f  t h e  p r o t e i n  m e m b r a n e s  t h a t  p r o t e c t  

t h e  f a t  g lo b u le s .  T h e  f r e e  o i l  is  t h e n  a v a i l a b l e  f o r  m i g r a t i o n  t o  t h e  a i r - m i x  i n t e r f a c e . T h e  

s t r e n g t h  o f  t h e  p r o t e i n  m e m b r a n e  is  c l e a r l y  a  s i g n i f i c a n t  f a c t o r  i n  t h e  e m u l s i o n  d e s t a b i 

l i z a t i o n  t h a t  o c c u r s  d u r i n g  f r e e z in g .
S in c e  t h e  m o n o g r a p h  o f  K i n g  ( 1 9 5 5 ) ,  m a n y  s t u d i e s  h a v e  b e e n  m a d e  o f  t h e  natural 

m e m b r a n e  a t  t h e  s u r f a c e  o f  t h e  m i lk  f a t  g l o b u l e  {Comm. Bur. Dairy Sci. Technol., 1 9 6 9 ) .  

C o m p a r a t i v e l y  l i t t l e  w o r k ,  h o w e v e r ,  h a s  b e e n  d o n e  o n  t h e  artificial m e m b r a n e  a t  t h e
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s u r f a c e  o f  t h e  f a t  g lo b u l e s  i n  h o m o g e n i z e d  m i l k  a n d  c r e a m ,  o r  i n  i c e  c r e a m  m ix e s .  

T h e  r h e o l o g i c a l  w o r k  o f  S h e r m a n  (1 9 6 1 )  s u g g e s te d  t h a t  t h e  f a t  g l o b u l e s  i n  i c e  c r e a m  

w e r e  s u r r o u n d e d  b y  a  p r o t e i n  s h e l l  o f  t h i c k n e s s  0 -3  a m ,  a n d  t h a t  8 0 - 9 0 %  o f  t h e  t o t a l  

p r o t e i n  w a s  in v o l v e d .  S h e r m a n  s u g g e s t e d  t h a t  t h e  e m u l s i f i e r  f i lm  a r o u n d  t h e  o i l  

g lo b u l e s  w a s  p e n e t r a t e d  b y  t h e  n o n - p o l a r  s id e  g r o u p s  o f  t h e  f i r s t  l a y e r  o f  a d s o r b e d  

m i l k  p r o t e i n ,  a n d  t h a t  t h e  m a n y  f i lm s  o f  p r o t e i n  w i t h i n  t h e  p r o t e i n  l a y e r  h a v e  u n d e r 

g o n e  d i f f e r e n t  d e g r e e s  o f  d e n a t u r a t i o n  a n d  c o a g u l a t i o n ,  d e p e n d i n g  o n  t h e i r  p r o x i m i t y  

t o  t h e  O / W  in t e r f a c e .

O u r  r e s u l t s ,  o b t a i n e d  b y  e l e c t r o n  m i c r o s c o p y ,  s u g g e s t  t h a t  th i s  p i c t u r e  m a y  n e e d  

s o m e  m o d i f i c a t i o n .  P l a t e  5  s h o w s  a  g r o u p  o f  f a t  g lo b u l e s  i n  ic e  c r e a m ,  e a c h  c o a t e d  w i t h  

a  g r a n u l a r  c o a t i n g  c o n s i s t i n g  o f  c a s e i n  s u b - u n i t s ,  10  n m  i n  d i a m e t e r .  T h e s e  s u b - u n i t s  

n o r m a l l y  f o r m  t h e  g r a n u l a r  s t r u c t u r e  s e e n  i n  c a s e i n  m i c e l l e s ;  s u c h  m ic e l l e s  a n d  a ls o  

f r e e  s u b - u n i t s  m a y  b e  s e e n  i n  P l a t e s  2 , 5 , 6  a n d  7 . N o  s ig n  o f  a  t h i c k  p r o t e i n  s h e l l  

c a n  b e  d e t e c t e d  i n  P l a t e  7 o r  i n  a n y  o t h e r  e l e c t r o n  m i c r o g r a p h s  i n  o u r  w o r k .  P l a t e  7 

d o e s  s h o w  h o w e v e r ,  a  t h i n  s h e l l  o f  c a s e i n  s u b - u n i t s ,  o n e  u n i t  (1 0  n m )  t h i c k ,  r o u n d  s o m e  

o f  t h e  f a t  g lo b u l e s  a n d  w e  h a v e  o b s e r v e d  th i s  i n  o t h e r  c a s e s  a ls o .  A n o t h e r  f e a t u r e  o f  

o u r  e l e c t r o n  m i c r o g r a p h s  is  t h a t  t h e  p r o t e i n  c o v e r i n g  s u r r o u n d i n g  f a t  g lo b u l e s  is  n o r 

m a l l y  l i f t e d  o f f ,  i n  t h e  f r a c t u r e  s t a g e  o f  s p e c i m e n  p r e p a r a t i o n ,  t o  r e v e a l  t h e  s t e p s ,  o f  

m o l e c u l a r  th i c k n e s s ,  i n  t h e  c r y s t a l l i n e  l i p i d  l a y e r s  a t  t h e  s u r f a c e  o f  t h e  f a t  g lo b u le s .  

T h i s  s u g g e s ts  t h a t  t h e  p r o t e i n  l a y e r  is  o n ly  w e a k ly  b o u n d  t o  t h e  f a t  s u r f a c e  i n  t h e  

f r o z e n  ic e  c r e a m .

A  n u m b e r  o f  o t h e r  w o r k e r s  h a v e  u s e d  t h e  e l e c t r o n  m i c r o s c o p e  i n  r e c e n t  y e a r s  t o  

s t u d y  d a i r y  p r o d u c t s ,  a n d  t h e i r  o b s e r v a t i o n s  c o n f i r m  a n d  s u p p l e m e n t  o u r  f i n d in g s .  

M u l l e r  &  E g g m a n n  (1 9 6 9 )  a ls o  f o u n d  t h a t  t h e  g lo b u l e s  f r o m  h o m o g e n i z e d  m i lk  w e r e  

s u r r o u n d e d  b y  a  l a y e r  o f  c a s e i n  s u b - u n i t s  a n d  th i s  h a s  b e e n  c o n f i r m e d  b y  S c h m i d t  &  

H e n s t r a  (1 9 7 0 )  a n d  H e n s t r a  &  S c h m i d t  ( 1 9 7 0 a ,  b ) .  I n  s lo w ly  c o o le d  p r o d u c t s  s u c h  a s  

s t e r i l i z e d  c r e a m  ( G r a f  &  M u l l e r ,  1 9 6 5 ) ,  m i lk  ( B u c h h e im ,  1 9 6 9 , 1 9 7 0 a )  a n d  i n  t r i 

g ly c e r id e  e m u l s i o n s  ( B u c h h e im ,  1 9 7 0 b ) ,  e l e c t r o n  m i c r o s c o p y  h a s  s h o w n  t h a t  t h e  o u t e r  

l a y e r s  o f  t h e  f a t  g lo b u l e s  c o n s i s t  m a i n l y  o f  t h e  h i g h  m e l t i n g  f r a c t i o n .  I t  h a s  n o t  y e t  b e e n  

d e m o n s t r a t e d  t h a t  th i s  is  a ls o  t h e  c a s e  i n  ra p id ly  c o o le d  O / W  e m u l s io n s .

T o  s u m  u p ,  t h e  s t r u c t u r e  o f  t h e  a r t i f i c i a l  m e m b r a n e  a t  t h e  f a t  g lo b u l e  s u r f a c e  i n  

h o m o g e n i z e d  p r o d u c t s  is  p r o b a b l y ,  w o r k i n g  f r o m  t h e  g lo b u l e  o u t w a r d s :

C r y s t a l l i n e  f a t  —  e m u l s i f i e r  —  p r o t e i n  l a y e r .

I f  th i s  m e m b r a n e  is  r u p t u r e d  i n  t h e  f r e e z e r ,  a n d  t h e  f a t  is  s t i l l  p a r t i a l l y  l i q u i d ,  c o a l e s 

c e n c e  o f  t h e  l i q u i d  f r a c t i o n  t h e n  o c c u r s  l e a d i n g  to  c h u r n e d  f a t  a s  i n  P l a t e  3 ( b ) ,  a n d  to  

t h e  a p p e a r a n c e  o f  f r e e  o i l  a t  t h e  A / W  in t e r f a c e .

O u r  r e s u l t s  i n  F ig .  3 s h o w  t h a t  w h e n  m a r k e d  c h u r n i n g  o c c u r s ,  t h e  n u m b e r  o f  f a t  

g lo b u l e s  p e r  u n i t  a r e a  i n  t h e  e l e c t r o n  m i c r o g r a p h s  d e c r e a s e s  v e r y  m a r k e d l y .  T h i s  is  n o t  

a c c o m p a n i e d  b y  t h e  a p p e a r a n c e  o f  a n  a p p r e c i a b l e  n u m b e r  o f  p a r t i c l e s  o f  c l u m p e d  f a t ,  

a s  m i g h t  b e  e x p e c t e d  f r o m  t h e  o b s e r v a t io n s  i n  t h e  l i t e r a t u r e ,  a n d  w e  c o n c l u d e  t h e r e f o r e
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t h a n  m u c h  o f  t h e  f r e e  o i l  m i g r a t e s  t o  t h e  a i r / w a t e r  i n t e r f a c e .  O u r  i n t e r p r e t a t i o n  o f  th i s  

d i f f e r e n c e  is  t h a t  t h e  p u b l i s h e d  o b s e r v a t i o n s  h a v e  b e e n  m a d e  o n  i c e  c r e a m  a f t e r  

t h a w i n g .  D u r i n g  t h a w i n g  t h e  f a t  g lo b u l e s  l i n i n g  t h e  a i r  c e l ls  a r e  c e m e n t e d ,  b y  t h e  f r e e  

o i l  w h i c h  f o r m s  t h e  e n v e l o p e  o f  t h e  a i r  c e l l ,  i n t o  3 - d i m e n s i o n a l  c lu m p s ,  b u t  t h e s e  a r e  

l a r g e l y  a b s e n t  i n  t h e  s t r u c t u r e  o f  t h e  f r o z e n  ic e  c r e a m .

T h e  a i r  c e l l  o f  P l a t e  4  s h o w s  a  t y p i c a l  s m o o t h  s u r f a c e  w h i c h  is  d i f f e r e n t  f r o m  t h e  

g r a n u l a r  a p p e a r a n c e  o f  t h e  c o n t i n u o u s  p h a s e  i n  t h e  f r e e z e - e t c h e d  p r e p a r a t i o n s ;  w e  

h a v e  c o m e  t o  a s s o c i a t e  s u c h  s m o o t h  s u r f a c e s  w i t h  f a t ,  a n d  i t  c a n  a ls o  b e  s e e n  t h a t  t h e  

c e l l  is  l i n e d  w i t h  f a t  g lo b u le s .  I t  is  w e l l  k n o w n  t h a t  o i l  w i l l  s p r e a d  a t  a n  A / W  in t e r f a c e ,  

a n d  t h e r e  is  c o n f i r m a t o r y  e v id e n c e  o f  th i s  e x p l a n a t i o n  f r o m  t h e  l i t e r a t u r e .  A r b u c k l e  

&  C r e m e r s  (1 9 5 4 )  f o u n d  t h a t  t h e  f a t  g lo b u l e s  i n  i c e  c r e a m  w e r e  d i s p e r s e d  i n d i v i d u a l l y  

i n  t h e  u n f r o z e n  p h a s e ,  a n d  i n d i v i d u a l l y  a n d  i n  c h a i n - l i k e  a r r a n g e m e n t  r o u n d  t h e  a i r  

c e lls .  M o h r  &  M o h r  (1 9 5 5 )  f o u n d  t h a t  b u t t e r  o i l  a n d  b u t t e r  f a t  c r y s t a l s  f o r m e d  a  

l a y e r  r o u n d  e a c h  a i r  b u b b l e  i n  w h i p p e d  c r e a m .  K e e n e y  ( 1 9 6 2 ) ,  i n  w o r k  o n  f o a m  

f r a c t i o n a t i o n  o f  i c e  c r e a m  m e l t s ,  f o u n d  t h a t  t h e  f a t  c o n t e n t  o f  t h e  f o a m  w a s  a lw a y s  

h i g h e r  t h a n  t h a t  o f  t h e  s e r u m ,  b u t  t h e  e m u l s i f i e r  c o n t e n t  w a s  a l m o s t  a lw a y s  s m a l l e r .  

