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Letters

Physical/Chemical Principles Challenged

I wish again to express my concern over food scientists per-
petuating ideas that are not based on sound physical chemical
principles. | am referring to the article by Wu et al. (1975) on
use of a fluctuating temperature treatment (FTT) for protein
or enzyme inactivation. The article implies that there is some
magic in cycling the temperature up and down around a cer-
tain set temperature with a resultant greater increase in
amount of destruction occurring.

Let us examine the studies made. With rennin, the authors
placed samples at a high temperature Ti for 6 min then
brought it to T3 (T! - 10°C) for 6 min and back and forth for
several cycles (unspecified in the paper). This they compare to
heating at constant temperature T2 which is half way in be-
tween (T! —5°C). They imply that this causes a change in
activation energy and a faster rate of coagulation occurs.

The former is untrue, while the latter is true but used
wrongly. To prove this, one must determine first what is the
reaction order. From their Figure 1, they imply that the reac-
tion is not first order. From enzyme Kinetics, reactions are
either first or zero order. As substrate concentration increases
relative to enzyme concentration, the rate increases to a maxi-
mum and then remains constant. They show that an increase
in E increases the rate at presumably constant (S). Unfortu-
nately as in most enzyme studies, an endpoint analysis is used,;
that is, the time for coagulation is measured and is used as the
rate. Figure 1 proves nothing. If the reaction order with re-
spect to enzyme is to be measured, they should plot log (rate)
vs log (E), the slope of which is a straight line which 1 find to
have a value of 1 This proves that the order is 1 with respect
to enzyme and zero with respect to substrate, which is mean-
ingful from a kinetic standpoint. Thus, this allows them to use
endpoint analysis thereby assuming the rate equals the recipro-
cal of time to coagulation.

In addition, their data plotted as log time vs 1/T°K give an
inactivation energy of about 15,000 cal/mole. It is hard to
read off of journal graphs, but this value is typical of enzyme
reactions. Based on this the Q10 comes from:

2-2Ea
(M (T+ 10

or a value of about Q10 equal to 2.24 which is common for
enzyme activity. Using this at 40°Cvsan experiment at 45°C,
one can compare the rates to an FTT experiment with a + 5°C
amplitude. | presume they kept cycling for 6 min intervals
until coagulation occurred, and measured time to the end-
point. Thus based on this, for a zero order reaction to reach
100% completion, such as, coagulation;

logQio (1)

1=(rate)Xi _ i0-6+ (rate)Ti «6+. ...

with repetitions until the fractions equal or exceed one. In
making these calculations, however, | have had to assume con-
stant temperature at each time. This is not true since there are
both come up and come down times, which they do not men-
tion. This is a common fault in most experimental designs. In
fact, in the same journal, the paper by Pasch and von Elbe
(1975) makes the same error. In the present paper there are no

rate data between 40 and 45, but presumably the rate is a
maximum near 42—43°C.

Using Figure 2 data for 0.032 mg/ml of enzyme, the fol-
lowing data are obtained:

(Coagulation Time)

35°C e = 417
37°C & = 400
40°C & = 370
42°C o = 345
45°C s = 435

assuming this to be the maximum. Then -> at 40°C CTT ex-
périment, complete reaction equals:

«37.0=1

at 35—40—45° from Figure 2, time = 36.5 min for completion
or for 6 min intervals assuming after cooling or heating, and
the system must go through the come up and come down
times with averages after the initial 6 min of 37 and 42°C.

“fassf o [ ° bash O Laod®

6

+\— 1 + 6+ I"_'l
\zasd © Lady & (3

0.138 +0.150+ 0.174 +0.150 + 0.174 + 0.150 + 0 fe]

or for the last cycle the time is about 2.2 min for a total time
of 38.2. Comparing this to the 37 min they got, | admittedly
find a slightly slower rate, for the fraction of total time con-
sumed to reach complete inactivation is:

where 0 jN is time to reach coagulation at temperature T N and
ON is time held at TN

whereas, their Figure 2 shows just a slightly larger rate. This is
due to the problem of temperature estimates | made and try-
ing to read values off of a graph. The point is that application
of zero order kinetics would have proven the point. The same
can be done for the 45° data; however, there the problem is
that inactivation is very rapid at 50°C so that the first cycle at
50°C destroys the enzyme and no coagulation occurs. That is
why the apparent maximum in rate changes, not as they sup-
pose due to some mystical change in activation energy.

The second part of their paper istreated even poorer, since
they are using a £25°C fluctuation and come up and come
down are harder to estimate. Also, the reaction should proceed
by a first order mechanism where:

—L (kiOi + k202 + m . kj\jO[v])

C-Ce ©)



where C=amount left after treatment at temperature T for ot
min plus temperature T2 for d2 min, etc. CQ= initial concen-
tration; and kN = rate at temperature Tn.

