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The measurement of acceptability differences between brands 
of convenience products sold as dry mixes

JANICE RYLEY, ALISON McKIE, GILLIAN WALKER and G. GLEW

Summary
Hedonic scale tests using adult member panels to screen brands of three 
product types for use in schools, indicated that significant acceptability differ
ences attributable to brand occurred with chocolate and strawberry desserts 
but not with creme caramel. Subsequent investigations in two schools with 
panels of eighty-four children confirmed the preliminary findings.

The study indicated that important acceptability differences between brands 
of similar products exist and that hedonic scale testing with small panels on 
single occasions can be used to screen products by large scale food purchasers 
for decision making purposes.

Introduction
Over five million school meals are produced daily in the U.K. and a consider
able market exists in this area for convenience products. This market will grow 
if food manufacturers are able to produce attractive, nutritious and low cost 
dishes.

As part of a project concerned with the nutritional evaluation of convenience 
foods, it was observed that an increasing number of manufacturers produce 
similar types of products, which makes selection, on grounds other than cost, 
a major difficulty for food purchasers in the catering industry.

Hill, Armstrong & Glew (1970) performed taste panel assessments on a 
variety of frozen, dehydrated, canned and pre-prepared convenience products. 
The hedonic scale test was used and significant differences between products 
were observed.

In this paper hedonic scale tests were performed first with small adult panels, 
and followed by large groups of children, to find the brands with highest 
preference. This method for distinguishing between apparently similar products
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could be used by food purchasers thereby giving organoleptic information to 
add to the readily available cost information as a further aid to decision 
making.

Materials
All the products used were packs prepared for caterers requiring only the 
addition of water to complete the formulation of the product. The manu
facturers’ instructions were followed exactly. In most cases the complete pack 
was processed. If the packs were very large, the pack contents were subdivided 
and the required quantity of water calculated.

Taste panel method
The method chosen was that described by Amerine, Pangbourne & Roessler
(1965). The taster was asked to mark a continuous hedonic preference scale 
which was scored: 1, like extremely; 2, like very much; 3, like moderately; 
4, like slightly; 5, neither like nor dislike; 6, dislike slightly; 7, dislike 
moderately; 8, dislike very much; 9, dislike extremely.

The twelve member adult panels were asked to taste not more than five 
items on each occasion in which five brands and five product types were 
represented. The school panels, drawn from two schools (9—13 years) had 
forty-two boys and forty-two girls. Each child tasted two items on each 
occasion in which two product types and two brands were presented. Each 
product type (two brands of chocolate and strawberry dessert) was presented 
on two separate occasions.

Statistical analysis
Analysis of variance was applied to the results. If the variance ratio for the 
difference between brands exceeded the 0.5% level of probability the Student’s 
Mest was used to determine significantly preferred brands.

Results and discussion
Table 1 shows the results obtained from the adult panels for chocolate and 
strawberry desserts and for creme caramel. At the 1% significance level, accept
ability differences between brands emerge for the chocolate and strawberry 
desserts but not for the creme caramel.

Tables 2 and 3 show the mean scores of each brand of chocolate and straw
berry dessert. Since the difference in the means (by Student’s Mest) must be
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Table 1. Significance of results of exploratory adult taste panels (Analysis of variance)

Product Degrees of 
freedom

Variance
ratio

Significance at 
1% level

Instant chocolate desserts (four brands) 51 22.7 Yes
Instant strawberry desserts (five brands) 68 5.4 Yes
Creme caramel (three brands) 34 1.1 No

greater or equal to 1.98 to be significant at the 5% level (or >  2.63 at the 1% 
level), brand A is shown to be significantly more acceptable than brands C and 
D. Brand B is not significantly different from brands A and C, but B and D are 
significantly different.

Referring to Tables 4 and 5, since the difference in the means must be 
greater or equal to 1.25 (by Student’s f-test) to be significant at the 5% level 
(or >  1.68 at the 1% level), brand C is shown to be significantly less acceptable 
than brands A, B, D and E. Brands A, B, D and E are not significantly different 
one from another.

Since brand A was significantly preferred to brand C for both chocolate and 
strawberry desserts, brands A and C were chosen for the schools exercise. Table 
6 shows the results of the analysis of variance for this experiment. The variance 
ratio for the difference between brands is highly significant (P> 0.001) with 
brand A being preferred by boys and girls in both schools.

Table 2. Mean scores from hedonic 
test for instant chocolate desserts 
(adult panel)
Brands Mean hedonic score
A 6.78
B 5.62
C 3.79
D 3.46

Table 3. Significance of mean scores for chocolate 
desserts (Student’s f-test for difference between means)

Brands 5% leveldifference > 1.98
1 %  level
difference > 2.63

A, B No No
A, C Yes Yes
A, D Yes Yes
B, C No No
B, D Yes No
C, D No No
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Table 4. Mean scores from the 
hedonic test for instant strawberry 
desserts (adult panel)
Brand Mean hedonic score
A 6.57
B 5.57
C 3.61
D 5.80
E 5.53

Table 5. Significance of mean scores for strawberry desserts (Student’s r-test for difference between means)
Brands 5% level

difference » 1.25
1% level
difference > 1.68

A, C Yes Yes
B, C Yes Yes
D, C Yes Yes
E, C Yes Yes

Note: no other combinations show significantly 
different means.

For 640 and 1 degree of freedom the F  value is significant at the 1% level, if 
the experimental F  value >  6.6 — no other sources of variance in this experi
ment gave F  value >6.6.

There were also significant differences between the opinions of boys and 
girls, and significant interactions between schools and brands and between sex 
and flavour.

T a b le  6 . Analysis of variance table of hedonic score 
from an acceptability study, in two schools using: 
brand A — chocolate dessert and strawberry dessert; 
brand C — chocolate dessert and strawberry dessert
Source of variation Degrees of 

freedom F-value
Schools 1 57Brands 1 235Sex 1 31Flavour 1 1Replication of samples 1 0.02
Schools/brands 1 22Sex/flavour 1 25Residual 640
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T a b le  7. Mean hedonic scores for an acceptability study in two 
schools with two brands of chocolate and strawberry desserts
Source of score Mean score
Brand A j 2 schools, 2 flavours 8.01Brand C I 4.84
School 1 )| 2 flavours, 2 brands 7.22School 2 1 5.91
Boys > 2 schools, 2 flavours, 7.07
Girls ] 2 brands 6.13
Brand A, School 1 8.39
Brand C, School 1 / 2 flavours 6.32
Brand A, School 2 7.63
Brand C, School 2 3.35
Strawberry, boys 7.62Chocolate, boys 2 schools, 2 brands 6.51Strawberry, girls 5.73Chocolate, girls > 6.52

The mean scores listed in Table 7 show that the boys found the products 
more acceptable than the girls but both girls and boys preferred the strawberry 
desserts to the chocolate desserts. The second school gave all the products a 
lower score than the first school reflecting, perhaps, the less co-operative 
atmosphere reported by the experimentalist.

Conclusion
It is apparent that important acceptability differences exist between certain 
types of convenience products which can be attributed to brand. These differ
ences can be detected by the use of a hedonic scale test which does not require 
the tasters to make direct comparisons between brands and does not require all 
products to be available on the same occasion.

Preliminary tests indicate that small panels can effectively screen a range of 
products of a similar type and select those of high or low acceptability. Such a 
method could be used by large scale food purchasers to give an objective assess
ment of acceptability and in conjunction with costing information assist in 
decision making.
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A rapid electrochemical test for the assessment of the 
delamination of lacquered tinplate*

ANA ALBU-YARON,f A. SEMEL and AVIVA BERZIN

Summary
External cathodic polarization of lacquered tinplate specimens immersed in 
solutions of different organic acid anion types and pH was employed to study 
the delamination produced around a deliberately introduced defect in the 
coating. Attempts were made to utilize this technique as the basis for a rapid, 
simple and reproducible method for the evaluation and prediction of the suit
ability of lacquered tinplate samples exposed to different food media. Results 
of experiments conducted with three types of lacquers on tinplate in citric, 
malic, oxalic, tartaric, fumaric, lactic and acetic acids at pH’s ranging from 2.5 
to 6.0, showed good reproducibility as well as good agreement with results 
from an accelerated immersion test and with those from actual cases of canned 
foods.

Introduction
The use by the food canning industry of organic coatings for in-can corrosion 
protection has increased in recent years and along with it the need for an 
effective experimental procedure for their evaluation that requires a rapid, 
simple, inexpensive and reliable method. Several techniques have already been 
used for this purpose (Wormwell & Brasher, 1949; Pourbaix, 1965; Bird, Jones 
& Warner, 1971; Wolstenholme, 1973; Kleniewski, 1975; Sherlock, 1976) but 
little information is available for comparative studies.

Lacquered tinplate cans containing foods very often exhibit interfacial 
deterioration such as loss of adhesion, underfilm corrosion and film detach
ment all of which can develop extensively during storage so that the container

*Contribution from the Agricultural Research Organization, The Volcani Center, Bet 
Dagan, Israel, 1976 Series No. 297-E.

Authors address: f Packaging Research Lab., Division of Food Technology, Institute for 
Technology and Storage of Agricultural Products, ARO, The Volcani Center, Bet Dagan, 
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rapidly becomes unsuitable, whereas different food media canned in similar 
cans are not harmed. The quality of the lacquer itself as well as the 
composition of the food media both determine whether or not corrosion will 
occur. Defect free films are very difficult to produce and it is highly improb
able that these coatings would remain free of defects throughout their shelf- 
life. Defects continue to develop as the result of the corrosion of the metal/ 
coated substrate so that rapid localized corrosion results (Koehler, et ah, 1959; 
Leidheiser & Kendig, 1976; Craig & Olson, 1976).

Several authors have assumed that corrosion is initiated by the electro
chemical reduction of the oxide film, formed on the metal surface during the 
industrial process, between metal and lacquer that appear at these site of 
defects on coatings; its precise role, however, in the corrosion of lacquered 
samples has not yet been elucidated (Aubrun, 1970; Gonzales, Josephic & 
Oriani, 1974). The oxide layer may also have a detrimental effect on the 
adherence of lacquer (Trillat, Tertian & Britton, 1957; Britton, 1965; Craig & 
Olson, 1976). Differences in the adhesion of lacquers have been associated with 
the character of the passivation treatment (Carter, 1961), but the precise 
relationship is still unknown.

The nature of electrochemical reactions at the oxide layer associated with 
defects in the organic coatings was utilized in the design of a rapid test for 
predicting corrosion behaviour of three types of organic coating, applied on 
samples of commercial electrolytic tinplate substrates immersed in various acids 
at pH values specific to food. This method employs the standard glass vessel so 
that it is inexpensive and versatile. The results from this experimental method 
were compared with those from accelerated immersion tests.

Materials and methods

Cell and instrumentation
The electrochemical cell was made from a 50 ml flat top beaker. Electrodes 

consisted of a large anode of stainless steel and cathode which was the test 
specimen. The electrodes were held in a vertical position by means of a plexi
glass cover. Constant current was supplied by an Elron Galvanostat, Model 
CHO-1 (Elron Ltd, Haifa, Israel). Currents were measured by a Universal 
Avometer, Model 7 X MR2 (Avo Ltd, Dover, England).

Materials
Samples of lacquered electrolytic tinplate were supplied by local producers. 

These included type A: a non-pigmented double coat of epoxyphenolic 
lacquer (curing temperature 200°C) with a coating weight of 8.4 g m~2 on 
No. 0.50 lb bb“1 electrolytic tinplate: type B: a non-pigmented one coat
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oleoresinous lacquer (curing temperature 175°C) with a coating weight of
5.5 g m '2 on 0.75/0.50 lb b t r 1 electrolytic tinplate; type C: a non-pigmented 
two coat lacquer, where one oleoresinous coat was cured at 175°C and the 
other epoxyphenolic coat was cured at 200°C with a coating weight of
8.9 g m '2 on 0.75/0.50 lb bb_1 electrolytic tinplate. Adhesion, as determined by 
the lacquer adhesion ‘Scotch Tape’ test (Hoare & Britton, 1960), was 95% for 
types A and C lacquers and 98% for type B lacquer.

Rectangular test specimens with a 2.25 cm2 area were used throughout this 
work. Using a fine point, two perpendicular scratches of 1.5 cm long were 
traced on the lacquer film (see Fig. 1). The metallic back surface and the cut 
edges were masked with paraffin. These specimens were used for all tests 
described in this paper.

Stainless
steel

Scratches

Specimen geometry

X

Lacquered

Figure 1. Schematic diagram of experimental apparatus for the assessment of 
delamination of scratched lacquered tinplate specimens, by cathodic reduction 
of the tin oxide film between the tinplate and lacquer.

The electrolytes in all tests were 1% aqueous solutions of citric acid, malic 
acid, lactic acid, oxalic acid, tartaric acid, fumaric acid, acetic acid, as well as 
1% sodium salts of the same acids prepared from analytical grade chemicals and 
distilled water. Model solutions of pH = 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 
were prepared similarly from 1% acid solutions with pH adjustment using the 
respective sodium salt solutions. These anions and pH values were chosen to 
correspond to the large range common to canned food products.

An outline of the details of the experiments carried out in this work is given 
in Table 1.
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Table 1. Experimental details.
Tinplate EL Dif. 75/50 EL No. 50

Type Base coat Top coat Base coat Top coat
A Epoxyphenolic Epoxyphenolic

Lacquer B Oleoresinous
system C Oleoresinous Epoxyphenolic
Total A 8.4
coating B 5.5
weight C 8.9
(g m~2)
Total A 7
thickness B 5
(pm) C 7
Adhesion A 95
(%) B 98

C 95
Acid system: Citric Malic Oxalic Tartaric Fumaric Lactic Acetic

3.13 3.40 1.27 2.89 3.02 3.86 4.76
pKa 4.76 5.26 4.29 4.16 4.38

6.40

Method
Lacquered specimens, prepared as described above, were immersed and held 

vertically in the electrolyte bath, and were connected to the stainless steel 
anode placed in the bath some minutes before (Fig. 1). A constant current of 
50 mA was applied for 90 sec and then the specimen was removed from the 
bath, rinsed with distilled water, dried, and assessed for adhesion by the Scotch 
Tape test. All tests were carried out with two replicates.

All tests were performed in electrolyte solutions in contact with air in the 
ambient laboratory atmosphere. No attempt was made to control the amount 
of dissolved oxygen in the bath. pH was measured after each determination. A 
fresh solution was used for each test.

Results were compared with accelerated immersion tests: scratched 
lacquered specimens were dipped in model solutions and stored for 90 days at 
32—35°C. Assessment included the degree of delamination of the lacquer and 
visible corrosion of the substrate.

Results and discussion
Results of electrochemical tests performed with three types of organic lacquers
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on tinplate in different solutions of several organic acids at various pH values 
are shown in Table 2. Results are expressed as percent lacquer detachment.

There were differences in behaviour of the lacquered tinplate samples, which 
varied not only with the organic acid type, but depended as well upon pH in 
the same acid solution. Generally, at lower pH values (2.5) there was good 
adhesion in all the acid solutions tested except oxalic acid solutions, in which 
delamination occurred even at the lowest pH (2.5). Higher pH of all acid 
solutions resulted in increased delamination of lacquers. In acetic acid solutions 
there was good adhesion for a larger range of pH: delamination was not 
observed at or below pH 4.5.

These results are in good agreement with findings in actual practice, i.e., in 
cans of pickles that contain acetic acid, good adhesion of lacquers is observed 
throughout the two year shelf-life. However, loss of adhesion usually occurs in 
cans containing lemon juice which is known to contain a high percentage of 
oxalic acid. The results of our tests with oxalic acid at pH 2.5 help to explain 
why in cans containing lemon juice there is loss of adhesion even at that very 
low pH. Delamination in cans of tomato paste is another case which 
corresponds well with the results of our tests with citric and malic acids.

Data from Table 2 indicate that there were some differences in delamination 
behaviour in the lacquers tested. Type B lacquer —an oleoresinous one coat 
type —exhibited better adhesion at scratches (no delamination at scratches) 
than type C lacquer — a two coat oleoresinous + epoxyphenolic (both applied 
on same tinplate specimens) and type A lacquer — a two coat epoxyphenolic 
lacquer applied on a different tinplate specimen. However, the type B lacquer 
has many pores on its coating, and corrosion starts at these sites. Type A and C 
lacquers have much fewer pores but will deliminate more readily at the site of 
scratches than type B lacquer.

Results of accelerated immersion tests (90 days, 35°C) of scratched 
lacquered specimens in the same model solutions, expressed in Table 3 as visual 
assessments of the appearance of visible corrosion, correspond with the 
conclusions of the electrochemical test results.

The electrochemical test developed in this investigation consists of inducing 
delamination around a purposely introduced scratch in the coating by external 
cathodic polarization of a lacquered specimen.

In order to elucidate the mechanism of delamination or corrosion of actual 
lacquered cans which takes place in the environment of foods, we investigated 
the role of the electrolyte composition as well, simulated by aqueous mixtures 
of various chemicals. The importance of defining the extent to which ‘environ
ment’ affects the development of corrosion or passivation mechanism was 
reported by Foley (1975).

The effect of organic anion types that generally constitute the main 
components of food solutions and that play a direct role in the metal dissolu
tion process by the formation of specific metal anion species complexes was 
first investigated.

The results of different experiments involving cathodic polarizing of scratched
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lacquered specimens in organic acid solution systems of varying pH together 
with the consideration of ionization constants of these acids demonstrate the 
correlation between the appearance of delamination at a certain pH value, and 
the ability to form complexes of that particular system.

The total fraction of ionized anionic species (pKa values) increases with a 
rise in the pH, (maximum at about pH 3.0—3.5 in citric, tartaric and fumaric 
acids, and about pH 4.0—4.5 in citric, malic, oxalic, tartaric, fumaric and lactic 
acids) so that there is an increase in the formation of complexes at these pH 
values. In oxalic acid solutions, the first ionization occurs at a lower pH of
1.5—2, but acetic acid ionizes only at pH 4.0—4.5.

This information suggests that delamination in our experiments occurred as 
follows: Cathodic polarization of the scratched lacquered tinplate specimen 
induces the cathodic reduction of the tin oxide film between the lacquer and 
the tinplate that appears at site of the scratch, the rate of dissolution being 
increased by the formation of soluble tin complexes with the respective acid 
anion in the aqueous phase.

The pH increase in model solution systems of pH 4.0 or higher measured 
after each test, indicates that cathodic reactions do indeed occur in the 
delamination region, since all the likely cathodic reactions either consume 
hydrogen ions or produce hydroxyl ions.
Sn02 + 4H+ + 2e — ►  Sn2+ + 2H20  
SnO + 2H+ + 2e - ^ S n  + H20  
H20  + V2O2 + 2e — ►  20H"

Conclusions
The proposed electrochemical test presented in this investigation offers a useful 
and rapid means to define and predict ranges of suitability of the lacquered 
tinplate samples for different environmental conditions common to food.

The basis of this experimental method was drawn from suggestions in the 
literature that the cathodic reduction of the tin oxide layer between the 
tinplate and the organic layer is probably the starting point in delamination. 
With this method, cathodic polarization resulted in the reduction of the tin 
oxide, as shown also by a pH increase of the solution. However, the pH increase 
does not necessarily indicate which reaction occurs at the cathode, since the 
reaction H20  + Vi02 + 2e -> 20H~, which may also occur can increase the pH as 
well.

Ionized organic anion species present in model solution in which the test is 
performed, at various pH values, account for complexing of tin so that lacquer 
delamination and corrosion continues in these solutions enhanced or slowed 
down in rate as affected by the respective pKa value.
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A n evaluation  o f  th e  perfo rm ance claim ed fo r a chem ical 
tim e / tem p era tu re  in teg ra ting  device

GILLIAN ARNOLD a n d  D. J. COOK

Summary
The manufacturers’ claim for the performance and accuracy of a chemical time/ 
temperature integrator for monitoring the storage history of foods at chilling 
and ambient temperatures has been tested. The claims for linearity of response 
and a maximum error of 10% at full scale, are not met. Individual devices of 
the same type were also unacceptably variable one with another throughout 
their scale.

Introduction

Several devices for integrating the time and temperature conditions used for 
storing frozen and chilled foods are now available to the food industry (Cook & 
Goodenough, 1976).

One such device functions by ammonia gas diffusing over a paper strip, 
impregnated with a suitable dye which changes colour as the gas diffuses along 
it. The gas is evolved by a suitable compound sealed within a glass vial, from 
which it is released by breaking the vial, thus activating the device. The gas 
released is contained within an impermeable transparent plastic tube and diffu
sion can only take place over the impregnated strip as described.

From the information available it is not possible to comment on the 
principle on which the device is based. The authors have only tested the manu
facturers’ published claims for the performance of the device. These are that at 
constant temperature the colour signal should move at a uniform speed along a 
scale, superimposed over the dye impregnated strip, and marked in ten equal 
divisions. Secondly, it is claimed that the time to reach a full scale colour 
change should not vary by more than 10% from that specified. At different 
and varying temperatures the signal will move at different speeds and different 
models of the device are suitable for particular ranges of temperature to be 
monitored. The manufacturers’ claims for two models of the device are shown 
in Table 1.

A uthors’ address: Long Ashton Research Station, Long Ashton, Bristol BS18 9AF.
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T a b le  1 . Response rate of tim e/tem perature integrator 
m anufacturers’ claim)

Model A
Tem perature ( C)
Time for full scale (days) 
Time per division (days)

Model B
Tem perature ( C)
Time for full scale (days) 
Time per division (days)

4 . 4 1 5 .6 2 6 . 7
110 18 3

11 1.8 0 .3

- 1 7 . 8 - 6 . 5 4 . 4
3 0 0 6 9 19

3 0 6 .9 1.9

A relationship of the type: 
loge f = a -Q T
where t is the claimed time to reach full scale and T the temperature in °F, was 
fitted to these claims for each model and estimates of the parameters a and j3 
obtained (8.3 and 0.09 for model A, 5.7 and 0.07 for model B). These relation
ships were used for estimating the expected time to reach full scale for a 
temperature within the approved range for the particular model. The fitted line 
is shown in Fig. 1 for each of the models.

Materials and methods
The devices tested were obtained directly from the manufacturer after provid
ing a specification of the situations to be monitored. They were stored at 
ambiant temperature until activated, no storage temperature or maximum dura-

F ig u re  1 . Time to reach full scale reading at different temperatures.
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F ig u re  2. Change of scale reading with tim e; model A at 4.4°C. A , Fitted 
response;--------, claimed response.

tion of storage being suggested by the manufacturer. All the devices (300 in all) 
were used within 4 months of receipt.

Three main experiments were carried out with the devices to look at:
I. The performance of model A at a constant temperature of 4.4°C.
II. The performance of model A at a constant temperature of 25° C.
III. The performance of model B at a constant temperature of 4.4° C.

These temperatures are within the particular temperature regimes of the 
tested devices, with 4.4° C being common to both devices. In the three tests 
150 devices were used; 100 of model A and 50 of B.

Devices were activated by breaking the vial by firm pressure and successful 
activation was indicated by the colour change of a spot over the vial. After 
activation devices were placed between layers of blocks of oxyethyl methyl 
cellulose (‘Tylose’ grade MH 100*), which had been previously stabilized at the 
test temperatures.

The devices were examined at intervals appropriate for each device and test 
temperature. Scale readings (1 — 10) were recorded.

Results
For each test of performance, the data were analysed for:
(1) Linearity of response with time at a constant temperature, (2) compliance 
with the claim for a ± 10% accuracy Tor the expected time to reach full scale, 
and (3) uniformity of response between replicate devices of one model.

* Tylose blocks made to the specifications in the appropriate British and ISO standards 
are used as a food substitute for evaluating the performance of domestic freezers.

23 v iew s«
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F ig u re  3 . Change of scale reading with tim e; model B at 4 .4 ° C . ------- , claimed
response.

For all three main experiments, the lack of fit for a linear response was signi
ficant at the 0.1% level, i.e. the colour signal did not progress uniformly along 
the scale at a constant temperature. This is clearly shown in Fig. 2 where the 
means for replicates and the claimed response are plotted for model A at 4.4° C. 
An empirical curve of the double exponential type was fitted to the data and is 
also shown; this is given b y :
y  = 13.6 — 11.0 exp (—0.05 x) —2.6 exp (—0.52.x)
where y  is the scale reading and x the time in days measured from activation 
when the reading was taken.

It was not practically possible to record the exact time that each device 
reached full scale, but an upper limit for that time is given by the first recorded 
time for which the scale reading was 10. At 4.4°C the claimed time to comple
tion for model A is 110 days but by 18 days 20% of the tested devices had 
reached full scale. The mean reading for the other devices was 8.6, with a 
lowest reading of 7.8 at that time. At the same temperature, the claimed time 
to full scale for model B is 19 days, but after 7 days at this temperature 50% of 
the tested devices had completed their colour change over the full scale.

The diversity of response by devices of the same type is amply demonstrated 
by Fig. 3 which shows the response of a representative sample of five devices of 
type B from those incubated at 4.4°C. The response claimed by the manu
facturers is also shown.

Supplementary tests
(i) A set of devices (model A) was placed on top of ‘Tylose’ blocks instead of 

between them; these devices were subject to the slight temperature fluctuations 
of air in the incubator (25°C), which were not experienced by devices insulated
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between layers of blocks. These exposed devices showed an average advance
ment of 0.5 on the scale above those between the blocks. The placement of 
devices therefore has a measurable effect on the scale readings, even for the 
slight temperature range found within an incubator.

(ii) The temperature of devices at the time of activation was varied. Some 
were activated only after stabilizing their temperature at 4.4° C between ‘Tylose’ 
blocks; others were kept at ambient temperatures of between 10°C—20°C, up 
to the time of activation and placement at 4.4° C between ‘Tylose’ blocks. In 
the latter case the colour change moved along the scale faster during the first 
day than it did for the temperature stabilized devices. However, this was not 
significant when compared with the great variation in signal between devices 
and compared with the claims made for signal speed.

An attempt was made to follow the response of the devices to sequences of 
temperature change, that would be found in practical food quality control 
situations. Individual devices certainly respond slower in colder conditions 
within their temperature range for working, and speeded up in proportion to 
increase in temperature, but because of the variation between devices and the 
discrepancy from the claimed rate of response, no significant conclusions could 
be drawn from this experiment.
Conclusions
The devices do not meet the claims made by the manufacturer; they did not 
show a linear response and showed more than a 10% difference in the time to 
reach a full scale signal from that specified. This was not an effect confined to 
the batches of both models of the device tested as it reflects the results 
obtained in independent tests made on the devices in the United States. 
Devices of the same model were also unacceptably variable compared one with 
another.

The food processing industry is looking for inexpensive but accurate devices 
to monitor storage and distribution conditions in order to extend efficient 
quality control procedures until the food is in the hand of the consumer. Con
sumer protection groups are aware of devices of the type considered in this 
paper and expect them to provide further safeguards to the quality of food 
they purchase.

In this climate of opinion it is important that the purchase of time/tempera- 
ture monitoring devices has confidence in them. If the manufacturer cannot 
guarantee such products, it is essential that limitations in performance and 
guidance for use are provided nationally for the U.K. food processing industry 
(Cook & Goodenough, 1976).
References
Cook, D.J. & Goodenough, P.W. (1976) Proc. Inst. Refrig. 72, (in press). (Reproduced in the
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P ro te in  co n cen tra te s  from  slaughter anim al b lo od
I. Preparation and purification of red blood cell concentrates

R. A. M. DELANEY

Summary
Purified protein concentrates, containing 95 and 98% protein (dry weight basis), 
were prepared from centrifugally separated porcine red blood cells by dilution 
with deionized water followed by either ultrafiltration or diafiltration. Optimal 
operating conditions, in terms of temperature, pressure and flow rate, for 
membrane processing of red blood cells in a plate and frame RO/UF plant were 
established. Permeation rate during ultrafiltration of red blood cells decreased 
with increasing protein concentration. Protein concentration of up to a maxi
mum of 30% (liquid basis) was achieved by simple ultrafiltration. During diafil
tration permeation rate increased with decreasing levels of non-protein material 
in the retentate. Mass balance equations were developed to allow ultrafiltration 
and diafiltration process times to be calculated for pre-specified degrees of 
protein purification. The purification of red blood cells was better achieved by 
dilution followed by diafiltration at low protein levels. The optimal protein 
content for diafiltration will depend on the intended post-purification use of 
the cell concentrate.

Introduction
In recent years, predicted shortages have stimulated interest in all possible 
sources of protein. Concomitant with the need to increase food production is a 
related need to conserve both energy and raw materials to offset resource limi
tation and environmental pollution in industrial societies. This concept has led 
to the suggestion that wastes be considered as valuable resources and that their 
recycling should be regarded as an important industrial procedure (Hughes,
1974). In this light it would appear reasonable to examine methods of upgrad
ing to edible quality animal products which are high in protein but which at 
present, are not processed for human consumption. Abattoir blood constitutes a 
potential source of large quantities of animal protein which is currently wasted 
or underutilized (Akers, 1973).

A uthor’s address: Agricultural Institute, Moorepark Research Centre, Fermoy, Co. Cork, 
Ireland.

Present address: Department of Food Science and N utrition, The Ohio State University, 
Columbus, Ohio 43210, U.S.A.
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There is presently, however, interest in the fractionation of whole blood and 
in the isolation and purification of these fractions for use as human food. 
Porter & Michaels (1971) have concentrated whole blood and blood plasma by 
ultrafiltration. Delaney, Donnelly & Bender (1975) have reported on the use of 
ultrafiltration for the concentration and purification of porcine blood plasma 
and on the subsequent conversion of the concentrated plasma solutions into 
powders by spray drying. A later report, (Delaney, 1975), described the 
nutritive value of blood plasma concentrates prepared in this fashion. Eriksson 
& von Bockelmann (1975) have reported on the ultrafiltration of animal blood 
serum prepared from pooled porcine and bovine blood. Young & Lawrie
(1974) prepared meat analogues from bovine blood plasma protein by suitably 
denaturing the protein and applying a wet fibre spinning process.

Centrifugal fractionation of whole blood yields as primary components 
plasma and cellular fractions. On average the fractionation of whole blood 
yields c. 70% plasma and c. 30% red cells. The cellular fraction is composed 
mainly of erythrocytes which encapsulate the haem protein. The level of 
haemoglobulin in whole blood ranges from 11 to 17%. Few reports have 
appeared in the literature on the treatment or use of this red cell fraction. 
Tybor, Dill and Landmann (1973) reported on a process for the preparation of 
protein concentrates from both the plasma and red cell fractions. The haemo
globin fraction is subjected to a decolorization process to remove the haem 
from the protein moiety. A recent report (Tybor, Dill & Landmann, 1975) des
cribes some of the compositional and functional properties of these proteins 
isolated from bovine blood by a continuous pilot process.

This present work is concerned with the preparation and purification of red 
blood cell concentrates (RBC) from porcine blood by ultrafiltration and dia- 
filtration.

Materials and methods
Materials

Whole pig blood was obtained from the Mitchelstown Co-operative Society 
Ltd, Mitchelstown, Co. Cork. The blood was treated and centrifugally 
separated as described by Delaney et al. (1975). Fractionation was effected at
c. 4°C.

Experimental procedures
Preliminary experiments were designed to establish optimal operating condi

tions for membrane processing of the red blood cells. Two basic types of 
experiment were performed.



P r o t e i n  c o n c e n t r a t e s  f r o m  a n i m a l  b l o o d .  I 3 4 1

(1) The performance of the membrane plant at a controlled feed composi
tion was investigated using continuous recycle of permeate and concentrate. 
Operating parameters such as temperature, pressure, and flow rate were varied 
and their effects studied.

(2) The effect of feed composition on the performance of the ultrafiltration 
(UF) plant was investigated. In these tests, red cell concentrates (RBC) were 
diluted to various solids concentrations with deionized water and pumped 
through the UF module. The permeate was collected and retentate returned to 
the feed reservoir.

Purification o f  red blood cell concentrates (RBC)
A given level of protein purification may be achieved in a number of ways.
(1) By simple ultrafiltration. In this case the low molecular contaminants are 

eliminated at the highest possible concentration and therefore the volumes of 
permeate that need to be removed are small. However, in many cases the 
process is of long duration because low permeation rates result from the 
increase in protein concentration.

(2) By diafiltration. In this case the concentration of low molecular weight 
solutes decreases during the process and consequently large volumes of 
permeate need to be removed. Protein concentration, which is the most impor
tant factor limiting membrane permeability remains constant during the 
process and permeation rates remain high.

The red cell fraction prepared by centrifugal separation of whole porcine 
blood typically had a total solids content of 30—32%. Eighty-five to 90% of the 
dry matter was protein (N X 6.25). This was equivalent to 26—29% protein in 
the red cell fraction. This is above the generally accepted protein level for mem
brane processing (Peri & Pompei, 1973). Consequently, the red cell fraction 
required dilution with deionized water in all cases before purification by 
simple ultrafiltration or diafiltration could be applied. A practical process to 
purify the RBC thus involved a dilution step followed either by a simple ultra
filtration step or by a diafiltration step.

The choice of dilution — simple ultrafiltration or dilution — diafiltration 
should be made on the basis of whichever makes the more effective use of a 
given membrane area. For the purpose of this present work, a process was 
defined as optimal if it permitted a given level of protein purification to be 
achieved with minimum membrane area or for a given membrane plant, in the 
shortest time.

Equipment
The membrane plant employed for these studies was a De Danske Sukker- 
fabrikker (DDS) 20 cm diameter plate and frame reverse osmosis/ultrafiltration
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Figure 1. Experim ental arrangement for ultrafiltration and/or diafiltration of red 
blood cells (RBC).

plant. The plant was fitted with DDS type 600 membranes with a nominal 
100% rejection of molecules greater than 20 000 daltons. The total membrane 
area employed was 0.33 m2. The experimental arrangement used for the ultra
filtration and diafiltration experiments is shown in Fig. 1. All experiments were 
carried out on 30 litre batches. The water reservoir, which contained deionized 
water, was used only for diafiltration experiments.