A l s a f a r  &  W o o d  ( 1 9 6 8 ) ,  u s i n g  t h e  e l e c t r o n  m i c r o s c o p e ,  c o n f i r m e d  t h e  c h a i n - l i k e  

a r r a n g e m e n t  o f  f a t  g lo b u l e s  a r o u n d  t h e  a i r  c e l ls  i n  i c e  c r e a m  f r o z e n  i n  a  c o u n t e r  f r e e z e r .  

T h e y  a ls o  f o u n d  t h a t  t h e  f a t  g lo b u l e  m e m b r a n e  w a s  t h i n n e r  w h e n  e m u l s i f i e r  w a s  u s e d ,  

w h e n  T w e e n  8 0  r a t h e r  t h a n  S p a n  6 0  w a s  u s e d ,  a n d  i n  s a m p le s  s u b j e c t e d  t o  p r o l o n g e d  

a g i t a t i o n  i n  t h e  f r e e z e r .

I n  c o n c lu s io n ,  o u r  w o r k  o n  t h e  p h e n o m e n a  o f  f a t  d e s t a b i l i z a t i o n  i n  ic e  c r e a m ,  

u s i n g  e l e c t r o n  m i c r o s c o p y ,  h a s  t h r o w n  l i g h t  o n  t h e  r o l e  p l a y e d  b y  f a t  c o a le s c e n c e  a n d  

t h e  m i g r a t i o n  o f  l i q u i d  o i l  t o  t h e  a i r / w a t e r  i n t e r f a c e .  M u c h  s t i l l  r e m a i n s  t o  b e  i n v e s t i 

g a t e d .
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A study o f some o f the factors affecting the spray d ry in g  
o f concentrated orange ju ic e , on a lab o ra to ry  scale

J .  G .  B R E N N A N ,  J .  H E R R E R A *  and R .  J O W I T T

Sum m ary.
C o n c e n t r a t e d  o r a n g e  j u i c e  ( a )  w i t h o u t  a d d i t i v e s  a n d  c o n t a i n i n g  ( b )  s o d i u m  

c a r b o x y m e t h y l  c e l l u lo s e ,  ( c )  G u m  A c a c i a ,  a n d  ( d )  l i q u i d  g lu c o s e  a s  

a d d i t i v e s  w a s  s p r a y  d r i e d  i n  a  l a b o r a t o r y  d r i e r .  L i q u i d  g lu c o s e  w a s  f o u n d  

to  b e  t h e  m o s t  s a t i s f a c to r y  a d d i t i v e ,  p r o d u c i n g  a  p o w d e r  w i t h  g o o d  f l a v o u r ,  

f r e e - f lo w in g  c h a r a c t e r i s t i c s  a n d  a  m i n i m u m  o f  w a l l  d e p o s i t i o n .  V a r i a t i o n s  

i n  a i r  i n l e t  t e m p e r a t u r e ,  f e e d  t e m p e r a t u r e  a n d  r a t e  a n d  a t o m i z e r  s p e e d ,  

w i t h i n  a  l i m i t e d  r a n g e ,  r e s u l t e d  i n  n o  s i g n i f i c a n t  c h a n g e s  i n  t h e  b u l k  d e n s i t y  

a n d  p a r t i c l e  s iz e  o f  t h e  p r o d u c t .  T h e  h i g h e r  t e m p e r a t u r e s  d i d  r e s u l t  i n  s o m e  

c h a n g e  i n  c o l o u r  a n d  a n  in c r e a s e  i n  i n s o lu b l e  s o l id s .

C o o le d  p l a t e  e x p e r i m e n t s  i n d i c a t e d  t h a t  t h e  p r o b l e m  o f  w a l l  d e p o s i t i o n  is  

r e l a t e d  t o  w a l l  t e m p e r a t u r e  a n d  is  m i n i m i z e d  w h e n  t h e  w a l l  t e m p e r a t u r e  is  

b e lo w  t h e  s t i c k y  p o i n t  t e m p e r a t u r e  o f  t h e  p r o d u c t .

Introduction

D e h y d r a t i o n  h a s  p r o v e d  to  b e  o n e  o f  t h e  m o s t  d i f f i c u l t  o f  a l l  p r e s e r v a t i o n  t e c h n i q u e s  t o  

a p p l y  t o  f r u i t  j u i c e s .  S u c h  m a t e r i a l s  a r e  h e a t  s e n s i t i v e  a n d  c o n t a i n  a  h i g h  p r o p o r t i o n  

o f  h y g r o s c o p ic  s u b s t a n c e s  s u c h  a s  s u g a r s ,  w h i c h  l e a d  t o  p r o b l e m s  i n  c o n t r o l l i n g  t h e  

d r y i n g  t i m e ,  r e m o v a l  o f  t h e  p r o d u c t  f r o m  t h e  d r y i n g  z o n e  a n d  s u b s e q u e n t  h a n d l i n g  

o f  t h e  p r o d u c t .

S p r a y  d r y i n g  t e c h n i q u e s  h a v e  b e e n  a p p l i e d  t o  f r u i t  j u i c e s .  H o w e v e r ,  r e l a t i v e l y  h i g h  

t e m p e r a t u r e s  a r e  e n c o u n t e r e d  i n  s p r a y  d r y i n g ,  e v e n  t a k i n g  i n t o  a c c o u n t  t h e  e v a p o r a 

t i v e  c o o l i n g  w h i c h  o c c u r s .  O n  t h e  o t h e r  h a n d ,  t h e  d r y i n g  t i m e s  a r e  m u c h  s h o r t e r  t h a n  

t h o s e  r e q u i r e d  b y  o t h e r  m e t h o d s  ( f r e e z e  d r y i n g ,  v a c u u m  d r y i n g )  a n d  s o  h e a t  d a m a g e  

c a n  b e  c o n t r o l l e d  p r o v i d e d  t h e  r e s id e n c e  t i m e  o f  t h e  d r i e d  p a r t i c l e s  i n  t h e  h o t  z o n e  o f  

t h e  d r i e r  is  c o n t r o l l e d .  T h i s  l a t t e r  c o n d i t i o n  is  d i f f i c u l t  t o  fu l f i l  w i t h  f r u i t  j u i c e  p o w d e r s  

b e c a u s e  o f  t h e  p r o p e r t i e s  r e f e r r e d  t o  a b o v e .  T h e  e x t r e m e  h y g r o s c o p ic i t y ,  c o m b i n e d  w i t h  

t h e  t h e r m o p l a s t i c  n a t u r e  o f  s u c h  p r o d u c t s  g iv e s  r i s e  t o  d i f f i c u l t  w a l l  d e p o s i t i o n  p r o b 

le m s  a n d  h i n d e r s  s u b s e q u e n t  h a n d l i n g  o f  t h e  p r o d u c t s .
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T h e  tw o  m o s t  f r u i t f u l  l i n e s  o f  a p p r o a c h  t o w a r d s  s o lv in g  t h e s e  p r o b l e m s  a p p e a r  t o  b e  

t h e  u s e  o f  a d d i t i v e s  a s  d r y i n g  a id s  a n d  t h e  u s e  o f  s p e c i a l l y - d e s i g n e d  e q u i p m e n t  to  

f a c i l i t a t e  r e m o v a l  o f  t h e  p r o d u c t  f r o m  t h e  d r y i n g  c h a m b e r .

A d d i t i v e s  w h i c h  h a v e  b e e n  u s e d  to  p r o d u c e  p h y s i c a l  c h a n g e s  i n  t h e  p r o d u c t  a n d  t h u s  

r e d u c e  w a l l  d e p o s i t i o n  a n d  p r o d u c t  h a n d l i n g  p r o b l e m s  i n c l u d e  a i r  a n d  c o m p r e s s e d  

g a s e s  t o  p r o d u c e  f o a m s ,  a lg i n a t e s ,  s o y a  p r o t e i n ,  g ly c e r y l  m o n o s t e a r a t e ,  n a t u r a l  g u m s ,  

s u c r o s e ,  c o r n  s y r u p s  a n d  d e x t r i n s .  B o h m  &  B o r n e g g  (1 9 3 1 )  s u g g e s te d  t h e  u s e  o f  c o m 

p a r a t i v e l y  s m a l l  a m o u n t s  o f  w a t e r - s o l u b l e  g u m s  s u c h  a s  g u m  a r a b i c ,  g u m  t r a g a c a n t h  

a n d  a g a r - a g a r .  T h e y  f o u n d  t h a t  2  %  o f  g u m  a r a b i c ,  o n  t h e  b a s i s  o f  t h e  t o t a l  s o l id s  c o n 

t e n t  o f  t h e  f e e d ,  g a v e  a  p r o d u c t  o f  lo w  h y g r o s c o p ic i t y .  P e r e c h  (1 9 4 6 )  u s e d  s a l t s  o f  

c a r b o x y m e t h y l  c e l l u lo s e  a n d  s u g g e s t e d  t h a t  2 %  o f  t h e  s o d i u m  s a l t  w a s  t h e  m o s t  

s u i t a b l e  f o r  p r o d u c i n g  c i t r u s  f r u i t  j u i c e  p o w d e r s .  E d d y  (1 9 5 0 )  u s e d  1 %  o f  m e t h y l  

c e l l u lo s e  a s  a  d r y i n g  a i d  f o r  s p r a y  d r i e d  o r a n g e  j u i c e .  G ly c e r o l  m o n o s t e a r a t e  i n  t h e  

p r o p o r t i o n  o f  1 %  o f  t h e  t o t a l  s o l id s  c o n t e n t  o f  o r a n g e  j u i c e  w a s  u s e d  b y  S t r a s h u n

( 1 9 5 1 ) .  H o w e v e r ,  lo w  y ie ld s ,  f l a v o u r  c h a n g e s  a n d  p o o r  r e c o n s t i t u t i o n  w e r e  e n 

c o u n t e r e d .

D u r i n g  t h e  S e c o n d  W o r l d  W a r  s p r a y  d r i e d  l e m o n  j u i c e  p o w d e r  w a s  p r o d u c e d  

c o n t a i n i n g  2 0 %  l e m o n  j u i c e  s o l id s  a n d  8 0 %  o f  c o r n  s y r u p  s o l id s  ( S t r a s h u n  &  T a l b u r t ,  

1 9 5 4 ;  T r e s s l e r ,  1 9 5 6 ) .  T h e  r e c o n s t i t u t e d  p r o d u c t  p o s s e s s e d  a  m o d i f i e d  t a s t e  a n d  w a s  

l i m i t e d  i n  a p p l i c a t i o n .  H o l z c k e r  (1 9 4 3 )  p r o d u c e d  a n  o r a n g e  j u i c e  p o w d e r  o f  g o o d  

t a s t e  a n d  c o l o u r  c o n t a i n i n g  2 5 %  o r a n g e  j u i c e  s o l id s  a n d  7 5 %  c o r n  s y r u p  s o l id s .

S k i m m e d  m i lk  w a s  u s e d  a s  a  d r y i n g  a i d  f o r  a  w i d e  r a n g e  o f  f r u i t  j u i c e s  b y  C o u l t e r  

&  B r e e n e  ( 1 9 6 6 ) .  T h e  p r o d u c t  h a d  g o o d  p h y s i c a l  c h a r a c t e r i s t i c s  b u t  t h e r e  w e r e  

o b v io u s  l i m i t a t i o n s  a s  t o  i t s  u s e .

L a z a r  e t a l. ( 1 9 5 6 )  u s e d  a  s p e c i a l  d e s i g n  o f  s p r a y  d r i e r  i n  w h i c h  c o o l  a i r  w a s  a d 

m i t t e d  i n t o  t h e  l o w e r  p a r t  o f  t h e  d r y i n g  c h a m b e r  a n d  a n  a s p i r a t o r  p r o v i d e d  to  t r a n s f e r  

t h e  p o w d e r  f r o m  t h e  f i r s t  c y c lo n e  s e p a r a t o r  t o  w a r m  d e h u m i d i f i e d  a i r  i n  t h e  s e c o n d  

c y c lo n e .  A  g o o d  q u a l i t y  t o m a t o  p o w d e r  w a s  p r o d u c e d  w h e n  s o d i u m  b i s u l p h i t e  a n d  

s o d i u m  c h l o r i d e  w e r e  u s e d  a s  a d d i t i v e s .  Y ie ld s ,  h o w e v e r ,  w e r e  lo w ,  o f  t h e  o r d e r  o f  6 0  

to  6 5 % .  A  ‘c o o l  w a l l ’ s p r a y  d r i e r  w a s  u s e d  b y  R o b e ,  M a l v i c k  &  H e i d  (1 9 6 8 )  t o  p r o d u c e  

t o m a t o  p o w d e r .  A i r  w a s  d r a w n  t h r o u g h  a  h o l l o w  j a c k e t  s u r r o u n d i n g  t h e  d r y i n g  c h a m 

b e r ,  m a i n t a i n i n g  a  w a l l  t e m p e r a t u r e  o f  b e t w e e n  1 0 0  a n d  1 2 2 ° F  (3 8  a n d  5 0 ° C ) .  T h e  a i r  

o n  l e a v i n g  t h e  j a c k e t  w a s  f u r t h e r  h e a t e d  a n d  d i r e c t e d  i n t o  t h e  d r y i n g  c h a m b e r .  T h e  

p r o d u c t  w a s  o f  g o o d  p h y s i c a l  a n d  o r g a n o l e p t i c  q u a l i t y .

M u c h  o f  t h e  p u b l i s h e d  w o r k  i n  t h i s  f ie ld  is  o f  a  s o m e w h a t  g e n e r a l  n a t u r e .  P u b l i s h e d  

d a t a  o n  t h e  e f f e c ts  o f  a d d i t i v e s  o n  t h e  p h y s i c a l  a n d  o r g a n o l e p t i c  p r o p e r t i e s  o f  t h e  

p r o d u c t ,  t h e  e f f e c ts  o f  v a r i a t i o n s  i n  o p e r a t i n g  c o n d i t i o n s  o n  p r o d u c t  q u a l i t y  a n d  d r i e r  

p e r f o r m a n c e  a n d  t h e  f a c t o r s  i n f l u e n c i n g  w a l l  d e p o s i t i o n ,  a r e  s u r p r i s i n g l y  l i m i t e d .

A  s t u d y  w a s  u n d e r t a k e n  t o  o b t a i n  f u r t h e r  d a t a  o f  th i s  t y p e  a n d  e x p e r i m e n t a l  e v id e n c e  

o n  s o m e  o f  t h e  m o r e  g e n e r a l  o b s e r v a t io n s  m a d e  i n  t h e  l i t e r a t u r e .  P a r t  o f  th i s  w o r k ,

J . G. Brennan, J . Herrera and R. Jowitt
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t h a t  w h i c h  is  c o n c e r n e d  w i t h  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  p r o d u c t  a n d  t h e  d r i e r  

p e r f o r m a n c e ,  is  p r e s e n t e d  i n  th i s  p a p e r .

M aterials, m ethods and equipm ent
M a te r ia ls

O range ju ic e .  T h e  c o m p o s i t i o n  o f  t h e  o r a n g e  j u i c e  c o n c e n t r a t e  u s e d  i n  th i s  w o r k  is  
g iv e n  i n  T a b l e  1.

T a b l e  1. Composition of concentrated orange juice

Total solids 
Ascorbic acid 
Total sugar (as sucrose) 
Sulphur dioxide 
pH

60%
227-5 mg per 100 g solids 
80-6% of solids 
1990 ppm  
3-4

A d d it iv e s : F i r s t  g r a d e ,  h a n d - s e l e c t e d  G u m  A c a c i a ,  f r o m  S e n e g a l ,  w a s  u s e d .

A f t e r  s o m e  i n i t i a l  t r i a l s ,  E d i f a s  B , g r a d e  1 0  (S o d iu m  ca rb o xym eth y l cellu lose) w a s  s e l e c te d  

f o r  u s e .

B .P .C .  l iq u id  g lucose. A c i d - c o n v e r t e d  w i t h  a  d e x t r o s e  e q u i v a l e n t  o f  3 9  to  4 3  a n d  a  

B e a u m e  r e a d i n g  o f  4 3  %  2 °  w a s  t h e  m a i n  s u g a r  a d d i t i v e  e m p l o y e d .

M e th o d s

In so lu b le  so lid s  w e r e  d e t e r m i n e d  a c c o r d i n g  to  B r i t i s h  S t a n d a r d  S p e c i f i c a t i o n  N o .  

4 2 8 8  P a r t  2  a n d  A . O . A . C .  1 9 5 5 . R e s u l t s  a r e  e x p r e s s e d  a s  a  p e r c e n t a g e .

C olour  w a s  e v a l u a t e d  u s i n g  a  L o v i b o n d  T i n t o m e t e r  a s  d e s c r i b e d  b y  M a c K i n n e y  &  

L i t t l e  ( 1 9 6 2 ) .  A l l  s a m p le s  w e r e  r e c o n s t i t u t e d  t o  1 2 %  t o t a l  s o l id s  f o r  th i s  p u r p o s e .

P a rtic le  s i z e  a n d  s i z e  d is tr ib u tio n  w e r e  d e t e r m i n e d  b y  a  m i c r o s c o p i c  t e c h n i q u e  a s  

d e s c r i b e d  b y  O r r  &  D a l l a v a l l a  ( 1 9 5 9 ) .  T h e  s a m p l e  w a s  d i s p e r s e d  i n  a  2 0 %  s o l u t i o n  

o f  c e l l o id i n  i n  b u t y l  a c e t a t e .  F iv e  h u n d r e d  p a r t i c l e s  w e r e  s i z e d  i n  e a c h  c a s e .  A v e r a g e  

p a r t i c l e  d i a m e t e r s  w e r e  c a l c u l a t e d  a n d  e x p r e s s e d  i n  m i c r o n s .  S iz e  f r e q u e n c y  d i a g r a m s  

w e r e  c o n s t r u c t e d  w h e n  a p p r o p r i a t e .
B a lk  d ensity  w a s  d e t e r m i n e d  b y  p l a c i n g  a  w e ig h e d  s a m p l e  o f  p o w d e r  i n t o  a  g r a d u a t e d  

c y l i n d e r .  T h e  c y l i n d e r  a n d  c o n t e n t s  w e r e  v i b r a t e d  o n  a  s ie v e  v i b r a t o r  a t  a  f i x e d  f r e 

q u e n c y  f o r  a  f i x e d  p e r i o d  o f  t i m e ,  a f t e r  w h i c h  t i m e  t h e  v o lu m e  o c c u p i e d  b y  t h e  p o w d e r  

w a s  n o t e d  a n d  t h e  b u l k  d e n s i t y  e x p r e s s e d  i n  g  p e r  m l .  ( B r e e n e  &  C o u l t e r ,  1 9 6 7 ) .

S o rp tio n  iso therm s  f o r  t h e  p o w d e r s  w e r e  c o n s t r u c t e d  f r o m  r e s u l t s  o b t a i n e d  b y  t h e  f l a s k  

m e t h o d  u s e d  b y  S t i t t  ( 1 9 5 8 ) ,  T a y l o r  ( 1 9 6 1 ) ,  a n d  K a r e l  &  N ic k e r s o n  ( 1 9 6 4 ) 1.

S tic k y  p o in t  tem pera ture  w a s  m e a s u r e d  b y  a n  e m p i r i c a l  m e t h o d  a s  s u g g e s t e d  b y  L a z a r  

e t a l . ,  1 9 5 6 .
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A  t e s t  t u b e  c o n t a i n i n g  a  s t a n d a r d  s iz e  s a m p l e  o f  t h e  p o w d e r  w a s  i m m e r s e d  i n  a  w a t e r  

b a t h  a n d  t h e  t e m p e r a t u r e  o f  t h e  b a t h  r a i s e d  s lo w ly . T h e  p o w d e r  w a s  s t i r r e d  b y  a n  

i m p e l l e r .  T h e  s t i c k y  p o i n t  w a s  t h e  b a t h  t e m p e r a t u r e  a t  w h i c h  t h e  c u r r e n t  t o  t h e  

s t i r r e r  m o t o r  i n c r e a s e d  s h a r p l y .  ( N o t t e r ,  T a y l o r  &  D o w n e s ,  1 9 5 9 ) .

E q u ip m e n t

A  N i r o  M i n o r  L a b o r a t o r y  S p r a y  D r i e r  w a s  u s e d  i n  a l l  t h e  d r y i n g  t r i a l s .  T h i s  is  a  

v e r t i c a l ,  c o c u r r e n t  d r i e r  w i t h  a  v a n e d  c e n t r i f u g a l  a t o m i z e r  d r i v e n  b y  a n  a i r  t u r b i n e  

a t  s p e e d s  u p  to  4 0 ,0 0 0  r p m  (S e e  F ig .  1 ) . T h e  f e e d  w a s  m e t e r e d  i n t o  t h e  d r i e r  b y  m e a n s  

o f  a  p e r i s t a l t i c  p u m p  ( H . R .  F l o w - I n d u c e r ,  t y p e  M H R E / 3 0 ,  W a t s o n - M a r l o w  L i m i t e d ,  

E n g l a n d )  v i a  a  h e a t  e x c h a n g e r .

I
I

F ig . 1. Niro Minor Laboratory Spray Drier.

Experim ental, resu lts  and discussion

C o n c e n t r a t e d  o r a n g e  j u i c e ,  a d j u s t e d  t o  4 0 %  t o t a l  s o l id s  c o n t e n t ,  w a s  s p r a y  d r i e d  u n d e r  

t h e  r a n g e  o f  o p e r a t i n g  c o n d i t i o n s  s h o w n  i n  T a b l e  2 . I n  a l l  t r i a l s  a  h e a v y  w a l l  d e p o s i t  w a s  

f o r m e d .  Y ie ld s  o f  p r o d u c t  c o l l e c t e d  i n  t h e  r e c e i v e r  w e r e  v e r y  s m a l l ,  o f  t h e  o r d e r  o f  1 

o r  2 %  o f  t h a t  c a l c u l a t e d  f r o m  t h e  f e e d  s o l id s .  T h e  p r o d u c t  w a s  d i f f i c u l t  t o  r e m o v e  

f r o m  t h e  d r i e r  w a l l s  e v e n  f o r  c l e a n i n g  p u r p o s e s .  T h e  s m a l l  q u a n t i t y  c o l l e c t e d  i n  t h e  

r e c e i v e r  w a s  t a c k y  a n d  h y g r o s c o p ic  a n d  v e r y  d i f f i c u l t  t o  h a n d l e .
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T a b l e  2. Conditions under which standardized orange juice 
concentrate was spray dried without additives

Inlet air Outlet air Feed rate Feed
temperature °C temperature °C g/min temperature °C

120 75 22-5 20
120 72 28-5 20
120 70 40-5 20

125 81 22-5 20
125 70 28-5 20
125 67 40-5 20

150 97 22-5 20
150 94 28-5 20
150 89 40-5 20

175 114 22-5 20
175 109 28-5 20
175 104 40-5 20

200 118 22-5 20
200 112 28-5 20
200 106 40-5 20

Speed of the atomizer: 31,000 rpm
Air flow rate 1700 ft3 per hr

Use of sodium carboxymethyl cellulose
A f te r  s o m e  p r e l i m i n a r y  t r i a l s  a  f e e d  m a t e r i a l  c o n t a i n i n g  4 1 - 5 %  t o t a l  s o l id s  ( 4 0 %  

o r a n g e  j u i c e  s o l id s ,  1 * 5 %  E d i f a s  B -1 0 )  w a s  c h o s e n  a s  b e i n g  t h e  m o s t  s u i t a b l e  i n  t e r m s  

o f  v is c o s i ty  a n d  s u i t a b i l i t y  f o r  h a n d l i n g  i n  t h e  f e e d i n g  s y s te m .  T h i s  f e e d  m a t e r i a l  w a s  

d r i e d  u n d e r  t h e  r a n g e  o f  o p e r a t i n g  c o n d i t i o n s  s h o w n  i n  T a b l e  2 . N o  i m p r o v e m e n t  w a s  

n o t e d  a s  c o m p a r e d  w i t h  t h e  s t a n d a r d i z e d  j u i c e  c o n c e n t r a t e  w i t h o u t  a d d i t i v e s .