Chemical analysis
Samples of original red cell fraction, diluted and concentrated RBC’s and 

permeates were analysed for total solids by gravimetric procedure, ash by com
bustion at 550°C and nitrogen and non-protein nitrogen by micro-Kjeldahl 
procedure (AOAC, 1970). Protein was estimated from micro-Kjeldahl nitrogen 
values using the factor N X 6.25.

Viscosity measurements. Viscosity determinations were made on red cell 
feeds and concentrates with a Brookfield Model RVT synchroelectric visco
meter.

Results
Temperature

The results in Fig. 2 show that flux rate was linearly related to temperature. 
The slope of the curve is 0.5 litre m~2 hr-1 °C _1.
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________|________!________|_______ |________|0 10 20 30 40 50
Temperature (°C)

Figure 2. Relation between tem perature and flux rate for ultrafiltration of RBC 
(c. 11% to ta l solids in feed).

Pressure and flow  rate
The effects of pressure on flux rate for a range of flow rates are illustrated in 

Fig. 3. Flux rate was practically independent of applied pressure over the range
1—5 kg cm-2. Flux rate was however strongly dependent on flow rate through 
the module. Permeate flux increased from c. 10 litre m"2 hr-1 at a flow rate of
3.5 litre min"1 to c. 45 litre m"2 hr"1 at a flow rate of 14 litre min"1. At very 
high flow rates (12 to 14 litre min"1) there was a slight increase in flux with 
increase in pressure.

Feed composition
The relations between volumetric concentration ratio, total solids, protein 

content and flux rate are illustrated by the data in Figs 4 and 5. The data in 
Fig. 4 refer to a feed of c. 3.46% total solids, 3.2% protein and 0.26% non
protein material (NPM). Total solids content and protein content increase 
almost linearly with volumetric concentration ratio up to a concentration ratio 
of 5:1. Permeation flux showed a decline over the same concentration ratio 
range. The instantaneous flux fell from c. 52 litre m"2 hr"1 to c. 28 litre m"2 
hr"1.

The data in Fig. 5 refer to a feed of c. 15.25% total solids, c. 13.3% protein 
and c. 1.45% NPM. Total solids content and protein content increased almost 
linearly with concentration ratio up to a concentration ratio of 3:1 . Permea-
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Figure 3. Effect of feed flow rate and hydraulic pressure in flux rate for ultra- 
filtration of RBC (c. 11% total solids in feed).

tion flux showed a decrease from c. 28 to c. 5 litre m “2 hr“1 over the same con
centration range. The ash content in the concentrate increased from c. 0.7% to
c. 0.9% as the concentration ratio was increased from 1:1 to 3 :1. At a concen
tration ratio of 3 :1 the total solids content in the concentrate was c. 36.1% and 
the protein content c. 34.9%. This represents the maximum level of protein 
concentration that could be achieved with the present experimental set-up.

Voiumetric concentration ratio
Figure 4. Variation in flux rate (A), and total solids (□ ), and protein ( • )  contents 
with volumetric concentration ratio for ultrafiltration of RBC (c. 3.5% total 
solids in feed).
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Volumetric concentration ratio
F ig u re  5. Variation in flux rate (±), total solids (□ ), protein ( • )  and ash (o )  con
tents with volumetric concentration ratio for ultrafiltration of RBC (c. 15.5% 
total solids in feed).

More general data, illustrating the relation between flux rate and protein 
content of feed during ultrafiltration of red cells are given in Fig. 6. Here, 
instantaneous flux data are plotted against protein content on a logarithmic 
scale. The curve was prepared from data from a number of individual runs. 
Flux rate was found to be inversely proportional to the logarithm of the 
protein content of the concentrate.

Viscosity and solids content o f  feed
The relation between viscosity and total solids content in feed is illustrated by 
the data in Fig. 7. The data were generated at two temperatures 21.5 and 48°C.

Figure 6. Effect of protein concentration on flux rate for ultrafiltration of RBC.
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0 10 20 30 40
Total solids (%)

F ig u re  7 . Viscosity of red blood cell concentrate at 48°C (• )  and 21.5°C (■ ).

A direct linear relation was found between the logarithm of viscosity and the 
percent total solids in the feed. A red cell concentrate of c. 10% total solids 
content had a viscosity of c. 30 cP at 21.5°C. The viscosity of RBC at 30% total 
solids was c. 400 cP. At 48° C, RBC’s of similar total solids contents had viscosi
ties of c. 15 cP and 180 cP respectively.

Purification o f  RBC
Simple ultrafiltration. In this situation, the reduction in volume of the 

retentate is accompanied by a concentration and purification of the proteins 
because of their high retention compared to that of the low molecular weight 
contaminants. The final concentration of protein in the retentate may be cal
culated from the following equation.

c ' = C i(1+^ r ~ R) (1)

where Cf = final concentration of protein, Cj = initial concentration of protein,
Vx = initial volume of retentate, Vf = final volume of retentate, R =  average 
retention of protein.

The relationship described in Equation 1 may be used to calculate 
the degree of protein purification achieved from any given reduction in 
retentate volume. The time required to achieve a pre-specified reduction in
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retentate volume may be calculated from the following equation

h  = dVç
PR (2)

where t x = time required to permeate a given volume Vp, PR = variable value for 
permeation rate.

The integral may be solved analytically for given experimental conditions if 
the relation between Vp and PR is known. Vp is related to protein content by a 
simple exponential relation while the relation between protein content and 
permeation rate depends on the specific operating conditions employed and 
cannot always be described by a simple equation. It is easier and more accurate 
to solve the equation by graphical integration based on experimental rate 
curves. This was the approach used in the present work. Figure 8 contains data 
on the average flux rates achieved for various volumetric reduction ratios with 
different RBC feeds. The times required to achieve 95 and 98% protein puri
fication (dry weight basis) of 100 litre batch lots of red cells are given in Table 
1. The times were calculated for a plant with an effective membrane area of 
1 m2.

Diafiltration. In diafiltration, one is primarily interested in the time required 
to reduce the concentration of a low molecular weight non-retained solute in 
the retentate to a pre-specified value. In this case the proportion of protein: dry 
matter is increased as the non-protein material (NPM) is removed. Permeation 
rate curves as a function of NPM concentration for a range of RBC feeds are 
given in Fig. 9. Permeation rates increased with decreasing NPM content. In

Volumetric concentration ratio
F ig u re  8 .  The relation between average perm eation flux and concentration ratio 
for ultrafiltration of RBC with different initial protein levels. • ,  3% protein; 
▼ , 6 % protein; ■ , 1 1 % protein; o, 15% protein.
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Table 1. Length of ultrafiltration process for the production of red 
blood cell concentrates (RBC) having 95 and 98% protein on a dry 
weight basis from different protein content feeds

Time (hr)

Protein purity  (%) Protein in feed (%)
3 6 11 15

95 1.35 2.54 8.3 11.1
98 3.6 7.4 not attainable

other words, permeation rate progressively increased during diafiltration. The 
following equation is proposed to describe the NPM flux.

1 o — A J npm d t2 (3)
where V0 = constant volume during diafiltration, CNPM = concentration of NPM 
in the retentate, / NPM = the permeate flux of NPM, A = effective membrane area, 
t2 -  the time for diafiltration.

Before Equation 3 can be solved, it is first necessary to obtain / NPM as a 
function of CNPM. Considering the data in Fig. 9 the following relation can be 
postulated
*̂ npm = ki — (4)t-NPM
where kj is found from the slope of the curves relating permeation rate and the 
reciprocal of percent NPM. A general relationship for kj in terms of protein

Non-protein moteriol (%)
Figure 9. Permeation rate during diafiltration of RBC at different protein 
concentrations. Symbols as in Fig. 8 .
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Figure 10. Graphical solution for relation between / npm flux and protein con
centration (k j) for diafiltration of RBC.

content of feed was obtained from Fig. 10. The relationship found was
kj = 0.0004 Cp + 0.006 (5)
where Cp is the protein content of RBC feed.

The constant kj thus describes / NPM in terms of protein content of feed. 
Using this relationship NPM flux curves were prepared for a number of feeds 
with differing protein contents (Fig. 11). Using this approximation f o r / NPM, 
Equation 1 may be integrated and the diafiltration time estimated from 
Equation 6

_ V0 [ (Cp)2 — (Ct)2]
h  Mkj L 2 J (6)

Non-protein material (%)
Figure 11. Permeate flux curves for / NPM during diafiltration of RBC at 
different protein concentrations. o j 3 % protein; A, 6 % protein; n, 1 1 % protein; 
• ,  15% protein.
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where V0 = constant volume during diafiltration, A = effective membrane area, 
kj[ = 0.0004 Cp + 0.006, C0 = concentration of NPM at start of diafiltration, 
Ct = concentration of NPM at end of diafiltration.

Equation 6 was used to calculate the time required to produce 95 and 98% 
protein concentrates by diafiltration of 100 litre batches of different RBC 
feeds. The results are given in Table 2.

Table 2. Length of diafiltration process for the production of red 
blood cell concentrates (RBC) having 95 and 98% protein on a dry 
weight basis from different protein content feeds

Time (hr)
Protein purity  (%) Protein in feed (%)

3 6 1 1 15

95 0 . 0 2 0.15 0.57 0 . 6 6
98 0.06 0 . 2 0 0.69 0.89

Discussion
General performance o f  membrane plant

Temperature. Flux rate was found to be linearly related to ultrafiltration 
temperature. The slope of the curve was 0.5 litre in-2 h r-1 “C 1 (Fig. 2). This is 
in agreement with the strong temperature dependence of ultrafiltration 
membranes generally found (Donnelly & Delaney, 1974). This is higher than 
the value of 0.32 litre m “2 h r '1 °C"‘ obtained for the ultrafiltration of cheese 
whey using PCI type T5A cellulose acetate membranes (Donnelly & Delaney,
1974). Eriksson & von Brockelman (1975) reported an average batch flux v. 
temperature of 0.2 litre m “2 hr“1 °C“1 for pooled animal blood serum. Delaney 
et al. (1975) found a similar flux v. temperature relationship for porcine blood 
plasma. Thus, for ultrafiltration of red blood cells, an operating temperature in 
the range of 45—50°C would appear appropriate if the general conditions 
governing membrane processing and operating temperature are fulfilled. The 
principal among these conditions are (i) damage to either membranes cr pro
ducts is avoided (ii) microbial growth is prevented or curtailed to a minimum, 
and (iii) flux rate is maximized.

Pressure and flow rate
The effect of pressure and flow rate on permeation flux is illustrated in Fig.

3. The results are similar to those obtained previously with whey systems 
(Donnelly & Delaney, 1974) and blood plasma systems (Delaney et al., 1975)



and are consistent with membrane polarization theory (Blatt et a l, 1970). As 
flux rate was practically independent of pressure over the range 1 to 5 kg cm-2, 
a pressure of c. 4.0 kg cm-2 was used for all ultrafiltration experiments. A flow 
rate of 8 litre m in '1 (which is the recommended flow rate for the DDS 20 cm 
diameter plant) was adopted for most experiments.
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Feed composition
The protein concentration levels achieved during ultrafiltration of RBC (Figs 

4 and 5) were close to the theoretical predictions assuming zero retention of 
non-protein material (NPM) and complete retention of protein for the DDS 
600 membrane. For a feed protein content of c. 3.5%, the actual protein 
concentration effects achieved for 3 :1 and 5 :1 volumetric reductions were 2.94 
and 4.2 respectively (Fig. 3). The actual protein concentration effect achieved 
diverged from the theoretical at high volumetric concentration ratios (> 3 :1 ) 
indicating higher retention of NPM at higher levels of protein. The general 
inverse linear relationship between flux rate and logarithm of protein content 
(Fig. 6) agrees with theoretical predictions (Blatt et al, 1970). Similar relations 
were found for other systems (Donnelly & Delaney, 1974; Delaney et al,
1975). Thirty percent protein in the liquid concentrate was the maximum 
protein concentration that could realistically be achieved during ultrafiltration 
of red cells under the conditions described in this work. At a protein feed 
concentration of 30%, the instantaneous ultrafiltration flux was c. 7 litre 
m~2h r_1. This is considerably higher than the generally accepted upper limit 
for protein concentration of 22 to 24% (Peri & Pompei, 1973).

Viscosity and total solids in feed
The increases in viscosity which accompany increases in the total solids of feed 
are one of the major factors causing the decline in flux experienced at high 
volumetric concentration ratios. This is because, for microporous ultrafiltration 
membranes, solvent flow is dependent solely on solvent viscosity. That this 
effect is present in the ultrafiltration of red cell concentrates is supported by 
the data in Fig. 7. A linear relationship was found between total solids content 
of feed and the logarithm of viscosity. The differences in the slopes of the 
viscosity v. total solids curves at 21.5 and 48° C explains the strong permeation 
flux—temperature dependence found (Fig. 2).

Purification o f  red cell concentrates
Simple ultrafiltration. The times required to achieve cell concentrates of 

differing purities with various protein content feeds are given in Table 1. The
24
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time required to achieve a pre-specified degree of protein purification was 
found to increase with increasing protein content of feed. This is reasonable 
because the amount of NPM required to be removed is higher with higher total 
solids feeds and also greater retention of NPM takes place at higher protein 
concentrations (Figs 4 and 5) and lower average flux rates occur at high protein 
contents (Fig. 8). It was not practically possible to achieve 98% purity protein 
concentrates with feeds containing 11 or 15% protein by simple ultrafiltration. 
This was because the volumetric concentration ratios required to achieve this 
degree of protein purification resulted in protein contents in the liquid concen
trates in excess of 30% which is above the upper practical operating limit for 
the membrane system. The results in Table 1 refer to the times required to 
treat 100 litre batches of red cells with an effective membrane area of 1 m* 2 * * * &. 
The total times required to treat 100-litre batches of red cells (c. 30% total 
solids) as centrifugally separated are given in Table 3. The advantage, in terms 
of shortest processing time of diluting the red cells to c. 3 to 6% protein before 
purifying by simple ultrafiltration is obvious.

Table 3. Comparison of equivalent times required to purify 30kg lots of centrifugally
separated red cells by ultrafiltration or diafiltration

Time (hr)
Protein purity (%) Protein in feed (%) 

3 6 1 1 15

U ltrafiltration 95 13.5 1 2 . 8 2 2 . 6 2 2 . 2
98 36.0 37.0 not attainable

Diafiltration 95 0 . 2 0 . 8 1 . 6 1.32
98 0 . 6 1.0 1.9 1 . 8

Diafiltration. In contrast to simple ultrafiltration where permeation rate 
decreased with increases in protein content (Fig. 6), the permeation rate during 
diafiltration of red cells at any specific protein level increased with decreasing
NPM contents. The behaviour of red cells during diafiltration is dissimilar to
that of cheese whey but similar to that of skim milk (Peri & Pompei, 1973).
In the case of whey, permeation rates decrease during the diafiltration process.
The reasons advanced for the decrease in permeation rate during diafiltration of 
whey is that progressive plugging of membranes take place with the high 
content of small molecular weight non-protein nitrogen material in whey (Peri
& Pompei, 1973). The non-protein nitrogen fractions (proteoses and peptones,
etc.) contain molecules with dimensions similar to those of the membrane 
pores and these tend to penetrate into the membrane structure and plug it. No 
pore plugging occurs during diafiltration of red cells. The main mechanism of 
permeation reduction in the case of red cells would appear to be concentration 
polarization at the solution—membrane interface. However, because of the 
particular nature of the protein in the red cell concentrates, concentration
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polarization would not appear as important a consideration for membrane 
processing of red cells as it is for blood plasma (Delaney et al, 1975). The 
dilution of the red cell retentate which occurs during diafiltration results in a 
sharp decrease in viscosity and density and has a marked positive effect on 
permeation rate.

The times required to purify red cells concentrates containing various 
protein levels, by diafiltration, are given in Table 2. Again, the time required to 
achieve a pre-determined protein purification increases with increasing protein 
content of feed. The times required are in all cases dramatically lower than 
those required for purification by simple ultrafiltration (Table 1). Table 3 
contains equivalent times required to purify 30 kg lots of centrifugally 
separated red blood cells by ultrafiltration and diafiltration. Diafiltration is 
clearly superior to ultrafiltration as a process for purifying red blood cell 
concentrates in terms of the markedly shorter processing times required. For 
purification by simple ultrafiltration, prior dilution of separated red cells to 6% 
protein, appears optimal if a 95% protein concentrate is required and dilution 
to 3% protein if a 98% protein concentrate is required (Table 3). In the case of 
diafiltration, purification times decrease with decreasing levels of protein in 
feed. Thus the lowest protein level which is practical is the optimal level for 
diafiltration. This would appear to be c. 3% protein. The adoption of ultrafiltra
tion or diafiltration as the specific process of choice for the purification of red 
blood cells, will depend to a large degree on the intended use of the purified 
retentâtes. This choice will be especially critical if additional concentration of 
the cells prior to either drying or freezing is desired.
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P ro te in  co n cen tra te s  from  slaughter anim al b lo od
II. Composition and properties of spray dried red blood cell concentrates

R. A. M. DELANEY 

Summary
Purified red blood cell concentrates (RBC), prepared by ultrafiltration and 
diafiltration (Delaney, 1977) were spray dried at air inlet temperatures of 
185°C. The spray dried powders contained c. 95% ‘true’ protein, c. 0.62% non
protein nitrogen, c. 1.7% fat, c. 1.6% minerals and c. 2% moisture. The 
purification processes effected a reduction of c. 60% in the content of non
protein material in the red cells. Red cell protein contained adequate levels of 
the essential amino acids, threonine, tryptophan, valine, leucine, phenylalanine 
and lysine. Isoleucine and methionine plus cyst(e)ine were the limiting amino 
acids. RBC powders exhibited protein solubilities in water of 75-95%  over the 
pH range 2—10. Protein solubility was at a minimum at pH 7.2. Ionic back
ground had a very marked effect on protein solubility in water at pH 3.0 
(solubility fell from c. 95% to c. 3% in 4.0 m NaCl) but little effect at pH 8.0. 
Coagulation of red cell concentrate proteins occurred at temperatures in the 
range of 47—55°C. The degree and rate of coagulation was dependent upon 
the concentration of proteins present. At pH values of 4 and 10 no coagulation 
occurred with a 5% RBC dispersion during heating at 55°C for upwards to 
150 min. Ultrafiltered/diafiltered RBC powder products contained a higher 
proportion of particles in the 106 to < 4 5  pm size range than did controls. 
Adsorption and desorption isotherms for RBC powders were determined. The 
BET monolayer value for RBC powders was 6.5—6.7%.

Introduction
At the present time there is a growing world shortage of animal proteins suit
able for human consumption. In spite of this, considerable quantities of 
slaughter animal blood are wasted annually (Akers, 1973). Because blood 
protein represents a good source of high biological value protein (Young et al., 
1973; Tybor, Dill & Landmann, 1975; Delaney, 1975; Wilson, 1974) there is 
much current interest in the fractionation of whole blood and in upgrading the
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different fractions for use as human food (Tybor, Dill & Landmann, 1973; 
Delaney, Donnelly & Bender, 1975; Eriksson & von Bockelman, 1975). Most of 
this work has been concerned with the treatment and use of the blood plasma 
fraction. Delaney (1977) has reported on the preparation and purification of 
red blood cell concentrates (RBC) by ultrafiltration and diafiltration. This 
present paper describes the composition and some of the properties of such red 
blood cell concentrates.

Materials
Red blood cell concentrates were prepared and purified as described by 
Delaney (1977). The concentrates were either spray dried directly or concen
trated to c. 30% total solids by vacuum evaporation and then spray dried. A 
sample of red cell concentrate was spray dried directly after centrifugal 
separation to act as a control.

Evaporation
Bulked samples of several individual ultrafiltration/diafiltration runs were 

evaporated to c. 30% total solids in an Anhydro falling film vacuum evaporator 
(Anhydro AS, Copenhagen). Bulk product temperature was maintained below 
40° C.

Spray drying
Cell concentrates were dried on an Anhydro No. 3 pilot-scale spray dryer 

(Anhydro AS, Copenhagen). Air inlet temperature was 185°C and air outlet 
temperature 85°C. Atomization was by centrifugal disc using speeds of 35 000 
r.p.rn.

Methods
Moisture, ash, fat, nitrogen and non-protein nitrogen (NPN) were determined in 
accordance with standard AO AC procedures (1970). Protein was estimated 
from Kjeldahl nitrogen values using the factor N X 6.25.

Specific mineral analysis
Calcium, magnesium, sodium and iron were estimated on a Perkin-Elmer 

Techtron AA6D atomic absorption spectrophotometer. Potassium was deter
mined by flame photometry on the same instrument.
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Chloride. An adaptation of the method for the estimation of chlorides in 
waste water was employed (Taras et al., 1971). A pH meter (pHM28 Radio
meter, Copenhagen) was operated as a milli-voltmeter in the range 
—200 to +800 mV. The titrating agent used was 0.1 m silver nitrate.

Phosphorus. The total phosphorus content, expressed as percent by weight, 
was determined by the IDF procedure (1967) on fluid and reconstituted red 
blood cell concentrates.

Amino acid analysis
After acid hydrolysis (6 n HC1, 105°C, 20 hr) duplicate samples were 

analysed by the Spackman, Stein & Moore (1958) procedure of ion-exchange 
chromatography using a Jeol amino acid analyser. Cyst(e)ine and methionine 
were estimated from the hydrolysates of performic acid oxidized samples. 
Tryptophan was determined on separate samples after alkaline hydrolysis by 
the method of Slump & Schreuder (1967).

Bulk density
Bulk density was determined on 50-g powder samples in accordance with the 

ADMI procedure (1965). The results were expressed in g/ml.

Powder solubility
Solubility of powder samples was determined by the ADMI (1965) 

procedure.

Particle size analysis
Particle size distribution of powder samples was determined by sieving 

through British Standard—410 sieves (British Standards, 1963).

Viscosity
Viscosity determinations on rehydrated powder samples were made with a 

Brookfield RVT synchroelectric viscometer.

Protein solubility
Protein solubility was estimated by a method based on Nitrogen Solubility 

Index (AOCS, 1969) as described by De Wit & De Boer (1975).



3 5 8 R .  A .  M .  D e l a n e y

Heat stability I coagulation o f  RBC proteins
The method adopted was based on that reported by Toohill (1975). RBC 

dispersions at different total solids levels were prepared using an ADMI (1965) 
solubility mixer. Fifteen-ml aliquots of each RBC dispersion were dispensed 
into McArtney bottles (35 ml capacity, 2.5 cm diameter) fitted with screw caps. 
Samples were placed in a controlled temperature water bath. A control sample 
fitted with a 0-110°C  Mg in glass thermometer was included to determine 
when samples reached the temperature of the test. The samples were heated 
over a range of temperatures from 40 to 55°C. Temperature stability of the 
samples was assessed on the basis of two parameters. By tipping and slowly 
rotating the McArtney bottles (without removing them from,the water bath) at 
specified time intervals (1—2 min) the first signs of precipitation were noted. 
This was identified as ‘flecking’ on the side of the glass bottle as it was slowly 
rotated. The time at which flecking was observed was recorded. The first 
visually observed sign of setting or clotting of undisturbed RBC dispersions was 
also recorded. This was the ‘clotting’ or coagulation time. The coagulation 
times of RBC dispersions at different pH values were measured. The pH of the 
RBC dispersions was adjusted by 0.1 n  HC1 or by 0.1 n  NaOH, as appropriate.

Water adsorption
Water sorption and desorption isotherms were determined for different 

powder samples by allowing the powders to reach equilibrium in confined 
atmospheres over saturated salt solutions (Rockland, 1960). The experiments 
were carried out in sealed desiccators at a temperature of 22.5° C. The data for 
the composition of different relative humidity atmospheres were obtained from 
water vapour tables of Perry (1950) and lithium chloride data of Young (1967).

Results and discussion
Gross composition o f  spray dried concentrates

General compositional data of one of the diafiltered (DF) spray dried concen
trates are given in Table 1. Data on a control product are included for 
comparison. The main differences in the products, lay in their respective 
contents of protein, NPN and minerals. The DF product contained 95.08% 
‘true’ protein compared to 85.9% in the control product. The NPN content in 
the DF concentrate was 0.62% and that in the control was 1.43%. The ash 
content was reduced from 3.3% in the control to 1.6% in the DF concentrate. 
The diafiltration process, thus effectively increased the true protein content at 
the expense of NPN and lower molecular weight material. The lipid content of 
the red blood cell concentrate was increased during diafiltration from 1.3 to
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Table 1. Composition of spray dried diafiltered and control red blood cell 
concentrates

DF RBC
(%)

Control RBC 
(%)

Crude protein (N X 6.25) 95.7 87.3
Non-protein nitrogen (NPN) 0.62 1.43
True protein (TN -  NPN) X 6.25 95.08 85.9
Fat 1.7 1.3
Moisture 2 . 0 3.2
Ash 1 . 6 3.1
Na 0 . 2 0 . 6
K 0.25 0.9
P 0.16 0.16
Ca 0 . 1 1 0 . 1 2
Fe 0 . 2 0 0.14
Cl 0 . 1 2 0.4
Mg (ppm) 1 1 0 90

1.7%. This was as expected. Ultrafiltration membranes generally exhibit the 
same rejection characteristics for lipids as for proteins (Donnelly & Delaney,
1974).

The chief cations present in the control red cell concentrate, in order of 
decreasing concentration, were potassium, sodium, calcium and magnesium. 
The major anions present were chlorides and phosphates. The potassium, 
sodium and chloride contents of the red blood cell concentrate were reduced 
during diafiltration in roughly the same ratio as the total ash content. Some 
selective retention of calcium, magnesium, phosphate and iron appeared to 
occur during diafiltration. These minerals may not be present in the red cells in 
a form which freely permeates the ultrafiltration membrane and are conse
quently retained. Additionally, some minerals may be wholly or partly protein 
bound and are selectively concentrated with proteins during diafiltration.

Amino acid composition o f  red blood cell concentrates
The detailed amino acid profile for DF RBC is given in Table 2. Data on the 

amino acid profiles of an ultrafiltered blood plasma concentrate and whole 
freeze dried blood are also tabulated. A comparison of the essential amino acids 
of the RBC protein with an ‘ideal’ protein, the FAO (1965) whole egg 
reference protein revealed that RBC values fell below egg values for threonine, 
isoleucine, tyrosine, tryptophan and methionine plus cyst(e)ine. The most 
serious limitation appears to be in the content of isoleucine, which is c. 6% of 
the egg value. Isoleucine is also the first limiting amino acid in whole blood and 
blood plasma (Table 2). Isoleucine is generally accepted as the amino acid 
limiting the biological value of blood proteins (Delaney, 1975). RBC protein is
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T a b le  2. Amino acid composition of diafiltered red blood cell concentrate (DF RBC) 
(g amino ac id /16 g N)

Amino acid DF RBC
UF blood*
plasma
concentrate

Whole freezef 
dried blood

Whole egg FAO
reference
protein

Asp 10.4 1 0 . 1 9.9
Thr 4.7 8.5 5.2 5.1
Ser 3.3 6.5 5.4
Glu 7.7 14.0 8 . 8
Pro 3.4 5.9 4.0
Gly 3.8 3.3 3.9
Ala 8.4 5.1 7.7
Val 8 . 0 5.8 9.1 7.3
lie 0.4 3.2 0.9 6 . 6
Leu 13.6 9.2 12.4 8 . 8
Tyr 2 . 6 4.7 3.3 4.2
Phe 8 . 0 4.5 7.0 5.8
Lys 10.3 9.4 9.2 6.4
His 7.2 3.2 5.6
Arg 3.6 5.1 3.8
Trp§ 1.4 1.3 1.4 1 . 6
Met); 1 . 8 1 . 1 1.3 3.1
Cyst 0.3 2 . 1 - 2.4
Total amino acids 98.9 103.0 98.9
Total EAA 51.1 49.8 49.8 51.3
Chemical score 6 . 1 49.0 13.6 -
EAAI 25.4 70.1 38.6 -

* Data after Delaney (1975); f  data after Wilson (1974); % results taken from performic 
acid oxidized samples; § tryptophan determined by separate colorimetric analysis.

a particularly valuable source of valine, leucine, phenylalanine and lysine. The 
amino acid profile for diafiltered RBC is similar to that reported by Tybor et 
al. (1975) for decolorized globin protein concentrate.

The chemical score (CS) for the RBC, based on the method of Mitchell 
(1954) was 6.1. Whole blood had a CS of 13.6 (Table 2). In both cases, 
isoleucine was the first limiting amino acid. A CS of 5 was calculated for the 
globin isolate prepared by Tybor et al. (1975) based on the amino acid 
composition reported. The essential amino acid index (EAAI) (Oser, 1951) for 
RBC proteins was 25.4. Whole blood proteins had an EAAI of 38.6. Blood 
plasma concentrate has a CS of 49 and an EAAI of 70.1 (Table 2) and was 
shown to be a nutritionally adequate source of protein similar to casein 
(Delaney, 1975). The diafiltered RBC would not constitute an adequate sole 
source of dietary protein but would require supplementation with isoleucine 
and possibly methionine plus cyst(e)ine. This contention is supported by the 
work of Albanese et al. (1951) who found that isoleucine supplementation was 
necessary when feeding a human haemoglobin hydrolysate. Young et al. (1973)
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reported a Protein Efficiency Ratio (PER) of —1.93 ±0.12 for a decolorized 
globin preparation. The globin preparation failed to support life in rats without 
isoleucine supplementation.

Protein solubility o f  red blood cell concentrates
The protein solubility of one diafiltered RBC powder is plotted against pH in 

Fig. 1. The DF RBC exhibited good solubility over the range 2—10. Minimum 
solubility of c. 78% was observed at pH 7.2. The control RBC exhibited a 
similar solubility pattern. The overall solubility of the control product was 
lower than that of the DF RBC. The minimum solubility of the control RBC 
was 59%. Tybor et al. (1975) reported a different solubility/pH relation
ship for a globin isolate. In this case minimum solubility was observed at pH 
values ranging from 7 .0-7 .5 . However minimum solubility values were only 
c. 15%. All of the globin isolates displayed maximum solubilities at values 
< pH 6.0. The differences in the solubility patterns of the DF RBC and that of 
the globin isolate may be due to changes induced in the globin protein during 
the isolation and decolorizing procedures.

The relation between ionic strength and protein solubility for the red cell 
concentrates is illustrated in Fig. 2. Ionic strength had little effect on solubility 
at pH 8.0 but had a marked effect at pH 3.0. At pH 3.0 the protein solubility of 
the DF RBC fell from c. 86% to c. 5% as the ionic concentration was increased 
from 0 to 4.0 m NaCl. The control product behaved in a similar fashion. The 
solubility behaviour of RBC proteins in different pH/ionic environments was 
similar to that of blood plasma proteins (Delaney et a l, 1975).

2 4 6 8 10
pH

Figure 1. Protein solubility of red blood cell concentrates as a function of pH.
▲  DF RBC; a  control RBC.
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Figure 2. Protein solubility of red blood cell concentrates as a function of ionic 
strength and pH. a DF RBC; a control RBC.

A D M I  s o l u b i l i t y  o f  R B C  p o w d e r s

Spray dried diafiltered red cell concentrates gave lower ADMI solubility 
indices (i.e. exhibited higher solubilities) than control RBC. Diafiltered RBC 
powders typically had a solubility index of 0.4—0.8 ml while control RBC gave 
values of 1.0— 1.5 ml. Commercial spray dried red blood cell powders had 
ADMI solubility values of 1 .0 -2 .0 ml. The results for ADMI solubility are in 
general agreement with those for specific protein solubility; namely that the 
purification process improves the solubility of red cell concentrate preparations. 
The solubility procedure however really provides an index of insolubility and 
was designed specifically for milk powders. It is an empirical procedure and has 
not been optimized for RBC powders. The results reported, should therefore be 
interpreted with caution. The solubility index values for red cell concentrate 
powders are higher than those usually obtained for milk powders. The method 
gave good reproducibility for spray dried blood plasma concentrate powders 
(R.A.M. Delaney, unpublished observations) and gives an index of overall 
solubility of the protein concentrate powders which is generally useful. The 
method has severe limitations when applied to protein concentrate powders of 
poor wettability (R.A.M. Delaney, unpublished observations).

H e a t  s t a b i l i t y  o f  r e d  b l o o d  c e l l  c o n c e n t r a t e s

The results of experiments on heat stability of RBC dispersions are given in 
Table 3. These results indicate that visually discernible heat coagulation of red
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Table 3. Heat stability of spray dried diafiltered red blood cell concentrate 
dispersions

RBC cone.
percentage total solids 
(wt/vol)

Tem perature (°C)

40 47 55

5 NC NC Flecking 5 min 
Soft clot 11 min 
Firm clot 13 min

1 0 NC NC Flecking 3 min 
Soft clot 8  min 
Firm clot 10 min

15 — Flecking 
55 min

Flecking 1.5 min 
Firm clot 3 min

NC = no coagulation.

cell protein took place at temperatures between 47 and 55°C. Coagulation time 
at 55°C decreased with increasing solids content in dispersions. At a total solids 
content of 5% it required 13 min to form a firm clot at 55°C. At a total solids 
content of 15% a firm clot was formed in 3 min. The data in Table 4 indicate 
the effect of pH on the heat stability of red cell proteins. Heat coagulation of 
RBC protein occurred more quickly at pH values of 6.0 to 7.5 than at other pH 
values. At pH 4.0, the RBC proteins did not coagulate on heating at 55°C for 
up to 120 min. A similar effect was observed at pH 10. An explanantion for the 
high heat sensitivity of red cell proteins at pH values of 6 -7 .5 , may be found in 
the data on specific solubility of red cell proteins at different pH values (Fig. 1). 
Red cell proteins exhibited minimum solubility at pH values of around 7.0. The 
isoelectric point for red cell proteins would appear to be around this value. At 
high and low pH RBC protein exhibited maximum solubilities and this 
coincides with the pH values at which decreased heat sensitivities were 
observed. The protective effect of pH on heat denaturation of protein has been 
reported for other systems including whey protein (Guy, Vettel & Pallansch,

Table 4. Heat stability of spray dried diafiltered red blood cell concentrate 
dispersions at different pH values

pH
Time (min)

Flecking Soft clot Firm clot

4 No clot after 150 min
6 5 7 1 0
7.5 3 5 8

1 0 No clot after 120 min

Tem perature 55°C. RBC 5% total solids.
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1 9 6 6 ) .  T h e  r e s u lts  r e p o r te d  in  th is  p r e se n t  s tu d y , w h ile  th e y  m u s t  b e  reg a rd ed  
as p r e lim in a r y , p r o v id e  w o r th w h i le  in fo r m a t io n  o n  th e  h e a t  s ta b i l ity  o f  red  c e ll  
p r o te in s . H a e m o g lo b in , w h ic h  is th e  p r in c ip a l p r o te in  p r e se n t  in  th e  red  c e ll  
c o n c e n tr a t e  is r e p o r te d  t o  d e n a tu r e  s p e c ta c u la r ly  a t a b o u t  5 7 ° C  (R o s s i  F a n e ll i, 
A n t o n in i  & C a p u to , 1 9 6 4 ) .  T h is  a g rees  w e l l  w ith  th e  te m p e r a tu r e  o f  5 5 °C  
r e p o r te d  h e re  as c r it ic a l fo r  red c e l l  p r o te in s .