Use of Gum Acacia
P r e l i m i n a r y  t r i a l s  l e d  t o  t h e  s e l e c t i o n  o f  a  f e e d  m a t e r i a l  c o n t a i n i n g  3 7 - 5 %  t o t a l  

s o l id s  ( 3 5 - 2 5 %  o r a n g e  j u i c e  s o l id s  a n d  2 - 2 5 %  G u m  A c a c i a ) .  T h e  f e e d  m a t e r i a l  w a s  

d r i e d  u n d e r  t h e  o p e r a t i n g  c o n d i t i o n s  s h o w n  i n  T a b l e  2  b u t  t h e  r u n s  a t  1 2 0  a n d  2 0 0 ° C  

a i r  i n l e t  t e m p e r a t u r e  w e r e  o m i t t e d .  I n  t h e s e  e x p e r i m e n t s  y ie ld s  o f  t h e  o r d e r  o f  3 0 - 3 5 %  

o f  a  r e l a t i v e l y  f r e e - f lo w in g  p o w d e r  w e r e  o b t a i n e d .  T h e  e x t e n t  o f  t h e  w a l l  d e p o s i t i o n ,  

7 0 - 6 5 %  o f  t h e  p o w d e r  p r o d u c e d ,  d i d  n o t  v a r y  s i g n i f i c a n t l y  w i t h  c h a n g e s  i n  o p e r a t i n g
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c o n d i t i o n s .  T h e  p r o d u c t s  w e r e  a n a l y s e d  i n  t e r m s  o f  m o i s t u r e  c o n t e n t ,  b u l k  d e n s i t y  a n d  

p a r t i c l e  s iz e . S a m p l i n g  f o r  a n a ly s i s  w a s  d o n e  a f t e r  t h e  p o w d e r  a d h e r i n g  to  t h e  w a l l  h a d  

b e e n  b r u s h e d  d o w n  a n d  m i x e d  w i t h  t h e  p r o d u c t  i n  t h e  r e c e i v e r .  M o i s t u r e  c o n t e n t  

r e s u l t s  s h o w e d  a n  e x p e c t e d  p a t t e r n .  T h e  o v e r a l l  v a r i a t i o n  i n  b u l k  d e n s i t y  w a s  n o t  

g r e a t  (0 -4 5  t o  0 -6 0  g / c c ) .  T h e r e  w a s  a  t r e n d  t o w a r d s  l o w e r  b u l k  d e n s i t i e s  w i t h  i n c r e a s i n g  

a i r  i n l e t  t e m p e r a t u r e .  P a r t i c l e  s iz e s  w e r e  g e n e r a l l y  w i t h i n  t h e  r a n g e  e x p e c t e d  o f  t h e  

e q u i p m e n t  u s e d  ( 2 2 - 5 - 3 0 - 5  ¡4). T h e r e  w a s  a  g e n e r a l  t e n d e n c y  f o r  b u l k  d e n s i t y  t o  d e 

c r e a s e  w i t h  d e c r e a s e  i n  p a r t i c l e  s iz e .

U se  o f  l iq u id  g lucose
P r e l i m i n a r y  t r i a l s ,  u s i n g  l i q u i d  g lu c o s e  o f  lo w  D .E .  v a l u e ,  m a l t  d e x t r i n s  a n d  d e x t r i n s  

a s  a d d i t i v e s ,  g a v e  p r o d u c t s  w i t h  g o o d  f r e e - f lo w in g  c h a r a c t e r i s t i c s  a n d  lo w  w a l l  d e p o s i 

t i o n ,  b u t  a n  u n a c c e p t a b l e  f l a v o u r ,  a s  j u d g e d  b y  a  t a s t e  p a n e l .  T h e  m o s t  s a t i s f a c to r y  

g lu c o s e  a d d i t i v e  p r o v e d  t o  b e  B .P .C .  l i q u i d  g lu c o s e ,  3 4 - 4 3  D .E .  a n d  t h e  b e s t  f e e d  o n e  

c o n t a i n i n g  5 2 - 5 %  t o t a l  s o l id s  ( 2 9 - 8 5 %  o r a n g e  j u i c e  s o l id s  a n d  2 3 - 6 5 %  g lu c o s e ) .  T h e  

c o n d i t i o n s  u n d e r  w h i c h  th i s  f e e d  m a t e r i a l  w a s  d r i e d  a n d  t h e  r e s u l t s  o b t a i n e d  i n  t h e s e  

t r i a l s  a r e  g iv e n  i n  T a b l e  3 . T h e  f e e d  r a t e s  u s e d  i n  th e s e  t r i a l s  w e r e  t h e  m a x i m u m  

a t t a i n a b l e  u n d e r  e a c h  s e t  o f  t e m p e r a t u r e  c o n d i t i o n s  a n d  w e r e  s e l e c te d  b y  p r e l i m i n a r y  

t r i a l s .
T h e  p r o d u c t s  f r o m  th e s e  t r i a l s  w e r e  o f  g o o d  q u a l i t y ,  e x h i b i t i n g  f r e e  f lo w in g  p r o p e r t i e s  

a n d  a n  a c c e p t a b l e  f l a v o u r .  T h e  h i g h e s t  f e e d  r a t e  w a s  p o s s ib le  a t  a n  a i r  i n l e t  t e m p e r a 

t u r e  o f  1 4 0 ° C  ( 2 8 4 ° F ) .  A t  t h e  lo w e r  t e m p e r a t u r e  1 3 0 ° C  ( 2 6 6 ° F )  i f  t h e  f e e d  r a t e  w a s  

i n c r e a s e d  m u c h  a b o v e  15  g / m i n ,  w e t t i n g  o f  t h e  c h a m b e r  w a l l  o c c u r r e d .  A t  a n  a i r  

i n l e t  t e m p e r a t u r e  o f  1 5 0 ° C  ( 3 0 2 ° F ) ,  f e e d  r a t e s  g r e a t e r  t h a n  2 0  g / m i n  g r e a t l y  i n c r e a s e d  

t h e  w a l l  d e p o s i t i o n  a n d  e v e n  a t  a  f e e d  r a t e  o f  2 0  g / m i n  r e l a t i v e l y  lo w  y ie ld s  w e r e  

r e c o r d e d  ( 4 0 - 5 8 % ) .  A s  i n  t h e  p r e v i o u s  e x p e r i m e n t s  t h e  p r o d u c t  a d h e r i n g  to  t h e  w a l l  

w a s  b r u s h e d  d o w n  a n d  a d d e d  t o  t h a t  i n  t h e  r e c e i v e r  p r i o r  t o  s a m p l i n g .  A t  a  f ix e d  a i r  

i n l e t  t e m p e r a t u r e ,  m o i s t u r e  c o n t e n t  o f  t h e  p r o d u c t  d e c r e a s e d  w i t h  i n c r e a s i n g  f e e d  

t e m p e r a t u r e .  T h e  i n s o lu b l e  s o l id s  c o n t e n t  o f  t h e  p r o d u c t  i n c r e a s e d  m a r k e d l y  a t  a n  a i r  

i n l e t  t e m p e r a t u r e  o f  1 5 0 ° C  ( 3 0 2 ° F )  a s  c o m p a r e d  w i t h  1 3 0  o r  1 4 0 ° C  (2 6 6  o r  2 8 4 ° F ) .  

T h e  r e s u l t s  a t  1 5 0 ° C  a r e  n o t  d i r e c t l y  c o m p a r a b l e  w i t h  th o s e  a t  t h e  l o w e r  t e m p e r a t u r e s  

b e c a u s e  o f  t h e  lo w  y ie ld s ,  r e s u l t i n g  i n  e x t e n d e d  h o l d - u p  t i m e  a n d  g e n e r a l l y  p o o r  d r i e r  

p e r f o r m a n c e .  T h e r e  is  n o  a p p a r e n t  c o r r e l a t i o n  b e t w e e n  p a r t i c l e  s iz e  a n d  b u l k  d e n s i ty  

n o r  b e t w e e n  t h e s e  tw o  p r o p e r t i e s  a n d  t h e  a i r  i n l e t  t e m p e r a t u r e  o r  f e e d  t e m p e r a t u r e .  

C o l o u r  m e a s u r e m e n t s  o n  t h e  r e c o n s t i t u t e d  p r o d u c t s  r e v e a l e d  a  r e d u c t i o n  i n  y e l lo w  

u n i t s  a n d  s a t u r a t i o n  v a lu e s  w i t h  in c r e a s e  i n  a i r  i n l e t  t e m p e r a t u r e ,  i n d i c a t i n g  s o m e  lo ss  

o f  c a r o t e n o id s .

F u r t h e r  e x p e r i m e n t s  u s i n g  a  w i d e r  r a n g e  o f  a i r  i n l e t  t e m p e r a t u r e s ,  1 2 0 - 1 5 5 ° C  ( 2 4 8 -  

3 1 1 ° F ) ,  a  c o n s t a n t  f e e d  r a t e  o f  15  g / m i n  a n d  f e e d  t e m p e r a t u r e  o f  2 0 ° C  ( 6 8 ° F )  g a v e  

r e s u l t s  w h i c h  c o n f i r m e d  t h e  o b s e r v a t i o n s  m a d e  a b o v e  i n  r e l a t i o n  to  b u l k  d e n s i ty ,  

p a r t i c l e  s iz e  a n d  i n s o lu b l e  s o l id s .
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T a b l e  3. Effects o f operating conditions on bulk density, particle size, moisture content, 
insoluble solids and yield of spray dried orange juice powder using liquid glucose as additive

Operating conditions
---------------------------------------------Moisture

Outlet content

Inlet air 
temperature 

°C

air
tempera

ture
°C

Feed
rate

g/min

Feed tem
perature 

°C

Bulk
density

g/cc

Particle
size

microns
M

g o f H 20  
per 100 g. 

of dry 
solids

Insoluble
solids

0//o
Yields

0//o

130 83 15 20 0-71 24-72 2-42 0-095 77-00

130 85 15 50 0-70 29-15 2-10 0-106 85-00

130 85 15 80 0-70 18-20 2-00 0-182 90-00

140 85 34 20 0-75 24-46 2-65 0-118 71-60

140 90 34 50 0-72 26-50 2-00 0-107 62-26

140 94 34 80 0-67 30-35 2-00 0-105 61-10

150 80 20 20 0-69 17-45 2-25 0-337 40-00

150 84 20 50 0-64 21-72 2-10 0-430 43-00

150 85 20 80 0-72 20-19 2-00 0-450 58-40

Speed o f the atomizer 31,000 rpm
Air flow rate 1700 ft3/hr
%  insoluble solids in the 
feed material 0-07

S o r p t i o n  i s o th e r m s  w e r e  c o n s t r u c t e d  f o r  s e l e c te d  s a m p le s  o f  t h e  p r o d u c t .  T h e  

s o r p t i o n  i s o t h e r m  c o n s t r u c t e d  f o r  t h e  p o w d e r  i m m e d i a t e l y  a f t e r  p r o d u c t i o n  ( a i r  i n l e t  

t e m p e r a t u r e  1 4 0 ° C  ( 2 8 4 ° F ) ,  a i r  o u t l e t  t e m p e r a t u r e  8 0 ° C  ( 1 7 6 ° F ) ,  f e e d  r a t e  3 4  g / m i n )  

is  s h o w n  i n  F ig .  2 . T h e  s h a p e  o f  t h e  i s o t h e r m  is  t y p i c a l  o f  f r u i t  a n d  v e g e t a b l e  p o w d e r s  

( K a r e l  &  N ic k e r s o n ,  1 9 6 4 ;  L a b u z a ,  1 9 6 8 ) .  T h e  r e s u l t s  w e r e  p l o t t e d  i n  a c c o r d a n c e  w i t h  

t h e  B .E .T .  t h e o r e m  a n d  t h e  w a t e r  h e l d  i n  t h e  m o n o l a y e r  e s t i m a t e d  a s  b e i n g  0 -7 0 7  g  

p e r  1 0 0  g  o f  s o l id s .  K a r e l  &  N i c k e r s o n  (1 9 6 4 )  f o u n d  a  v a l u e  o f  1 -0 9  g  p e r  1 0 0  g  s o l id s  

f o r  o r a n g e  j u i c e  c r y s ta l s .
A n o t h e r  e x p e r i m e n t  w a s  p e r f o r m e d  i n  w h i c h  a t o m i z e r  s p e e d  w a s  v a r i e d  f r o m  2 5 ,0 0 0  

r p m  t o  3 7 ,5 0 0  r p m ,  o t h e r  c o n d i t i o n s  b e i n g  k e p t  c o n s t a n t .  W i t h i n  t h i s  r a n g e  a t o m i z e r
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F ig . 2. Water sorption isotherm, at 37°C, for spray dried orange juice powder containing 
liquid glucose as additive. Measurements made on freshly-produced powder.

s p e e d  h a d  n o  e f f e c t  o n  t h e  m o i s t u r e  c o n t e n t ,  p a r t i c l e  s iz e  a n d  in s o lu b l e  s o l id s  c o n t e n t  

o f  t h e  p r o d u c t .  B u lk  d e n s i ty  i n c r e a s e d  s l i g h t ly  w i t h  in c r e a s e  i n  a t o m i z e r  s p e e d .