V iscosity o f  R B C  dispersions

T h e  v is c o s i ty  o f  r e h y d r a te d  d ia f i lt e r e d  red  c e ll  c o n c e n tr a t e s  a n d  c o n t r o l  
c o n c e n tr a t e s  are g iv en  in  F ig . 3 . T h e  v is c o s i t y  o f  D F  R B C  d is p e r s io n s  in c r e a se d  
fr o m  a b o u t  lO c P  a t  c. 5% to ta l  s o lid s  t o  c. 6 0 0  c P  a t  40%  to ta l  s o lid s . T h e se  
r e su lts  agree  w e ll  w ith  v is c o s i t y  d a ta  o n  d ia f i lt e r e d  liq u id  red  c e l l  c o n c e n tr a t e s  
r e p o r te d  ear lier  ( D e la n e y ,  1 9 7 7 ) .  T h e  v is c o s i t ie s  o f  c o n t r o l  R B C  d is p e r s io n s  
w ere  a lw a y s  lo w e r  th a n  th o s e  o f  D F  R B C  d is p e r s io n s  a t  e q u iv a le n t  to ta l  s o lid s  
c o n c e n tr a t io n s .  P r e su m a b ly  th is  w a s  b e c a u s e  a t a n y  g iv en  s o lid s  c o n c e n tr a t io n ,  
th e  d ia f i lt e r e d  red  c e l l  c o n c e n tr a t e  c o n t a in e d  a h ig h e r  le v e l o f  p r o te in .

Figure 3. Viscosity of red blood cell concentrate dispersions. •  DF/UF RBC;
o control RBC.
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B u lk  d en sity  o f  R B C  po w d ers

D a ta  o n  th e  b u lk  d e n s i ty  o f  d ia f i lt e r e d  a n d  c o n t r o l  R B C  p o w d e r s  are g iv e n  in  
T a b le  5 . T h e  b u lk  d e n s ity  o f  D F R B C  p o w d e r  w a s  ty p ic a l ly  c. 1 8 .4%  h ig h e r  
th a n  th a t  o f  th e  c o n t r o l  p r o d u c t . T h is  w a s  w h e n  s a m p le s  w e r e  sp ra y  d r ie d  a t  
c o m p a r a b le  f e e d  s o l id s  c o n t e n t s  (c. 3 0 % ). C o m m e r c ia l sp ra y  d r ied  b lo o d  
p o w d e r s  u s u a lly  h a d  b u lk  d e n s it ie s  o f  a b o u t  0 .6  g m F 1.

Table 5. Bulk density  o f  spray  dried d iafiltered  
red  b loo d  cell co n cen tra te  (D FH  RBC)

Bulk density  (g ml *)
loose packed

D F R B C 0.71 0.76
C o n tro l RBC 0.60 0.63

Particle size d is tr ib u tion  in R B C  po w d ers

D a ta  o n  th e  p a r t ic le  s iz e  d is tr ib u t io n  in  d ia f i lt e r e d  a n d  c o n t r o l  R B C  p o w d e r s  
are g iv e n  in  F ig . 4 .  T h e  p a r t ic le s  in  th e  c o n t r o l  p o w d e r  fe ll  w ith in  t w o  m a in  s iz e  
ra n g es; 3 0 0 —1 2 5  p m  a n d  1 0 6 —< 4 5  p m . A p p r o x im a te ly  50%  o f  th e  p a r t ic le s  
w e r e  in  e i th e r  g r o u p . In c o n tr a s t ,  th e  d ia f i lt e r e d  R B C  p o w d e r  c o n t a in e d  a 
h ig h e r  p r o p o r t io n  o f  sm a lle r  p a r t ic le s . A p p r o x im a te ly  80%  o f  th e  p a r t ic le s  in  
th e  D F  R B C  p o w d e r  w e r e  in  th e  1 0 6 —< 4 5  p m  s iz e  ra n g e . T h e  r e a so n  fo r  th e

Figure 4. Particle size distribution in red cell concentrate powders. •  DF RBC;
o control RBC.
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h ig h e r  p r o p o r t io n  o f  s m a lle r  p a r t ic le s  in  th e  d ia f i lt e r e d  R B C  p o w d e r  m a y  b e  
d u e  t o  b r e a k d o w n  o f  red  c e ll  s tr u c tu r e  c a u se d  b y  ly s is  o f  th e  e r y t h r o c y t e s  
in d u c e d  d u r in g  d i lu t io n  a n d  p u r if ic a t io n .

T h e  d if fe r e n c e s  in  th e  p a r t ic le  s iz e  d is tr ib u t io n s  in  th e  t w o  p o w d e r s  h e lp s  to  
e x p la in  th e  h ig h e r  b u lk  d e n s it ie s  o b s e r v e d  fo r  d ia f i lt e r e d  R B C  p o w d e r s . I t  
m ig h t  b e  e x p e c t e d  th a t  th e  b u lk  d e n s ity  o f  a p o w d e r  w o u ld  in c r e a se  as th e  s iz e  
d is tr ib u t io n  ra n g e  o f  p a r t ic le s  w id e n s  w ith  an a p p r e c ia b le  p r o p o r t io n  o f  sm a lle r  
p a r t ic le s  p r e s e n t . T h e  sm a lle r  p a r t ic le s  are p r o b a b ly  a b le  t o  p a c k  in to  th e  in te r 
s t ic e s  b e tw e e n  th e  larger o n e s .

Water ad sorp tion  on  R B C  po w d ers

F ig u r e  5 c o n t a in s  d a ta  o n  th e  w a te r  a d s o r p t io n  a n d  w a te r  d e s o r p t io n  
i s o th e r m s  f o r  sp ra y  d r ied  d ia f i lt e r e d  red  c e l l  c o n c e n tr a t e  p o w d e r s  a t 2 2 .5 ° C .  
T h e  a d s o r p t io n  is o th e r m  fo l lo w s  a s m o o t h  c o n t in u o u s  s ig m o id  cu rv e  a n d  
c o r r e s p o n d s  in  s h a p e  t o  a ty p e  I is o th e r m  a c c o r d in g  t o  th e  c la s s i f ic a t io n  o f  
B r u n a u er , E m m e t  &  T e lle r  ( 1 9 3 8 ) .  T h e  d e s o r p t io n  iso th e r m  a lso  d e sc r ib e d  a 
s m o o t h  c o n t in u o u s  s ig m o id  cu r v e  a n d  s h o w s  a ty p ic a l  h y s te r e s is  e f f e c t .  T h e r e  
a p p ea rs  t o  b e  s o m e  a d s o r b e d  w a te r  w h ic h  is ir r e v e r s ib ly  b o u n d  a n d  w h ic h  
c a n n o t  b e  r e m o v e d  d u r in g  d e s o r p t io n  (F ig .  5 ) . B E T  is o th e r m s  w e r e  c o n s tr u c te d  
o v e r  th e  a c t iv ity  ra n g e  0 . 1 —0 .5  a n d  m o n o la y e r  v a lu e s  c a lc u la te d  (B r u n a u e r  e t 
al., 1 9 3 8 ) .  T h e  m o n o la y e r  v a lu e  fo r  a ra n g e  o f  sp ra y  d r ied  d ia f i lt e r e d  R B C  
p o w d e r s  w a s  6 .5 —6.7 % . A s  s h o w n  b y  S a lw in  ( 1 9 5 9 )  th e  B E T  m o n o la y e r  v a lu e  
a p p e a r s  t o  b e  th e  m o s t  s ta b le  m o is tu r e  c o n t e n t  fo r  s to r a g e  o f  fo o d s .

Figure 5. S orp tio n  iso therm s fo r d ia filte red  red  cell co n cen tra te  pow der. 
•  A d so rp tio n ; o  deso rp tion .
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C o n c lu s io n s

P o r c in e  red  b lo o d  c e ll  c o n c e n tr a t e s  w e r e  s u c c e s s fu l ly  p u r if ie d  b y  u ltr a f i ltr a t io n  
a n d /o r  d ia f i lt r a t io n  p r io r  t o  sp ra y  d r y in g . T h e  r e s u lta n t  p o w d e r s  h a v e  a s ig n i
f ic a n t ly  r e d u c e d  ash  a n d  n o n -p r o te in  n itr o g e n  c o n t e n t  c o m p a r e d  w ith  n o n -  
d ia f i lt e r e d  p o w d e r s . T h e  r e m o v a l o f  n o n -p r o te in  m a te r ia l fr o m  th e  red  c e l ls  
a p p ea rs  t o  im p r o v e  f u n c t io n a l i t y  o f  th e  red  c e ll  c o n c e n tr a t e s ,  w h ic h  h a v e  h ig h e r  
p r o t e in  s o lu b i l it ie s  a n d  t o t a l  p o w d e r  s o lu b i l it ie s  th a n  c o n t r o l  p r o d u c ts .  
M e m b r a n e  p r o c e s s e d  R B C  p o w d e r s  h a v e  a h ig h e r  d is tr ib u t io n  o f  s m a lle r  s iz e  
p a r t ic le s  a n d  as a c o n s e q u e n c e  h ig h e r  b u lk  d e n s it ie s  th a n  c o n t r o l  p r o d u c ts . T h e  
red  c e l l  c o n c e n tr a t e  p r o te in s  w e r e  v a lu a b le  s o u r c e s  o f  a n u m b e r  o f  e s s e n t ia l  
a m in o  a c id s  in  p a r t ic u la r  v a lin e , l e u c in e ,  p h e n y la la n in e  a n d  ly s in e . O n  th e  b a sis  
o f  e s s e n t ia l  a m in o  a c id  c o n t e n t s  red  c e ll  c o n c e n tr a t e  p r o te in s  s h o u ld  c o m p le 
m e n t  w h e a t ,  c o r n , s o y  o r  o th e r  v e g e ta b le  p r o te in s  in  th e  d ie t . T h e  lo w  le v e l  o f  
i s o le u c in e  in  red  c e l l  p r o te in s  ru le s  o u t  it s  u se  as th e  s o le  s o u r c e  o f  d ie ta r y  
p r o te in .

A c k n o w le d g m e n t s

A p p r e c ia t io n  is  e x t e n d e d  to  M s N o ir in  H u r le y  fo r  sk il le d  te c h n ic a l  a s s is ta n c e .  
D r  M aria  R a k o w s k a  a n d  M r X e n o n  G r a b a rek , F o o d  T e c h n o lo g y  D iv is io n , I n s t i 
tu t e  o f  F o o d  a n d  N u t r it io n ,  W arszaw a , are w a r m ly  th a n k e d  fo r  c o n d u c t in g  
a m in o  a c id  a n a ly se s . T h e  c o -o p e r a t io n  o f  M itc h e ls to w n  C o o p e r a t iv e  S o c ie t y  
in  s u p p ly in g  se p a r a te d  red  b lo o d  c e l ls  is  g r a te fu lly  a c k n o w le d g e d . T h e  a u th o r  
th a n k s  M s M ary  A l ic e  H e n n e s s y  fo r  p a t ie n t ly  t y p in g  th e  m a n u sc r ip t .
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Coliform counts on blood meals and characterization of 

E s c h e r i c h i a  c o l i  isolated from them*

G . P. P A T G IR I  a n d  A . K . A R O R A

S u m m a r y

A  to ta l  o f  f i f t y  b lo o d  m e a l s a m p le s  w e r e  p r ep a red ; tw e n t y - f iv e  b y  th e  
in c o r p o r a t io n  o f  c a lc iu m  o x id e  in  th e  fre sh  b lo o d  a t a r a t io  o f  1 :8  a n d  th e  
r e m a in in g  sa m p le s  w it h o u t  a d d in g  c a lc iu m  o x id e .  T h e  m o s t  p r o b a b le  n u m b e r  
o f  c o l i f o r m s  a n d  Escherichia coli w e r e  r e c o r d e d  to  b e  3  X 1 0 2 an d  2 .3  X 1 0 2 g~! 
r e s p e c t iv e ly  in  th e  u n tr e a te d  sa m p le s , w h e r e a s  c a lc iu m  o x id e  tr e a te d  sa m p le s  
d id  n o t  rev ea l th e  p r e s e n c e  o f  c o l ifo r m s . O f  th e  e le v e n  E. coli is o la te s , f iv e  
s e r o g r o u p s  ( 0 79, O 30, 0 2S, 0 17 a n d  O n ) w e r e  id e n t i f ie d . T h e  s ig n if ic a n c e  o f  th e  
i s o la te s  fr o m  th e  v ie w -p o in t  o f  h u m a n  a n d  l iv e s to c k  h e a lth  h a v e  b e e n  d isc u sse d .

I n t r o d u c t i o n

T h e  lo s s e s  in c u r r e d  in  th e  fo r m  o f  n o n -  a n d  u n d e r -u t i l iz a t io n  o f  b lo o d  and  
o th e r  s la u g h te r h o u s e  b y p r o d u c t s  in  I n d ia  are o f  h ig h  m a g n itu d e  as is  e v id e n t  
fr o m  th e  fa c t  th a t  a b o u t  64%  o f  th e  b lo o d  s p ilt  in  th e  s la u g h te r h o u s e s  is 
th r o w n  a w a y  in  th e  d ra in s  b e c a u s e  o f  la c k  o f  fa c i l i t ie s  fo r  its  c o l le c t io n  a n d  fo r  
w a n t  o f  t e c h n ic a l  k n o w -h o w  fo r  it s  u t i l iz a t io n ,  th u s  r e s u lt in g  in  th e  lo s s  o f  
s ig n if ic a n t  a m o u n t  o f  p r o te in  an d  o th e r  u s e fu l  s u b s ta n c e s  (M . S. S w a m in a th a n , 
p e r s o n a l c o m m u n ic a t io n ) .

T h e  a v a ila b le  lite r a tu r e  c o n c e r n in g  th e  m ic r o b io lo g y  o f  b lo o d  m e a l is  s c a n ty ,  
h o w e v e r , w o r k e r s  h a v e  tr ied  to  e v a lu a te  it s  n u tr it iv e  v a lu e  a n d  r e c o m m e n d e d  
b lo o d  m e a l as l iv e s to c k  a n d  p o u lt r y  fe e d  s u p p le m e n t  (F r a tz e r  &  G r e e n , 1 9 5 7 ;  
A li & M o m in , 1 9 6 4 ) .  C o m m e r c ia lly  p r e p a r e d  a n im a l fe e d s  h a v e  b e e n  r e p o r te d  
t o  b e  an  im p o r ta n t  s o u r c e  o f  Salm onella  a n d  o th e r  in f e c t io n s  (G r if f in ,  1 9 5 2 ;  
M o r e h o u s e  & W e d m a n , 1 9 6 1 ) .  B y  e m p lo y in g  f lu o r e s c e n t  a n t ib o d y  t e c h n iq u e  
L a ra m o re  &  M o r itz  ( 1 9 6 9 )  r e p o r te d  th e  d e t e c t io n  o f  s a lm o n e lla e  in  a n im a l fe e d  
a n d  fe e d  in g r e d ie n ts .

A u th o rs’ address: College o f V e terinary  Sciences, G. B. P an t U niversity  o f A griculture 
& T ech n o lo gy , P an tn agar (U .P .), India.

*R esearch  paper No. 1167 th ro u g h  the  E xperim en t S ta tio n , G. B. Pant U niversity  o f 
A gricu ltu re & T ech no logy , Pan tnagar, N ainital, UP.
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K e e p in g  in  v ie w  th e  im p o r ta n c e  o f  b lo o d  m e a l in  l iv e s to c k  a n d  p o u lt r y  fe e d  
s u p p le m e n t ,  th e  p r e s e n t  s tu d y  w a s  u n d e r ta k e n  t o  d e te r m in e  th e  m o s t  p r o b a b le  
n u m b e r  o f  c o l ifo r m s  an d  Escherichia coli in  b lo o d  m e a l sa m p le s  a n d  a lso  to  
c h a r a c te r iz e  E. coli is o la te s .

M a te r ia ls  a n d  m e t h o d s

T h e  fr e sh  b lo o d , c o l le c t e d  fr o m  tw o  to  s ix  g o a ts  a t a t im e , w a s  p o o le d  in  a 
c le a n  c ircu la r  p a n  m a d e  o f  g a lv a n iz e d  s h e e t  as d e sc r ib e d  b y  M an n  ( 1 9 6 7 ) .  T h e  
g o a t s  w e r e  s la u g h te r e d  a t th e  lo c a l  s la u g h te r h o u s e  u s in g  th e  ‘H alaT  
(M o h a m m e d a n )  m e t h o d  o f  s la u g h te r in g . T h e  p o o le d  b lo o d  w a s  p r o c e s s e d  
im m e d ia te ly  a f te r  th e  c o l le c t io n .  T h e  fo l lo w in g  tw o  m e th o d s  w e r e  a d o p te d  fo r  
th e  p r e p a r a tio n  o f  b lo o d  m ea l.

U ntreated. T h e  p o o le d  b lo o d  w a s  tra n sfe r r e d  t o  an ir o n  p a n  a n d  h e a te d  w ith  
c o n s ta n t  s tirr in g  o n  an e le c tr ic  h e a te r  u n t i l  it  c o a g u la te d  t o  a d ark  c o lo u r e d  
s e m is o l id  m a ss.

Treated. C a lc iu m  o x id e  (B D H )  w a s  a d d e d  in  th e  fre sh  b lo o d  a t a r a t io  o f  1 :8  
(1 p a rt C aO  a n d  8 p a r ts  fre sh  b lo o d ) .  I t w a s  th o r o u g h ly  m ix e d  w ith  b lo o d  a n d  
p r o c e s se d  as d e sc r ib e d  w ith  th e  u n tr e a te d  m e th o d .

T h e  p r o c e s s e d  b lo o d  w a s  u n ifo r m ly  sp re a d  o v e r  in  a c le a n  g a lv a n iz e d  t in  tra y  
w ith  ra ised  e d g e s . T h e  tr a y  w a s  th e n  p la c e d  in  th e  o p e n  air fo r  su n -d r y in g  a t a 
h e ig h t  o f  a b o u t  6 0  cm  fr o m  th e  g r o u n d  le v e l  in  o r d e r  t o  r e d u c e  d u s t-b o r n e  
c o n t a m in a t io n .  T h e  d r y in g  p r o c e s s  w a s  c o n s id e r e d  as c o m p le t e  w h e n  th e  
c o o k e d  b lo o d  m a sse s  tu r n e d  h a rd  a n d  b r it t le . U s u a l ly  it  t o o k  15 hr.

T h e  b lo o d  m e a l sa m p le s  w e r e  c o l le c t e d  in  c le a n  p o ly t h e n e  b a g s a n d  b r o u g h t  
t o  th e  la b o r a to r y  fo r  fu r th e r  s tu d ie s . T h e  sa m p le s  w e r e  p o w d e r e d  w ith  th e  h e lp  
o f  an e le c tr ic a l ly  o p e r a te d  g r in d er . T h e  p o w d e r e d  b lo o d  m e a l sa m p le s  w ere  
th e n  s to r e d  a t r o o m  te m p e r a tu r e  in  se p a r a te  s to p p e r e d  g la ss  jars.

In  a ll f i f t y  b lo o d  m e a l s a m p le s  w e r e  p r e p a r e d  o f  w h ic h  tw e n t y - f iv e  w ere  
p r e p a r e d  b y  a d d in g  C aO  in  th e  fre sh  b lo o d  ( tr e a te d  s a m p le s )  a n d  th e  r e m a in in g  
t w e n ty - f iv e  s a m p le s  w i t h o u t  a d d in g  C aO  (u n tr e a te d  sa m p le s ) .

T h e  r e s u s c ita t io n  o f  s u b le th a l ly  im p a ir e d  c e l ls  w a s  d o n e  b y  e m p lo y in g  
s ta n d a r d  p r o c e d u r e s  u s in g  M a c C o n k e y ’s la c to s e  b ile  b r o th  (M L B B ) tu b e s  
( N o r th , 1 9 6 1 ;  M o sse l &  R a t io ,  1 9 7 0 ) .  In  a d d it io n , sa m p le s  w e r e  e x a m in e d  a fte r  
s to r in g  th e m  fr o m  s e v e n  t o  f i f t e e n  d a y s  a n d  p r o v id in g  s u f f ic ie n t  a e r a tio n . T h is  
p r o c e d u r e  h a s  b e e n  fo u n d  t o  a llo w  a r e a s o n a b le  d e g r ee  o f  r e s to r a t io n  o f  
d a m a g e d  c e l ls  (M o s se l  & R a t to ,  1 9 7 0 ) .

D eterm ina tion  o f  m o s t probable n u m b er (M PN ) o f  co lifo rm s and  E . c o l i

T h e  M P N  o f  c o l i fo r m s  a n d  E. coli in  th e  b lo o d  m e a l sa m p le s  w e r e  d e te r 
m in e d  b y  u s in g  a th r e e  tu b e  t e c h n iq u e .  O n e  gram  o f  p o w d e r e d  b lo o d  m e a l  
sa m p le  w a s  d is s o lv e d  in  1 0 0  m l o f  s te r i le  1 n  sa lin e  s o lu t io n .  S a m p le s  o f  1 0 ,
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1 a n d  0 .1  m l o f  d i lu te d  s u s p e n s io n s  w e r e  p o u r e d  in  M L B B  tu b e s  c o n ta in in g  
1 0 , 5 a n d  5 m l b r o th , r e s p e c t iv e ly .  T w o  s e ts  w e r e  p r ep a red  fo r  ea c h  sa m p le , 
o n e  w a s  in c u b a te d  a t 3 7 ° C  fo r  4 8  h r  fo r  d e te r m in a t io n  o f  M P N  o f  c o li-  
fo r m s  a n d  th e  o th e r  s e t  at 4 4 ° C  fo r  4 8  hr fo r  M P N  o f  E. coli o r g a n ism s . T h e  
tu b e s  s h o w in g  gas p r o d u c t io n  w e r e  r e c o r d e d  as p o s it iv e  a n d  M P N  c a lc u la te d  
w ith  th e  h e lp  o f  th e  M P N  ta b le  (J a c o b s  & G e r s te in , 1 9 6 0 ) .

Iso la tion  and  id en tifica tion  o f E .  c o l i

T h e  p o s it iv e  tu b e s  fro m  M L B B  in o c u la te d  a n d  4 4 ° C  in c u b a te d  s e t  w ere  
s e le c te d  fo r  th e  is o la t io n  o f  E. coli. T h e  m o r p h o lo g ic a l ,  c u ltu r a l and  
b io c h e m ic a l  c h a r a c te r is t ic s  o f  E. coli i s o la te s  w e r e  ca rr ied  o u t  a c c o r d in g  t o  th e  
m e t h o d s  d e sc r ib e d  b y  E d w a rd s  & E w in g  ( 1 9 7 2 ) .  T h e  s e r o lo g ic a l  ty p in g  o f  th e
E. coli i s o la te s  w a s  d o n e  th r o u g h  th e  c o u r te s y  o f  N a t io n a l  Salm onella  and  
Escherichia  C e n tr e , K a sa u li, In d ia .

E ffe c t o f  calcium  o x id e  on  E . c o l i

D u r in g  th e  m ic r o b io lo g ic a l  s tu d ie s  o n  b lo o d  m e a l sa m p le s , i t  w a s  o b se r v e d  
th a t  C aO  tr e a te d  sa m p le s , in  g e n e r a l, s h o w e d  a lo w e r  m ic r o b ia l  lo a d  th a n  th e  
u n tr e a te d  sa m p le s . A n  e x p e r im e n t  w a s , th e r e fo r e ,  p la n n e d  t o  se e  th e  in h ib it o r y  
e f f e c t  o f  C aO , i f  a n y , o n  E. coli iso la te s .

A  s te r i le  c o t t o n  sw a b  sa tu r a te d  in  2 4  h r  o ld  b r o th  c u ltu r e  o f  E. coli w a s  
s tr e a k e d  o n  n u tr ie n t  agar p la te . T h e  d isc s  w e r e  m a d e  fr o m  W h a tm a n  f ilt e r  
p a p e r  n o .  4 0 ,  s te r i l iz e d  an d  s o a k e d  in  d if f e r e n t  d i lu t io n s  o f  C aO  ( 1 : 4 ,  1 : 8 ,  
1 : 1 6  a n d  1 : 3 2 )  in  s te r ile  d is t i l le d  w a te r . T h e  d isc s  o f  e a c h  d i lu t io n  w e r e  p la c e d  
o v e r  an  in o c u la te d  p la te . T h e  p la te  w a s  in c u b a te d  a t 3 7 ° C  fo r  4 8  hr a n d  th e  
z o n e  o f  in h ib it io n  r e c o r d e d .

R esu  Its

T h e  c o l ifo r m  o r g a n ism s  in  th e  u n tr e a te d  b lo o d  m e a l s a m p le s  ra n g ed  fr o m  
n il t o  1 1 0 0  w ith  an  av era g e  o f  3  X 1 0 2 g _1. L ik e  c o l i fo r m s ,  E. coli c o u n t s  a lso  
ra n g ed  fr o m  n il  t o  1 1 0 0  b u t  w ith  an  av era g e  o f  2 .3  X 1 0 2 g~L O u t o f  th e  t o t a l  o f  
tw e n t y - f iv e  u n tr e a te d  s a m p le s  e x a m in e d , s ix t e e n  (6 4 % ) w e r e  fo u n d  t o  b e  
p o s it iv e  fo r  c o l ifo r m s  a n d  e le v e n  (4 4 % ) fo r  E. coli. N o n e  o f  th e  tw e n t y - f iv e  
C aO  tr e a te d  sa m p le s  r e s u lte d  in  th e  is o la t io n  o f  c o l ifo r m  o r g a n ism s  (T a b le  1).

A ll  th e  e le v e n  E. coli iso la te s  w e r e  fo u n d  t o  b e  G ram  n e g a t iv e , s h o r t , m o t i le  
r o d s . T h e  b io c h e m ic a l  r e a c t io n s  o f  th e  i s o la te s  are in  a g r e e m e n t w ith  th o s e  
d e sc r ib e d  b y  E d w a r d s  & E w in g  ( 1 9 7 2 ) .  F iv e  E. coli s e r o g r o u p s  e n c o u n te r e d  in  
o r d e r  o f  fr e q u e n c y  w e r e : 0 79 ( th r e e  s tr a in s ) , O 30 ( t w o ) ,  0 2S ( t w o ) ,  0 17 ( o n e )  
a n d  O n  ( o n e )  a n d  t w o  r o u g h  stra in s .

C a lc iu m  o x id e  w a s  fo u n d  t o  h a v e  an  in h ib it o r y  e f f e c t  o n  E. coli o r g a n ism s . It
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Table 1. R ecovery  o f  co lifo rm s from  b loo d  m eal sam ples

T y p e  o f sam ple Sam ples
exam ined

No. o f sam ples positive Average co un t p e r gram

C oliform s E. c o li C oliform s E. c o li

U n trea ted 25 16 (64% ) 11 (44% ) 3 X 102 2.3 X IO2
C alcium  oxide 25 nil nil nil nil
tre a te d

w a s  p a r t ic u la r ly  m o r e  e f f e c t iv e  in  1 : 4  a n d  1 : 8  d i lu t io n s  as th e  z o n e  o f  
in h ib it io n  w a s  g rea ter . T h e  in h ib it o r y  z o n e  w a s  s h o r te r  in  1 : 1 6  d i lu t io n  a n d  n o  
in h ib it io n  w a s  o b s e r v e d  in  1 : 3 2  d i lu t io n  (F ig . 1).

D is c u s s io n

C o lifo r m  c o u n t s  are f r e q u e n t ly  u se d  as in d ic a to r s  o f  fa e c a l  c o n t a m in a t io n ,  p la n t  
c le a n lin e s s , p o s t  c o o k in g  c o n t a m in a t io n  a n d  c o n t a m in a t io n  d u r in g  h a n d lin g

Figure 1. E ffec t o f calcium  oxide on E. co li;  n o te  th e  zone o f in h ib itio n  in 1 :4 and 1 :8 
dilu tions.
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a n d  p r o c e s s in g  (H o b b s  & G ilb e r t , 1 9 7 0 ) .  A  c o l ifo r m  c o u n t  o f  3 0 0  g_1 a n d  E. 
coli c o u n t  o f  2 3 0  g ' 1 w e r e  r e c o r d e d  in  th e  u n tr e a te d  b lo o d  m e a l sa m p le s . T h u s
E. c o l i : c o l ifo r m  r a t io  w a s  fo u n d  t o  b e  1 t o  1 .3 . C o li fo r m s  c o u ld  n o t  b e  
o b s e r v e d  in  a n y  o f  th e  C aO  tr e a te d  b lo o d  m e a l sa m p le s . T h is  m ig h t  p r o b a b ly  b e  
d u e  to  th e  in h ib it o r y  e f f e c t  o f  C aO  o n  c o l i fo r m s  w h ic h  h a s  a ls o  b e e n  p r o v e d  
e x p e r im e n ta l ly  a n d  is d e p ic te d  in  F ig . 1. I n c o r p o r a t io n  o f  C aO  in  fr e sh  b lo o d  
w a s  r e p o r te d  t o  l im it  m ic r o b ia l  g r o w th  (M a n n , 1 9 6 7 ) .  I t  is , th e r e fo r e ,  r e c o m 
m e n d e d  th a t  C aO  b e  in c o r p o r a te d  fo r  c o m m e r c ia l  b lo o d  m e a l p r o d u c t io n .

O f  th e  f iv e  E. coli ‘O ’ s e r o g r o u p s  e n c o u n te r e d  fr o m  th e  b lo o d  m e a l s a m p le s  
o f  g o a t s ,  O n  a n d  O in h a v e  ea r lie r  b e e n  r e c o r d e d  fr o m  c a lv e s  (S a k a z a k i &  
N a m io k a , 1 9 5 6 ;  G la n tz ,  R o t h e n b o c h e r  &  H o k a n s o n , 1 9 6 8 ;  V e r m a  &  A d la k h a ,
1 9 7 0 ) ,  p o u lt r y  (S o jk a  &  C a rn a g h a n , 1 9 6 1 ;  G u p ta  &  S in g h , 1 9 6 9 ) ,  f ish  
(A b d u lr a s h id , 1 9 7 6 )  a n d  fr o m  h u m a n  b e in g s  (C o o k e ,  1 9 6 8 ) ;  0 25 fr o m  c a lv e s  
(S a k a z a k i &  N a m io k a , 1 9 5 6 ) ,  d o g s  (W e s s e l in o f f  &  D im o w , 1 9 6 1 ) ,  p o u lt r y  
(T a k a h a sh i, 1 9 6 6 ;  A r u n a c h a la m , J a g a n a m a n  &  B a la p r o k a sa m , 1 9 7 4 ) ,  f is h  
(A b d u lr a s h id , 1 9 7 6 )  a n d  fr o m  in fa n t i le  d ia r r h o e a  a n d  u r in a ry  tr a c t in f e c t io n s  
in  h u m a n  b e in g s  (W e s s e l in o f f  &  D im o w , 1 9 6 1 ;  T a y lo r , 1 9 6 1 )  a n d  O 30 fr o m  
c a t t le  (G la n tz  e t al., 1 9 6 8 ) .  R e c e n t ly  O 30 s e r o g r o u p  h a s  a lso  b e e n  i s o la te d  fr o m  
c h ic k e n s  s u ffe r in g  fr o m  s e p t ic a e m ia , e n te r it is  a n d  eg g  p e r it o n i t is  (S h a r m a  e t al., 
1 9 7 7 )  an d  h u m a n  u r in e  an d  in fa n t i le  d ia r r h o e a  c a se s  in  T a ra i r e g io n  o f  U tta r  
P r a d e sh  (P a n d e y , 1 9 7 5 ) .  S e r o g r o u p  0 79 h a s  b e e n  r e p o r te d  fr o m  p ig s  (S o jk a ,
1 9 6 5 ) .  N o n e  o f  th e  s e r o g r o u p s  r e c o v e r e d  in  th is  s tu d y  h a v e  s o  far  b e e n  
r e c o r d e d  in  l ite r a tu r e  to  h a v e  a n y  s ig n if ic a n t  e n te r o p a th o g e n ic  e f f e c t  in  h u m a n  
b e in g s  a lth o u g h  th e r e  a p p ea rs  t o  b e  n o  d e f in i t e  r e la t io n s h ip  b e tw e e n  e n te r o -  
p a t h o g e n ic i t y  a n d  s e r o g r o u p in g .