W a l l  tem pera ture  effects

I n  s p i t e  o f  t h e  i m p r o v e m e n t s  i n  y ie l d  r e s u l t i n g  f r o m  t h e  u s e  o f  l i q u i d  g lu c o s e  a s  

a d d i t i v e ,  w a l l  d e p o s i t i o n  a m o u n t i n g  t o  1 0 - 6 0 %  w a s  s t i l l  e n c o u n t e r e d .  M o d i f i c a t i o n s  

t o  t h e  d r i e r ,  i n c l u d i n g  t h e  u s e  o f  a n  a s p i r a t o r  a n d  s e c o n d a r y  c y c lo n e  i n  t h e  p r o d u c t  

c o l l e c t i n g  s y s te m ,  a s  s u g g e s te d  b y  L a z a r  e t a l. ( 1 9 5 6 ) ,  f a i l e d  t o  i m p r o v e  t h e  y ie ld s  s ig 

n i f i c a n t ly .  T h e s e  h e a v y  d e p o s i t s  c o u l d  b e  a c c o u n t e d  f o r  e i t h e r  b y  n o n - u n i f o r m  d r y i n g  

( p e r h a p s  r e s u l t i n g  f r o m  n o n - u n i f o r m  a t o m i z a t i o n )  o r  t o o  h i g h  a  w a l l  t e m p e r a t u r e .  

S iz e  a n a ly s i s  o f  t h e  p r o d u c t s  ( i n c l u d i n g  t h a t  b r u s h e d  f r o m  t h e  w a l k )  s h o w e d  t h a t  

p a r t i c l e  s iz e s  f e l l  w i t h i n  q u i t e  a  n a r r o w  r a n g e .  A  t y p i c a l  s i z e - f r e q u e n c y  d i a g r a m  is  

s h o w n  i n  F ig .  3 . A t t e n t i o n  w a s  t h e r e f o r e  t u r n e d  t o  t h e  p r o b l e m  o f  w a l l  t e m p e r a t u r e .

C o p p e r - c o n s t a n t a n  t h e r m o c o u p l e s  w e r e  a t t a c h e d  t o  t h e  i n s id e  w a l l s  o f  t h e  d r y i n g  

c h a m b e r  a s  s h o w n  i n  F ig .  4 ( a ) .  T h e  t e m p e r a t u r e  r e g i s t e r e d  d u r i n g  s u b s e q u e n t  d r y i n g  

t r i a l s  w e r e  r e c o r d e d  o n  a  m u l t i - p o i n t  p o t e n t i o m e t r i c  r e c o r d e r .  T y p i c a l  r e s u l t s  a r e  

g iv e n  i n  T a b l e  4 .

T h e  s t i c k y  p o i n t  t e m p e r a t u r e s  o f  p r o d u c t  s a m p le s ,  c o n d i t i o n e d  to  d i f f e r e n t  m o i s t u r e  

c o n t e n t s ,  w e r e  m e a s u r e d .  T h e  r e s u l t s  a r e  s u m m a r i z e d  i n  F ig .  5 . I t  c a n  b e  s e e n  t h a t  

s t i c k y  p o i n t  t e m p e r a t u r e  is  a  m o i s t u r e - d e p e n d e n t  p r o p e r t y  a n d  t h a t  f o r  a n  o r a n g e  

p o w d e r  w i t h  a  m o i s t u r e  c o n t e n t  o f  2  g  p e r  1 0 0  g  d r y  s o l id s  t h e  s t i c k y  p o i n t  t e m p e r a t u r e  

is  o f  t h e  o r d e r  o f  4 4 ° C  (1 1 1  ° F ) . T h e s e  f i n d in g s  a g r e e  g e n e r a l l y  w i t h  th o s e  o f  L a z a r  e t a l.

(1 9 5 6 )  f o r  t o m a t o  p o w d e r  e x c e p t  t h a t  t h e y  f o u n d  t h a t  t h e  s t i c k y  p o i n t  t e m p e r a t u r e  o f  

t h e i r  p r o d u c t  w i t h  a  2 %  m o i s t u r e  c o n t e n t  w a s  6 0 ° C  ( 1 4 0 ° F ) .  I t  is  c l e a r  f r o m  T a b l e  4
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Fig . 3. Typical size frequency curve for orange juice powder with liquid glucose as
additive.

F ig . 4. Location of thermocouples on drier walls and cooled plate.
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F ig . 5. Relationship between sticky point temperature and moisture content o f orange juice 
powder with liquid glucose as additive.

T a b l e  4. Wall temperatures recorded under different operating conditions (Ref. Fig. 4(a))

Operating conditions Temperature recorded in each point °C
------------------------------------------------------------------------------------------------------------------- Moisture

Outlet content
Inlet air air Feeding Feeding g o f ] S 2O p er

temperature tempera- rate tempera- Point Point Point Point 100 g of
°C ture =C g/min ture °C 9 8 11 12 dry solids

150 83 34 20 84 84 81 81 2-00

140 83 34 20 75 75 75 75 2-00

130 79 34 20 74 77-5 69 69 2-42

150 88 34 50 85 85 78-4 82-4 1-95

140 82 34 50 80 80 77 73-0 2-00

130 78 34 50 80-5 80-5 74-7 70 2-10

150 93 15 50 135 140 113 120 1-91

140 89 15 50 127 122-5 103 115 2-10

130 84 15 50 126-5 126-6 105 110 2-15
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t h a t  t h e  w a l l  t e m p e r a t u r e s  e n c o u n t e r e d  i n  t h e  d r y i n g  t r i a l s  w e r e  w e l l  i n  e x c e s s  o f  t h e  

s t i c k y  p o i n t  t e m p e r a t u r e s  o f  t h e  p r o d u c t  w h i c h  h a d  m o i s t u r e  c o n t e n t s  g e n e r a l l y  o f  t h e

o r d e r  o f  2 % .

A  w a t e r - c o o l e d  p l a t e  w a s  f i t t e d  i n t o  t h e  d r y i n g  c h a m b e r  o f  t h e  l a b o r a t o r y  s p r a y  

d r i e r  a n d  a  t h e r m o c o u p l e  a t t a c h e d  to  i t s  s u r f a c e .  F u r t h e r  d r y i n g  t r i a l s  w e r e  c a r r i e d  

o u t  w i t h  th i s  p l a t e  i n  p o s i t i o n .  T h e  t e m p e r a t u r e s  w e r e  r e c o r d e d  a t  t h e  p o i n t s  i n d i c a t e d  

i n  F ig .  4 ( b )  a n d  t h e  e x t e n t  o f  w a l l  d e p o s i t i o n  b o t h  o n  t h e  p l a t e  s u r f a c e  a n d  o n  th e  

d r i e r  w a l l s  n o t e d .  T h e s e  r e s u l t s  a r e  g iv e n  i n  T a b l e  5 . A l t h o u g h  n o  m e a n s  o f  a c c u r a t e l y

T a b l e  5. Drier wall and cooled plate temperatures recorded under different operating conditions
(Ref. Fig. 4(b))

Operating conditions
Point

9

Temperature °C
Point Point 

8 11

Inlet air temperature 
Feed rate 
Feed temperature 
Outlet air temperature

140°C 
15 g/min 
20°C 
61°C

40-5
No deposition

55-5
Deposition on the wall

56-5

Inlet air temperature 
Feed rate 
Feed temperature 
Outlet air temperature

140°C 
22-5 g/min 
20°C  
62°C

35-0
N o deposition

5 2 0
Deposition on the wall

5 3 0

Inlet air temperature 
Feed rate 
Feed temperature 
Outlet air temperature

140°G 
34 g/min 
20°C 
58°C

35-0
No deposition

49-0
Deposition on the wall

53-0

Inlet air temperature 
Feed rate 
Feed temperature 
Outlet air temperature

130°C 
15 g/min 
20° C 
60°C

29-5
No deposition

4 9 0
Deposition on the wall

53’0

Inlet air temperature 
Feed rate 
Feed temperature 
Outlet air temperature

130°C 
22-5 g/min 
20°C
58°C

2 6 0
No deposition

49-0
Deposition on the wall

53-6

Inlet air temperature 
Feed rate 
Feed temperature 
Outlet air temperature

130°C 
34 g/min 
20°C 
56°C

23-5
No deposition

4 9 0
Deposition on the wall

5 3 0
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c o n t r o l l i n g  t h e  p l a t e  t e m p e r a t u r e  w e r e  r e a d i l y  a v a i l a b l e  i t  is  c l e a r  f r o m  t h e s e  r e s u l t s  

a n d  f r o m  v i s u a l  o b s e r v a t i o n s  t h a t  w h e n  t h e  p l a t e  t e m p e r a t u r e  w a s  b e lo w  4 0 - 5 ° C  

( 1 0 5 ° F )  l i t t l e  o r  n o  d e p o s i t i o n  o c c u r r e d  o n  i t ,  w h e r e a s  d r i e r  w a l l  t e m p e r a t u r e s  a s  lo w  

a s  4 9 ° C  ( 1 2 0 ° F )  s t i l l  r e s u l t e d  i n  h e a v y  d e p o s i t s  f o r m in g .  T h e s e  r e s u l t s  i n d i c a t e  t h a t  i f  

t h e  d r i e r  w a l l  t e m p e r a t u r e  is  i n  e x c e s s  o f  t h e  s t i c k y  p o i n t  t e m p e r a t u r e  o f  t h e  p r o d u c t ,  

w a l l  d e p o s i t i o n  w i l l  o c c u r  a n d  lo w  y i e ld s  w i l l  r e s u l t .

Conclusions

C o n c e n t r a t e d  o r a n g e  j u i c e  w i t h o u t  a d d i t i v e s  c a n n o t  b e  s a t i s f a c to r i l y  s p r a y  d r i e d  

b e c a u s e  o f  t h e  h y g r o s c o p ic  a n d  t h e r m o p l a s t i c  n a t u r e  o f  t h e  p r o d u c t .  U n d e r  t h e  c o n d i 

t i o n s  o f  t h e s e  t r i a l s ,  s o d i u m  c a r b o x y m e t h y l  c e l l u lo s e  p r o v e d  in e f f e c t iv e  a s  a  d r y i n g  a i d .  

G u m  A c a c i a  w a s  p a r t i a l l y  e f f e c t iv e  b u t  h e a v y  w a l l  d e p o s i t i o n  s t i l l  o c c u r r e d .  B .P .C .  

L i q u i d  G lu c o s e  ( 3 9 - 4 3  D .E . )  p r o v e d  t o  b e  t h e  m o s t  e f f e c t i v e  a d d i t i v e ,  r e d u c i n g  t h e  

w a l l  d e p o s i t i o n  m a r k e d l y  a n d  p r o d u c i n g  a  p r o d u c t  o f  a c c e p t a b l e  f l a v o u r  a n d  w i t h  

g o o d  f r e e - f lo w in g  p r o p e r t i e s .  V a r i a t i o n s  i n  a i r  i n l e t  t e m p e r a t u r e  i n  t h e  r a n g e  1 2 0 -  

1 5 5 ° C  ( 2 4 8 - 3 1 1 ° F ) ,  i n  f e e d  t e m p e r a t u r e  i n  t h e  r a n g e  2 0 - 8 0 ° C  ( 6 8 - 1 7 6 ° F ) ,  i n  f e e d  

r a t e  i n  t h e  r a n g e  1 5 - 3 4  g  p e r  m i n  a n d  a t o m i z e r  s p e e d  i n  t h e  r a n g e  2 5 ,0 0 0 - 3 7 ,0 0 0  r p m  

p r o d u c e d  n o  s i g n i f i c a n t  c h a n g e  i n  t h e  b u l k  d e n s i t y  o r  p a r t i c l e  s iz e  o f  t h e  p r o d u c t .

T h e r e  w a s  a n  i n c r e a s e  i n  i n s o lu b l e  s o l id s  a n d  a ls o  s o m e  c h a n g e  i n  c o l o u r  a t  t h e  

h i g h e r  t e m p e r a t u r e s .  T h e  s iz e  a n a ly s i s  o f  t h e  p r o d u c t  t o g e t h e r  w i t h  t h e  o b s e r v a t i o n s  i n  

t h e  c o o l e d - p l a t e  e x p e r i m e n t s  s u g g e s t  t h a t  w a l l  d e p o s i t i o n  is  r e l a t e d  t o  w a l l  t e m p e r a t u r e .  

C o o l i n g  t h e  w a l l  t o  a  t e m p e r a t u r e  b e lo w  t h e  s t i c k y  p o i n t  o f  t h e  p r o d u c t  e l i m i n a t e s  

w a l l  d e p o s i t i o n  b u t  n o  a c c o u n t  h a s  a s  y e t  b e e n  t a k e n  o f  t h e  e f f e c ts  o f  s u c h  c o o l i n g  o n  

t h e  p e r f o r m a n c e  o f  t h e  d r i e r .

N a t u r a l l y  t h e s e  c o n c lu s io n s  a r e  s t r i c t l y  r e l a t e d  t o  th i s  s iz e  a n d  t y p e  o f  s p r a y  d r i e r  

a n d  a r e  n o t  n e c e s s a r i l y  a p p l i c a b l e  t o  l a r g e r  p l a n t  o r  p l a n t  o f  d i f f e r e n t  d e s ig n .
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Protein, lactose and lactic acid separation from cheese whey 
using reverse osmosis dynamically formed membrane

A. M. FR EED M A N  a n d  H. I. SHABAN

Summary

Hydrous zirconium oxide dynamically formed membrane was used in 
reverse osmosis apparatus to separate protein, lactose and lactic acid from 
cheese whey directly. An unexpected feature was 40% rejection of pure protein 
within 1 £ hr from commencement of experiment. However, protein rejection 
figure changed to 44% with undesirable 17-4% lactose rejection and 29% 
lactic acid rejection after 4 hr approximately. The permeation rate of solvent 
across the membrane was constant and the colour rejection of cheese whey 
was almost complete (approx. 1 0 0 %).

Introduction

Reverse osmosis is a membrane permeation technique for separating water and other 
small molecules from solutions containing large molecules. At present reverse osmosis 
is used for desalination of some brackish waters and sea water but on a small scale 
compared with flash distillation which produces millions of gallons of fresh water daily.

More recently reverse osmosis processes have been used to concentrate fruit juices, 
egg white and whey, to refine sugar and in biological applications as reported by 
Harrison (1969).

The membranes currently used in research are made from cellulose acetate a few 
microns thick. The use of cellulose acetate membranes is based upon the work of Reid 
and Breton, as described by Merten (1966), later modified by Loeb and Sourirajan 
(Sourirajan, 1970a) to produce better salt rejection and higher water flux.

It has been reported by Thomas & Watson (1968) that two of the most promising 
types of membranes considered for reverse osmosis are cellulose acetate and dynamically 
formed membranes, the latter formed from a variety of additives. The most attractive 
features of dynamically deposited membranes are their high production rates and 
their self healing characteristics by retaining in the feed solution a small amount of 
the membrane forming additive, as shown by Kraus, Shor & Johnson (1967).

In June 1965, at the Oak Ridge National laboratory, Marcinkowsky observed that

Authors’ address: Chemical Engineering Department, Surrey University, Guildford, Surrey.
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by circulating a pressurized salt solution containing a few hundred ppm of an additive 
(Th Cl4) past a porous silver frit, a high flux sodium chloride rejection layer was 
formed dynamically on the filter surface, as reported by Sourirajan (1970b).

Kraus et al. (1967), and Sourirajan (1970a) have mentioned suitable additives for 
membrane formation. Examples are: organic polyelectrolytes, hydrous oxides and salts 
of hydrolysable metals (Zr (iv), Fe (iii), and U (vi)), ground, low cross-linked ion 
exchange beads and certain natural products, such as clays and humic acid.

Whey is a by-product of cheese manufacture and mainly used for lactose production, 
animal feed and food additives. Fractionation of whey yields mainly lactose, lactic acid 
and protein.

The purpose of this experiment was to explore the technical feasibility of applying 
reverse osmosis to separate protein from lactose and lactic acid directly in cottage 
cheese whey using a hydrous zirconium oxide dynamically formed membrane.

No work has been reported on direct separation of protein, lactose and lactic acid 
by dynamically formed membranes. The use of cellulose acetate membranes for cheese 
whey concentration to a level suitable for spray drying has been reported by Harrison 
(1969, 1970), McDonough (1968) and Horton (1970). Similar work has been reported 
by Marshall, Dunkley & Lowe (1968) but applying the crystallization method for 
extracting protein, lactose and salts from concentrate.

Rejection and permeation across the membrane depends on the concentration, 
viscosity and feed circulation velocity.

A summary of relevant equations of filtration of solute across the membrane has 
been given by Spiegler (1966) and can be written in terms of observed rejections (Ro) as

Cp
Ro =  1 ~ c f

where Gp represents concentration of product and Gf represents concentration of feed 
in g/1 in the turbulent annulus. In fact, Cf is taken as equal to the solute concentration 
at the membrane feed interface.

The rate of flow of solvent across the membrane can be represented by equation (2) 
due to Merten (1966), i.e.

K A (AP, -  aP2)
Water flow = ---------- ----------- • • • (2)

where
K = permeability coefficient of 

membrane for water 
A = membrane area

APj = pressure differential across membrane 
t = thickness of the membrane 

A P2 = osmotic pressure differential 
across membrane
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Membrane porosity and thickness play an important role in obtaining good permea
bility and solute rejection. It is difficult to apply this equation due to difficulties in 
obtaining value for (K) and (t) for hydrous zirconium oxide membrane. Consequently, 
flow rate was measured directly.

M aterials and m ethods
Membrane

The basic material for the membrane was hydrous zirconium oxide. Kuppers et al.
(1967) have investigated filtration of organic solutes using inorganic hydrous zirconium
(iv) oxide and have shown that glucose, sucrose and raffinose rejection increased with 
increasing molecular weight. Kraus et al. (1967) have reported similar work, using 
alcohols. Hydrous zirconium oxide membranes have also been used in the pulp and 
paper industry to reject most of the colour present in the liquors generated in the 
sulphite process as reported by Perona, et al. (1967). Hydrous zirconium oxide mem
branes have been found to reject salts (Mg Cl2, Na Cl and Na2S 0 4) as shown in the 
Saline Water Conversion Report (1967, 1969), Sourirajan (1970b) and Kraus et al. (1967).

Membrane formation
The membrane was prepared by boiling2gzirconium chloride in 1 litredistilled water 

under reflux for 20 hr. The solution acquired a milky appearance indicating the 
formation of hydrous zirconium (iv) oxide. A similar method has been described by 
Marcinkowsky et al. (1966).

The solution so obtained was made up to 8 litres with distilled water and then 
circulated to the outside of the porous ceramic tubing in the reverse osmosis apparatus, 
shown in Fig. 1. The porous ceramic tube used as the membrane support was 12 in 
long, 1-0 in outside diameter and \  in inside diameter with 32% porosity and pore 
diameter less than 1-5 microns.

A starting pressure of 100 psi was used to deposit the membrane on the porous 
surface. The pressure increased automatically to 200 psi within the first 20 min of the 
experiment as a result of membrane formation. The permeation rate was approx. 
48 gal/ft2/day. After 4 hr of continuous running the permeation rate decreased to 
30 gal/ft2/day and the pressure gauge recorded a constant pressure of 400 psi. The 
membrane formation at this stage was complete and the rest of the solution in the 
reverse osmosis cell was drained and replaced with whey solution.

Operating condition after membrane formation
The operating pressure was kept at 400 psi for the main part of the experiment. 

Operating was attempted at 600 psi to investigate the change in production; it was 
found, however, that under this condition the membrane deteriorated. The whey 
solution feed was at 20°C with a pH of 6 . A feed circulation rate of 10 gal/hr was used.
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F ig . 1. Diagram of reverse osmosis apparatus. A, Feed storage tank (whey); B, filter; 
C, high pressure pump; D, reverse osmosis cell; E, porous ceramic tubing; F, thin layer of 
membrane; G, product storage tank; H, waste storage tank; I, shut off; R 1; rotameter at 
waste; R 2, rotameter at product; H.P.G., high pressure gauge; L.P.G., low pressure 
gauge; P.C.V., pressure control valve; R.V., relief valve.

R esults and discussion

Cheese whey was diluted five times with distilled water. Dilution was necessary due to 
the small scale of the system.

It has been found whilst testing the dynamically formed zirconium hydroxide 
membrane, that reverse osmosis occurs with dilute and concentrated solutions of brine, 
the rejection being greater with the more dilute feed. More concentrated solutes of 
whey, such as handled industrially, could not conveniently be tested at this stage be
cause of system limitations. It is believed, on the basis of brine and other tests, that con-
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centrateci whey feed could be expected to behave similarly.
The permeate and feed samples were collected at fixed intervals and each analysed 

for protein, lactose, lactic acid, fat and ash. The fat and ash content of the feed was 
negligible and no traces were found in the permeate (product), hence no calculations 
were made for fat and ash. Lactic acid gave a not inconsiderable rejection being close 
to lactose rejection. Thus Fig. 2 represents the overall results obtained for protein, 
lactose and lactic acid rejection in 18^ hr.

F ig . 2. Solute rejections % versus time (hr). Hyperfiltration by hydrous zirconium oxide
dynamically formed membrane on porous support (porcelain tubing of 32% porosity at
400 psi). O, Protein; • ,  lactic acid; T, lactose.
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Equation (1) was used to calculate the solute rejection in the whey solution.
The most interesting observation (see Fig. 2) was the rejection of pure protein up to 

a level of 40% in the first 1 | hr of the experiment. After 3|- hr protein rejection increased 
to 44% but with some lactose (Ro = 16-3%) and lactic acid (Ro = 20%). Solute 
rejection became constant after approx. 4 hr of continuous running, i.e. protein, 
lactose and lactic acid rejection were 44%, 17-4% and 20% respectively. The lactose 
and lactic acid rejection rose sharply after 1 |  hr giving undesirable rejection rates. 
This was probably due to a new membrane formation on top of the previous hydrous 
zirconium oxide membrane. The new membrane could be caused by proteins or other 
solutes present in the whey solution.

At 400 psi the permeation rate of solvent across the membrane was steady at about 
30 gal/ft2/day.

The colour rejection of cheese whey which had a milky appearance was also recorded 
and equation (1) was used again to calculate colour rejection. For the first 3 hr of the 
experiment the colour rejection was 99-99% (clear permeate), after which the colour 
rejection reduced to 99-6% for the remaining time (15^ hr).

When the pressure was altered from 400 to 600 psi the permeation rate increased to 
36 gal/ft2/day and the permeate became milky as a result of membrane deterioration. 
The colour rejection was based on optical absorption made at 684 nm.

The fat, ash, lactic acid, lactose and protein were tested by Rose-Gottlieb, gravi
metric, titration with N/9 NaOH, Benedicts quantitative solution and Kjeldahl 
methods respectively.

Conclusion

It has been shown that dynamically formed membranes using hydi'ous zirconium 
oxide in the reverse osmosis apparatus are very promising in separating protein, 
lactose and lactic acid in cheese whey solutions.

Since this kind of membrane has a high porosity, it shows great promise in the colour 
rejection applications in the field of food technology where large molecules are in
volved. High production rates may be obtained using this method.
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Differential thermal analysis of frozen food systems. 
I. The determination o f unfreezable water

R . B. D U C K W O R T H

Summary

A method is described for the determination of the amounts of unfreezable 
water in food materials by the use of differential thermal analysis (D.T.A.). 
Results for a range of different food materials and food constituents are 
summarized and compared with a smaller number of values obtained by 
other workers using a variety of other techniques. The method described is 
simple and direct and is free from the uncertainties which attend the proce
dures involved in most of the methods previously employed.

Introduction

The immobilizing influence of the solid constituents of a biological material, parti
cularly of the skeletal macromolecular solids, on a substantial part of the water present 
in such a system is a phenomenon well known to biological scientists. The amount and 
condition of such partially-immobilized water in a processed foodstuff can have an 
important effect on both the initial quality and the storage behaviour of the material 
concerned.