A c k n o w le d g m e n t s

T h e  a u th o r s  are th a n k fu l  to  D r  I. P. S in g h , D e a n , C o lle g e  o f  V e te r in a r y  
S c ie n c e s  an d  D r  M . S . S e th i ,  H e a d , M ic r o b io lo g y  a n d  P u b lic  H e a lth  fo r  th e ir  
e n c o u r a g e m e n t  a n d  t o  D r M aharaj S in g h , th e  th e n  d ir e c to r , E x p e r im e n t  S t a t io n  
fo r  p r o v id in g  n e c e s s a r y  fa c i l i t ie s  d u r in g  th e  c o u r se  o f  th is  s tu d y . T h e  s e n io r  
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S u m m a r y

A  m e t h o d  is d e sc r ib e d  fo r  m a k in g  c o n t in u o u s  m e a s u r e m e n ts  o f  th e  p H  o f  
a n a e r o b ic  m u s c le .  T h e  te c h n iq u e  is  s h o w n  to  b e  a p p lic a b le  t o  m e a s u r e m e n t  in 
an in t a c t  b e e f  ca r c a se  p o s t -m o r te m . T h is  t e c h n iq u e  is  c o m p a r e d  w ith  c o n v e n 
t io n a l  m e a s u r e m e n ts  u p o n  h o m o g e n a t e s  p r e p a r e d  fr o m  s a m p le s  o f  m e ta b o l ic a l ly  
in h ib it e d  m u s c le  a n d  th e  r e s u lts  are s e e n  to  b e  c lo s e ly  c o m p a r a b le . T h e  
c o n t in u o u s  m e a s u r e m e n t  o f  t is su e  p H  h a s th e  a d v a n ta g e  th a t  r e la t iv e ly  rap id  
e v e n ts  m a y  b e  f o l lo w e d  w it h  e a se .

I n t r o d u c t i o n

I t  is  c u s t o m a r y  t o  m e a su r e  th e  p H  o f  m u s c le  t is s u e  b y  h o m o g e n iz in g  a sa m p le  in  
a m e d iu m  c o n t a in in g  io d o a c e t a t e  to  in h ib it  th e  e n z y m e  g ly c e r a ld e h y d e -3 -  
p h o s p h a te  d e h y d r o g e n a s e  a n d  th u s  t o  a rrest g ly c o ly s is  an d  th e  c o n s e q u e n t  pH  
fa ll w h ic h  o c c u r s  in  a n a e r o b ic  t is su e . T h is  te c h n iq u e  s u ffe r s  fr o m  th e  
d isa d v a n ta g e  th a t  it  d e s t r o y s  th e  sa m p le , c a u s e s  m a jo r  c h a n g e s  in  th e  c o n c e n 
tr a t io n  o f  t h e  g ly c o ly t i c  in te r m e d ia te s  a n d  is  a lso  d is c o n t in u o u s ,  s in c e  s u c c e s s iv e  
sa m p le s  h a v e  t o  b e  p r ep a red  t o  m e a su r e  s u c c e s s iv e  in s ta n ta n e o u s  p H  v a lu e s . In  
a d d it io n , u n c e r ta in t ie s  arise  c o n c e r n in g  d i lu t io n  e f f e c t s  a n d  th e  c h a n g e s  in  th e  
pK  v a lu e s  o f  th e  in tr a c e llu la r  b u f fe r s  d u r in g  th e  p r e p a r a tio n  o f  th e  t is su e  h o m o 
g e n a te  fr o m  th e  sa m p le  ( s e e  B e n d a ll  ( 1 9 7 3 )  fo r  a r e c e n t  r e v ie w  o f  th e  
p r o b le m ) . C o n s e q u e n t ly ,  it w a s  d e c id e d  t o  e v o lv e  a c o n t in u o u s ,  n o n -d e s tr u c t iv e  
m o n it o r  o f  t is su e  p H  w h ic h  c o u ld  b e  e m p lo y e d  in  a w id e  v a r ie ty  o f  c ir c u m 
s ta n c e s  a n d  w h ic h  w o u ld  a lso  b e  c o n v e n ie n t  fo r  m e a s u r e m e n t  o f  th e  k in e t ic s  o f  
p H  c h a n g e s  w h ic h  o c c u r  r e la t iv e ly  r a p id ly  ( o n  a t im e  s c a le  o f  m in u te s ) .

A u th o r’s address: A .R .C . M eat R esearch In s titu te , L angford , B ristol.
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M a te r ia ls  a n d  m e t h o d s

P relim inary considera tions

V a r io u s  n o n -d e s tr u c t iv e  m e th o d s  o f  m e a su r in g  t is su e  p H  m ig h t  b e  e m p lo y e d ,  
s o m e  o f  w h ic h  c o u ld  b e  a d a p te d  fo r  c o n t in u o u s  m o n ito r in g . In v ie w  o f  th e  
r e la t iv e  r o b u s tn e s s  an d  s im p l ic i ty  o f  m a n ip u la t io n  o f  th e  p H -r e sp o n s iv e  g la ss  
m e m b r a n e , it w a s  d e c id e d  t o  a d o p t  th e  c o n v e n t io n a l  e le c tr o m e t r ic  m e a s u r e 
m e n t  o f  th e  e .m .f .  o f  a c e l l  c o n s is t in g  o f  a g la ss  e le c t r o d e  in  c o n t a c t  w it h  th e  
t is s u e  a n d  an  a p p r o p r ia te  r e fe r e n c e  e le c tr o d e  c o n s is t in g  o f  a h a l f  c e ll  o f  
s ta n d a r d  p o te n t ia l  c o n n e c t e d  e le c tr ic a l ly  t o  th e  t is s u e  v ia  a s u ita b le  sa lt  b r id g e  
a n d  a l iq u id / l iq u id  j u n c t io n  w ith  th e  t is su e  f lu id . T h e  a im  w a s  t o  p r o d u c e  
e le c tr o m e t r ic  e q u ip m e n t  c a p a b le  o f  r e c o r d in g  t is s u e  p H  in  a w id e  v a r ie ty  o f  
e x p e r im e n ta l  s it u a t io n s  o v e r  th e  te m p e r a tu r e  ra n g e  5 —4 0 ° C  a n d  in  c ir c u m 
s ta n c e s  w h e r e  th e  e le c tr ic a l  c o n n e c t io n s  t o  th e  t is su e , o th e r  th a n  th o s e  
p r o v id e d  b y  th e  p H  m e a su r in g  e q u ip m e n t ,  w o u ld  b e  ra th e r  u n p r e d ic ta b le  a n d  
s u b je c t  to  c h a n g e .

U n lik e  a sm a ll o b je c t  o n  th e  la b o r a to r y  b e n c h , an  o b je c t  th e  s iz e  o f  a b e e f  
ca r c a se  is l ik e ly  t o  b e  c o n n e c t e d  t o  th e  e n v ir o n m e n t  e le c tr ic a l ly  b y  im p o r ta n t  
p a th w a y s  o th e r  th a n  th e  p H  m e te r . In  a d d it io n , it  is d e s ir a b le  fo r  p r a c t ic a l  
p u r p o s e s , w h e n  c o n n e c t in g  th e  s y s t e m  t o  o th e r  r e c o r d in g  e q u ip m e n t ,  to  
p r o v id e  an e le c tr ic a l  o u t p u t  fr o m  th e  e le c tr o m e t r ic  e q u ip m e n t  w h ic h , u n l ik e  
th a t  fr o m  a c o n v e n t io n a l  p H  m e te r , is n o t  e le c tr ic a l ly  f lo a t in g  b u t  is  r e fe rred  to  
g ro u n d  p o te n t ia l .  T h is  o u t p u t  w a s  a rran ged  fo r  c o n v e n ie n c e  in  th e  p r e s e n t  c a se  
t o  b e  1 V  p e r  p H  u n it  c h a n g e  in  p o t e n t ia l  a t th e  in p u t  a n d  w a s  p r o v id e d  b y  th e  
o u t p u t  v o lta g e  o f  an  o p e r a t io n a l  a m p lif ie r . T h is  w a s  m o n ito r e d  w ith  a d ig ita l

( a)

Figure 1. S chem atic diagram  o f  the  electrical arrang em en ts  o f th e  record ing 
system . See te x t fo r ex p lana tion .
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v o lt m e t e r  (S o la r tr o n  7 0 4 0 )  a n d  a c h a r t r e c o r d e r . F ig u r e  1 in d ic a te s ,  
s c h e m a t ic a l ly ,  th e  v a r io u s  e le c tr ic a l  c o n n e c t io n s  t o  th e  p H  m e a su r in g  c e l l . T h e  
p o in t s  (a ) a n d  (b)  in  th e  f ig u r e  are th e  p o in t s  o f  c o n t a c t  w ith in  th e  t is su e , o f  
th e  g la ss a n d  r e fe r e n c e  e le c tr o d e s  r e s p e c t iv e ly .  T h e  o v e r a ll  e .m .f .  o f  th e  p H  
m e a s u r in g  c e l l , lu m p e d  to g e th e r  fo r  c o n v e n ie n c e  as E c , is  m o n ito r e d  v ia  R 1 , th e  
t o t a l  r e s is ta n c e  p r e s e n te d  b y  th e  p o te n t ia l-m e a s u r in g  e q u ip m e n t ,  b e t w e e n  the. 
g la ss e l e c t r o d e  (r e s is ta n c e  R g ) a n d  g r o u n d  a n d  v ia  R 2 , th e  to ta l  r e s is ta n c e  
b e t w e e n  th e  r e fe r e n c e  e le c tr o d e  (r e s is ta n c e  R r e f)  an d  g r o u n d . T h e  e x p e r i
m e n ta l  o b je c t  is  a lso  c o n n e c t e d  to  g r o u n d  b y  o th e r  p a th w a y s . O th e r  e le c tr o d e s  
in s e r te d  in t o  th e  ca rca se  m a y  p r o v id e  s u c h  r o u te s  a n d , i f  th e  ca r c a se  is 
s u s p e n d e d  fr o m  an o v e r h e a d  g a n tr y  b y  a m e ta l  h o o k ,  th is  p r o v id e s  a n o th e r  
p o s s ib le  e le c tr ic a l  c o n n e c t io n .  T h e s e  p a th s  are g e n e r a liz e d  in  F ig . 1, as b a tte r ie s  
E a a n d  E b , in  se r ie s  w it h  r e s is ta n c e s  R 3  a n d  R 4  r e s p e c t iv e ly .  In  a d d it io n , a t lo w  
f r e q u e n c ie s ,  an a p p r e c ia b le  s ig n a l m a y  b e  g e n e r a te d  b y  th e  lo c a l  e le c tr ic  f ie ld  
c a u s e d  b y  a d ja c e n t  p o w e r  l in e s  (a t  5 0  H z a n d  its  h a r m o n ic s ) .  T h is  is in je c te d  
th r o u g h  v a r io u s  r e s is ta n c e s  a n d  c a p a c ita n c e s  g e n e r a liz e d  as R ', R " , C \  a n d  C". 
In  a d d it io n , i f  th e  g la ss  a n d  r e fe r e n c e  e le c tr o d e s  are p h y s ic a l ly  se p a r a te d , th e n  
th e  in te r v e n in g  s o lu t io n  a n d  b io lo g ic a l  m a te r ia l m a y  in f lu e n c e  th e  o b se r v e d  
p o t e n t ia l  o f  t h e  c e l l  as r e p r e s e n te d  b y  a r e s is ta n c e , R s o ln  a n d  a b a t te r y , E s in  
se r ie s  b e t w e e n  A  a n d  B .

In  o r d e r  t o  m o n it o r  th e  g la ss e le c t r o d e  p o te n t ia l  fa i th fu lly ,  R 1 m u s t  b e  large  
b y  c o m p a r is o n  w ith  R g , w h ic h  is  i t s e l f  g e n e r a lly  o f  th e  o r d e r  o f  1 0 8 i i  a t r o o m  
te m p e r a tu r e . R r e f  b y  c o m p a r is o n , is r e la t iv e ly  sm a ll, b u t  R 2  s h o u ld  s t i ll  b e  
m a d e  as large as p o s s ib le  in  o r d e r  t o  l im it  th e  c u r r e n ts  f lo w in g  th r o u g h  th e  
r e fe r e n c e  e le c t r o d e  v ia  t h o s e  o th e r  p a th s  w h ic h  c o n n e c t  th e  e x p e r im e n t a l ' 
o b j e c t  t o  g r o u n d  ( th r o u g h  b a tte r ie s  E a  an d  E b  a n d  r e s is ta n c e s  R 3  a n d  R 4  in  
F ig . 1). T h e s e  c u r r e n ts , c ir c u la t in g  th r o u g h  th e  r e fe r e n c e  e le c tr o d e , te n d  to  
p o la r iz e  it  a n d  th u s  te n d  t o  m o d i f y  th e  p o t e n t ia l  e s ta b lish e d  b y  th a t  e le c t r o d e  
a n d  h e n c e  th e  o b se r v e d  v a lu e  o f  E c .

E q u ip m e n t e m p lo y e d

T h e  p H  m e a s u r in g  e le c tr o m e t e r  s y s t e m  w h ic h  w a s  e m p lo y e d  ( s e e  F ig . 2 )  
d e p a r ts  fr o m  c o n v e n t io n a l  p r a c t ic e  b y  p r o v id in g  a s y m m e tr ic a l  d if fe r e n t ia l  
in p u t  s ta g e  (a m p lif ie r s  1 a n d  2 ) .  T h e  s y s t e m  w a s  a rran ged  as a sm a ll  
p r e -a m p lif ie r  ( A  in  F ig . 1) e n c a s e d  in  a d ie c a s t  b o x  8 9 X  3 5  X 3 0  m m , w h ic h  
c o u ld  b e  h u n g  fr o m  th e  c a r c a se , a lth o u g h  e le c tr ic a l ly  i s o la te d  fr o m  it  w ith in  a 
p o ly t h e n e  b ag . T h e  g la ss  e le c tr o d e  (R a d io m e t e r  t y p e  G  1 2 2 c )  w a s  c o n n e c t e d  t o  
t h e  p r e -a m p lif ie r  b y  a lo w  n o is e  s c r e e n e d  c a b le  a n d  B N C  p lu g  a n d  s o c k e t .  T h e  
p r e -a m p lif ie r  w a s  c o n n e c t e d  t o  th e  m a in  a m p lif ie r  (B )  b y  a s u ita b le  le n g th  o f  
s c r e e n e d  fo u r -c o r e  c a b le  w h ic h  a lso  ca rr ied  th e  n e c e s s a r y  p o w e r  s u p p ly  fo r  th e  
p r e -a m p lif ie r .

T h e  n e c e s s a r y  i s o la t io n  o f  th e  r e fe r e n c e  e le c tr o d e  fr o m  g r o u n d  w a s  p r o v id e d  
b y  th e  d if fe r e n t ia l  in p u t  s ta g e  (a m p lif ie r s  1 a n d  2 ) . T h e  p r e -a m p lif ie r  A



3 7 8 R o b i n  E .  J e a c o c k e

Figure 2. Diagram  o f the  pH  reco rd ing  appara tus. C l ,  C2, I n F  p o ly sty ren e ; C3, 
1 p F  po ly es te r; R l ,  108 f2 (W elwyn R esistors L td ); R 2, R4 150 k£2; R 3, 33 kf2; 
R 5 , R 6, R 7, R 8, 33k£2; R 9, RIO , 10 k f2  w irew ound , 20 tu rn ; R l l ,  1 5 0 k i2 ; 
R l 2, 22 k£2; R 1 3 , 1 0 k f2  w irew ound , 20 tu rn ; R 1 4 , 33 kf2; R c, 50 k l l .  
O p erationa l am plifiers, 1 and 2 w ith  FE T  in p u t, bias cu rren t 3 pA at 20 C; 3 
and 4 , silicon m on o lith ic  741 ty p e , all fro m  R .S . C o m po nen ts  L td . All resisto rs 
0.5 W, th ick  film  ±2%  unless o therw ise s ta ted . G lass-electrode, ty p e  G 122c 
(R ad io m eter L td ) o f 4 m m  d iam eter and w ith  an  Ag/AgCl in te rn a l reference 
e lem ent.

p r o v id e d  a d if fe r e n t ia l  g a in  o f  1 0  a n d  a m p lif ie r  3  a c te d  as a u n ity  ga in  
c o n v e r te r  t o  c o n v e r t  th is  d if fe r e n t ia l  s ig n a l in t o  a s in g le  e n d e d  fo r m . A m p lif ie r  
4 , in  in v e r t in g  m o d e ,  p r o v id e d  v o lta g e  o f f s e t  a n d  th e  e x tr a  v o lta g e  ga in  
n e c e s s a r y  to  p r o d u c e  an  o u t p u t  o f  1 V  p e r  p H  u n it  c h a n g e  in  e .m .f .  a t th e  
in p u t . T h e  o f f s e t  a r r a n g e m e n ts  w e r e  s u f f ic ie n t  b o t h  to  n u ll  th e  s ig n a l fr o m  E c  
fo r  p u r p o s e s  o f  r e c o r d in g  sm a ll v a r ia t io n s  o f  p H  u s in g  a c h a r t r e c o r d e r  a n d  to  
p r o v id e  an  o u t p u t  o f  ( e .g .)  + 7 V  a t a k n o w n  p H  o f  7  w h e n  c a lib r a tin g  th e  
e le c t r o d e  s y s te m  fo r  p H  m e a s u r e m e n ts . S w itc h  S 2  p e r m it te d  th e  m o m e n ta r y  
r e m o v a l o f  th e  in te r n a lly  d e r iv e d  o f f s e t  s ig n a l.

T h e  c o m m o n  m o d e  v o lta g e s  d e v e lo p e d  b y  th e  e le c t r o d e  s y s t e m  w e r e  e s ta b 
l is h e d  a n d  s ta b il iz e d  b y  th e  th ird  e le c tr o d e ,  a s u b s ta n t ia l  s ilv er , s ilv er  c h lo r id e  
e le m e n t  la b e l le d  ‘C .m o d e ’ in  F ig . 2 , in s e r te d  d ir e c t ly  in t o  th e  m u s c u la tu r e  n ea r  
th e  p H  m e a su r in g  c e ll  a n d  c o n n e c t e d  to  g r o u n d  v ia  a r e s is ta n c e  ( R c )  o f  5 0 k f i .  
T h e  c o m m o n  m o d e  r e je c t io n  o f  th e  a m p lify in g  s y s t e m  w a s  m a d e  as h ig h  as 
p o s s ib le  b y  c a r e fu l ly  s e le c t in g  a n d  m a tc h in g  th e  v a lu e s  o f  th e  r e le v a n t  g a in  
s e t t in g  r e s is to r s  fr o m  a large s to c k  o f  n o m in a l ly  th e  sa m e  v a lu e . T h e  in p u t  
im p e d a n c e  t o  th e  r e fe r e n c e  a n d  th e  g la ss  e le c tr o d e  te r m in a ls  w a s  a p p r o x im a te ly  
b a la n c e d  b y  th e  in s e r t io n  o f  R l  ( 1 0 8 £2) in  se r ie s  w ith  th e  r e fe r e n c e  e le c t r o d e ,  
w h ils t  C l  a n d  C 2  a p p r o x im a te ly  b a la n c e d  th e  t w o  in p u t  c a p a c ita n c e s  a n d  
r e s tr ic te d  th e  b a n d w id th . T h e  in p u t  t im e  c o n s t a n t  w a s  a b o u t  0 .1  s e c . In  th is
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w a y , s p u r io u s  s ig n a ls  s u c h  as 5 0  H z in te r fe r e n c e  w e r e  r e n d e r e d  s im ila r  a t e a c h  
in p u t  t o  th e  in s tr u m e n ta t io n  a m p lif ie r  s y s te m  a n d  th e r e fo r e  w e r e  la r g e ly  
e l im in a t e d  b y  s u b tr a c t io n  a t th e  in p u t  t o  a m p lif ie r  3 .

O xygen  tension  ( P 0 2 )

M e a s u r e m e n ts  o f  P 0 2 a d ja c e n t  to  th e  g la ss e le c tr o d e  b u lb  w e r e  m a d e  p o la r o -  
g r a p h ic a lly  w ith  an o x y g e n  e le c tr o d e  (C a te r  &  S ilv er , 1 9 6 1 ) .  T h e  c a th o d e  w a s  
p r o v id e d  b y  a 2 5  /xm  d ia m e te r  w ire  s e a le d  th r o u g h  th e  e n d  o f  a p y r e x  tu b e  o f
0 . 3 1 1 m m  b o r e . T h e  c a th o d e  w a s  h e ld  at —0 .6  V  w ith  r e s p e c t  t o  a r e m o te  s ilv er , 
s ilv er  c h lo r id e  r e fe r e n c e  e le c tr o d e  in s e r te d  in t o  th e  m u s c u la tu r e , a n d  th e  
d if fu s io n  c u r r e n t w a s  m e a su r e d  w ith  an e le c t r o m e t e r  o p e r a t io n a l  a m p lif ie r  in  
th e  in v e r t in g  m o d e , c o n n e c te d  to  a p o t e n t io m e t r ic  r e c o r d e r . T h e  e le c tr o d e  
p r o v id e d  a c u r r e n t  o f  a b o u t  3 X 1 0 “8 A  at a tm o s p h e r ic  P 0 2 a n d  th e  d i f fu s io n  
c u r r e n t  w a s  a lin e a r  fu n c t io n  o f  P 0 2 in  gas m ix tu r e s  o f  n itr o g e n  a n d  o x y g e n  o f  
v a r io u s  k n o w n  c o m p o s i t io n .

M easurem en t o f  m uscle  p H  b y  d isco n tin u o u s sam pling

T h e  p H  o f  t is su e  s a m p le s  w a s  m e a su r e d  b y  r e m o v in g  a 0 .5  g sa m p le  o f  m u s c le  
fr o m  a b o u t  1 cm  b e lo w  th e  su r fa c e , c h o p p in g  it  f in e ly  w ith  sc is so r s , a n d  h o m o 
g e n iz in g  it  in  5 m l o f  a s o lu t io n  o f  1 5 0 m M  KC1 a n d  5 m w  io d o a c e t a t e  b r o u g h t  
t o  p H  7 w ith  K O H . T h e  p H  o f  th e  h o m o g e n a t e  w a s  th e n  m e a su r e d  w it h  a 
R a d io m e te r  c o m b in a t io n  e le c tr o d e .

R eferen ce  electrode arrangem ent

A  v e r y  h ig h  r e s is ta n c e  r e fe r e n c e  e le c tr o d e  c o u ld  b e  e m p lo y e d  b e c a u s e  o f  th e  
e x c e e d in g ly  h ig h  im p e d a n c e  o f f e r e d  b y  b o th  th e  g la ss  a n d  r e fe r e n c e  e le c t r o d e  
in p u ts  o f  th e  d if fe r e n t ia l  p r e -a m p lif ie r  c o n f ig u r a t io n . A c c o r d in g ly ,  a j u n c t io n  
b e t w e e n  3 m KC1 a n d  th e  t is su e  f lu id  w a s  e m p lo y e d ,  b u t  it  w a s  s o  c o n s tr ic t e d  
th a t  e s s e n t ia l ly  n o  o u t f lo w  o f  th e  r e fe r e n c e  e le c t r o ly t e  o c c u r r e d . A  f le x ib le  
p la s t ic  tu b e  o f  1 m m  b o r e  w a s  f i l le d  w ith  3 m KC1 b lo c k e d  a t o n e  e n d  w ith  a 
ta p e r e d  g la ss s to p p e r . T h e  f i lm  o f  r e fe r e n c e  e le c t r o ly t e  th u s  tr a p p e d  b e tw e e n  
th e  in n e r  w a ll o f  th e  tu b e  an d  th e  s to p p e r , p r o v id e d  a l iq u id  to  l iq u id  j u n c t io n  
w ith  a r e s is ta n c e  b e tw e e n  5 a n d  1 4  X 1 0 s f l  w h e n  im m e r s e d  in  1 0 0 m M  KC1, a n d  
c o n t r o l  e x p e r im e n ts  in d ic a te d  th a t  th is  j u n c t io n  d e v e lo p e d  a c o n s ta n t  lo w  
p o t e n t ia l  ( <  3 m V )  w h e n  h e ld  in  c o n t a c t  w ith  m u s c le  t is su e  fo r  m a n y  h o u r s . 
U n c e r ta in t ie s  a b o u t  l iq u id  j u n c t io n  p o t e n t ia ls  w e r e  la r g e ly  e l im in a te d  b y  th is  
m e a n s . 3 m KC1 w a s  e m p lo y e d  in  p r e fe r e n c e  to  sa tu r a te d  KC1 s in c e  w h e n  th e  
te m p e r a tu r e  o f  a sa tu r a te d  sa lt s o lu t io n  is a lte r e d , an a p p r e c ia b le  t im e  m u s t  
e la p s e  b e fo r e  an  e q u ilib r iu m  s ta te  o f  sa tu r a tio n  is r e -e s ta b lish e d . F ig u r e  3
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Figure 3. Diagram  of th e  e lec trod e  arrangem en t used. P o in t A was held at v irtual 
g round  p o te n tia l by  the  e lec tro m ete r am plifier used, in th e  inverting config ura
tion , to  m easure the d iffusion  cu rren t flow ing from  th e  p la tinum  ca thode . P o in t 
B was held e ither near g round p o te n tia l (via a resisto r o f  50k£2) w hen the  
po la rograph ic  elec trode was absen t, o r at + 0 .6  V w ith  respect to  g round  w hen 
th e  po la rograph ic e lec trod e  was co n n ec ted . T he Ag/AgCl e lec trod e  serving as the 
an ode and co n nec ted  to  po in t B, was ab o u t 2 cm aw ay from  the  polarographic 
ca thode .

su m m a r iz e s  th e  a r r a n g e m e n ts  o f  th e  sev era l e le c tr o d e s  u se d  fo r  th e  m e a s u r e 
m e n t  o f  p H  a n d  P 0 2 w ith  e q u ip m e n t  o f  th e  t y p e  II d e s ig n . T h e  g la ss e le c tr o d e  
m e m b r a n e  a n d  th e  liq u id  j u n c t io n  w ith  th e  r e fe r e n c e  e le c tr o d e  w e r e  h e ld  in  
c lo s e  p r o x im ity  t o  m in im iz e  th e  p o s s ib i l i ty  th a t  s o m e  p a rt o f  th e  m e m b r a n e  
p o t e n t ia l  o f  a d ja c e n t  m u s c le  c e l ls  m ig h t  b e  s u p e r im p o s e d  u p o n  th e  o b s e r v e d  
p o te n t ia l .

T e m p e r a t u r e  c o m p e n s a t i o n

T h e  a m p lif ie r  s y s te m  w a s  m a in ta in e d  a t a c o n s ta n t  te m p e r a tu r e  fo r  th e s e  
m e a s u r e m e n ts  an d  a ll o f f s e t  v o lta g e s  d u e  to  th e  a m p lif ie r s  th e m s e lv e s  h a d  b e e n  
n u lle d  p r e v io u s ly  a t th is  te m p e r a tu r e  b y  th e  u se  o f  c ir c u its  w h ic h  are n o t  
d e p ic te d  in  F ig . 2 . T h e  c h a n g e s  in  a m p lif ie r  o f f s e t  v o lta g e  th a t  w o u ld  h a v e  b e e n  
in d u c e d  b y  th e  m a x im u m  te m p e r a tu r e  c h a n g e s  in  th e s e  e x p e r im e n ts  are , h o w 
e v e r , sm a ll  b y  c o m p a r is o n  w ith  th e  te m p e r a tu r e - in d u c e d  v o lta g e  c h a n g e s  
e n c o u n te r e d  in  th e  p H  m e a su r in g  c e l l  i t s e lf .
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T e m p e r a tu r e  c o m p e n s a t io n  o f  th e  p H  m e a s u r in g  c e l l  w a s  p e r fo r m e d  as 

in d ic a te d  b e lo w .
V a r ia t io n  o f  R 1 3  a lte r e d  th e  o v era ll v o lta g e  g a in  o f  th e  s y s te m  in  o r d e r  t o  

c o m p e n s a te  fo r  s u c h  v a r ia t io n s  in  th e  s lo p e  o f  th e  r e la t io n s h ip  b e t w e e n  th e  g la ss  
e le c t r o d e  p o t e n t ia l  a n d  p H  as are p r o d u c e d  b y  te m p e r a tu r e  v a r ia t io n s  o v e r  th e  
ra n g e  5 —4 0 ° C . T h is  c o m p e n s a t io n ,  w h ic h  is p r o v id e d  o n  c o m m e r c ia l  p H  
m e te r s , is o f  l im ite d  v a lu e  w h e n  t h e  te m p e r a tu r e  is  c o n t in u a l ly  v a r y in g , a n d  it  
w a s  e m p lo y e d  o n ly  fo r  m e a s u r e m e n ts  c o n d u c t e d  a t o n e  p a r t ic u la r  c o n s ta n t  
te m p e r a tu r e  a t  w h ic h  th e  s y s t e m  w a s  c a lib r a te d  u s in g  a s ta n d a r d  b u f fe r  
s o lu t io n .  T h e  o v e r a ll p o te n t ia l  (E c )  o f  th e  p H -m e a su r in g  c e l l  is  in  f a c t  th e  
a lg e b r a ic  su m  o f  a n u m b e r  o f  p o t e n t ia l  d if fe r e n c e s  w ith  d if f e r e n t  te m p e r a tu r e  
c o e f f i c i e n t s .  T h e  a b s o lu te  m a g n itu d e  o f  th e s e  p o t e n t ia l  d if f e r e n c e s  c a n n o t  b e  
m e a su r e d  in d iv id u a lly . I f , h o w e v e r ,  e a c h  p o t e n t ia l  d if f e r e n c e  w e r e  c o n t r ib u te d  
b y  a p r o c e s s  o b e y in g  th e  N e r n s t  r e la t io n s h ip  fo r  a u n iv a le n t  c a t io n  o r  a n io n  
th e n ,  fr o m  th e  m a g n itu d e  o f  th e  o v e r a ll  c e l l  p o te n t ia l  E c  a t a p a r t ic u la r  p H , th e  
te m p e r a tu r e  c o e f f i c i e n t  o f  th e  c e l l  e .m .f .  c o u ld  b e  c a lc u la te d  as a  f u n c t io n  o f  
p H . N e it h e r  th e  a s y m m e tr y  p o t e n t ia l  a c r o ss  th e  g la ss m e m b r a n e , n o r  th e  
s ta n d a r d  p o te n t ia l  o f  th e  s ilv e r —silv er  c h lo r id e  r e fe r e n c e  e le m e n ts  o b e y  th is  
r e la t io n s h ip  w ith  te m p e r a tu r e  ( s e e  th e  d e ta ile d  d is c u s s io n  in  D o le ,  1 9 4 1 )  so  an  
e m p ir ic a l  c o r r e c t io n  w a s  a p p lie d  t o  th e  p r e s e n t  m e a s u r e m e n ts .

T h e  p H  o f  a s ta n d a r d  b u f fe r  s o lu t io n  (R o b in s o n  &  S t o k e s ,  1 9 5 9 )  h e ld  a t  
2 0 ° C , w a s  m e a su r e d  w it h  th e  e le c tr o m e t r ic  e q u ip m e n t  s e t  t o  p r o d u c e  a 1 V  
c h a n g e  a t th e  o u t p u t  fo r  a 5 8 .1 7  m V  (1  p H  u n it  a t 2 0 ° C ) c h a n g e  a t t h e  in p u t.  
A ll c o m p o n e n t s ,  o f  th e  p H  m e a su r in g  e le c tr o c h e m ic a l  c e l l  w e r e  c o m p le t e ly  
im m e r s e d  in  th e  b u f fe r  s o lu t io n .  T h e  o u t p u t  v o lta g e  w a s  th e n  s e t  to  in d ic a te  th e  
k n o w n  p H  o f  a s ta n d a r d  b u f fe r  ( in  u n it s  o f  v o lt s ) .  T h e  te m p e r a tu r e  o f  th e  p H  
m e a su r in g  c e l l  a n d  o f  th e  s ta n d a r d  b u f fe r  w a s  th e n  a lte r e d  a n d  th e  in d ic a te d  p H  
(1 p H  u n it  a t  2 0 °  C =  1 v o lt  a t th e  o u t p u t ) ,  w a s  n o t e d  as a f u n c t io n  o f  te m p e r a 
tu r e  o v e r  th e  w o r k in g  ra n g e . T h e s e  d a ta , to g e th e r  w ith  th e  k n o w n  te m p e r a tu r e  
d e p e n d e n c e  o f  th e  p H  o f  th e  s ta n d a r d  b u f fe r  (R o b in s o n  &  S t o k e s ,  1 9 5 9 )  
e n a b le d  a  c a lib r a t io n  cu rv e  t o  b e  c o n s tr u c te d  r e la t in g  th e  erro r  in  th e  in d ic a te d  
p H  t o  th e  te m p e r a tu r e  o f  th e  c e l l . T h is  p r o c e d u r e  w a s  r e p e a te d  fo r  sev era l 
v a lu e s  o f  p H  ( 2 0 ° C ) a c r o ss  th e  w o r k in g  ra n g e  u s in g  v a r io u s  s ta n d a r d  b u f fe r  
s o lu t io n s .  L in ea r  r e la t io n s h ip s  w e r e  o b ta in e d  in  e a c h  c a se , a n d  th e  s lo p e s  o f  
th e s e  r e la t io n s h ip s  p lo t t e d  as a f u n c t io n  o f  p H  ( 2 0 °  C ) p r o d u c e d  a s tr a ig h t  l in e  
w it h  a s lo p e  o f  a b o u t  0 .2  m V  ( o r  0 . 0 0 3 4 p H  u n its  a t 2 0 ° C ) p e r ° C  p e r  p H  u n it  
a n d  w ith  an in te r c e p t  o n  th e  p H  a x is  n e a r  th e  p H  a t  w h ic h  th is  p a r t ic u la r  
p H -m e a su r in g  c e ll  d e v e lo p e d  n o  o v e r a ll e .m .f .