Various criteria have been used from time to time to distinguish the extent of this 
water-binding in biological systems and in some cases quantitative determinations 
have been made of fractions of water having properties which contrast sharply with 
those of the bulk liquid. One criterion which has been used more than any other is 
non-freezability at low temperatures (Kuprianoff, 1958; Duckworth & Smith, 1963). 
A number of different methods have been employed to determine the size of the non- 
freezing fraction, either directly or, more commonly, by measuring the amount of ice 
formed and therefore the quantity of water remaining unfrozen by difference.

Moran, in some early studies (Moran, 1926, 1931) first used a dilatometric method 
to determine the amounts of ice forming in gelatine gels. He later discarded this, in 
work on egg albumin and on muscle tissue (Moran, 1935), in favour of a method in 
which ice was caused to form only at the surfaces of a test specimen and in which the

Author’s address: Department of Food Science, University of Strathclyde, 131 Albion Street, Glasgow,
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residual non-freezing water within the bulk of the specimen could, therefore, be 
determined directly. Most workers in the field have, however, employed calorimetry 
(Plank, 1925; Mennie, 1932; Daughters & Glenn, 1946; Riedel, 1956, 1957, 1960, 
1961, 1969; Nemitz, 1961; Fleming, 1969) while, in recent years, nuclear magnetic 
resonance (Sussman & Chin, 1966; Toledo, Steinberg & Nelson, 1968) differential 
scanning calorimetry (Davies & Webb, 1969; Parducci, 1970; Youngs, 1970) and 
differential thermal analysis have each been added to the list of techniques used for 
this kind of determination. The present paper is concerned with the last of these 
methods.

Differential thermal analysis (D.T.A.) is a technique for recording the difference in 
temperature, A t ,  between a test substance and an inert reference material as samples 
of the two are warmed or cooled, preferably at a constant rate, over a suitable range 
of temperature. If the test substance is thermally active, then the resulting curve, 
plotting A t  against sample temperature, shows one or more irregularities or peaks. 
These indicate the occurrence and measure the extent of energy-involving reactions, 
transitions or phase changes within the test sample over the range of temperature 
employed.

The history of use of the method since its initial development at the end of the last 
century (Roberts-Austen, 1899) has recently been traced by McKenzie, R. C. (1970). 
For half a century, application of D.T.A. was limited almost exclusively to the ex
amination of inorganic materials, but during the last twenty years its use has spread 
rapidly, first to the study of relatively simple organic substances and then later to that 
of more complex systems of biological origin. Reviews of some of these more recent 
applications have been published by Mitchell & Knight (1965), Murphy (1966), 
Ladbrooke & Chapman (1969) and MacKenzic, R. C. (1970).

Low temperature D.T.A. of aqueous solutions, utilizing the latent heat requirements 
to study freezing patterns appears to have been first used by Rey (e.g. 1960, 1961) and 
later Greaves & Davies (1965) in work on the freeze-drying of biological systems and 
on the possible use of cryoprotective substances to prevent damage to living organisms 
caused by ice-formation. Further detailed studies of a similar kind have been carried 
o u t  more recently by Rasmussen and his co-workers (e.g. Rasmussen 1969, Rasmussen 
& Luyet, 1969), while Mazur (1963) and MacKenzie A. P. (1970) have used low 
temperature D.T.A. on aqueous systems actually containing living micro-organism .

Differential thermal analysis of frozen food materials and the use of the method for 
the direct determination of unfreezable water in solid systems of biological origin were 
both pioneered by the author and various research students (Ralph, 1964; Hood, 1965; 
Gauldie, 1966; Burnett, 1967; Kelly, 1970; Youngs, 1970; Parducci, 1970). The 
purpose of the present communication is to describe the method used for the deter
mination of unfreezable water in food materials and to summarize some of the results 
obtained.
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The materials examined during the course of the work are listed in Table 1. Treatment 
prior to thermal analysis was essentially similar in each case. Since all the materials 
to be examined were solid over the range of moisture content within which they were 
to be analysed, it was necessary to prepare them in a physical form in which they 
would most readily fill, and make good thermal contact with the surfaces of, the cham
ber of the D.T.A. assembly, viz, in a powdered form. Each material was therefore first 
dried in warm air sufficiently to permit powdering and then put through a laboratory 
hammer mill. Samples of the resulting powder were subsequently moistened (or dried) 
to suitable water contents for examination by D.T.A. The moisture content was 
increased either by subjecting the sample to an atmosphere of high relative humidity 
within a desiccator and monitoring the weight increase until the desired end point was 
reached. Alternatively, if this procedure proved too protracted, direct addition of the 
necessary amount of water was made from a micrometer syringe or microburette, 
followed by thorough mixing of the sample. In either case, a minimum period of 6 

days was allowed for complete re-equilibration within the sample after the moisture 
level was changed and before thermal analysis was performed.

An initial screening run was necessary with each material in which a number of 
samples showing relatively large incremental differences in moisture content covering 
a wide range were analysed to determine over what narrower range a more detailed 
examination would be necessary. Subsequently, a further set of samples falling within 
this latter range of moisture content and showing relatively small differences was 
prepared and subjected to thermal analysis.

Moisture contents were determined on the samples actually used for D.T.A. by a 
standard oven method. Duplicate samples of between 2 and 2-5 g were dried in a 
vacuum oven ( < 10 mm Hg pressure) at 70°C for 24 hr, the moisture content being 
calculated from the loss in weight. Results are expressed in all cases as g water per 
1 0 0  g dry solids.

The differential thermal analysis itself was carried out for the most part on simple 
apparatus designed and constructed in the author’s laboratory—see Fig. 1 (a few of the 
data quoted in Table 1 were obtained by a similar procedure but using the Du Pont 
900 Differential Thermal Analyser which became available at a late stage). The test 
sample and corresponding reference sample were accommodated, in the simpler 
apparatus, in opposed chambers drilled out from a solid cylindrical block of aluminium
7-5 cm in diameter, each chamber being large enough to hold between 3 and 5 g of a 
typical powdered test material.

Any dry finely-divided material which remains inert over the range of temperature 
employed could be used as reference. During the course of the work a number of 
possible alternative reference materials, including glass beads, sand, kaolin, sawdust 
and the test material itself (water free) were tried in an attempt to match the general
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Table 1. Unfreezable water contents of some food materials and food constituents

Unfreezable water, deter
mined by differential thermal

analysis (actual values lie Other values for non-freezing water from 
between the limits shown) the literature

Lowest
freezing
temper

ature
employed

Method

Lowest
freezing
temper

ature
employed

Cellulose (cotton) 13-1-14-7 — 78°C
,, (potato) 18-0-18-45*1) — 180°C

Starch (potato) 32-0—32-711 > „ 38-40*2 > Cglorimetry — 40°C
,, (soluble) 22-l-30-2<3> — 78°C

Pectin (apple) 28-52-32-43*1» — 180°C
(orange) 36-0-36-78A) 5 J

Agar 41-16-43-21 J J
Albedo (orange) 30-0-32-23W J J
Bean (green) 22-5-22-9 — 78°C 11-0, 68-5<4> Calorimetry — 20°C
Brussels Sprout 23-3-25-1 J 5
Cabbage 18-2-22-2 J J
Carrot 22-7-24-5 55
Celery 19-72-20-14<5> i )

19-75-23-75(6) -  180°C
Pea 19-1-19-7 — 78°C 4-1-32-KL Calorimetry — 20°C
Potato 23-1-23-7
Gelatine 36-23-46-11 — 180°C 53-56*«) Dilatometry — 19°C

48-500) — 30°C 49-58*«) Calorimetry — 20°C
Egg white 26-76-29-32<5> — 180°C 28-6*«) Calorimetry -70°C

25-5*10> Calorimetry — 30°C
41*11) Dilatometry -20°C

„ „ (heat 22-36-25-57<6> „ 22-0<10) Calorimetry — 30°C
denatured) (desalted)

Egg albumin 26, 35-37*“ ) Direct — 20°C
,, ,, (denatured) 26, 30*“ ) Direct ~20°C

Beef muscle (raw) >25*13> Dilatometry — 20°C
43*11) Direct — 40°C

,, ,, (cooked) 24-3-24-7 — 78°C 22-5*12> Calorimetry -  180°C
Cod muscle 25-7-27-0 „ 39-0*14' Calorimetry — 70°C

24-05-24-45*6) „ 36-8*15' Nuclear magnetic -20°C
24-02-24-80*5) — 180°C resonance

continued
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Table I. Unfreezable water contents of some food materials and food constituents

Material

Unfreezable water, deter
mined by differential thermal

analysis (actual valves lie Other values for non-freezing water from 
between the limits shown) the literature

Lowest Lowest
freezing freezing
temper Method temper
ature ature

employed employed

Milk (whole) 8-7—12-8<16> -  180°C
55 (skim) 16-7-18- K16) 55

Casein . 24-l-29-5<16> 55
Whey 19-9-24-8<16> 55

(1) Youngs, 1970
(2) Riedel, 1960
(3) Ralph, 1964
(4) Daughters & Glenn, 1946

(5) Parducci, 1970
(6) Moran, 1926
(7) Hood, 1965
(8) Mennie, 1932

(9) Riedel, 1957
(10) Nemitz, 1961
(11) Moran, 1935
(12) Riedel, 1961

(13) Moran, 1931
(14) Riedel, 1956
(15) Sussman & Chin, 1966
(16) Kelly, 1970.

thermal characteristics of the hydrated test material as closely as possible and thus 
reduce the problem of baseline slope. Mixtures of sand and sawdust were generally 
found to be at least as satisfactory as any other materials for the purpose and their use 
was latterly adopted as standard procedure.

Two diametrically opposed pairs of chambers were drilled into each block so that 
two test samples with corresponding reference samples could be accommodated at one 
time. The temperature difference between reference and test samples was monitored 
in earlier work using a simple iron-constantan thermocouple pair. One couple was 
positioned centrally within each sample, the constantan wire forming the bridge 
between the two and the two iron wires leading directly to the input terminals of the 
linear amplifier of a modified electronic recorder. The signal was amplified fifty 
times, so that one complete traverse of the 1 1-inch chart of the recorder corresponded 
to a temperature difference of 0'4°C. In later work, this sensitivity was increased 
several fold by using differential thermopiles consisting of up to five pairs of thermo
couples in series, the couples in this case being constructed from 24 gauge chromel and 
alumel wires supported and insulated near the junctions by fine ceramic sleeves— 
Fig. 1. Sensitivity was increased in approximate proportion to the number of pairs of 
thermocouples used and was such as to permit detection of the thawing of appreciably
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Fig. 1. Diagram of the block assembly used for differential thermal analysis with test 
and reference samples and thermocouples in operating positions.

less than 1 mg of a eutectic sodium chloride solution. A copper-constantan thermo
couple was also inserted in each test sample to provide simultaneous monitoring of 
sample temperature. Full details of construction of the D.T.A. block assembly are 
shown in Fig. 1.

In most of the work summarized in this paper the range of temperature used for the 
D.T.A. was between — 78°C (or — 70°C) and ambient. The block containing the 
samples was first cooled with powdered C 0 2 and subsequently, after equilibration and 
rapid removal of excess coolant, allowed to warm up inside a dewar flask held in a 
well insulated box. Alternatively, the block assembly was cooled dowm, already 
insulated, in a low temperature cabinet, the refrigeration of which was switched off 
when the assembly had reached equilibrium at the cabinet temperature of — 70°C.

The rate of warming was controlled by varying the amount of insulation and, 
although not constant throughout a run because of the changing temperature differ
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ence between the block and the laboratory atmosphere which served as the heat 
source, the change in warming rate over the temperature range of interest was in fact 
small. Warming rates of between 5° and 8 °C per hour were most commonly used. 
This provided a suitable period of time in the early part of a run for the system to 
recover after the initial disturbance caused by removal of the coolant and also per
mitted the accurate pin-pointing of significant transition temperatures. With con
tinuous automatic recording of At and of the test sample temperature, analyses could 
be conveniently run overnight.