T h e  N e r n s t  r e la t io n s h ip , d e sc r ib in g  th e  p o t e n t ia l  d if f e r e n c e  p r o d u c e d  b y  an  
a c t iv ity  d i f f e r e n c e  o f  th e  u n iv a le n t  c a t io n  o r  a n io n , p r e d ic ts  th a t  fo r  a p o te n t ia l  
d if f e r e n c e  p r o d u c e d  b y  a t e n f o ld  a c t iv ity  d i f f e r e n c e  ( =  1 p H  u n it ) ,  th e  o b se r v e d  
p o t e n t ia l  s h o u ld  in c r e a se  b y  0 .1 9 8  m V  fo r  an  in c r e a se  in  te m p e r a tu r e  o f  1°C . 
T h u s  fo r  th e  p H -m e a su r in g  e le c tr o c h e m ic a l  c e l ls  e m p lo y e d  in  th e s e  e x p e r i
m e n ts ,  i t  a p p ea rs  th a t  th e  te m p e r a tu r e  c o e f f ic ie n t  o f  th e  c e l l  e .m .f .  ca n  b e  
p r e d ic te d  fr o m  th is  l im it in g  a s s u m p t io n , p r o b a b ly  b e c a u s e  th e  c o n t r ib u t io n s
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fr o m  t h o s e  p o te n t ia ls  w ith  a te m p e r a tu r e  d e p e n d e n c e  d if fe r e n t  fr o m  th is  ( in  
p a r ticu la r , th e  s ta n d a r d  p o te n t ia ls  o f  th e  A g /A g C l e le c tr o d e s )  c a n c e l  o u t  in  th e  
o v era ll e .m .f . ,  E c . I t  is e v id e n t  th a t ,  in  p r a c t ic a l te r m s , s in c e  th e  te m p e r a tu r e  
c o e f f i c i e n t  o f  th e  o v era ll ce ll e .m .f .  in c r e a se s  l in e a r ly  w ith  th e  m a g n itu d e  o f  
th a t  e .m .f . ,  th e  c e ll  e .m .f .  s h o u ld  b e  m a d e  as sm a ll as p o s s ib le  fo r  m in im u m  
c o e f f ic ie n t .

R e s u l t s  a n d  d is c u s s io n

P r e lim in a r y  o b s e r v a t io n s  in d ic a te d  th a t  a c o n v e n t io n a l  g la s s -p lu s -c a lo m e l  
c o m b in a t io n  e le c tr o d e  p a ir  p r o d u c e d  err a tic  r e su lts  w h e n  in s e r te d  in t o  m u s c le  
t is su e .

A n  e x c is e d  b e e f  s te r n o m a n d ib u la r is  m u s c le  (3  h r  p o s t -m o r te m )  w a s  h e ld  
u n d e r  liq u id  p a r a ff in  w h ic h  w a s  f lu s h e d  c o n t in u a l ly  w ith  n itr o g e n  to  m a in ta in  
a n a e r o b io s is .  A  R a d io m e te r  t y p e  G K 2 3 0 1  C g la s s -p lu s -c a lo m e l c o m b in a t io n  
e le c t r o d e  w a s  in s e r te d  o b l iq u e ly  in t o  th e  m u s c le  to  a d e p th  o f  2  c m . A  r e m o te  
sa tu r a te d  c a lo m e l  e le c t r o d e  w a s  a lso  arran ged  in  e le c tr ic a l  c o n t a c t  w ith  th e  
su r fa c e  o f  th e  m u s c le  v ia  a str ip  o f  f i l t e r  p a p e r  1 c m  w id e  a n d  s o a k e d  in  
sa tu r a te d  KC1. A  R a d io m e te r  PM 6 2  p H  m e te r  t o g e th e r  w ith  a r e c o r d e r  w e r e  
u se d  fo r  pH  m e a s u r e m e n t  a n d  c o u ld  b e  c o n n e c t e d  v ia  a s w itc h  e i th e r  t o  th e  
r e m o te  r e fe r e n c e  e l e c t r o d e  o r  t o  th e  lo c a l  sa tu r a te d  c a lo m e l  r e fe r e n c e  e le c tr o d e  
c o m b in e d  in  th e  sh a n k  o f  th e  g la ss  e le c tr o d e  i t s e lf .  T h e  la t te r  e le c tr o d e  m a d e  
c o n t a c t  w ith  th e  t is su e  v ia  th e  u su a l p o r o u s  c e r a m ic  p lu g . F ig u r e  4  d is p la y s  a 
r e c o r d in g  o b ta in e d . D u r in g  th e  in it ia l  p a rt o f  th e  tra ce , th e  lo c a l  r e fe r e n c e  
e le c t r o d e  w a s  e m p lo y e d ,  a t a, th e  r e m o te  r e fe r e n c e  w a s  s e le c te d  in s te a d , an d  
s u c c e s s iv e ly  a t b, c, d  an d  e th e  lo c a l ,  r e m o te ,  lo c a l  a n d  r e m o te  e le c tr o d e s  
r e s p e c t iv e ly ,  w e r e  s w itc h e d  in t o  th e  c ir c u it .  I t is  e v id e n t  th a t  u se  o f  th e  lo c a l  
r e fe r e n c e  e le c tr o d e  c a u se d  th e  p H  a p p a r e n t ly  t o  d e c lin e  m u c h  m o r e  r a p id ly

a  b  c  d  e— i i i i i

6-4 -
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Figure 4 . R ecord  o f  pH  m easu rem en ts in an iso lated  b eef sternom and ibu laris  
m uscle. T he effect o f  d iffe ren t reference e lec trod e  system s; tem p era tu re  20°C . 
See te x t for fu rth e r  ex p lana tion .
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th a n  d id  th e  r e m o te  e le c t r o d e  w h ic h  p r e s e n te d  a large  a rea  fo r  l iq u id / l iq u id  
c o n t a c t  w ith  th e  m u s c le  th r o u g h  th e  f i lt e r  p a p e r  s tr ip . O th e r  e x p e r im e n ts  ( n o t  
s h o w n )  in d ic a te d  th a t  w h e n  a l iq u id  j u n c t io n  is m a d e  b e t w e e n  m u s c le  t is su e  
a n d  sa tu r a te d  KC1 in  a sm a ll f ib r e  o r  c e r a m ic  p lu g , th e n  th e  r e s is ta n c e  o f  th e  
p lu g  g r a d u a lly  r ises  a n d  th e  l iq u id  j u n c t io n  p o t e n t ia l  in  th e  p lu g  in c r e a se s . (T h e  
sa tu r a te d  KC1 s id e  b e c o m e s  in c r e a s in g ly  n e g a t iv e .)  I t  a p p ea rs  th a t  th e  j u n c t io n  
d e v e lo p s  c a t io n  s e le c t iv e  p r o p e r t ie s  p r o b a b ly  d u e  t o  th e  p r e c ip i ta t io n  o f  
p r o t e in ,  d e r iv e d  fr o m  th e  m u s c le , w ith in  th e  p o r e s  o f  th e  p lu g . V e r y  lo w  
r e s is ta n c e  j u n c t io n s  o f  large  area  w e r e  fo u n d  t o  b e  fr e e  fr o m  th is  d e fe c t .

D if f ic u l t ie s  a r ise , h o w e v e r , i f  a p p r e c ia b le  a m o u n ts  o f  KC1, s u c h  as are lo s t  
fr o m  a v e r y  lo w  r e s is ta n c e  j u n c t io n  w ith  a sa tu r a te d  KC1 s o lu t io n ,  c o m e  in to  
c o n t a c t  w ith  th e  m u s c le  t is su e . T h e  re su lts  o f  T a b le  1 i l lu s tr a te  th e  a c c e le r a t io n  
o f  g ly c o ly s is  ( im p lie d  b y  th e  a c c e le r a t io n  o f  th e  ra te  o f  p H  fa l l)  o b s e r v e d  w h e n  
KC1, ra th e r  th a n  N a C l b a th e d  th e  m u s c le  in  th e  v ic in it y  o f  th e  g la ss  e le c tr o d e .  
T h is  e f f e c t  m a y  b e  a t tr ib u te d  t o  th e  d e p o la r iz a t io n  o f  th e  m u s c le  c e ll 
m e m b r a n e  b y  K + a n d  th e  c o n s e q u e n t  c a lc iu m -m e d ia te d  a c t iv a t io n  o f  th e  
c o n t r a c t i le  a p p a r a tu s  a n d  h e n c e  o f  m e ta b o l is m  (H o d g k in  & H o r o w ic z ,  1 9 6 0 a ,b ;  
S c o p e s ,  1 9 7 4 ) .  T h e  p r e s e n c e  o f  E G T A , t o  c h e la te  fr e e  c a lc iu m  io n s ,  p r o d u c e d  a 
sm a ll d e c r e a se  in  th e  ra te  o f  p H  fa ll  b y  c o m p a r is o n  w ith  th a t  o b s e r v e d  in  
0 .1  M N aC l a lo n e . C a lc iu m  r e le a se d  fr o m  in tr a c e llu la r  s to r e s  w ith in  t h o s e  f ib re s  
d a m a g e d  b y  th e  in it ia l  in s e r t io n  o f  th e  m e a su r in g  e le c tr o d e s ,  m ig h t  b e  e x p e c t e d  
t o  a c c e le r a te  g ly c o ly s is  in  th e  d a m a g e d  f ib r e s  (B e n d a ll ,  1 9 7 3 ) .  I t  s e e m s  p o s s ib le  
t h a t  t h e  r e ta r d a t io n  c a u se d  b y  th e  p r e s e n c e  o f  E G T A  r e f le c t s  th e  r e m o v a l o f  
th is  a c t iv a t in g  c a lc iu m  p r e v io u s ly  r e le a se d  b y  s lig h t  d a m a g e  t o  th e  m u s c le  
d u r in g  in s e r t io n  o f  th e  e le c tr o d e s .

T a b le  1. R ate o f pH  fall in an aerobic beef s ternom and ibu laris  m uscle exposed to  various 
saline so lu tions

Saline R ate o f  pH  fall (pH  h r *) 
(m ean  ± s.e.m .) No. o f m easu rem en ts

0.1 M NaCl 0 .10  (± 0 .0 1 ) 5
0.1 M N aC l+ 0.5 mM Na EG TA 0.08  (± 0 .0 2 ) 5
1.0 M NaCl 0 .12  (± 0 .0 2 ) 5
0.1 m KCI 0 .3 9  (± 0 .0 3 ) 5
I .O m KCI 0.41 (± 0 .0 3 ) 5

An iso lated  beef s ternom and ibu laris  m uscle was held  at 22° C u n d er para ffin  oil w hich 
was co n tinu a lly  bu b b led  w ith  n itrogen . I t  was im paled  ob liq uely  to  a d e p th  o f 2 cm w ith  the  
glass elec trode and a 3 M K C l-containing reference  elec trode  tub e  (see Fig. 3). T he region 
a ro u n d  th e  glass e lec trode  bu lb  was irrigated  w ith  0.1 m l o f  th e  ap p ro p ria te  saline, rendered  
an aerobic by  previous bubbling  w ith  n itrogen . T he pH  o f  th e  saline was p e rm itted  to  equ ilib 
ra te  w ith  th a t o f th e  tissue fluid fo r 10 m in and th e  pH  fall was th e n  reco rd ed  fo r e ith er 
10 m in (K C l-contain ing salines) o r 30 m in (N aC l-contain ing salines). In  no  case did th e  pH  
fall below  6 .8 .

A bbrev iation : N aE G T A , e th y leneglyco lb is (am in o e th y l e th er) -N ,N ’-te traace tic  acid, 
b ro u g h t to  pH  7 w ith  NaOH.

26
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Figure 5. R ecord  o f pH and P 0 2 in an iso lated  b eef s ternom and ibu laris  m uscle; 
tem p era tu re  22°C . F o r fu r th e r  ex p lan a tion , see tex t.

In  o r d e r  t o  re n d e r  th e  m e t h o d  g e n e r a lly  u s e fu l  fo r  r e c o r d in g  p H  in  a n a e r o b ic  
m u s c le s ,  it  w a s  n e c e s s a r y  to  e n su r e  th a t  th e  in t r o d u c t io n  o f  th e  g la ss  a n d  
r e fe r e n c e  e le c tr o d e s  d id  n o t  re n d e r  th e  in te r io r  o f  th e  m u s c le  a e r o b ic . T h is  w a s  
a sse sse d  w ith  th e  o x y g e n  e le c tr o d e . In  F ig . 5 is  r e c o r d e d  an e x p e r im e n t  in  
w h ic h  an  e x c is e d  b e e f  s te r n o m a n d ib u la r is  m u s c le , h e ld  in  air, w a s  im p a le d  
o b l iq u e ly  to  a d e p th  o f  3 c m  b y  th r e e  a d ja c e n t  e le c tr o d e s ,  w ith  th e ir  t ip s  a t th e  
sa m e  le v e l ,  th e  g la ss an d  r e fe r e n c e  e le c tr o d e s  a n d  th e  p o la r o g r a p h ic  o x y g e n  
e le c t r o d e  c a th o d e . S o  lo n g  as care  w a s  ta k e n  in  m a k in g  th e  in it ia l  in c is io n ,  
n e c e s s a r y  t o  e n a b le  th e  e le c tr o d e s  to  e n te r  th e  t is s u e , it  w a s  fo u n d  th a t  th e  
r e s i l ie n c e  o f  th e  m u s c le  c a u s e d  it  t o  sea l a r o u n d  th e  e le c tr o d e s  a n d  th e  o x y g e n  
t e n s io n  a t th e  le v e l o f  th e  g la ss e le c t r o d e  b u lb , fe l l  to  le ss  th a n  0 .2  a tm o s p h e r ic  
in  le s s  th a n  1 m in  an d  t o  u n d e t e c t a b le  le v e ls  5 m in  a f te r  th e  in s e r t io n  c f  th e  
e le c tr o d e s .  In  th e  e x p e r im e n t  o f  F ig . 5 , a f in e  g la ss  c a p illa r y  w a s  in s e r te d  
a d ja c e n t  a n d  p a ra lle l t o  th e  e le c tr o d e s  u n t i l  its  t ip  w a s  0 .5  cm  a b o v e  th e  e n d s  o f  
th e  e le c tr o d e s .  T h is  c a p illa r y  tu b e  w a s  c o n n e c t e d  t o  a s o u r c e  o f  o x y g e n .  A t  a, a 
v e r y  s lo w  f lo w  o f  o x y g e n  w a s  s ta r te d , c a u s in g  th e  P 0 2 n e a r  th e  g la ss  e le c tr o d e  
t o  r ise  a lm o s t  t o  a tm o s p h e r ic  w h ils t  a t b, th e  f lo w  w a s  s to p p e d  a n d  r e sp ir a to r y  
a c t iv ity  in  th e  m u s c le  s o o n  c o n s u m e d  th e  r e s id u a l o x y g e n . T h e  s im u lta n e o u s  
r e c o r d  o f  m u s c le  p H  s h o w s  th a t  th e  s te a d y  fa ll o f  p H  w a s  in te r r u p te d  b y  th e  
a e r o b ic  p h a se  a n d  c o n v e r te d  in t o  a r ise  (a s  la c t ic  a c id  w a s  c o n s u m e d ) .  T h is  r ise  
in  p H  c e a s e d  a n d  a fa ll in  p H  w a s  in it ia t e d  w h e n  th e  t is su e  a g a in  b e c a m e  
a n a e r o b ic .

W ith  th e  v a lid ity  o f  th e  t e c h n iq u e  a p p a r e n t ly  e s ta b l is h e d , e x p e r im e n ts  w e r e  
c o n d u c t e d  t o  m e a su r e  th e  p H  d e c lin e  in  m u s c le s  o f  in ta c t  b e e f  s id e s  in  th e  
s la u g h te r  h o u s e .  F ig u r e  6  r e c o r d s  d a ta  o b ta in e d  fr o m  th e  longissim us dorsi 
m u s c le  o f  a b e e f  s id e . A  g la s s -p lu s -r e fe r e n c e  e le c tr o d e  a s se m b ly  w a s  in s e r te d  
4  c m  in t o  th e  m u s c le  t o g e th e r  w ith  a c o p p e r -c o n s ta n ta n  th e r m o c o u p le  j u n c t io n .
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Figure 6 . R ecord o f pH fall in th e  longissim us dorsi m uscle o f  a b eef side cooling 
tow ards an am b ien t tem p era tu re  o f 15°C. T he pH  trace  (u p p e r curve) has been 
co rrec ted  fo r th e  observed tem p era tu re  changes as described in th e  te x t. 
• ,  tem p era tu re  m easured a t th e  glass e lec tro de  w ith  a co p per-co n stan tan  th e rm o 
couple j u n c t i o n ; p H  o f  tissue sam ples hom ogen ized  in KC1 plus io d o ace ta te .

T h e  e le c t r o d e  a s s e m b ly  w a s  la g g ed  w ith  a g la ss  w o o l  a n d  a lu m in iu m  f o i l  so  th a t  
th e  te m p e r a tu r e  o f  th e  e le c t r o d e  s h a n k , r e m o te  fr o m  th e  g la ss  m e m b r a n e  
(m e a s u r e d  w it h  a n o th e r  t h e r m o c o u p le )  w a s  n e v e r  m o r e  th a n  3 ° C  b e lo w  th a t  
m e a su r e d  s im u lta n e o u s ly  a t th e  g la ss  e le c t r o d e  b u lb . F o r  te m p e r a tu r e  
c o r r e c t io n  o f  th e  p H  m e a s u r e m e n ts , th is  la t t e r  te m p e r a tu r e  w a s  u s e d . T h e  p H  
d r o p  in  th e  m u s c u la tu r e  w a s  a lso  f o l lo w e d  b y  r e m o v in g  m u s c le  sa m p le s  fr o m  
a r o u n d  th e  e le c tr o d e s .  T h e  fa ll in  p H  r e c o r d e d  b y  th e  t w o  m e t h o d s  is  s e e n  t o  
b e  q u ite  s im ila r .

A t  a, a p o t e n t ia l  d if fe r e n c e  o f  9  V  w a s  in s e r te d  b e tw e e n  th e  c o m m o n - m o d e  
e le c tr o d e  a n d  g r o u n d ; a t b i t  w a s  r e m o v e d . F r o m  th e  o f f s e t  in  th e  m e a su r e d  p H  
p r o d u c e d  b y  th is  p r o c e d u r e , a c o m m o n - m o d e  r e je c t io n  r a t io  o f  8 4  dB  m a y  b e  
c a lc u la te d  fo r  th e  e le c tr o m e t r ic  s y s t e m  u se d .

V a r io u s  sm a ll  s y s t e m a t ic  d if f e r e n c e s  m ig h t  h a v e  b e e n  a n t ic ip a te d  b e tw e e n  
th e  d is c o n t in u o u s  s a m p lin g  m e a s u r e m e n t  a n d  th e  c o n t in u o u s  m o n it o r  w it h  th e  
g la ss e le c tr o d e . P o is o n in g  w ith  io d o a c e t a t e  is e x p e c t e d  t o  p r o d u c e  a r ise  in  th e  
p H  o f  th e  h o m o g e n a t e  d u e  t o  th e  r e d is tr ib u t io n  o f  g ly c o ly t i c  in te r m e d ia te s . A ll  
m e a s u r e m e n ts  o n  h o m o g e n a te s  w e r e  m a d e  a t 2 0 °  C ; th e  p H  o f  th e  m u s c le  o r  o f  
th e  h o m o g e n a t e  w o u ld  b e  lo w e r  a t h ig h e r  te m p e r a tu r e . T h e s e  e f f e c t s  w o u ld  
te n d  t o  p r o d u c e  a h ig h e r  p H  v a lu e  b y  sa m p lin g  ( s e e  B e n d a ll  ( 1 9 7 3 )  fo r  a 
d e ta ile d  d is c u s s io n ) .  O n  th e  o th e r  h a n d , th e  s a m p lin g  m e t h o d  is  la r g e ly  a 
m e a su r e  o f  in tr a c e llu la r  p H  w h ils t  th e  g la ss  e le c tr o d e  sa m p le s  e x tr a c e llu la r  p H . 
T h e  t w o  d if f e r e n t  te c h n iq u e s  m ig h t  b e  e x p e c t e d  to  y ie ld  d if f e r e n t  r e su lts
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r e f le c t in g  th e  d i f f e r e n t  p H  o f  th e  t w o  d i f f e r e n t  c o m p a r tm e n ts .  I t is  d i f f ic u lt ,  a 
priori, t o  e s t im a te  th e  p H  d if f e r e n c e  b e t w e e n  e x tr a -  a n d  in tr a c e llu la r  c o m p a r t 
m e n ts  in  th e s e  p a r t ic u la r  e x p e r im e n ts ,  a lth o u g h  th e  d e c lin e  in  e x tr a c e llu la r  p H  
m ig h t  b e  e x p e c t e d  t o  lag  b e h in d  th e  p H  d e c lin e  in tr a c e llu la r ly  d u e  t o  th e  
e x c e e d in g ly  lo w  p r o t o n  p e r m e a b il ity  o f  th e  m u s c le  c e ll  m e m b r a n e  (A ic k in  & 
T h o m a s , 1 9 7 5 ) .  p H  c h a n g e s  m e a su r e d  e x tr a c e llu la r ly  w ith  a r e la t iv e ly  large  
g la ss  e le c tr o d e  m ig h t  lag  b e h in g  th e  in tr a c e llu la r  e v e n ts  c a u s in g  th e m  b y  as  
m u c h  as sev era l m in u te s . T h is  p o s s ib i l i t y  is u n d e r  s tu d y .

C o n c lu s io n s

I t  a p p ea rs  th a t  th e  u se  o f  th e  g la ss e le c tr o d e  fo r  c o n t in u o u s  m e a s u r e m e n ts  o f  
m u s c le  p H  is p r a c t ic a b le . T h e  d i f f ic u lt ie s  s o m e t im e s  e n c o u n te r e d  w it h  a 
c o n v e n t io n a l  m e a su r in g  s y s t e m  are d u e  t o  in a d e q u a c ie s  o f  th e  r e fe r e n c e  
e le c t r o d e  a n d  p o o r  c o m m o n -m o d e  r e je c t io n . T h e s e  d i f f ic u lt ie s  are la r g e ly  o v e r 
c o m e  b y  th e  p r e s e n t  d e s ig n  w h ic h  p r o v id e s  t w o  h ig h ly  d e s ir a b le  c h a r a c te r is t ic s ,  
v e r y  h ig h  c o m m o n - m o d e  r e je c t io n  a n d  th e  a b i l ity  t o  u se  r e fe r e n c e  e le c tr o d e  
s y s t e m s  o f  v e r y  h ig h  im p e d a n c e . T h e  ra n g e  o f  c o m m o n - m o d e  v o lta g e s  w h ic h  
ca n  b e  to le r a te d  b y  su c h  a d if fe r e n t ia l  a m p lif ie r  s y s t e m  is, h o w e v e r , l im ite d  ( t o  
a b o u t  ± 12  V  in  th e  p r e s e n t  c a s e ) . I f  g r e a te r  c o m m o n -m o d e  v o lta g e s  w e r e  to  
o c c u r , th e n  a t o t a l ly  d if f e r e n t  s o lu t io n ,  s u c h  as an o p t ic a l  lin k  b e t w e e n  th e  
in p u t  a n d  o u t p u t  c ir c u its ,  w o u ld  h a v e  t o  b e  a d o p te d .
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Measurement of internal pressures and tensions in meat during 
freezing, frozen storage and thawing

C. A . M IL E S  AND M . J. M O R L E Y

S u m m a r y

T h e  s tr e s se s  d e v e lo p e d  in  th e  c e n tr e  o f  c y l in d r ic a l  sa m p le s  o f  b e e f  a n d  p o r k  
m u s c le  w e r e  m e a su r e d  w ith  a m in ia tu r e  p r essu re  tr a n sd u c e r  d u r in g  fr e e z in g ,  
s to r a g e  a n d  th a w in g . D u r in g  fr e e z in g , in te r n a l c o m p r e s s io n  d e v e lo p e d  a t a ra te  
th a t  in c r e a se d  as fr e e z in g  p r o g r e sse d  a n d  m o s t  o f  th e  p r essu re  w a s  d e v e lo p e d  
a f te r  th e  c e n tr e  h a d  c o m m e n c e d  t o  fr e e z e . G e n e r a lly  th e  c ir c u m fe r e n t ia l  
t e n s io n  in  th e  o u te r  s u r fa c e  o f  th e  m u s c le  r e a c h e d  b r e a k in g  p o in t  a n d  a s h a l lo w  
cra ck  fo r m e d  a lo n g  th e  le n g th  o f  th e  m u s c le ,  o r  th e  s u r fa c e  y ie ld e d  c a u s in g  a 
b u lg e . T h e  in te r n a l s tr e ss  th e n  fe l l  r a p id ly  a n d  s u b s e q u e n t ly  r e c o v e r e d . T h e  
in v e s t ig a t io n  s h o w e d  th a t  th e  s tr e s se s  d e v e lo p e d  in  m e a t  d u r in g  fr e e z in g  ca n  
r e a c h  m u c h  h ig h e r  v a lu e s  th a n  h i t h e r t o  r e c o r d e d , a m a x im u m  stre ss  o f  a lm o s t  
6 0  b ars b e in g  o b ta in e d  in  o n e  p a r t ic u la r  sa m p le . W h en  th e  fr o z e n  m u s c le s  w e r e  
s to r e d  a t th e  te m p e r a tu r e  a t w h ic h  t h e y  w e r e  fr o z e n  th e  a x ia l c o m p r e s s iv e  
s tr e ss  d e c lin e d  e x p o n e n t ia l ly ,  w h ile  th e  rad ia l s tre ss , a f te r  a b r ie f  p e r io d  o f  
in it ia l  d e c l in e ,  g e n e r a lly  in c r e a se d . W h en  th e  s a m p le s  w e r e  th a w e d  in  a m b ie n t  
air th e  ra d ia l a n d  a x ia l s tre ss  d e c r e a se d  in it ia l ly ,  g e n e r a lly  b e c o m in g  te n s ile .  
T h is  w a s  f o l lo w e d  b y  a r e c o v e r y  o f  th e  c o m p r e s s iv e  s tre ss  w h ic h  s u b s e q u e n t ly  
g r a d u a lly  d e c lin e d  as th e  te m p e r a tu r e  o f  th e  c e n tr e  in c r e a se d .

I n t r o d u c t i o n

T h e r e  h a s  b e e n  a tr e n d  in  c o m m e r c e  t o  fr e e z e  f o o d s  a t in c r e a s in g ly  fa s te r  ra tes , 
in  o r d e r  to  in c r e a se  th e  th r o u g h p u t  o f  r e fr ig e r a tio n  p la n t . T h e  ra te  a t w h ic h  th e  
te m p e r a tu r e  ca n  b e  lo w e r e d  is g o v e r n e d  n o t  o n ly  b y  th e  ra te  a t w h ic h  h e a t  is 
c o n d u c t e d ,  b u t  a lso  b y  th e  m e c h a n ic a l  s tr e n g th  o f  th e  p a r t ia lly  fr o z e n  s a m p le  
b e c a u s e  v o lu m e  c h a n g e s  ca n  c a u se  s tr e s se s  to  b u ild  u p  d u r in g  fr e e z in g , large  
e n o u g h  t o  d is to r t  th e  sh a p e  o f  th e  p r o d u c t  a n d  t o  cra ck  th e  s u r fa c e , e f f e c t s  
w h ic h  r e n d e r  th e  p r o d u c t  le ss  sa le a b le . F o r  e x a m p le ,  L o r e n tz e n  ( 1 9 6 4 )  fo u n d  
th a t  th e  fr e e z in g  o f  w h o le  sp ra ts  in  liq u id  n itr o g e n  g a v e  an  u n a c c e p ta b le

A u tho rs’ address: M eat Research In s titu te , L angford , B ristol BS18 7DY.
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p r o d u c t  b e c a u s e  th e  f ish  b u rst , w it h  th e  e x tr u s io n  o f  p a rts  o f  th e ir  in te s t in e s .  
S e v e r e  a n d  u n a c c e p ta b le  c r a c k in g  a lso  o c c u r r e d  w h e n  larger  f ish  w e r e  fr o z e n  in  
th is  w a y  (L o r e n t z e n ,  1 9 6 4 ;  A n o n . ,  1 9 6 3 ) .  P r itch a rd  ( 1 9 7 4 )  r e p o r te d  th a t  h is  
c o m p a n y  h a d  fo u n d  it  n e c e s s a r y  t o  r e s tr ic t  th e ir  ra te  o f  f r e e z in g  o f  c u ts  o f  
m e a t , d u e  to  th e  s p l i t t in g  o f  th e  p r o d u c t  w h e n  t o o  h ig h  a ra te  w a s  e m p lo y e d .

T h e  first m e a s u r e m e n ts  o f  th e  p r essu res  d e v e lo p e d  d u r in g  th e  fr e e z in g  o f  
m e a t  w e r e  m a d e  b y  G r if f ith s  &  A w b e r y  in  1 9 2 7 ,  b y  a m e th o d  th a t  in v o lv e d  
b a la n c in g  th e  p ressu re  p r o d u c e d  in  th e  m e a t  o n  o n e  s id e  o f  a d ia p h ra g m  w ith  
h y d r o s t a t ic  p r essu re  a p p lie d  o n  th e  o th e r  s id e . In  f r e e z in g  a p ie c e  o f  b e e f  o f  
u n s p e c if ie d  s iz e  a t  an  u n s p e c if ie d  te m p e r a tu r e , t h e y  o b ta in e d  a ty p ic a l  p ressu re  
b u ild  u p  o f  a b o u t  13  b a r  in  15 h r , b e fo r e  b e in g  r e le a se d  b y  c r a ck in g . 
L o r e n tz e n  ( 1 9 6 4 )  u s in g  a s im ila r  d e v ic e , m e a su r e d  th e  p r essu re  d e v e lo p m e n t  in  
th e  th ic k  s e c t io n  o f  a b e e f  h in d  d u r in g  fr e e z in g  in  a ir  a t a b o u t  —3 6 ° C . P a rtia l 
r e le a se  o f  th e  p r essu re  o c c u r r e d  fr o m  t im e  t o  t im e  d u e  t o  c r a c k in g , p e a k  
p r e ssu r e s  o f  u p  t o  12  b ar b e in g  r e a c h e d .

K a g a n  & U k r a in e ts  ( 1 9 7 0 ) ,  u s in g  a p r essu re  tr a n sd u c e r  s y s t e m , m e a su r e d  th e  
p r essu re  a t th e  c e n tr e  o f  m e a t  4 —5 cm  th ic k , d u r in g  fr e e z in g  in  s o lid  c a r b o n  
d io x id e .  T h e  p r essu re  w a s  o b s e r v e d  to  b u ild  u p  r a p id ly  as th e  c e n tr e  
c o m m e n c e d  to  fr e e z e ,  r e a c h in g  a m a x im u m  o f  a b o u t  4  b a r  a t —3 0  to  —3 5 ° C  
a n d  th e r e a f te r  r e m a in in g  c o n s ta n t .  N o  c r a c k in g  w a s  o b se r v e d . T h e y  a lso  
m e a su r e d  p r essu res  d u r in g  b la s t  f r e e z in g  a t - 1 1 2  t o  - 1 2 0 ° C  o f  h in d q u a r te r s  o f  
b e e f  a n d  s id e s  o f  b e e f  a n d  p o r k , m e a s u r e m e n ts  b e in g  m a d e  a t d e p th s  o f  2 —8 cm  
in  th e  r e g io n  o f  th e  g lu te u s  m u s c le s  o f  th e  h ip . P ressu re s  w e r e  o b s e r v e d  t o  b e  
g rea ter  n e a r er  th e  s u r fa c e  a n d  a t 2  c m  d e p th  r e a c h e d  a p e a k  v a lu e  o f  5 .5  bar a t  
—2 5  t o  — 3 0 °  C in  1 h r  a n d  th e r e a f te r  r e m a in e d  c o n s ta n t .  C o a rse  cra ck s  o c c u r r e d  
in  th e  s u r fa c e , a lth o u g h  n o  a s s o c ia te d  r e le a se s  in  p r essu re  w e r e  r e c o r d e d .

Q u e s t io n s  th a t  th e s e  s tu d ie s  h a v e  le f t  u n a n s w e r e d  are:
( 1 )  W h y  is  it  th a t  h ig h  c o o l in g  ra te s  c a u se  c r a c k in g  w h ile  s lo w  ra te s  d o  n o t?
( 2 )  W h a t h a p p e n s  t o  th e  s tr e s se s  d u r in g  s to ra g e?
( 3 )  H o w  are th e  s tr e s se s  a f f e c t e d  b y  s to r a g e  c o n d it io n s ?
( 4 )  H o w  are th e  s tr e s se s  r e le a se d  d u r in g  th a w in g ?

T h e  o b je c t  o f  th is  in v e s t ig a t io n  w a s  t o  s tu d y  th e  fa c to r s  in f lu e n c in g  th e  
s tr e s se s  d e v e lo p e d  d u r in g  fr e e z in g  o f  m e a t  a n d  t o  d e te r m in e  th e  c h a n g e s  in  th e  
s tr e ss  p a t te r n  d u r in g  s u b s e q u e n t  s to r a g e  a n d  th a w in g ;  s im p le  g e o m e tr ic a l  sh a p e s  
w e r e  u t i l iz e d ,  n a m e ly  th e  a p p r o x im a te ly  c y lin d r ic a l  m u s c l e s ,M. sem iten d in osus  
a n d  M. rectus fe m o r is  o f  p o r k  a n d  b e e f .

M e th o d

A  m in ia tu r e  p r essu re  tr a n sd u c e r  (K u lit e  S e n s o r s  L td , t y p e  C Q M S —1 2 5  — 1 0 0 0 )  
o f  ra n g e  0 —7 0  b a r  a n d  d ia m e te r  3  m m  w a s  m o u n t e d  a t th e  e n d  c f  an  
in s u la te d  s ta in le ss  s t e e l  tu b e  (F ig . 1 ) a n d  c a lib r a te d , u s in g  a B u d e n b e r g  D e a d 
w e ig h t  P ressu re  T e s t e r ,  in  1 b a r  s te p s  u p  t o  a b o u t  6 0  b a r  a n d  a t 1 0 — 1 5 °C



P r e s s u r e  a n d  t e n s i o n  i n  m e a t 3 8 9

in ter v a ls  in  c o n s t a n t  te m p e r a tu r e  c o ld r o o m s  b e tw e e n  0  a n d  — 4 0 °  C. T h e  tra n s
d u c e r  o u t p u t  w a s  fo u n d  to  b e  s lig h t ly  te m p e r a tu r e  d e p e n d e n t  a n d  s lig h t ly  
n o n -lin e a r  w ith  p r e ssu r e . A t  a c o n s ta n t  p r essu re  th e  m a x im u m  c h a n g e  in  o u t p u t  
o v e r  th e  te m p e r a tu r e  ran ge c o n c e r n e d  w a s  e q u iv a le n t  t o  1 b ar a n d  th e  
m a x im u m  d e p a r tu r e  fr o m  lin e a r ity  w ith  p r essu re  w a s  3 bar. S in c e  th e  
tr a n sd u c e r  z e r o  ( o u t p u t  fo r  z e r o  p r e s su r e )  v a r ied  w ith  te m p e r a tu r e  an d  
t im e  w ith in  th e  ra n g e  e q u iv a le n t  t o  ± 2  b ar, i t  w a s  d e te r m in e d  fo r  e a c h  f r e e z i n g -  
s to r a g e —th a w in g  c y c le  fr o m  its  in it ia l  a n d  f in a l v a lu e s  a n d  its  p r e -d e te r m in e d  
v a r ia t io n  w ith  te m p e r a tu r e  a n d  t im e . T h e  to ta l  error  in  p r essu re  m e a s u r e m e n t  
in c lu d in g  r e p r o d u c ib i l i ty ,  c a l ib r a t io n  a c c u r a c y  a n d  u n c e r ta in ty  in  th e  
tr a n sd u c e r  z e r o  w a s  e s t im a te d  t o  b e  a b o u t  ± 0 . 5  bar.

M u sc le s  w e r e  tr im m e d  o f  su r fa c e  fa t ,  th e  ta p e r e d  e n d  p ie c e s  r e m o v e d , a n d  
s to r e d  in  a r e fr ig e r a to r  a t a b o u t  5 ° C . T h e  r o u g h ly  c y lin d r ic a l  s a m p le s  ra n g ed  
fr o m  8 t o  2 0  c m  in  le n g th  an d  fr o m  3 t o  11 cm  in  d ia m e te r  (T a b le  1). T h e  
p ressu re  p r o b e  w a s  in s e r te d  e i th e r  a x ia l ly  o r  r a d ia lly  s u c h  th a t  th e  tr a n sd u c e r  
w a s a t th e  c e n tr e  o f  th e  m u s c le . T h e  m u s c le  w a s  th e n  w r a p p e d  in  P V C  ‘C lin g  
F ilm ’ a n d  im m e r se d  in  a w e ll- s t ir r e d  c o n s ta n t  te m p e r a tu r e  r e fr ig e r a te d  b a th  
c o n t a in in g  s i l ic o n e  f lu id  a t th e  a p p r o p r ia te  fr e e z in g  te m p e r a tu r e  ( - 1 0 ,  - 2 0 ,  
- 3 0 ,  - 4 0  o r  - 5 0 ° C ). S a m p le s  w e r e  fir s t f r o z e n  t o  th e  b a th  te m p e r a tu r e  a n d  
h e ld  fo r  1 to  4  d a y s , b e fo r e  th a w in g  in  u n d is tu r b e d  a ir a t a m b ie n t  te m p e r a 
tu re  ( 2 0  ± 5 ° C ) . P ressu re  a n d  te m p e r a tu r e  v a r ia t io n s  w e r e  r e c o r d e d  o n  a d a ta  
lo g g e r  th r o u g h o u t  th e  fr e e z in g —s t o r a g e - t h a w in g  c y c le .

R e s u l ts
F r e e z i n g

A f te r  an  in it ia l  p e r io d  o f  ca lm  th e  in te r n a l p r essu re  r o se  a t a ra te  th a t  
in c r e a s e d  as fr e e z in g  p r o g r e sse d . M o st o f  th e  p r essu re  d e v e lo p e d  a f te r  th e  
c e n tr e  h a d  c o m m e n c e d  t o  f r e e z e  (p la te a u  r e g io n s  o f  F ig s  2  a n d  3 ) . G e n e r a lly  
a fte r  a t im e  th e  p r essu re  w a s  r e le a se d  s u d d e n ly  d u e  t o  c r a c k in g  o r  b u lg in g  o f  
t h e  su r fa c e  e i th e r  a x ia l ly  o r  ra d ia lly . C ra ck in g  o c c u r r e d  a lo n g  th e  le n g th  o f  th e  
m u s c le  s u r fa c e , r o u g h ly  p a ra lle l t o  th e  f ib r e s . T h e  t im e  c o u r se  o f  th e  p r essu re  
d e v e lo p m e n t ,  th e  m a g n itu d e  o f  th e  o b s e r v e d  s tr e s se s  a n d  d u r a tio n  o f  th e  s tr e ss
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Figure 2 . A xial stress during freezing, ex p erim en t 8.

F igure 3. R adial stress during freezing, ex p erim en t 38.
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r e le a s e s  v a r ie d  c o n s id e r a b ly  b e t w e e n  a p p a r e n t ly  s im ila r  s a m p le s  fr o z e n  u n d e r  
id e n t ic a l  c o n d i t io n s  (T a b le s  1 a n d  2 ) . A x ia l  s tre ss  r e le a se  w a s  o b s e r v e d  in  o n ly  
o n e  o f  th e  sa m p le s  fr o z e n  a t — 1 0 °C , a lt h o u g h  i t  w a s  fo u n d  in  th e  m a jo r ity  o f  
t h e  sa m p le s  f r o z e n  a t th e  lo w e r  te m p e r a tu r e s . O n  th e  w h o le ,  th e  m a g n itu d e  o f  
t h e  in te r n a l s tr e s se s  w a s  g r e a te r  t h e  lo w e r  th e  fr e e z in g  te m p e r a tu r e , as w a s  th e  
d e g r e e  o f  s u r fa c e  c r a c k in g  a n d  d is to r t io n  a n d  r e s u lt in g  r e le a se  in  s tre ss  (T a b le
3 ) . T h e r e  a p p e a r e d  t o  b e  n o  c o r r e la t io n  b e t w e e n  t h e  d im e n s io n s  o f  th e  s a m p le s  
a n d  th e  d e g r e e  o f  c r a c k in g . A lth o u g h  th e  d e g r e e  o f  d is to r t io n  c o u ld  n o t  r e a d ily

T able 3. Stresses and degree o f  cracking during freezing

Freezing
tem p era tu re
(°C )

Stress releases M axim um  stresses

Degree o f 
cracking

T o ta l
len g th
(cm )

D ep th
(m m )Axially

m ean S.D,
Radially 
m ean S.D.

A xially
m ean S.D.

R adially 
m ean S.D.

- 1 0 0 0.1 __ — 2.7 0.7 — — 0 0
- 2 0 1.6 1.7 — — 8.3 3.3 — — 0 0
- 3 0 1.8 1.3 4.9 3.2 13.2 2.7 4.9 4.0 0 - 2 0 - 2
- 4 0 3.9 4 .0 10.2 5.9 22.8 10.3 14.0 10.5 ITT1O 0 1 On

- 5 0 4.8 4 .4 11.1 12.0 28.9 13.7 9.9 5.0 0 - 1 1 0 - 5

b e  p u t  in t o  n u m e r ic a l  te r m s , i t  w a s  o b v io u s ly  g r e a te s t  a t th e  lo w e r  te m p e r a tu r e s  
i .e .  —4 0  a n d  —5 0 ° C . T h e  m a x im u m  in te r n a l s tr e s s  o c c u r r e d  e ith e r  as th e  
te m p e r a tu r e  a p p r o a c h e d  th e  fr e e z in g  te m p e r a tu r e , o r  ju s t  p r io r  t o  a  la rg e  s tress  
r e le a s e , a fte r  w h ic h  t h e  s tr e ss  r e c o v e r e d  o n ly  p a r t ia l ly . G e n e r a lly , s tr e ss  r e le a s e s  
w e r e  h ig h e r  r a d ia lly  th a n  a x ia l ly  a n d  g r e a te r  s tr e s se s  w e r e  a t ta in e d  a x ia l ly  th a n  
r a d ia lly .

Storage

D u r in g  s to r a g e  a x ia l s tr e s s  d e c r e a s e d , b e c o m in g  e x p o n e n t ia l  g e n e r a lly  w it h in  
0 —6  h r . G e n e r a lly , o b s e r v a t io n s  w e r e  c o n t in u e d  u n t i l  th e  s tre ss  b e c a m e  s t e a d y  
o r  n e a r ly  s o ;  i f  th e  la t te r , th e  a s y m p t o t e  w a s  o b ta in e d  b y  th e  m e t h o d  o f  
M a n g e ls d o r f  ( 1 9 5 9 ) .  R e s u lt s  are ta b u la te d  in  T a b le  4 .  I t ca n  b e  s e e n  th a t  th e  
h ig h e r  th e  f r e e z in g  te m p e r a tu r e  th e  lo w e r  th e  d e c a y  c o n s ta n t ,  i .e .  th e  fa s te r  th e  
d e c a y . A ls o  d e c a y  te n d e d  t o  b e  s lo w e r  th e  lo n g e r  th e  m u s c le , a lth o u g h  th e  
c o r r e la t io n  w a s  lo w .  A n  A r r h e n iu s  p lo t  o f  th e  d e c a y  c o n s ta n ts  s h o w e d  t h a t  t h e  
d e c a y  h a d  an  a c t iv a t io n  e n e r g y  o f  2 6 .9  + 4 .8  kJ m o l e ' 1. T h e  c o r r e la t io n  
c o e f f i c i e n t  w a s  0 .7 3 .

R a d ia l s tr e s se s  v a r ie d  in  a  d i f f e r e n t  w a y  (F ig .  4 ,  T a b le  5 ) .  A t  t h e  c o m m e n c e 
m e n t  o f  s to r a g e , ra d ia l s tr e ss  te n d e d  t o  b e  m u c h  lo w e r  th a n  a x ia l s tr e ss . I t
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Table 4 . Axial stresses during storage

3 9 5

E x p t
no.

Freezing
tem p era tu re
(°C )

Initial
stress
(bar)

D ecay co n stan t A sym pto te
(h r) (bar)

5 —50 50.2 25.8  X 25.6
6 12.4 22.9 -  7.1
7 21.5 120 l m ean = 40 .6 -  4.1
8 29.0 21.2 S.D. = 40.3 - 2 2 .5
9 28.5 10.6 15.6

10 32.1 4 2 .8 / -  2.9
11 - 4 0 28.5 23.8 \ 4.3
12 28.0 18.3 0.1
13 16.2 14.5 t m ean = 15.2 6.0
14 14.4 11.1 S.D. = 5.9 -  1.9
15 8.9 6.7 -  0.9
16 28.9 1 6 .6 / - 2 5
17 - 3 0 12.8 7.5 'S 6.6
18 16.9 7.8 7.0
19 12.9 12.2 , m ean = 7.5 4.2
20 15.7 7.9 S.D. = 2.9 6.0
21 11.3 3.4 7.3
22 7.1 6 . 2 / 0.3
23 - 2 0 3.6 i 3 . o \ 2.8
24 9.2 6.3 4.8
25 12.8 5.8 m ean = 9.9 6.5
26 7.8 11.2 , S.D. = 7.5 3.3
27 4.7 0.8 3.9
28 10.6 2 2 .4 / 5 .0
29 - 1 0 2.3 0.7 \ 1.5
30 2.3 2.0 0.7
31 3.9 6.4 m ean = 3.5 1.3
32 2.0 2.0 , S.D. = 2.2 0.6
33 2.8 4.6 0.6
34 2.8 5.0 / 0.5

d e c r e a s e d  in it ia l ly ,  i .e . b e c a m e  le s s  p o s it iv e  (c o m p r e s s iv e )  o r  m o r e  n e g a t iv e  
( t e n s i le ) ,  r e a c h e d  a m in im u m  v a lu e  a n d  th e n , a f te r  a t im e , g e n e r a lly  in c r e a se d ,  
a p p r o a c h in g  e q u ilib r iu m  e x p o n e n t ia l ly ,  w ith  a t im e  c o n s ta n t  s im ila r  t o  th a t  fo r  
a x ia l s tr e s s  d e c a y .

Thawing
D u r in g  th a w in g , a x ia l a n d  rad ia l s tr e s s e s  v a r ied  in  a s im ila r  m a n n e r  ( F ig s  5 

a n d  6 ,  T a b le s  6  an d  7 ) . In it ia lly  th e  s tr e s se s  d e c r e a se d , g e n e r a lly  b e c o m in g
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Figure 4 . R adial stress during storage, ex perim en t 38.

tensile, then they increased becoming compressive, and finally decreased to 
zero on the completion of thawing.

D iscussio n

During the initial stages of freezing the shell of frozen tissue formed at the 
surface of the muscle grew inwards compressing the unfrozen core and causing 
the internal pressure to rise; this in turn pushed the frozen shell outwards 
stretching it circumferentially. Consequently circumferential tension developed 
in the outer surface of the frozen shell while near the inner boundary it was in

Table 5. R adial stresses during storage

E xp t
no.

Freezing
tem p era tu re
(°C )

Initial
stress
(bar)

M inim um  stress
D uration  

(bar) (h r)

Increasing stress period

Tim e
constan t
(hr)

A sym p to te
(bar)

35 - 5 0 1.7 0.9 2.5 to  5 25.1 3.0
36 13.4 6.9 8.5 to  11 16.9 11.9
37 - 4 0 - 0 .6 - 1 .0 2.5 to  3.5 13.5 - 0 .1
38 7.4 4.5 3.5 to  8 24.0 7.4
39 28.2 27.8 1.5 to  3 18.9 32.0
40 6.8 4.3 14 to  > 4 5 — —
41 - 3 0 2.3 1.0 12 to  > 6 0 — —
42 - 0 .5 - 0 .5 0 to  1.5 15.7 0.3
43 - 1 .1 - 1 .4 11 to  > 9 0 — —
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Figure 5. Axial stress during thaw ing , ex p erim en t 18.

Figure 6. R adial stress during thaw ing , ex perim en t 38.
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Table 6. Axial stresses during thaw ing

E x p t
no.

Initial M inim um  stress M axim um  stress

Tem p.
(°C )

Stress
(bar) (bar)

T im e
(m in)

T em p.
(°C ) (bar)

T im e
(m in)

Tem p.
(°C )

i —50 34.6 5.8 10 - 3 2 .0 11.7 16 -2 2 .1
2 7.6 - 9 .2 7 - 4 2 .0 1.2 37 - 1  1.7
3 31.5 - 6 .2 12.5 - 2 7 .9 2.2 29 -1 2 .1
4 20.7 1.6 15.5 - 2 7 .1 3.9 23 - 1 8 .8
5 27.2 - 1 .3 9.5 - 3 6 .2 11.9 19.5 - 2 0 .3
6 - 0 .6 - 3 .1 3.5 - 4 6 .7 2.3 25.5 - 1 1 .9
7 7.7 - 8 .9 1.5 - 4 9 .2 2.7 21 - 1 1 .8
8 - 1 .4 - 2 .1 1.5 - 5 0 .0 5.2 22.5 - 1 4 .6
9 17.0 - 0 .5 7.5 - 2 9 .5 2.9 10 - 2 0 .6

10 11.1 - 1 9 .5 8 - 4 7 .9 6.3 64 - 1 6 .5
11 - 4 0 4.4 - 2 4 .6 3.5 - 3 5 .4 3.0 12.5 - 1 9 .2
12 1.2 - 1 3 .4 8 - 3 1 .7 6.8 20 - 1 8 .3
13 6.2 - 8 .3 9 27.1 0.6 34 - 7 .7
14 0.2 - 2 2 7 - 3 3 .3 8.8 20 —17.0
15 - 0 .9 - 6 .5 5.5 - 3 0 .4 1.1 14 — 13.9
16 - 2 5 -3 3 .1 3.5 - 3 9 .8 9.2 47.5 - 1 5 .5
17 - 3 0 6.8 0 17 -1 6 .1 0.1 54 - 5 .3
18 7.0 - 1 1 .7 4.5 - 2 5 .7 2.3 16.5 - 1 2 .9
19 5.3 - 2 .1 12 - 2 3 .8 2.5 27.5 - 1 5 .8
20 6.6 - 4 .6 7 - 2 3 .7 3.7 26 - 9 .8
21 7.3 1.2 11 - 2 1 .3 2.3 28 - 1 1 .9
22 0.3 - 3 .9 3 - 2 7 .8 2.3 9 - 1 6 .6
23 - 2 0 2.8 1.7 3 - 1 9 .9 3.3 8 - 1 6 .5
24 4.9 - 0 .1 34 —5.8 0.2 55 - 3 .9
25 6.6 5.0 3.5 - 1 9 .8 5.6 5.5 - 1 8 .4
26 3.3 0 6.5 - 1 6 .0 0.4 20 - 8 .8
27 3.9 - 0 .6 22 - 8 .1 0.2 32 - 2 .1
28 5.0 2.4 5.5 - 2 0 .0 6.5 29 - 1 3 .7
29 - 1 0 1.5 1.1 1.5 - 9 .7 1.5 4.5 - 9 .5
30 0.7 - 0 .5 12 - 7 .0 - 0 .2 67 - 1 .3
31 1.3 1.3 2 - 1 0 .1 2.4 6.5 - 9 . 6
32 0.6 0 7.5 - 8 .6 0.2 15 - 7 .2
33 0.6 - 0 .8 7.5 - 7 .4 0 80 - 1 .7
34 0.9 0.7 3 - 9 .3 1.0 10 - 9 .0

a state of circumferential compression caused by the expansion of the water as 
it froze. To maintain mechanical equilibrium the radial compressive stress in 
the shell increased inwards from its surface value of zero (to be in equilibrium 
with the environment) to an internal value equal to the internal pressure (for 
equilibrium with the core). The stress therefore varied from point to point, was 
anisotropic and could be resolved into two components, one representing a
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T a b le  7 . R adial stresses during thaw ing

E x p t
no.

In itial M inim um  stress M axim um  stress

T em p.
(°C )

Pressure
(bar) (bar)

Tim e
(m in)

T em p.
(°C ) (bar)

T im e
(m in)

Tem p.
(°C )

35 - 5 0 2.3 - 0 .3 4.5 -4 7 .1 1.4 13 - 3 7 .6
36 11.0 - 1 1 .5 11.5 - 4 1 .2 1.2 52 - 1 5 .4
37 - 4 0 0 - 1 .5 9.5 - 3 6 .5 0 18 - 3 0 .6
38 5.8 - 1 4 .5 15.5 - 3 0 .8 1.4 42.5 - 1 7 .3
39 30.2 - 4 .4 24 - 2 3 .9 3.9 50.5 - 1 3 .5
40 4.2 - 9 .7 14 - 2 8 .3 2.1 65.5 - 7 .9
41 - 3 0 1.0* 1.8 20 - 2 1 .9 3.0 46.5 - 1 3 .8
42 0 - 0 .5 9 - 2 5 .5 0.4 40 - 1 3 .3
43 - 1 .5 - 6 .7 7 - 2 7 .3 0 15 - 2 0 .4

in c r e a s e d  to  2.7 bar at —26.0°C  during in itia l 11.5 m in.

hydrostatic pressure, the other representing the shearing stresses (cf. King & 
Fletcher’s (1973) analysis of a freezing water drop).

The growth of internal pressure depended on the ratio of the volume of ice 
formed to the total volume of the unfrozen core and on the resistance of the 
frozen shell to stretching. Consequently the growth of pressure was not 
appreciable until a substantial amount of the muscle was frozen. Once 
established, the stress at the centre rose at a rate which increased as the freezing 
progressed, (e.g. Figs 2 and 3) the unfrozen core growing smaller, the frozen 
shell thicker. Eventually the circumferential tension in the outer surface 
reached breaking point and the surface cracked along a line normal to the 
direction of maximum stress or yielded causing a bulge in the surface. Since the 
circumferential stress was tensile on the surface while compressive at the 
centre there must have been a region of zero circumferential stress at some 
radial position. Consequently, cracks were superficial and did not penetrate 
deeply into the muscle (Table 3).

While the internal stresses were being created they were also tending to relax. 
The relaxation was measured directly at the end of the freezing process when 
muscles were held at constant temperature over a period of days. Apparently 
similar ̂ samples, frozen and stored under identical conditions, showed consider
able variation in their relaxation times (Table 4). Nevertheless there was a 
strong temperature dependence with mean relaxation times ranging from 
around 40 hr at -50°C  to about 4 hr at -10°C. During freezing the relaxation 
must have been faster than the corresponding storage relaxation because of the 
higher temperature effective during the freezing process.

If the freezing took place within a period of time much shorter than the 
characteristic time of the relaxation, then little relaxation could occur during 
the course of freezing and large internal stresses could develop. Relaxation

27
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occurred subsequently during storage. On the other hand, if the characteristic 
time of the relaxation was comparable with the time for freezing then an 
appreciable relaxation occurred during the course of the freezing process itself 
and the observed stress was less than that occurring at higher freezing rates. 
Similarly if the characteristic time of the relaxation was much shorter than the 
time taken to freeze, the observed stress was small (see Fig. 7).

Figure 7. In itia l stress develop m ent in pork  sem iten d inosus during freezing, 
ex perim en ts  7 , 13, 20 , 24 , 30. *T im e fo r cen tre  to  reach —10°C.

Hence the development of large internal stresses could be inhibited by either 
freezing at a higher temperature or reducing the freezing rate by freezing in 
stages, both resulting in greater stress relaxation and consequently reduced 
stress development and risk of cracking.

It is emphasized that there was considerable variability in the time constants 
for the stress relaxation of apparently similar samples frozen under identical 
conditions, and the cause of the decay is not fully understood. The 
experiments gave some clues.

(a) The time constants for the decline in axial stress and radial increase were 
similar under comparable conditions and it is possible that a single process 
caused both.

(b) The activation energy of the axial decay, 26.9 ± 4.8 kJ mole-1 contrasts 
with that for the creep of ice, 50—85 kJ mole“1 at similar pressures and 
temperatures (Barnes, Tabor & Walker, 1971) but equals, within the experi
mental uncertainty, that of the viscosity of supercooled water, 28.4kJ mole-1,
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calculated from Hallett’s (1963) measurements between —10 and — 24° C. The 
activation energy of the diffusion coefficient, D2, of water in frozen fish muscle 
at low levels of hydration, 37.3 ± 2.1 kJ mole"1 (Kent & Jason, 1975) is higher 
than that of the axial stress decay.

(c) The path lengths for the diffusion of water that correspond with the 
mean time constants of Table 4, range from 0.2 to 0.4 mm, typical of the 
dimensions of ice crystals and their separation (calculations made for linear 
diffusion using Kent & Jason’s (1975) data for D2 in fish muscle).

(d) The gradual accretion of ice that was observed in frozen fish muscle by 
Kent (1975) and Kent & Jason (1975) occurred at a much slower rate than the 
relaxations of mechanical stress reported in this paper. It therefore follows that 
if the accretion of ice in mammalian muscle occurs at the same rate as observed 
in fish muscle then the accretion of ice was neither produced by nor caused the 
relaxation of internal stress.

The rapid fall in the central compressive stress during the initial stages of 
thawing occurred very rapidly, too quickly to be caused by the significant 
transfer of heat into the interior of the muscle (see for example Figs 5 and 6, 
Tables 6 and 7) and the cause must have been the heating of the surface. The 
time course of the stress release and its subsequent partial recovery is very 
similar to that observed when the surface cracked or yielded suddenly during 
freezing (compare the sudden releases of pressure in Figs 2 and 3 with those 
shown in Figs 5 and 6) and it is probably a similar catastrophic cracking or 
yielding of the surface under the action of the partial melting of a proportion 
of ice in the outer tissue that caused the rapid decline and subsequent partial 
recovery of internal compressive stress. The final decline of the residual stress 
mirrored the increase in centre temperature (Figs 5 and 6), the consequent 
reduction in size of the frozen core and with it the ability to withstand internal 
compression.
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Storage stud ies o f  freeze d ried  lem on crystals

I. J. KOPELMAN, S. MEYDAV a n d  S. WEINBERG

S u m m a r y
The practical shelf life and storage stability of freeze dried pure lemon crystals 
was studied with a view to possible application of the results in freeze drying of 
lemon products. The crystals were extremely hygroscopic and exhibited a high 
tendency to caking on storage at ambient temperature, while under refrigera
tion they preserved their free flow property and dissolved promptly both in hot 
and in cold water. With regard to browning deterioration, it was found that low 
temperature is a decisive factor in its prevention, while low water activity is not 
enough in itself.

Contrary to the effects of temperature and water activity upon the browning 
deterioration, almost no effect was observed due to inert atmosphere packaging.

Browning deterioration at adverse conditions was proceeded by a steep rate 
of carbon dioxide evolution, thus suggesting that in dehydrated food products, 
carbon dioxide evolution rates at the lag period could be used as an early indi
cator for the length of the lag period and the intensity of browning yet to be 
developed in the course of storage.

I n t r o d u c t i o n

The shelf life of citrus powders is reduced by water absorption, caking and non- 
enzymatic browning. The first two effects are favoured by the amorphous 
structure of the sugars, resulting from the dehydration process, and are mainly 
controlled by composition, storage temperature and water activity (Makower & 
Dye, 1956;Notter, Taylor & Downes, 1959). The third effect is associated with 
the Maillard reaction between reducing sugars and amino compounds, acid 
caramelization of the sugars, and degradation of ascorbic acid (Eskin, 
Henderson & Townsend, 1971). These deterioration reactions were observed in 
dehydrated model systems and dried citrus products even at low water activity 
(Karel & Nickerson, 1964; Karel & Labuza, 1968; Shaw et al., 1970) corre-

A u th o rs’ address: D ep artm en t o f  F oo d  Engineering & B io tech nolog y , T ech n ion  — Israel 
In s titu te  o f T ech no log y , H aifa, Israel.
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sponding to a water content below the monolayer. In addition, the browning of 
citrus products is accompanied by development of off flavour and evolution of 
carbon dioxide and similarly to caking, it is strongly affected by storage 
temperature (Shaw e t  a l . ,  1970) and water activity.

Domestic use of lemons and lemon juice is mainly as flavouring additives, 
and as such they are consumed in small quantities the year round. In these 
circumstances they can be conveniently and economically replaced by a dehyd
rated product. However, while extensive research has been devoted in this 
respect to orange and grapefruit juice* there is only scanty information on 
lemon juice, following the unsuccessful attempt to freeze-dry it during World 
War II (Harper & Tappel, 1957). The present study was undertaken accordingly 
on freeze-dried pure lemon crystals, with a view to possible application of the 
results in freeze drying of lemon products.

M a te r ia ls  a n d  m e t h o d s

M a te r ia l s

L e m o n  c o n c e n t r a t e .  Freshly made frozen concentrate from local industry 
(30°Bx, 22%w/w acidity expressed as anhydrous citric acid).

C o n s t a n t  w a t e r  a c t i v i t y .  Conditions were obtained by using the following 
saturated solution (Rockland, 1960): 0.0aw — P2Os (powder); 0.06aw — 
NaOH; 0.11 aw _  LiCl; 0.22 aw -  KAc.

M e t h o d s

P r e p a r a t i o n  o f  l e m o n  c r y s t a l s .  The concentrate was diluted with distilled 
water to 20°Bx, stored overnight at — 20°C in a deep-freeze cabinet, subcooled 
with liquid nitrogen, granulated and screened (2—5 mm), and evenly spread 
(5kgm~2) on the trays of a 2.5 m2 Grenco RU-25 pilot freeze drier. Freeze 
drying was carried out by two sided radiation plates (kept at 45°C) for 10 hr 
under 0.1—0.01 torr with the condenser temperature being kept at 45—50°C 
below zero); the product was further dried over P2Os under vacuum at 15°C for 
48 hr.

E x p e r i m e n t a l  p r o c e d u r e

The samples were prepared in a low humidity room (20°C, 30%R.H.) to 
minimize water absorption.

* V acuu m  p u ff  drying (S trashun  & T alb u rt, 1954), foam  drying (B issett e t  al., 1963) and 
freeze drying (M onzin i & M altini, 1969) were foun d  su itab le  fo r th is pu rpose , b u t indu stria l 
ap p lica tio n  is still lim ited  at p resen t, m ainly  because o f high p ro d u c tio n  costs, low  bulk  
density  o f th e  p ro d u c ts  and storage stab ility  p rob lem s.
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(a) S o r p t i o n  i s o t h e r m s .  The sorption pattern was determined gravimetrically 
by a Model RG Cahn Gram Electrobalance (Ventron Corp., Paramount, U.S.A.), 
installed in a vacuum system. A constant water-activity level (range 0 .02-0 .6) 
was obtained and maintained by connecting the evacuated system (10-3 mm Hg) 
to a thermostatically controlled (±0.05°C) air free flask containing distilled 
water. The weight gain of thoroughly dehydrated samples (0.1—0.2 g) was 
continuously monitored to equilibrium.

(b ) B r o w n i n g .  Five-gram samples in small open glass jars were placed in air
tight desiccators (one half of them evacuated thrice and flushed with pure 
nitrogen; flushing was repeated following withdrawal of a sample) over the 
constant water-activity medium. The desiccators were stored in thermostatically 
controlled walk-in storage rooms (at 4, 25 and 35°C respectively), and samples 
were removed periodically for examination. Each sample was dissolved in dis
tilled water to a final volume of 100 ml, and browning was determined in a 
clarified juice extract at 420 nm (Curl, 1949).

(c) H e a d s p a c e  c o m p o s i t i o n .  Fifty-gram samples were placed in No. 2 cans, 
equilibrated at the selected constant water activity levels; machine sealed and 
stored at 4, 25 and 35° C. The machine sealed cans were equipped with short 
copper tubing (10 mm x 'A in. I.D.), carrying a rubber septum (Hamilton lA in. x 
8 mm) and soldered to the inside of the previously centre punched cover. (In 
the case of nitrogen packing the sealed cans were evacuated and nitrogen 
flushed by means of a syringe needle inserted through the septum). Gas samples 
of 0.5 ml were withdrawn with a gas tight Hamilton syringe and injected into a 
Unigraph TC-406 gas chromatograph (Becker, Delft, Holland) equipped with 
dual thermal conductivity detectors. Copper columns (8 ftx  '/sin.) filled with

14 i—

0 0-2 0-4 0-6
Water activity

Figure 1. W a t e r  s o r p t i o n  i s o t h e r m  o f  f r e e z e  d r i e d  l e m o n  c r y s t a l s  a t  2 5 ° C .
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Time (days)
Figure 2 . E ffect o f storage tem p era tu re  and w ater ac tiv ity  on  brow ning develop
m ent in air packed lem on crystals. • ------•  4°C , aw = 0 —0 .2 2 ; O--------o  25 C,
aw ~ 0 ;  X --------X 25°C . aw = 0 .0 6 ;  a -------- a  25°C , aw = 0 .1 1 ; □ --------□  25°C ,
aw = 0 .2 2 ; +------ + 35°C , aw ~ 0 ;  X ------X 35°C , aw = 0 .0 6 ;  ± ±  35°C ,
aw = 0 .1 1 ;  ■ ------■  35°C , aw = 0 .22.

Porapak Q80/100 mesh (‘Waters’ Inc., U.S.A.) were used for 
carbon dioxide separation. The carrier gas was helium with flow rate 20 ml/min; 
temperature of columns and detectors, 35°C; filament current, 200 mA.

R e s u l t s  a n d  d is c u s s io n

H y g r o s c o p i c i t y ,  c a k i n g  a n d  s o r p t i o n  p r o p e r t i e s

The crystals were obtained as uniform, free flowing particles with a low bulk 
density of about 0.2 g cm-3. The crystals were extremely hygroscopic and 
tended to stick even after short exposure to ambient conditions (25°C and 
60% R.H.). Fresh crystals dissolved promptly both in hot and in cold water. On 
storage, caking was observed in all samples at 25 and 35°C, even at the lowest 
(near zero) water activity.

The sorption isotherm at 25° C is given in Fig. 1. It may be noted that even 
at < 0.2 water activity the moisture content has an equilibrium value of 3%, 
which favours caking. The isotherm does not follow the B.E.T. equation and is
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Time (days)
F igure 3. E ffec t o f  storage tem p e ra tu re  and w ater activ ity  on brow ning  develop
m en t in n itrogen  packed lem on. Key as in Fig. 2.

similar, in this sense, to dehydrated foods rich in low molecular weight sugars 
and acids (Salwin, 1962).

Browning
The browning v. time curves (Figs 2 and 3) show a similar pattern in all 

versions, namely a lag interval with no appreciable increase in absorbance, 
followed by change at a linear rate. Similar patterns were also reported for 
other citrus products, such as dehydrated orange crystals (Karel & Nickerson, 
1964; Meydav, 1975).

Storage temperature was found to have a pronounced effect on both the lag 
time and rate of change. At 4°C no browning occurred over 4 months, 
irrespective of the water activity level. At the higher temperatures (35 and 
25°C) the lag time was reduced to a few days and several weeks respectively, 
the ratio being approximately 4—5 for all water activity levels and atmospheres. 
The effect on the rate of change was similar, with ratios of 3—4 and 5—6 for 
the air and nitrogen packed crystals respectively.