Results

Representative sets of D.T.A. curves for samples of potato (scalded), of green bean 
(scalded) and of cod muscle showing small differences in moisture content around the 
respective unfreezable water levels are illustrated in Fig. 2. Prominent features of the 
curves from the moister samples in each series are the broad asymmetrical peaks 
produced as a result of the thawing of ice formed during the initial cooling process. 
It is not easy to distinguish precisely in these curves the points at which melting was 
initiated during warming, but the temperature range over which the thawing process 
reached completion is indicated clearly by the sharp reduction and virtual disappear
ance of At at the upper limit of each peak. The reduction in size of the peak for samples 
containing lesser amounts of freezable water is also clearly shown and the area under 
each peak, though difficult to measure with accuracy, is directly related to the 
quantity of freezable water present in the sample. Over a particular range of moisture 
content, encompassing the highest level at which no freezable water remains, evidence 
of thawing during warming completely disappears as shown by the completely smooth 
form of the lowest curve in each series. Were any of the substantial amount of water 
contained within the respective samples capable of undergoing a normal freezing 
process during cooling to — 78°C, subsequent thawing of the ice formed would 
inevitably manifest itself on the D.T.A. curve. The absence of any such indication is 
therefore taken as establishing the non-freezability of the water present in these 
samples over the range of temperature employed. In the case of some materials, results 
for which are included in Table 1, the temperature range was extended downwards 
by using a Dupont Differential Thermal Analyser with liquid nitrogen as a coolant. 
No evidence was obtained that cooling to temperatures below — 78°C can induce the 
formation of additional ice. Indeed, in those cases, e.g. celery, where the content of 
unfreezable water has been determined by both procedures, no difference was found 
in the pattern of results (see Table 1).

A further feature of interest illustrated by the curves in Fig. 2 is the variation between 
different materials in the temperature relations of the thawing process. Usually the 
temperature at which melting begins during warming can be distinguished with 
greater confidence when the curves for samples containing relatively small amounts of
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i______i______ i______i______i______i______i_
-4 0  -3 0  -2 0  -10

Temperature r (°C)

F ig . 2. Series of At curves for samples of potato, green bean and cold muscle containing 
different amounts of water ranging upwards from the unfreezable water level in each case. 
The At scale, though equivalent in each case, has been shifted for each successive curve 
so as to show the curves separately. Potato moisture contents (g/lOOg dry), a, 35-30; b, 
30-18; c, 24-72; d, 24-14; e, 22-83. Green bean moisture contents (g/lOOg dry), f, 29-80; 
g, 24-97; h, 23-27; i, 22-92; j, 22-49. Cod moisture contents (g/lOOg dry), k, 33-84; 1, 
28-56; m, 27-0; n, 25-72.
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freezable water are examined. Thus it would appear that the temperature at which 
thawing is initiated during warming is characteristic for each particular material 
examined.

A summary of results obtained by this method for the content of unfreezable water 
in a wide range of food materials and food constituents is given in Table 1. Also in
cluded in this table for purposes of comparison are a number of values for unfreezable 
water in comparable materials obtained by other methods and reported in the litera
ture.

Discussion

Most previous estimates of the amounts of water remaining unfrozen in food materials 
at low temperatures have been derived indirectly from calorimetric or dilatometric 
data as the difference between the calculated quantities of ice formed within fully 
hydrated samples at given temperatures and the determined total water contents of the 
respective materials. In the absence of exact data for the specific heats or co-efficients of 
thermal expansion of these components of the system other than ice (i.e. of the solids 
and of the unfrozen water itself which, because of its very nature, would be expected 
to exhibit a unique behaviour), calculations of this kind must inevitably lack precision. 
As Moran (1935) has pointed out, further uncertainty arises in the case of dilatometry 
because of the possibility of the release of dissolved gases during the freezing process. 
The accuracy and reliability of values for unfreezable water obtained by these methods 
must, therefore, remain open to question however carefully the techniques themselves 
were applied.

A few further data regarding the amounts of ‘liquid’ water persisting in frozen foods 
have been obtained relatively recently using wide-line nuclear magnetic resonance 
(Sussman & Chin, 1966; Toledo, Steinberg & Nelson, 1968). The latter authors 
monitored the proton resonance signal from flour samples containing different amounts 
of water as the temperature was reduced through the freezing zone. They found that 
where the sample contained more than a certain proportion of water (29 g/100 g dry 
flour) a sharp drop in signal, attributable to freezing, occurred between 30 and 20°F, 
but that below this range of temperature, the signals from different samples, irrespec
tive of total water content, became similar and fell together slowly during further 
cooling. This persisting signal they attributed to the continuing presence of unfrozen 
‘bound’ water. However, they were unable to distinguish a temperature at which the 
freezing process became complete and, in order to calculate the quantity of non- 
freezing water, they arbitrarily selected the resonance signal at 0°F as a basis for their 
calculation. Similar difficulties attend the calculation of a precise value for the content 
of unfreezable water in cod muscle from the data of Sussman & Chin (1966).

The method described in the present paper is relatively simple and direct, depending, 
as it does, on the mere detection, with high sensitivity, of a small phase transition
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within the sample. The results unquestionably confirm that, for each of the materials 
examined, there exists a definite and fixed amount of water of hydration which is 
incapable of undergoing a normal freezing process. Additional water above this level 
freezes in a normal manner and begins to thaw out during re warming at a temperature 
determined by the spectrum of soluble constituents present and, therefore, characteristic 
of the particular material concerned. This recognition of a characteristic ‘eutectic’ 
temperature which can be determined, in spite of the lack of sharpness of the trans
ition, within quite narrow limits, and which is unaffected by the freezing treatment 
applied, suggests the existence of a lower limit to the range of temperature over which 
freezable water can normally be converted to ice. In respect of the materials for which 
results are illustrated in Fig. 2, the ‘eutectic’ temperatures lie between — 25° and 
— 40°G. It would therefore appear to be quite possible, indeed likely, that at the 
temperatures used by some earlier workers for the determination of values for un- 
freezable water included in Table 1, the freezing process was not complete and that 
the values themselves must therefore be erroneously high.

The precision with which the quantity of unfreezable water is determined by D.T.A. 
depends on the incremental difference in water content between the most moist sample 
showing no evidence of the phase transition and that of the driest sample for which 
such evidence is present—a difference which can be reduced at will by the careful 
preparation and analysis of additional samples. For a reasonable degree of precision, 
an appreciable number of samples of a given material need to be examined. Funda
mental to the whole operation, of course, is a reliable and reproducible method of 
moisture determination.

The need to prepare the material in a finely divided form, which in turn necessitates 
at least a partial prior dehydration, may be considered a disadvantage since it can be 
argued that, as a result of this initial treatment, the material may have undergone 
irreversible changes affecting its behaviour. However, the significance of the results 
described here relates primarily to the condition and properties of the constituent 
water of foods which have been preserved by freezing or by dehydration, and in either 
of these cases comparable degrees of water-removal producing changes of a similar 
kind will have taken place.

The results of further studies by differential thermal analysis bearing on the be
haviour and properties of the unfreezable fraction of water in food materials will be 
reported in later papers.

Acknowledgments
Part of the work described in this paper was supported by a grant from J. Sainsbury 
Ltd. The author wishes to thank Mrs P. Harrison, Mr K. Baird and the writers of the 
various student theses referred to in the text for much of the experimental work.



D.T.A. of frozen foods 

References

327

Burnett, C. (1967) B.Sc. Thesis, Strathclyde University.
Daughters, M. & Glenn, D.S. (1946) Refrig. Engng. 51-52, 137.
Davies, R .J. & Webb, T. (1969) Cherny. Ind. p. 1138.
Duckworth, R.B. & Smith, G. (1963) Proc. Nutr. Soc. 22, 182.
Fleming, A.K. (1969) J . Fd Technol. 4, 199.
Gauldie, M.T. (1966) B.Sc. Thesis, Strathclyde University.
Greaves, R.I.N. & Davies, J.D. (1965) Ann. N.T. Acad. Sei. 125, 548.
Hood, J.C . (1965) B.Sc. {Tech.) Thesis, Glasgow University.
Kelly, C.E. (1970) B.Sc. Thesis, Strathclyde University.
Kuprianoff, J . (1958) Fundamental Aspects of the dehydration of foods, p. 22, S.C.I., London.
Ladbrooke, R.D. & Chapman, D. (1969) Chem. Phys. Lipids, 3, 345.
Mackenzie, A.P. (1970) The Frozen Cell, (Ciba Foundation Symposium), p. 89, J. & A. Churchill, London. 
MacKenzie, R.C. (Ed.) (1970) Differential Thermal Analysis, Vol. 1, Academic Press, London and New 

York.
Mazur, P. (1963) Biophys. J . 3, 323.
Mennie, J.H . (1932) Can. J . Res. 7, 178.
Mitchell, B.D. & K night, A.H. (1965) J . exp. Bot. 16, 1.
Moran, T. (1926) Proc. R. Soc. A. 112, 30.
Moran, T. (1931) Proc. R. Soc. B. 107, 82.
Moran, T. (1935) Proc. R. Soc. B. 118, 548.
Murphy, G.B. (1966) Anal. Chem. 38, 443 R.
Nemitz, G. (1961) Doctorate Thesis, Technischen Hochschule, Karlsruhe.
Parducci, L.G. (1970) Ph.D. Thesis, Strathclyde University.
Plank, R. (1925) Z- Kalteind., 32, 4L
Ralph, W.I. (1964) B.Sc. {Tech.) Thesis, Glasgow University.
Rasmussen, D. (1969) Biodynamica, 10, No. 221, 333.
R asm ussen , D. & Luyet, B. (1969) Biodynamica, 10, No. 2 2 0 , 319 .
Rey, L.R. (1960) Ann. N.T. Acad. Sei. 85, 510.
Rey, L.R. (1961) Biodynamica, 8, 241.
Riedel, L. (1956) Kältetechnik, 8, 374.
Riedel, L. (1957) Kältetechnik, 9, 342.
R iedel, L. (1960) Kältetechnik, 12, Append.
R iedel, L. (1961) Kältetechnik, 13, 122.
R iedel, L. (1969) Dechema-Monographen, Band 63, Nr. 1125-1143, Verlag Chemie GmbH, Weinheim/ 

Bergstrasse.
R oberts-Austen, W.C. (1899) Nature, Land. 59, 566.
Sussman, M.V. & Chin, L. (1966) Science, 151, 324.
Toledo, R., Steinberg, M.P. & Nelson, A.I. (1968), J . Fd Sei., 33, 315.
Youngs, A.J. (1970) Ph.D. Thesis, Strathclyde University.



J .  F d  Technol. (1971) 6, 329-330.

Book Reviews
The Fat-Soluble V itam ins. Ed. H. F. D e Luca and J. W. Suttie.
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This volume contains thirty-three chapters on various aspects of the biochemistry of 
fat-soluble vitamins. It is the published version of a symposium held in honour of 
Harry Steenbock, one of the great pioneers in the study of these fascinating substances. 
It is an impressive tribute and illustrates how much his early studies have stimulated 
a new generation of able investigators to deploy the powerful tools of modern bio
chemistry to delve deeply into the mysteries of the biological function of these com
pounds.

In spite of many profound advances recorded in this book the problem of the basic 
functions of the fat-soluble vitamins is still essentially unsolved. This contrasts sharply 
with the situation with water-soluble vitamins whose universal roles in cellular activities 
are well characterized. The difference in our knowledge of these two groups of vitamins 
simply reflects the variation in our knowledge of basic biochemistry. The water-soluble 
vitamins are concerned with basic metabolic processes which are well understood, while 
the fat-soluble vitamins are concerned with specific activities of differentiated tissues, 
for example bone, and the biochemistry of differentiation is in its infancy. However, 
developments are likely to be considerable in the next few years and with this increasing 
knowledge will come much deeper insight into the functional role of the fat-soluble 
vitamins.

Meanwhile this volume gives an excellent account of the most up to date attempts 
to come to terms with these difficult problems and as such it is essential reading for 
vitaminologists. It is well edited, well produced and carries a good index; all in all 
it is a very fitting memorial to Harry Steenbock.

T. W. Goodwin

Modern Food Microbiology. By James M. Jay .
London: Van Nostrand Co., 1970. Pp. vii + 328. £4.65.

This book which is designed primarily as a second course in microbiology might also 
be entitled ‘A Comprehensive Introduction to Food Microbiology’. It covers this 
complex field at a depth which whilst instructive is not too involved for students 
approaching the subject for the first time. In a logical approach to food microbiology 
the author describes the factors which control the growth of micro-organisms and spoil
age. The core of the book deals with the central topics of preservation and food poison

329



330 B ook R eview s

ing. There is a useful chapter which introduces the complex subject of microbiological 
standards and another which deals with biological hazards other than food poisoning 
bacteria. Whilst serving as a thorough introduction to a new field of study this also 
provides much useful data in tabulated form which the student may find useful in 
further work.
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