Table 1 shows that both the lag time and rate of change are also affected by 
the water activity level, the former decreasing and the latter increasing with it.
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T a b le  1. E ffec t o f tem p era tu re  and  w ater ac tiv ity  on  lag interval and 
b row ning  ra tes  in air packed lem on crystals

W ater
activ ity

Lag tim e (days) B row ning ra te  (A /d ay  x 103)

25°C 35°C 25°C 35°C

0 30 6 1.17 3.2
0 .06 25 5 1.42 5.5
0.11 20 5 1.90 8.2
0 .22 10 4 3.50 15.2

T a b le  2. E ffect o f  tem p e ra tu re  and w ater ac tiv ity  on  lag interval and 
b row ning  rates in n itrogen  packed  lem on crystals

W ater
activ ity

Lag tim e (days) B row ning ra te  (A /d ay  x 10 3)

25°C 35°C 25°C 35°C

0 30 7 0 .62 3.2
0 .06 25 5 1.00 5.7
0.11 20 5 1.25 7.3
0 .22 10 4 2.75 12.5

Significantly, a low level by itself does not prevent browning unless tempera
ture conditions are also favourable. Contrary to the effects of temperature and 
water activity upon the browning deterioration, almost no effect was observed 
due to inert atmosphere packaging (Table 2).

C a r b o n  d i o x i d e  e v o l u t i o n

Non-enzymatic browning reactions are accompanied by carbon dioxide 
evolution, either due to Strecker degradation of amino compounds or due to 
deterioration of ascorbic acid (Eskin, Henderson & Townsend, 1971). There
fore an attempt was made in this investigation to characterize the time pattern 
of the browning deterioration of dry lemon crystals by the carbon dioxide 
evolution during storage (Figs 4 and 5). It can be seen that these two time 
curves are similar in pattern, namely a relatively high evolution rate at the 
initial period, gradually decreasing to a lower steady rate thereafter. Generally 
speaking, the carbon dioxide content in the headspace is in correlation with 
browning intensity and increases steeply under conditions normally favouring 
rapid browning (high temperature and/or high water activity); this steep increase 
can be detected already during the early browning period, and apparently can 
be used as an early predictor for the length of the lag period and the intensity 
of browning yet to be developed in the course of storage.
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Figure 4 . C arbon  d iox ide evo lu tion  in  air packed  lem on crystals, o --------o  25°C ,
aw ~ 0 ;  a --------a  25°C , aw = 0 .11 ; □ --------□  25°C , aw = 0 .2 2 ; • ------ •  35°C ,
aw ~ 0 ;  a ----- A 3 5 °C , aw = 0 .1 1 ; ■ -------■  35°C , aw = 0 .22 .

Time (days)
F igure 5. C arbon  d iox ide ev o lu tion  in N2-packed lem on  crystals. K ey as in Fig. 4.
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F u r th e r  s tu d ie s  a p p ly in g  th is  a p p r o a c h  fo r  th e  p r e d ic t io n  o f  b r o w n in g  in  d ry  
f o o d  s y s t e m s  are a t p r e s e n t  b e in g  u n d e r ta k e n .
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T im e/tem pera tu re  re la tionsh ip  fo r  therm al inac tivation  o f 
pec tinesterase  in m andarin  orange ( C itrus re ticu la ta  B lanco) 
ju ice

N I R A N K A R  N A T H  a n d  S. R A N G  A N N  A

S u m m a r y

T h e  v a lu e s  fo r  th e r m a l in a c t iv a t io n  o f  p e c t in e s te r a s e  in  m a n d a r in  o r a n g e  ju ic e  
w e r e  F \ l q S = 1 .0 0  a n d  £>197.5 =  0 .5 4  m in  a t p H  3 .6  a n d  F 201.5 =  1 .0 0  a n d  
F i o n s  =  0 .4 3 8  m in  a t p H  4 .0 .  T h e  F  v a lu e s  w e r e  e q u iv a le n t  to  1 .8 5  D  a t p H
3 .6  a n d  2 .2 8  D  a t p H  4 .0 .  A  2  D  p r o c e s s  a t p H  3 .6  a n d  2 .5  D  p r o c e s s  a t p H  4 .0  
are r e c o m m e n d e d  in  th e  c o m m e r c ia l  p a s te u r iz a t io n  o f  ju ic e .

A  v is c o s i t y  p r o c e d u r e  d e sc r ib e d  is m o r e  s e n s it iv e  th a n  th e  j e l ly  t e s t  fo r  d e te r 
m in in g  th e  th e r m a l in a c t iv a t io n  o f  p e c t in e s te r a s e .

i n t r o d u c t i o n

M a n d a r in  o r a n g e s  are m o s t ly  p r o c e s s e d  in  th e  fo r m  o f  ju ic e ,  c o n c e n tr a t e  a n d  
s e g m e n ts . G e n e r a lly , th e  p H  o f  o r a n g e  is  lo w e r  th a n  4 .0 ,  a n d  s p o ila g e  is  c a u se d  
b y  n o n -s p o r e  fo r m in g  b a c te r ia , e .g . lactobacilli, o r  b y  y e a s t s  w h o s e  th e r m a l  
r e s is ta n c e  is  lo w e r  th a n  th e  e n z y m e  p e c t in e s te r a s e  (P E ) n a tu r a lly  p r e s e n t  
(E v a n s , K in g  &  B a r t h o lo m e w , 1 9 4 9 ;  M u r d o c k , T r o y  & F o l in a z z o ,  1 9 5 3 ;  
M a n n h e im  & Z iv , 1 9 6 2 ) .  H e n c e , th e  a d e q u a c y  o f  p a s te u r iz a t io n  is d e p e n d e n t  
o n  th e  in a c t iv a t io n  o f  P E .

T h e  h e a t  tr e a tm e n t  n e c e s s a r y  t o  in a c t iv a te  th e  P E  in  th e  j u ic e  v a r ie s  w ith  
v a r ie ty ,  p H , e t c .  ( R o u s e  &  A tk in s , 1 9 5 2 ,  1 9 5 3 ;  A tk in s  & R o u s e ,  1 9 5 3 ; K e w e t  
al., 1 9 5 7 ;  R o th s c h ild ,  v a n  V l ie t  & K a r s e n ty , 1 9 7 5 ) .  H e a t in g  t im e s  a n d  te m p e r a 
tu res  r e p o r te d  are t h e  c o m m e r c ia l  p a s te u r iz a t io n  c o n d i t io n s  o f  th e  j u ic e  a n d  
n o t  th e  a c tu a l th e r m a l in a c t iv a t io n  t im e  (T I T )  o f  th e  e n z y m e  w h ic h  c o u ld  be  
u se d  in  p r o c e s s  e v a lu a t io n . E a g erm a n  &  R o u s e  ( 1 9 7 6 )  d e te r m in e d  th e  t im e /  
te m p e r a tu r e  r e la t io n s h ip  a n d  a lso  th e  t im e  re q u ir e d  fo r  t w o  d e c im a l r e d u c t io n s  
o f  th e  P E  a c t iv ity  a t d i f f e r e n t  te m p e r a tu r e s . I n v e s t ig a t io n s  ca rr ied  o u t  to  
d e te r m in e  th e  T IT  a n d  th e  d e c im a l r e d u c t io n  t im e  o f  P E  in  m a n d a r in  o ra n g e  
j u ic e  fo r m  t h e  s u b je c t  m a tte r  o f  th is  p a p er .

A u th o rs’ address: C entral F oo d  T echnological R esearch In s titu te , M ysore-570013, India.
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P r e p a r a t i o n  o f  o r a n g e  j u i c e

M a n d a r in  o r a n g e s  p u r c h a se d  fr o m  th e  lo c a l  m a r k e t  w e r e  p e e le d  a n d  s e g m e n ts  
s e p a r a te d . A  c o ld  ly e  p e e lin g  p r o c e d u r e  w a s  a d o p te d  to  p e e l  th e  s e g m e n ts . T h e  
s e g m e n ts  w e r e  s o a k e d  in  1.5%  HC1 fo r  6 0  m in  a t  8 0 ° F  ( 2 6 .7 ° C ) ,  w a s h e d  in  
w a te r , s o a k e d  th e r e a f te r  in  1% N a O H  fo r  2 5  m in  a n d  r e w a sh e d  th o r o u g h ly .  
A f t e r  r e m o v in g  th e  s e e d s ,  th e  s e g m e n ts  w e r e  b le n d e d  in  a W aring b le n d e r . T h e  
t o t a l  s o lu b le  s o lid s  (T S S )  o f  th e  ju ic e  w e r e  a d ju s te d  t o  12%  b y  a d d it io n  o f  
su g a r  a n d  th e  p f f  o f  d i f f e r e n t  s u b -sa m p le s  w e r e  a d ju s te d  to  3 .6  a n d  4 .0 .  T h e  
p u lp  c o n t e n t  o f  th e  j u ic e  w a s  16% . P rep a red  sa m p le s  w e r e  f i l le d  in t o  
p o ly e t h y le n e  b a g s , q u ic k  fr o z e n  in  a p la te  fr e e z e r  a t — 4 0 °  F  ( — 4 0 ° C ) an d  
s to r e d  a t 0 ° F  ( - 2 0 ° C ) .  T h e  s a m p le s  w e r e  th a w e d  im m e d ia te ly  p r io r  t o  u s e .

M a ter ia ls  a n d  m e th o d s

T h e r m a l  i n a c t i v a t i o n  t i m e  o f  p e c t i n e s t e r a s e

T h e  t e c h n iq u e  u s e d  w a s  s im ila r  t o  th a t  o f  B ig e lo w  &  E s ty  ( 1 9 2 0 )  fo r  d e te r 
m in a t io n  o f  t h e  th e r m a l d e a th  t im e  o f  b a c te r ia . P y r e x  g la ss  tu b e s  o f  1 3 .5  cm  
le n g th , 1 .6 c m O D  a n d  1 .4  c m  ID  w e r e  u se d . T e n  m l o f  th e  s a m p le  w e r e  
p ip e t te d  in to  e a c h  o f  th e  tu b e s , h e a t e d  in  a t h e r m o s t a t ic  w a te r  b a th  fo r  k n o w n  
t im e s  a n d  c o o le d  im m e d ia te ly  b y  p lu n g in g  th e  tu b e s  in t o  c h ille d  w a te r . T w o  
tu b e s  w e r e  u se d  fo r  e a c h  t im e  a n d  te m p e r a tu r e , a n d  th e  e x p e r im e n t  w a s  
p e r fo r m e d  in  tr ip lic a te .

T h e  c o m e -u p  t im e  w a s  d e te r m in e d  u s in g  a 1 0 .5  cm  lo n g  n e e d le  ty p e  th e r m o 
c o u p le  f i t t e d  w ith  sp a c e r s  t o  p o s i t io n  th e  t h e r m o c o u p le  in  th e  c e n tr e  o f  th e  
tu b e . T h e  te m p e r a tu r e  a t v a r io u s  t im e -in te r v a ls  w a s  n o t e d  w ith  a m a n u a lly  
o p e r a te d  L e e d s  a n d  N o r th r u p  p o t e n t io m e t e r  c a lib r a te d  in  te r m s  o f  d e g r ees  
F a h r e n h e it .  T h is  w a s  d o n e  in  tr ip lic a te  fo r  e a c h  te m p e r a tu r e .

T e s t  f o r  p e c t i n e s t e r a s e  a c t i v i t y

T h e  s e n s it iz e d  j e l ly  te s t  p r o c e d u r e  o f  R o th s c h ild  e t  a l. ( 1 9 7 5 )  w a s  fu r th e r  
m o d if ie d  t o  d e te r m in e  th e  t im e  r e q u ir e d  t o  in a c t iv a te  th e  P E . T e n  m l o f  0 .5%  
p e c t in  ( 6% m e t h o x y l )  s o lu t io n  w a s  a d d e d  t o  10  m l o f  th e  sa m p le , th e  p H  
a d ju s te d  t o  7 .0  w ith  0 .1  N N a O H , a n d  th e  v o lu m e  m a d e  t o  6 0  m l w ith  d is t i l le d  
w a te r . T o  th is ,  1 m l o f  I n  c a lc iu m  c h lo r id e  s o lu t io n  p lu s  a f e w  d r o p s  o f  
to lu e n e  w e r e  a d d e d , m ix e d  a n d  th e n  tr a n sfe r r e d  t o  a 100 m l s to p p e r e d  c o n ic a l  
f la sk  a n d  in c u b a te d  a t 9 3 .2 ° F  ( 3 4 ° C )  fo r  4 8  h r .

T h e  c o n t r o l  s a m p le  h a v in g  n o  e n z y m e  a c t iv ity  w a s  p r ep a red  in  th e  s a m e  w a y  
u s in g  a sa m p le  o f  ju ic e  h e a t e d  in  a T IT  tu b e  fo r  1 0  m in  in  b o i l in g  w a te r .

V is c o s i t y  w a s  m e a su r e d  a t a te m p e r a tu r e  o f  8 0 ° F  ( 2 6 .7 ° C )  u s in g  a B r o o k 
f ie ld  S y n c h r o le c t r ic  v is c o m e t e r  w ith  N o .  1 sp in d le  a n d  a sp e e d  o f  6 0  rp m . A n y
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in c r e a se  in  th e  v is c o s i t y  o f  th e  s a m p le  a f te r  in c u b a t io n  as c o m p a r e d  t o  th e  
v a lu e  p r io r  t o  in c u b a t io n  o r  t o  th a t  o f  th e  c o n t r o l  sa m p le  in c u b a te d  s im ila r ly  
in d ic a te d  th e  p r e s e n c e  o f  th e  a c t iv e  e n z y m e . T h e  m in im u m  t im e  re q u ir e d  to  
g iv e  n o  a c t iv ity  in  th e  s a m p le  w a s  ta k e n  as th e  T IT  fo r  th a t  te m p e r a tu r e .

D e c i m a l  r e d u c t i o n  t i m e  ( D )  o f  p e c t i n e s t e r a s e

T e n  m l o f  th e  ju ic e  w e r e  h e a t e d  in  T IT  tu b e s  fo r  k n o w n  t im e s  a t d i f f e r e n t  
te m p e r a tu r e s  as in  th e  T IT  d e te r m in a t io n . T h e  h e a t in g  t im e s  s e le c te d  a t e a c h  
te m p e r a tu r e  w e r e  a b o v e  th e  c o m e -u p  t im e  b u t  w e ll  b e lo w  th e  T IT  o f  th e  
e n z y m e . T h e  in it ia l  a n d  th e  r e s id u a l P E  a c t iv it ie s  w e r e  d e te r m in e d  b y  th e  
m e t h o d  o f  M a c D o n n e l, J e n s e n  & L in e w e a v e r  ( 1 9 4 5 )  as m o d if ie d  b y  R o u s e  &  
A tk in s  ( 1 9 5 2 )  a n d  e x p r e s s e d  as P E  u n it s  X 1 O' 4 m b 1. T h e  D  v a lu e  w a s  
c a lc u la te d  u s in g  th e  fo r m u la  s u g g e s te d  b y  S t u m b o  ( 1 9 7 3 )  fo r  b a c te r ia

U
D = ----------------------lo g  a  -  lo g  b
W h ere  a  is  th e  in it ia l  a c t iv ity  a n d  b  is  th e  a c t iv ity  w h ic h  su rv iv ed  th e  h e a t in g  
t im e  o f  U  in  m in u te s .  T h e  D  v a lu e s  c a lc u la te d  fo r  d i f f e r e n t  h e a t in g  t im e s  a t  o n e  
te m p e r a tu r e  w e r e  a v era g ed .

C o r r e c t i o n  f o r  h e a t i n g  la g  d u r i n g  c o m e - u p  t i m e

T h e  e x t e n t  o f  in a c t iv a t io n  a t ta in e d  d u r in g  th e  t im e  lag  in  h e a t in g  a n d  c o o l in g  
w a s c a lc u la te d  b y  a p p ly in g  th e  g e n e r a l m e th o d  o f  B ig e lo w  e t  a l. ( 1 9 2 0 )  fo r  
p r o c e s s  c a lc u la t io n  as d e sc r ib e d  b y  N a th  & R a n g a n n a  ( 1 9 7 7 ) .

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

T h e s e  cu rv es  w e r e  p lo t t e d  o n  a s e m ilo g  p a p e r  b y  a p p ly in g  th e  a n a ly s is  o f  
le a s t  sq u a res  (B r o w n le e ,  1 9 6 0 ) .

R e s u l t s  a n d  d is c u s s io n

A c id i t y ,  p H , T S S  a n d  P E  a c t iv ity  in  o r a n g e  v a r ie d  c o n s id e r a b ly  (T a b le  1). 
T h e  p H  o f  fr u it  v a r ie d  fr o m  3 .0  in  e a r ly  r a in y  s e a s o n  c r o p s  o f  J u n e —S e p te m b e r  
t o  4 .0  in  la te  m a in  s u m m e r  c r o p s  o f  N o v e m b e r —F e b r u a r y . G e n e r a l ly , th e  

s u m m e r  c r o p  is  p r o c e s s e d  w h e n  th e  p H  ra n g es  fr o m  3 .6  t o  4 .0 .  H e n c e ,  T IT  
s tu d ie s  w e r e  ca rr ied  o u t  a t p H  v a lu e s  o f  3 .6  a n d  4 .0 ,  th e  lo w e s t  a n d  th e  h ig h e s t  
l ik e ly  t o  b e  fo u n d .  T h e  T S S  o f  12%  s im u la te  th e  c a n n e d  ju ic e .  R o u s e  ( 1 9 5 3 )
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Table 1. T o ta l soluble solids, ac id ity , pH  and PE ac tiv ity  in orange and in the  p repa ra tion  
used fo r th e rm a l inactivatio n  studies

P articu lars Edible p o rtio n  
o f orange*

Orange ju ice  used 
fo r inactivatio n  
s tud iesf

TSS (%) 7 - 1 2 12.0
A cid ity  as an hyd rou s  citric  acid (%) 0 .5 9 - 1 .1 5 0 .638  0.58
pH 3 .0 —4.0 3.6 4 .0
Pectinesterase ac tiv ity  (PE  un its  X 10" m l '1) 2 0 .6 -5 2 .0 3 7 - 5 2

P repared  by  *hand  peeling ; f ly e  peeling o f segm ents and blending th e rea fte r.

r e p o r te d  th e  P E  a c t iv ity  in  raw  ju ic e s  o f  d i f f e r e n t  v a r ie tie s  o f  o ra n g e  to  v a ry  
fr o m  1 t o  4 X  1CT2 P E  u n i t s /0 B r ix . T h e  ju ic e  u s e d  in  th e  p r e se n t  s tu d y  h a d  an  
a c t iv ity  ra n g in g  fr o m  3 .0 8  t o  4 .3 3  X 1 0 “2 P E  u n i t s /° B r ix .  In  th e  p r o c e s s in g  
p la n ts , th e  j u ic e  is e x tr a c te d  fr o m  m a n d a r in  o r a n g e s  in  a T a g lith  j u ic e  e x tr a c to r  
w h ic h  r e su lts  in  a j u ic e  o f  m u c h  lo w e r  p u lp  c o n t e n t  th a n  16% in  th e  p r e s e n t  
s tu d y . C o n s e q u e n t ly ,  th e  P E  a c t iv ity ,  w o u ld  b e  m u c h  le ss . T h e  P E  a c t iv ity  in  
t h e  j u ic e  u se d  in  th e  p r e s e n t  s tu d y  is th e  h ig h e s t  th a t  is l ik e ly  to  b e  fo u n d  fo r  
t h e  p r o d u c t  in  q u e s t io n .

T e s t  f o r  t h e  i n a c t i v a t i o n  o f  p e c t i n e s t e r a s e

R o th s c h ild  e t  a l. ( 1 9 7 5 ) ,  in  th e ir  s tu d ie s , c o n s id e r e d  p a s te u r iz a t io n  t o  b e  
a d e q u a te ,  i f  a f te r  th r e e  d a y s  o f  in c u b a t io n , th e  r e a c t io n  m ix t u r e  r e m a in e d  fr e e  
f lo w in g  ( - )  o r  in s u f f ic ie n t ,  i f  th e  j e l ly  h a d  fo r m e d  (+ ) .  In  th e  p r e s e n t  s tu d y , an  
in c r e a se  in  th e  v is c o s i t y  w a s  o b se r v e d  in  s o m e  o f  th e  in c u b a te d  s a m p le s  w h ic h  
h a d  r e c e iv e d  h e a t  t r e a tm e n t  s u f f ic ie n t  e n o u g h  t o  r e n d e r  th e  s a m p le  fr e e  f lo w in g .  
H e n c e , v is c o s i t y  w a s  d e te r m in e d  in  sa m p le s  w h ic h  h a d  n o t  j e l l ie d  to  d e te r m in e  
th e  t im e  re q u ir e d  a t a p a r t ic u la r  te m p e r a tu r e  fo r  th e r m a l in a c t iv a t io n  o f  P E . A n  
in c u b a t io n  p e r io d  o f  4 8  h r  a t 9 3 .2 ° F  ( 3 4 ° C )  w a s  fo u n d  s u f f ic ie n t .  A  ty p ic a l  s e t  
o f  r e s u lts  o b ta in e d  b y  th e  a b o v e  t w o  se ts  is s h o w n  in  T a b le  2 . A t  p H  3 .6  and
4 . 0 ,  th e  t im e  req u ired  to  in a c t iv a te  th e  P E  a t  1 9 0 ° F  ( 8 7 .8 ° C )  w a s 4  a n d  5 m in  
r e s p e c t iv e ly ,  b y  th e  j e l ly - t e s t ,  a n d  5 a n d  8 m in  r e s p e c t iv e ly ,  b y  th e  v is c o s i ty  
m e t h o d .  T h e  T IT  m e n t io n e d  a b o v e  in c lu d e  th e  c o m e -u p  t im e . T h e s e  r e su lts  
s h o w  th a t  th e  v is c o s i t y  m e t h o d  is s e n s it iv e  to  th e  re s id u a l P E  a c t iv ity  a t le v e ls  
w h ic h  th e  j e l ly - t e s t  c a n n o t  d e t e c t .

T o  d e te r m in e  th e  A  v a lu e  ( t h e  t im e  r e q u ir e d  a t a p a r t ic u la r  te m p e r a tu r e  to  
c o m p le t e ly  in a c t iv e  th e  e n z y m e )  o r  th e  D  v a lu e , 1 0  m l o f  th e  sa m p le  w e r e  
r e q u ir e d  w h ic h  n e c e s s i ta te d  th e  u se  o f  T IT  tu b e s  o f  a larger  d ia m e te r  ( 1 .4  c m )  
th a n  th e  tu b e s  ( 0 .7  c m )  u s e d  in  th e  th e r m a l d e a th  t im e  (T D T )  s tu d ie s  o f
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Table 2. C om parison  o f  sensitized je lly -te st and v iscosity  m e th o d  fo r de term in ing  the rm al 
in ac tiva tio n  tim e o f PE in orange ju ice

pH T em pera tu re
(° F )

U n corrected  
heating  tim e 
(m in)

Jelly -test V iscosity
(cp)

3.6 190 0 G ood jelly N.D.
3 Soft je lly 45 .0
4 Free flow ing 8.5
5 Free flowing 5.0
6 F ree flow ing 5.0
7 F ree flowing 5.0

4.0 190 0 G ood jelly N.D.
4 Soft je lly 42 .0
5 F ree flow ing 18.0
6 F ree flowing 8.0
7 Free flow ing 8.0
8 Free flowing 5.0
9 Free flow ing 5.0

Boiling w ater 10 Free flowing 5.0

N.D. = n o t de term ined .

b a c te r ia l s p o r e s . T h e  c o m e -u p  t im e  w a s , th e r e fo r e ,  lo n g e r . S in c e  it s  e f f e c t iv e 
n e ss  (p e r c e n ta g e  o f  th e  c o m e -u p  t im e  h a v in g  le th a l  e f f e c t  o n  th e  e n z y m e )  w a s  
f o u n d  a n d  th e  c o r r e c t io n  a p p lie d , th e  a c c u r a c y  o f  th e  F  a n d  D  v a lu e s  w a s  n o t  
im p a ir e d .

C orrection fo r  hea ting  lag

T h e  c o r r e c t io n s  n e c e s s a r y  fo r  h e a t in g  lag  in  th e  d e te r m in a t io n  o f  th e  th e r m a l  
d e a th  t im e  o f  b a c te r ia  h a v e  b e e n  fo u n d  b y  B a ll e t al. ( 1 9 3 7 )  a n d  S o g n e f e s t &  
B e n ja m in  ( 1 9 4 4 )  b u t  n o t  in  th e  d e te r m in a t io n  o f  T IT  o f  e n z y m e s . E a r lier  
w o r k e r s  (K a p la n , E s s e le n  &  F e lle r s , 1 9 4 9 ;  N e b e s k y  e t al., 1 9 5 0 ;  D a s tu r , W e c k e l  
& v o n  E lb e , 1 9 6 8 ;  N a n ju n d a sw a m y , S a ro ja  & R a n g a n n a , 1 9 7 3 )  u s e d  e i th e r  th e  
c o r r e c t io n  f o u n d  fo r  b a c te r ia  or  a s su m e d  an  a rb itra ry  v a lu e . E a g e r m a n  &  R o u s e
( 1 9 7 6 )  u se d  th e  f la sk  m e th o d  w h e r e in  th e  c o n c e n tr a t e d  e n z y m e  p r e p a r a tio n  
w a s  a d d e d  t o  th e  j u ic e  p r e h e a te d  to  th e  te m p e r a tu r e  a n d  v ig o r o u s ly  s tir red , 
w h ic h  o b v ia te d  th e  n e e d  fo r  a la g  c o r r e c t io n . T h e  g en e ra l m e t h o d  a d o p te d  b y  
th e  p r e s e n t  a u th o r s  p r o v id e s  a b a s is  fo r  d e te r m in a t io n  o f  th e  c o r r e c t io n  t o  b e  
a p p lie d  fo r  th e  h e a t in g  lag  in  th e  d e te r m in a t io n  o f  th e  T IT  o f  th e  e n z y m e s .

D a ta  r e la t in g  t o  th e  c o r r e c t io n  t o  b e  a p p lie d  fo r  th e  h e a t in g  la g  d u r in g  th e  
c o m e -u p  t im e  is g iv e n  in  T a b le  3 .  T h e  e f f e c t iv e n e s s  d e c r e a se d  s lig h t ly  as th e  p H  
w a s  in c r e a se d  — 4 4 .6 5 %  at p H  3 .6  a n d  4 1 .5 4 %  a t p H 4 .0 .

28
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Table 3. C orrections fo r com e-up tim e in the  de te rm in a tio n  o f  the rm a l inactivation  and 
decim al red u c tio n  tim es o f pectinesterase  in orange ju ice

pH E xperim en ta l
TIT*

T em p.
(° F )

C om e-up E ffectivenessf 
tim e (m in) (%)

C orrections to  
be su b trac ted  
(m in)

3.6 f ,28V = h .o 180 6.6 44 .63 3.65
185 6.6 43 .85 3.71
190 6.6 46 .02 3.56
195 6.6 44 .12 3.69

Mean 6.6 44 .65 3.65
4.0 F 280 3 = 18-6 180 6.6 42 .42 3.8

185 6.6 40.37 3 .94
190 6.6 43 .33 3 .74
195 6.6 4 0 .14 3.95

Mean 6.6 41 .54 3.86

* T IT  un co rrec ted  fo r heating  lag used fo r ca lculating  th e  effectiveness, 
t  Percentage o f  th e  com e-up tim e having lethal effec t on  th e  enzym e.

F , D  and  z values

T h e  s e m ilo g  p lo t  o f  th e r m a l in a c t iv a t io n  t im e  v. te m p e r a tu r e , w h ic h  g iv e s  th e  
th e r m a l in a c t iv a t io n  t im e  cu rv e  a n a lo g o u s  t o  th e  th e r m a l d e a th  t im e  cu rv e  o f  
b a c te r ia , is s h o w n  in  F ig . 1. T h e  F  v a lu e  o f  P E  in  m a n d a r in  o ra n g e  ju ic e  (T a b le
4 )  w a s  h ig h e r  th a n  th e  h e a t in g  t im e s  a n d  te m p e r a tu r e s  fo u n d  s u f f ic ie n t  fo r

Figure 1. T IT  curves o f  pectinesterase  in orange ju ice , o pH  4.0  ; A pH  3.6.
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Table 4. F, D  and z values o f PE in orange ju ice

pH F  and z values 
fro m  T IT  curve

D  and z values 
fro m  therm al-

Process
equivalence

F  values for 
com m ercial

resistance curve F /D pasteu riza tio n

3.6 « 5  = 1-00 r\ 20*6 _  Q CA
197*5 1.85 F \9 i- s  = 1 00

2.0 = 1.09
2.5 = 1.36

4.0 ¿201.5= 1-00 C  = 0-438 2.28 ¿201.5 = 1 -00
2.5 = 1.10
3.0 = 1.32

in a c t iv a t io n  u n d e r  c o m m e r c ia l  p a s te u r iz a t io n  c o n d it io n s  ( R o u s e  &  A tk in s ,  
1 9 5 2 ,  1 9 5 3 ;  A tk in s  & R o u s e ,  1 9 5 3 ,  1 9 5 4 ;  K e w  e t al., 1 9 5 7 ;  R o th s c h i ld  e t al.,
1 9 7 5 )  o r  th e  T IT  fo u n d  b y  E a g erm a n  & R o u s e  ( 1 9 7 6 )  u s in g  j u ic e  fr o m  o th e r  
v a r ie t ie s  o f  o r a n g e . T h e  T IT  in c r e a se d  w ith  pH .

T h e  e n z y m e  a c t iv ity  in  m a n d a r in  o ra n g e  v a r ie s  c o n s id e r a b ly  (T a b le  1 ), a n d  i f  
th e  e n z y m e  a c t iv ity  in  th e  ju ic e  b e in g  p a s te u r iz e d  is h ig h e r  th a n  th a t  u s e d  fo r  
th e  T IT  s tu d ie s , th e  F  v a lu e  fo u n d  m a y  p r o v e  in a d e q u a te  fo r  c o m p le te  
in a c t iv a t io n . K a p la n  e t al. ( 1 9 4 9 )  a n d  N e b e s k y  e t al. ( 1 9 5 0 )  h a v e  m a d e  s im ila r  
o b s e r v a t io n s  in  o th e r  c a n n e d  p r o d u c ts . A s  in  th e  ca se  o f  m ic r o o r g a n ism s , th e  
r a te  o f  in a c t iv a t io n  o f  th e  e n z y m e  is lo g a r ith m ic  a n d  is in d e p e n d e n t  o f  th e  
in it ia l  a c t iv it y  (Z o u e i l  &  E s s e le n , 1 9 5 9 ) .  H e n c e , th e  t im e  r eq u ired  t o  r e d u c e  th e  
e n z y m e  a c t iv ity  b y  o n e  lo g  c y c le  (D  v a lu e )  a t  d if f e r e n t  te m p e r a tu r e s  w a s

Figure 2. T herm al resistance curves o f  pectinesterase  in orange ju ice , o pH  4.0; 
A pH  3.6.
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determined. The semilog plot of the D value v. temperature which gives the 
thermal resistance curve, analogous to the ‘phantom’ thermal death time curve 
(also called thermal resistance curve) of bacteria, is shown in Fig. 2. The D 
value was found to increase as the pH increased (Table 4).

The z value (°F required for the slope of the curve to traverse one log cycle) 
from the thermal resistance curve was slightly higher than the value from the 
TIT curve (Table 4) which might be attributed to the different procedures used 
for the determination of F  and D values.

At pH values of 3.6 and 4.0, the F  value of PE was 1.00 at 197.5°F 
(91.94°C) and 201.5°F (93.61°C) respectively. The F  value was equal to
1.85 D at pH 3.6 and 2.28 D at pH 4.0. A slight increase in the decimal re
duction process would ensure not only inactivation of the enzyme but also 
other variables encountered under commercial pasteurization conditions. 
Hence, a 2D  process at pH 3.6 and a 2.5 D process at pH 4.0 are 
recommended. The corresponding increase in time is very small (Table 4).
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H om e frozen  straw berries
I I I .  F a c to r s  a f f e c t in g  s e n s o r y  a s s e s s m e n t

MARGARET A. HUDSON, VALERIE A. RICKETTS 
and MARGARET E. HOLGATE

S u m m a r y

Treatments were devised to improve the quality of home frozen Cambridge 
Favourite strawberries, stored for 6 months at — 18°C. When sugared berries 
were frozen quickly on trays and packaged the following day, rather than being 
packaged in sugar before freezing, the appearance of sliced berries and colour 
of whole berries were improved. If fruit was frozen without sugar and 
sweetened before tasting, the rate of freezing did not influence quality. Colour 
and appearance were usually better if sugar was added before freezing. For slow 
freezing, 60% syrup was a better medium than dry sugar, and texture (whole 
berries) and flavour (sliced berries) were improved. Sliced berries had a better 
flavour (syrup treatment) but poorer appearance (sugar treatment) than whole 
berries. Berries crushed in sugar before freezing had poorer appearance, colour 
and texture marks, but better flavour scores, than the whole berries frozen in 
sugar or syrup. Ascorbic acid failed to improve quality.

I n t r o d u c t i o n

Two previous papers (Hudson et al., 1975a, b) described ways of improving the 
quality of home frozen strawberries and mentioned most of the relevant litera
ture. Most tests used 60% syrup as the freezing medium, as early work showed 
it was one of the best freezing agents (Leach et al., 1970). At home, however, 
dry sugar is usually preferred as it requires no preparation. This paper describes 
attempts to improve the quality of berries frozen with dry sugar, but includes a 
few syrup treatments for comparison. Occasionally housewives open-freeze 
berries on trays to obtain faster freezing rates. Stoll (1966), Gutschmidt (1969) 
and Durif (1971) obtained better texture and flavour by rapid freezing. How
ever MacArthur & Johnston (1947) and Hudson et al. (1975a) found that faster 
freezing may not necessarily improve quality, presumably because their 
freezing speeds were not fast enough to be effective.

A u th o rs’ address: Long A shton  R esearch S ta tio n , U niversity  o f  B ristol, Long A sh ton , 
B risto l B S18 9A F.
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The effects of freezing fresh plain berries and adding sugar before tasting 
have also been investigated in this paper. Dawson, Harris & Alexander (1952) 
found that adding sugar after freezing gave better flavour, as the fruit was not 
too sweet. MacArthur & Johnston (1947) also obtained good results using this 
method.

We also tested whole, sliced and crushed berries, with and without added 
ascorbic acid. Fieger, DuBois & Kalogereas (1946) obtained better flavour with 
sliced than whole berries and they found sugar penetration and retention of 
flavour to be correlated. Hohl (1947) reported better texture and appearance 
after slicing. Crushing (MacArthur & Johnston, 1947) enhanced most qualities 
and especially flavour. Usually quality has not been improved by using ascorbic 
acid (Hohl, 1947; Crivelli & Rosati, 1973; Hudson et al., 1975b).

M a te r ia ls  a n d  m e t h o d s

Medium sized Cambridge Favourite strawberries were hulled and weighed into 
350 g batches. For most treatments berries were left whole, or cut lengthwise 
into halves, and placed in plastic cartons for slow freezing, or on plastic trays 
for faster quick freezing. Berries were then (a) sprinkled with 90 g sugar, (b) 
sprinkled with 90 g sugar mixed with 200 mg ascorbic acid, (c) covered with 
350 ml chilled (4°C) 60% (w/w) syrup, or (d) untreated. In other experiments 
berries were crushed with 90 g sugar, or 90 g sugar and 200 mg ascorbic acid, and 
were placed in plastic cartons for slow freezing. All material was frozen over
night in a cold room at — 20°C and the following morning berries on trays were 
packaged in cartons. After 6 months storage at ^18°C, material was thawed 
slowly overnight at 4°C, and sensory evaluations carried out as soon as possible 
after the preparations. For tasting, 90 g sugar were added to the plain berries.

Three experiments were made, each with six treatments and three replicates. 
An experienced panel of twelve members assessed appearance, colour, texture 
and flavour on a seven-point hedonic preference scale, 1 being objectionable, 
2 poor, 3 below average, 4 average, 5 above average, 6 good and 7 excellent.

R e s u l ts

Whole berries frozen packed or on trays
Table 1 shows that ascorbic acid did not improve the quality of whole 

berries and decreased texture scores for slowly frozen fruit (P = 0.05). If sugar 
is added before freezing, significantly better (P = 0.01) colour scores result 
from faster freezing on trays. There was slight evidence that faster freezing also 
improved appearance.

Adding sugar after, rather than before, freezing only influenced quality by 
lowering the score for colour (P = 0.05) following a fast freeze on trays. When
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Table 1. M ean scores fo r w hole berries w ith  sugar ad ded  befo re freezing (S F ) o r before 
tas tin g  (ST)

T rea tm en t Freezing
rate A ppearance C olour T ex tu re F lavour

SF Fast 4 .4 0  ab 4 .24  be 3.88 b 3.37 ab
SF Slow 4.33  ab 3.81 a 3.91 b 3.72 b
SF and  AA Fast 4 .4 4  ab 4.41 c 3.90 b 3 .29 a
SF and AA Slow 4.2 0  a 4 .00  ab 3.46 a 3 .64 ab
ST Fast 4 .68  b 3.90 a 3.66 ab 3 .54 ab
ST Slow 4 .3 0  ab 3.73 a 3.85 b 3.51 ab
S.E. 0 .150 0.131 0.147 0 .15 0

M ean scores fo llow ed b y  th e  sam e le tte r  do n o t d iffer significan tly  from  one an o th e r 
a t th e  5% level. S .E ., s tan dard  erro r; AA , ascorbic acid.

Table 2. M ean scores fo r sliced berries w ith  sugar added  b e fo re  freezing (S F ) o r befo re 
tas tin g  (ST)

T re a tm e n t
Freezing
ra te A ppearance C olour T ex tu re F lavour

SF Fast 4 .53  d 4 .29  c 3.95 a 3.58 a
SF Slow 4.13  be 4 .02  abc 3.87 a 3 .84  a
SF and AA Fast 4.27 cd 4.21 be 3.81 a 3.67 a
SF an d  AA Slow 3.85 ab 4.11 be 3.85 a 3.75 a
ST Fast 3.83 ab 3.72 a 3 .64  a 3.78 a
ST Slow 3.75 a 3 .90  ab 3.74 a 3.71 a
S.E. 0.128 0 .130 0.123 0 .133

M ean scores fo llow ed  by  th e  sam e le tte r  do  n o t  d iffer significan tly  fro m  one an o th e r 
at the  5% level. S .E ., s tandard  erro r; A A , ascorbic acid.

berries were frozen without sugar, the rate of freezing had no influence on 
quality.

Sliced berries frozen packed or on trays
Table 2 shows that adding ascorbic acid did not affect quality. If sugar is 

added before freezing, the appearance of the samples is improved by faster 
freezing on trays (P = 0.01) whether or not ascorbic acid is added.

When berries were frozen plain, and sugar was added for tasting, scores for 
appearance (quickly and slowly frozen berries) and colour (quickly frozen
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berries) were lower than for corresponding berries frozen with sugar. Quality of 
these sliced unsugared berries was not improved by faster freezing on trays.

Whole, sliced and crushed berries frozen slowly in syrup and sugar
Crushing berries in sugar lowered CP =0.01) scores for appearance, colour 

and texture (Table 3) but increased (P= 0.01) flavour scores. Adding ascorbic 
acid to crushed berries tended to lower all mean scores, but not significantly.

Whole berries frozen in sugar had significantly better (P= 0.001) appearance 
scores than the sliced berries frozen in the same medium. On the other hand, in 
the syrup treatments the sliced berries had a better flavour (P = 0.05) than the 
whole ones.In comparing the sugar and syrup treatments, the latter gave significantly 
higher scores for texture of whole berries (P= 0.001) and for flavour of sliced 
berries (P = 0.01).

Table 3. M ean scores fo r w hole, sliced and crushed berries fro zen  slow ly in sugar or syrup

T rea tm en t A ppearance C olour T ex tu re F lavour

W hole berries in sugar 4 .93  d 4 .27  b 3.56 be 3 .22  a
W hole berries in syrup 4 .66  cd 4.21 b 4.13 d 3 .60  ab
Sliced berries in sugar 4 .10  b 4.15 b 3.75 c 3 .52  ab
Sliced berries in syrup 4.38 be 4 .19  b 3.85 cd 4 .0 9  c
C rushed berries in sugar 2.25 a 3.38 a 3.29 ab 4.15 c
C rushed berries in sugar + AA 1.96 a 3.17 a 3.23 a 3.90 be
S.E. 0 .120 0.119 0 .118 0 .15 4

M ean scores fo llow ed by th e  same le tte r  do n o t d iffer significan tly  from  one an o th e r 
at the level. S .E ., s tandard  erro r. AA , ascorbic acid.

D is c u s s io n

In the home berries can be (a) packed and frozen or (b) spread out on a tray, 
frozen, and packed the following day. The latter method gives the faster freez
ing rate. If sugar was added before cooling, the faster freeze improved colour of 
whole berries and appearance of sliced berries. Similar quality improvement 
was not attained when berries were frozen plain and sugar was added for 
tasting. This suggests that the improvements are due, not to the smaller ice 
crystal size that normally accompanies really fast freezing, but to the shorter 
time for which fruit is immersed in the sweetening agent before freezing. Pre
sumably colour and appearance are favoured by a shorter soaking time as there 
is less time for the sugar to cause plasmolysis, cellular damage and loss of cell 
sap. However slower freezing tended to improve flavour indicating that a longer 
soak in sugar before freezing increases penetration. Similar results have
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been obtained for berries frozen in syrup (Hudson et al., 1975a). Plain berries 
to which sugar was added for tasting had the poorest colour. Whether to recom
mend whole, sliced or crushed fruits clearly depends on the use to which the 
fruit is to be put. Whereas slicing and crushing improve flavour, by allowing 
greater penetration of sugar, they tend to spoil appearance. Crushing had an 
adverse effect on colour, appearance and texture, but it improved flavour, so it 
is valuable if the fruit is to be used in the pureed form and is the most 
economical of freezer space.

The results confirmed that for slow freezing syrup is a marginally better 
freezing agent than dry sugar as it improves texture (whole berries) and flavour 
(sliced berries). In the home a syrup freeze is always slow. Unfortunately we 
did not directly compare this method with a quick freeze for sugared berries on 
trays, and the same treatments in different experiments did not give the same 
mean scores, so it is not possible to make a rigorous comparison. However, 
standardizing scores between experiments suggests that a slow freeze in syrup 
gives a better flavour (whole and sliced berries) and texture (whole berries), but 
a poorer colour (whole berries) than a quick freeze in sugar. For syrup treat
ments we showed it is better to use sliced berries (improved flavour) whereas 
for dry sugar methods whole berries are best (improved appearance). In com
paring a syrup freeze for sliced berries and a quick freeze in sugar for whole 
berries, we find fairly strong evidence for improved flavour in the syrup treat
ment, and no marked differences in other parameters. The syrup treatments do, 
therefore, seem the best. One additional disadvantage of quick freezing on trays 
is that unsightly lumps of sucrose hydrates tend to form during storage. These 
dissolve only slowly during thawing, and often spoil the appearance of the 
thawed product. In the current experiments these hydrates were ignored by the 
tasting panel, as its members had been requested to assess the appearance of the 
fruit and not the syrup.

Ascorbic acid had no effect on the quality of the fruit. As it is used mainly 
to prevent browning of white fruits it is perhaps hardly surprising that it has 
always been found to be ineffective with strawberries.

C o n c lu s io n s

(1) Freezing slowly in a 60% (w/w) chilled syrup gives the best overall 
quality to frozen strawberries. Slicing the berries improves their flavour.

(2) Freezing in dry sugar is most convenient and quick freezing will improve 
colour and appearance. Adding sugar after freezing does little to improve 
quality. Whole berries had a better appearance than those which had been 
sliced.

(3) Ascorbic acid had no effect on quality.
(4) Berries crushed with sugar had the most flavour and used least freezer 

space, but they can only be used as a purée.
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Q uality  o f  hom e frozen  vegetables
I I I .  E f f e c t s  o f  s a l t  t r e a t m e n t s  a n d  b o i l - in - th e - b a g  m e t h o d s  o n  r e t e n t i o n  o f  
c h l o r o p h y l l  in  h o m e  f r o z e n  p e r p e t u a l  s p in a c h

MARGARET A. HUDSON, JANITA JENKINSON 
and MARGARET E. HOLGATE

S u m m a r y

This paper records changes in total chlorophyll and chlorophylls a and b in 
perpetual spinach after blanching, storage at — 18°C and cooking. In soft water 
total chlorophyll decreased during blanching but less so when salt (1.2%) was 
added; salting increased the loss of chlorophyll during storage but decreased 
losses during cooking. In hard water less chlorophyll was lost and salting had 
less effect.

Conventional cooking methods were better than ‘boil-in-the-bag’ cooking 
which much reduced chlorophyll. Adding salt during cooking had no effect on 
total chlorophyll retention other than protecting it when cooking spinach 
blanched in soft water without salt.

Chlorophyll a also survived least well when spinach was cooked in the bag. It 
seemed to be made less stable after using salty (3%) cooling water but survived 
slightly better in hard than in soft water. Although chlorophyll b was more 
stable, losses were greatest with boil-in-the-bag methods.

In soft water areas it is recommended that salt (1.2%) is added to the blanch
ing water. This is not necessary in hard water regions. Boil-in-the-bag methods 
are considered unsatisfactory for spinach.

I n t r o d u c t i o n

The effects of high pH and of a salt blanch in preventing conversion of chloro
phyll to phaeophytin in blanched green vegetables were mentioned by Hudson 
et al. (1974a, b). Later Thomopoulos (1975) reported that 1—3% sodium 
chloride had no effect on the blanching process, but 10% increased the time 
needed to inactivate catalase. Good correlations between colour and chlorophyll 
conversion have often been found (Walker, 1964; Eheart & Gott, 1965; Buckle 
& Edwards, 1970a). This loss in colour is attributed mainly to degradation of

A u th o rs’ address: Long A shton  R esearch S ta tio n , U niversity  o f B ristol, Long A sh ton , 
B ristol B S18 9A F.
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chlorophyll a (Sweeney & Martin, 1961; Schneider, 1967). Chlorophyll b 
occurs in smaller amounts and is the more stable (Aronoff, 1953; Sweeney & 
Martin, 1958, 1961; Tan & Francis, 1962; Walker, 1964; Eheart & Gott, 1965; 
Eheart, 1967; Buckle & Edwards, 1970b). More chlorophyll is lost at low pH 
and Sweeney & Martin (1961) found a pH of between 6 and 7 to be critical for 
chlorophyll retention. Gupte & Francis (1964) found that blanching at a high 
pH maintained a good colour in spinach purée stored at room temperature for 
18 months.

Much chlorophyll is lost during blanching and more the longer the blanching 
time (Mackinney & Weast, 1940; Dietrich et al, 1959; Tan & Francis, 1962). 
Chlorophyll may also decrease during storage (Dietrich et al, 1957, 1960; 
Walker, 1964; Schneider, 1967;Eheart, 1969) though in runner beans Schneider
(1967) found phaeophytin levels were unchanged after 3 months storage at 
—20°C. Wagenknecht, Lee & Boyle (1952) found no chlorophyll loss in peas 
stored at — 18°C.

Chlorophyll is also lost in a number of vegetables during cooking (Mackinney 
& Weast, 1940; Sweeney & Martin, 1961; Eheart & Gott, 1965; Eheart 1970). 
Eheart (1967) reported a lowering of chlorophyll, total acids and pH when 
frozen broccoli was cooked, but retention of both chlorophyll a and b was 
associated with the pH of the vegetable and not with total acids.

Eheart (1970) found that boiling-in-the-bag increased total acid content and 
losses of total chlorophyll and chlorophyll b, but had little effect on visual 
colour; it retained Vitamin C better than conventional cooking. Pickford
(1975) also found that Vitamin C was retained well but reported that heating 
took 2.5 times longer than the conventional method, and involved a greater loss 
of colour and flavour.

The volume of water used for blanching and cooking also appears to affect 
chlorophyll retention. Eheart & Gott (1965) found less conversion of chloro
phyll with large quantities of cooking water and concluded this resulted from a 
greater dilution of the plant acids.

This paper describes further work on the use of salt in blanching and cooling 
water. Total chlorophyll and chlorophylls a and b have been estimated in per
petual spinach after blanching and cooling, storage and cooking. Both hard and 
soft waters were used for blanching and cooling, with and without added salt. 
Cooking was done conventionally and in the bag, with and without added salt. 
Boiling in bags is attractive because nutrients would be retained, several vege
tables could be cooked in bags together and saucepan cleaning is simpler. We 
used small flat bags in the hope that the contents would heat quickly and so 
suffer little loss of quality.

M a te r ia ls  a n d  m e t h o d s

Samples (150 g) of freshly picked perpetual spinach leaves were placed in 
muslin bags and each blanched 3 min in 2.1 litre plain or salted (1.2% NaCl)
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water. The ‘hard’ blanching water (pH approximately 7.6) had a total hardness 
as CaC03 of 200 ppm and the ‘soft’ water (pH approximately 6.0) was made up 
with 1 part tap water and 9 parts distilled water. After blanching, each sample 
was cooled 3 min in 1.4 litre of chilled ‘soft’ or ‘hard’ water, either with or 
without 3% NaCl. Blanching was done in small aluminium saucepans. After 
draining the material was packaged in polythene bags or in boil-in-the-bag 
containers which were frozen and stored for 6 months at — 18°C. For con
ventional cooking samples were removed from their polythene bags and 
simmered for 10 min in 125 ml unsalted or salted (1.2% NaCl) tap water. The 
immersible bags were placed in boiling water for 25 min. Both cooking pro
cedures raised the temperature of the spinach to approximately 85° C.

Chlorophyll assays were made using Vernon’s (1960) method and his 
equations 13, 1 and 2 were used to calculate percentage retentions of total 
chlorophyll and chlorophylls a and b respectively.

Results
Tdtal chlorophyll

Differences in retention of total chlorophyll between hard and soft water 
treatments were evident (Table 1) and confirmed that chlorophyll is more 
stable in alkaline (hard) water. Blanching resulted in significant losses of total 
chlorophyll. Salt blanches tended to decrease loss of total chlorophyll during 
scalding, but only with soft water samples was the difference significant 
(P = 0.01). Again (Hudson et al., 1974a) there was no advantage in adding 3% 
salt to the cooling water, indicating that salt is ineffective in cold water.

Total chlorophyll diminished slightly during storage, significantly in material 
blanched in soft water and most (P = 0.001) in salt blanched spinach. Conven
tional cooking restored the significant differences between the material 
blanched in soft water with and without salt. Adding salt to cooking water had 
no effect on chlorophyll retention, apart from improving (P = 0.05) its level in 
material blanched in soft water without salt. None of these differences was 
significant in spinach treated in the hard water.

Boil-in-the-bag methods were only investigated using samples blanched in 
hard water. They showed losses of total chlorophyll which were approximately 
10% greater than with conventional cooking. Boiling-in-the-bag gave a signi
ficantly better (P -  0.05) chlorophyll retention in material blanched with salt, 
but despite this conventional cooking was still best.

Chlorophyll a
Changes in chlorophyll a followed those for total chlorophyll, but because 

the standard error of the results was greater, there were fewer significant differ
ences. All material lost a significant amount of chlorophyll during blanching.
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After cooling there were no significant differences between the hard and soft 
water treatments. However the spinach blanched in soft water lost significantly 
greater amounts of chlorophyll a during storage than the material blanched in 
hard water. The resistant hard water blanched spinach suffered no chlorophyll 
loss during conventional cooking. Losses during cooking occurred in material 
cooked in the bag and in the soft water treatment blanched without salt. 
Adding salt to cooking water did not affect the retention of the pigment.

Q u a l i t y  o f  h o m e  f r o z e n  v e g e t a b l e s .  I l l

Chlorophyll b
Chlorophyll b was more stable than chlorophyll a and was not significantly 

decreased by any of the blanching treatments, although some data showed 
smaller chlorophyll b concentrations after blanching. Generally no significant 
loss of pigment occurred during storage, though concentrations again tended to 
decrease. Significant losses during storage occurred only in material blanched 
and cooled in hard water without salt. This treatment was also exceptional in 
that chlorophyll b increased during conventional cooking. Material cooked in 
the bag generally had less chlorophyll b than was found in freshly blanched 
spinach. Adding salt to cooking water did not affect chlorophyll b content. 
Chlorophyll b was generally lower in spinach, blanched in soft water and 
cooked, than in the fresh material.

Discussion
This work confirmed previous findings that a high pH stabilizes chlorophyll 
molecules during blanching, cooking, and to a lesser extent during storage at 
-1 8 °  C.

Although the pH of the water is of great importance, the pH of the vege
tables themselves is also known to be critical (Schneider, 1967; Sweeney & 
Martin, 1961). We now know that salt added to soft blanching water may also 
be beneficial in stabilizing chlorophyll. The effect is less pronounced, or non
existent, with hard water, indicating that the ionic composition of the water is 
of importance. Addition of salt does not affect pH and it is thus probable that 
the salt blanch prevents leaching of the magnesium ions during blanching and 
cooking. Higher levels (3%) of salt may have an even greater protective effect in 
soft water areas (Hudson et al., 1974a). The results indicate that although 1.2% 
salt may help to prevent chlorophyll conversion, it cannot entirely prevent 
chlorophyll loss in acidic media. It is not as effective in stabilizing chlorophyll 
as an increase in pH, which implies that a carbonate salt would be more effec
tive. The disadvantage of using such a salt in the home would be to know the 
quantity to add without increasing the pH to such an extent that both Vitamin 
C and texture would be adversely affected.

Perpetual spinach is not heated to any great extent during cooking, and this
29



4 3 2 M a r g a r e t  A .  H u d s o n  e t  al.
would explain why chlorophyll losses during cooking were not greater. In hard 
water regions the chlorophyll levels of spinach are not affected by cooking and 
salt added for cooking could not improve colour. In soft water regions, how
ever, salt added for cooking improves chlorophyll retention if unsalted water is 
used for blanching. Results showed that it is better to stabilize the chlorophyll 
with salt during blanching, than to rely on it improving colour when added to 
cooking water.

Boil-in-the-bag methods were disappointing because of the longer cooking 
time and the increase in chlorophyll loss. The greater breakdown of chlorophyll 
is no doubt due to retention of volatile acids and lack of neutralization of the 
cell sap with tap water.

Vernon’s (1960) method for chlorophyll determinations presented certain 
anomalies. Our percentage values of chlorophyll b in raw material seemed very 
low, but Eheart & Gott (1965) and Eheart (1969, 1970) found low levels in 
other vegetables. Another anomaly was the increase in chlorophyll b found 
during cooking. Gupte & Francis (1964) and Buckle & Edwards (1969) found 
increases of this pigment in purées stored at room temperature. Tan & Francis
(1962) found more phaeophytin than could be accounted for by loss of chloro
phyll in spinach purée; they suggested the formation of another substance with 
higher absorption coefficients. Eheart discovered increases in chlorophyll a and 
total chlorophyll in frozen broccoli stored for 6 months (1967), and an 
increase in chlorophyll b in broccoli stored at — 15°C for 5 months (1970). 
There is a general tendency in these findings for the chlorophyll to build up 
during the first few months of storage and then to decline so that, after a year, 
there is less than in the blanched material. Presumably the anomalies will be 
explained by the formation of other chlorophyll degradation products as 
suggested by Buckle & Edwards (1969, 1970a, 1970b).

Conclusions
In perpetual spinach losses in total chlorophyll during blanching, frozen storage 
and cooking were found to be influenced by the type of water used for 
blanching. With soft water, chlorophyll is relatively unstable and is lost progres
sively during blanching, storage and cooking. To improve stability it is 
recommended that 1.2% sodium chloride is added to the blanching water. Hard 
water stabilizes chlorophyll molecules and there is no advantage in using salt 
for blanching in regions where this water is found.

Large chlorophyll losses occur when material is cooked in the bag. The 
method is thus unsatisfactory but, if used, then 1.2% salt should be added to 
the blanching water.
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Technical note: Improvement of texture of frozen vegetables 
by stepwise blanching treatments. II

E. STEINBUCH

In continuation of experiments published earlier in this journal (Steinbuch,
1976) the effect of stepwise blanching treatments on the quality of frozen 
vegetables has been studied further. As has been explained already it would be 
advantageous to achieve a firmer texture in some of the products. The applica
tion of a pre-heat treatment at a moderate temperature prior to a normal 
blanching process for the purpose of enzyme inactivation can contribute to a 
considerable hardening of certain vegetable tissues.

The application of an additional pretreatment at temperatures of 70—90°C 
may lead to undesirable changes. Prolonged exposure of vegetables to these 
temperatures produces a striking increase of hardness of the product as 
measured by tenderometer, and may be judged as too tough by quality panels. 
In addition some green vegetables develop a somewhat dull olive-like colour 
due to the effect of the heat process on the chlorophyl.

In order to avoid this undesirable colour change and toughness the experi
ments were repeated using alternative time and temperature conditions. The 
effect of the blanching time at 70°C on the texture of both whole and sliced 
beans is shown in Fig. 1.

The firmness of the beans is indicated by tenderometer value (TM), and an 
assessment of the sensory properties of the beans is shown also. The hardening 
effect of prolonged heating times is confirmed. This is accompanied by a 
decrease of the bright green colour and a rise of olive brown appearance. A 
short treatment at 70°C results in a firm texture and a retention of the green 
colour.

Figure 2 indicates that the texture of whole beans is firmer than that of 
sliced beans. The application of higher temperatures during the pre-heat treat
ment also leads to increasing firmness of the beans without the occurrence of 
toughness. In contrast with the effects of lower temperatures the green colour 
of whole and sliced beans is well preserved by pretreatments at elevated 
temperatures prior to the normal blanching process.

Some experimental work has indicated also that the texture of frozen cauli
flower and bean sprouts may also be improved by the stepwise blanching 
treatments.

A u th o r’s address: Sprenger In s titu te , W ageningen, T he N etherland s.
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Time at 70°C (min)

Figure 1. T he effect o f a p re trea tm en t at 70°C  p rio r to  norm al b lanching co n d i
tio n s  (3 m in , 9 8 °C) on  th e  te x tu re  o f fro zen  green beans. (1 ) U nsliced beans; 
(2 ) beans, sliced a fte r  th e  first tre a tm e n t; (3 ) beans, sliced a fte r  th e  second tre a t
m ent.

65 70 75 80 85

Temperature during 5 min (°C)

Figure 2 . T he effect o f p re trea tm en ts  a t 6 5 —85°C , p rio r to  norm al b lanching 
co nd itio ns  (3 m in , 98° C) on th e  tex tu re  o f frozen  green beans. Legend as in Fig. 1.
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Technical note: Some observations on the solubility of lentil 
bean protein in moderately acidic solutions

C. G. ANDERSON, C. R. ROMO a n d  N. DE PABLO

In a recent article dealing with legumes (Anderson & Romo, 1976) we reported 
that the solubility of protein in a Chilean variety of lentil bean (Lens culinaris) 
appeared to be a sensitive function of extraction time in the pH region below a 
pH of 2.5. Furthermore, we established that the solubility of the proteins from 
Chilean grown lentil exhibited general acid solubility, which was in direct 
contrast to results obtained for Lens culinaris protein solubility reported by 
Fan & Sosulski, 1974. These authors reported that lentil protein demonstrated 
general acid insolubility.

The only major difference between Fan & Sosulski’s method for deter
mination of protein solubility and ours was that in their method an extraction 
time of 2 hr was employed, while in our method, the sample was extracted for 
only 20 min. We reasoned that the conflicting results were presumably due to 
this difference in extraction times. The possibility existed that as the extraction 
time increased, irreversible denaturation of the proteins was occurring, thus, an 
extraction time of 2 hr might yield results indicating a low acid solubility when 
compared to results obtained using a 20 min extraction time.

We have now quantified the relationship between lentil protein solubility and 
extraction time in the pH range of 2.6 to 1.35 and found that contrary to our 
hypothesis, the lentil protein studied by us demonstrates high solubility utilizing 
an extraction time of 2 hr. The results of the study are shown in Table 1.

Fan & Sosulski (1974) reported an NSI at pH 2.0 of approximately 56% 
with a decrease in NSI to a value of approximately 35% at pH 2.5 utilizing an 
extraction time of 2 hr for the protein extraction process. In contrast, as shown 
in Table 1, we found using an extraction time of 2 hr that the protein in Chilean 
grown lentil exhibits a solubility maximum in the acidic pH range of 89.3% NSI 
at pH 2.6 (Sample 20, Table 1) decreasing to a value of 72.6% NSI at pH 1.95 
(Sample 12, Table 1).

It can also be seen from Table 1 that increasing the extraction time at all pH 
values studied from 20 min to 2 hr does produce a slight decrease in solubility 
as we hypothesized (compare Samples 3 and 4; 7 and 8; 11 and 12; 15 and 16;

A u th o rs ’ address: D ep artam en to  de N u tric ión  y T ecnologia de los A lim entos, Universidad 
de Chile sede sur, Casilla 15138 , Santiago 11, Chile.
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T a b le  1 . N itrogen so lub ility  index  (p ro te in  so lub ility ) as a 
fu n c tio n  o f ex trac tio n  tim e at various pH values fo r len til 
p ro te in *

Sam ple PH E xtrac tio n  tim e 
(m in)

NSI
(% )t

1 1.35 5 67.1
2 1.35 10 70.3
3 1.40 20 75.7
4 1.40 120 74.6
5 1.70 5 65.0
6 1.70 10 70.6
7 1.70 20 77.2
8 1.65 120 76.9
9 1.90 5 67.6

10 1.90 10 72.0
11 1.90 20 75.6
12 1.95 120 72.6
13 2.1 5 70.9
14 2.1 10 75.8
15 2.1 20 78.0
16 2.1 120 75.7
17 2.6 5 88.8
18 2.6 10 89.0
19 2.6 20 91.5
20 2.6 120 89.3

* Dry basis, f  Average o f  dup lica te  sam ples.

19 and 20 in Table 1), but not nearly of the magnitude expected. The data 
also indicate that as the extraction time is increased from 5 min to 20 min that 
a general, albeit small, increase in solubility occurs, with the degree of the 
increase becoming less pronounced as the pH is increased to a value of 2.6.

It can now be concluded, based upon the data presented above, that the 
differences observed for lentil protein solubility by Fan & Sosulski and us in 
the acidic region are probably due to a true difference in the nature of the 
proteins found in the two different samples of lentil bean.
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contributions to knowledge of food science and tech
nology and also review articles in the same field. 
Papers are accepted on the understanding that they 
have not been and will not be, published elsewhere in 
whole, or in part, without the Editor’s permission. 
Papers accepted become the copyright of the Journal. 
This journal is covered by Current Contents,

Typescripts (two complete copies) should be sent to 
the Editor, Dr H. Liebmann, c/o Research and De
velopment Department, Metal Box Ltd, Twyford 
Abbey Road, London NW10 7 X Q . Papers should be 
typewritten on one side of the paper only, with a 1| inch 
margin, and the lines should be double-spaced. In addi
tion to the title of the paper there should be a ‘running 
title’ (for page headings) of not more than 45 letters (in
cluding spaces). The paper should bear the name of the 
author (s) and of the laboratory or research institute 
where the work has been carried out. The full postal 
address of the principal author should be given as a 
footnote. (The proofs will be sent to this author and 
address unless otherwise indicated.) The Editor 
reserves the right to make literary corrections.

Arrangement. Papers should normally be divided 
into: (a) Summary, brief, self-contained and embody
ing the main conclusions; (b) Introduction; (c) 
Materials and methods; (d) Results, as concise as 
possible (both tables and figures illustrating the same 
data will rarely be permitted); (e) Discussion and 
conclusions; (f) Acknowledgments; (g) References.

References. Only papers closely related to the 
authors’ work should be included; exhaustive lists 
should be avoided. References should be made by 
giving the author’s surname, with the year of publica
tion in parentheses. When reference is made to a work 
by three authors all names should be given when cited 
for the first time, and thereafter only the first name, 
adding et al., e.g. Smith et al. (1958). The cet al.’ 
form should always be used for works by four or more 
authors. If  several papers by the same author and 
from the same year are cited, a, b, c, etc. should be put 
after the year of publication, e.g. Smith et al. (1958a). 
All references should be brought together at the end of 
the paper in alphabetical order. References to articles 
and papers should mention (a) name(s) of the author (s) 
(b) year of publication in parentheses; (c) title of 
journal, underlined, abbreviated according to the 
World L ist o f  Scientific Publications, 4th edn and supple
ments; (d) volume number; number of first page of 
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include (a) name(s) and initials of author(s) or 
editorfs); year of publication in parentheses; (b) title, 
underlined; (c) edition; (d) page referred to; (e) 
publisher; (f) place.

Standard usage. The Concise Oxford English Dictionary 
is used as a reference for all spelling and hyphenation. 
Verbs which contain the suffix ize (ise) and their 
derivatives should be spelt with the z. Statistics and 
measurements should always be given in figures, i.e. 
10 min, 20 hr, 5 ml, except where the number begins 
the sentence. When the number does not refer to a unit 
of measurement, it is spelt out except where the number 
is greater than one hundred.

Abbreviations. Abbreviations for some commoner 
units are given below. The abbreviation for the plural 
of a unit is the same as that for the singular. Wherever 
possible the metric S I units should be used unless 
they conflict with generally accepted current practice. 
Conversion factors to S I units are shown where 
appropriate.

S I U N IT S
gram g Joule J
kilogram k g =  10» g Newton N
milligram mg =  IO“3 g Watt W
metre m Centigrade °c
millimetre mm =  10~3 m hour hr
micrometre firn =  IO-6 m minute min
nanometre noi =  IO-9 m second see
litre 1 =  IO-3 m3

N O N  S I U N IT S
inch in = 25-4 mm
foot ft 0-3048 m
square inch in2 = 645-16 mm2
square foot ft2 0-092903 m2
cubic inch in3 = 1-63871 x IO4 mm3
cubic foot ft3 0-028317 m3
gallon gal = 4-5461 1
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inch lb in“3 = 2-76799 x IO4 kg m-3
dyne = IO-5 N
Calorie (15°C) cal = 4-1855 J
British Thermal

Unit BTU 1055-06 J
Horsepower HP 745-700 W
Fahrenheit °F 9/5 T ° C +  32

Figures. In the text these should be given Arabic 
numbers, e.g. Fig. 3. They should be marked on the 
backs with the name(s) of the author(s) and the title of 
the paper. Where there is any possible doubt as to 
the orientation of a figure the top should be marked 
with an arrow. Each figure must bear a reference 
number corresponding to a similar number in the 
text. Photographs and photomicrographs should be 
unmounted glossy prints and should not be retouched. 
Line diagrams should be on separate sheets; they 
should be drawn with black Indian ink on white 
paper and should be about four times the area of the 
final reproduction. Lines and lettering should be of 
sufficient thickness and size to stand reduction to one- 
half or one-third. Whenever possible, the originals of 
line diagrams, prepared as described above, should be 
submitted and not photographs. The legends of all the 
figures should be typed together on a single sheet of 
paper headed ‘Legends to figures’.

Tables. There should be as few tables as possible and 
these should include only essential data; the data 
should not be crowded together. The main heading 
should be in bold with an Arabic number, e.g. 
Table 2. Each table must have a caption in small 
letters. Vertical lines should not be used.

Offprints. Fifty offprints will be issued free with each 
paper but additional copies may be purchased if 
ordered on the printed card which will be sent to the 
senior author with the proofs.
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