To estimate the rate constant, | presumed 100% activity in
the initial sample and used the data of Figure 3 to get the
values since:

. [% Activity!
taL-T00—1

P — 1

| also estimated a fairly low activation energy of 6,200

cal/mole from their data. Given this, then we compare the
32.5% inactivation at 125°C to treatment B which they state
at 125 + 25°C with a 6 min cycle for 6 min. Thus they really
heated at 150°C for 6 min, which gives them the value of 13%
which is in close agreement with the results at 150°C in Figure
3 of about 16%. Treatment C using my equation (3) gives 27%
inactivation which is very close to their predicted 24.4% and
Treatment D gives 24% inactivation (assuming the tempera-
tures never really reach the presumed temperatures). This
again is close to the measured values.

My overall point is that by using a good kinetic basis, one
could have shown there is no magic in a fluctuating tempera-
ture experiment and that it is only due to the Q10 effects on
the reaction. | want to make this a strong point, otherwise we
will introduce a new art into food science and perpetuate an
idea which in practice is correct but in explanation needs a
sound physical chemistry basis.

—Theodore P. Labuza, Dept, of Food Science & Nutrition,
University of Minnesota, St. Paul, MN 55108.
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Enzymes Not Pure Chemical Systems

We thank Dr. Labuza for taking the time to evaluate our paper
by making calculations of his own. To explain everything on a
physical chemical basis would be fine if enzymes were pure
chemical systems.

Energy of activation (Ea) is a constant if conditions are
constant, but our prior papers and the work of others amply
bear out the idea that Ea may be different when different
conditions exist. Segel (1975) points this out in showing log k
vs 1/T plots and explains changes in the slope arising from a
different step becoming rate-limiting. He states (p. 934) that
the Ea calculated from the Arrhenius plot will be an apparent
or “average” value and that the plot may be nonlinear if dif-
ferent steps become rate-limiting at different temperatures.
Q10 values certainly change both below and above the opti-
mum temperature for an enzyme, as any enzyme activity curve
makes self evident. Both for Q10 values and Ea, the ratio for
the reaction rates at the two temperatures are involved. If one
changes, the other changes. With respect to fluctuating tem-
perature treatments we have recognized for a long time that
Qio values are of prime importance. They were included as
one of the variables when we calculated coefficients of fluctu-
ation 10 years ago (Powers et al., 1965).

Not only did we observe differences in Ea under some cir-
cumstances (Chang and Wu, 1974; Wu et al., 1974), but the
optimum temperature for the enzyme shifted when tempera-
ture was fluctuated. Furthermore, some of the enzyme units
are in a transient (reversible) state (Wu et al., 1975).

If one could wave a magic wand and produce a desired
result, that would be great. Enzyme reactions follow some of
the same laws as do pure chemical reactions, but unfortunately
the conditions affecting the average reaction rates are not as
simplistic as Dr. Labuza would have them be.

With reference to Dr. Labuza’s remarks concerning Figure
1, a suitable enzyme concentration had to be chosen to give a
rate that was slow enough when the temperature was cycled
and fast enough to demonstrate possible differences. The
values are derived from the results themselves. In the article,
we pointed out that both proteolysis and coagulation pro-
cesses are involved. His assumption based upon enzyme ki-
netics only is thus faulty.

The authors admit that the statement “this process was not
a first order reaction” is ambiguous. We probably should have
re-affirmed that more than one process was involved.

As stated in the Introduction, the purpose of this paper was
to demonstrate the practical application of FTT. There was a
temperature profile for each FTT in our previous paper (Wu et
al., 1975). For the rennin study, the temperature change was
about 2.5°C/min. The calculation should be:

1 =[(— )05 +(— )0.5+ (— )0.5 +(— )15
L0442 ®40 037 035

+(— )05+ (— )0.05+ (— )05+ (— )L51 xn
040 042 0 -l

037 45

(n = number of cycles)

This type of integration has been shown in detail in many
papers such as Schwimmer et al. (1955) and Powers et al.
(1965). These early studies demonstrated that the integrative
effect depends on the magnitude of the Q10 value and the
amplitude of fluctuation and leads to an increase in the overall
“apparent Qro” values.

The second part of the paper demonstrated a more feasible
application of FTT. Since the effect of FTT is proportional to
the amplitude of the fluctuation and the Q10 value of the
reaction, and protein denaturation usually is characterized by
a high Qiq value, a more pronounced effect is apparent if FTT
is applied to denaturation processes. Since 10 ml of sample
was contained ir_about 3 ft of 1/8" o.d. coiled steel column
and under a pressure of 55 psig, the temperature profile was
assumed to be close to square-waved (Schwimmer et al.,
1955). The different inactivation rates were integrated during
the FTT, thereby taking into account the come-up and come-
down times.

The authors admit that the fluctuation of temperature was
not fully described in this paper especially for those who have
not seen our previous papers.

—A.C.M. Wu, R.R. Eitenmiller €6J.J. Powers, Dept, of Food
Science, Univ. of Georgia College of Agriculture, Athens, GA
30602.
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THE RELATIONSHIP OF CARDIAC SHEAR AND TRACE ELEMENT CONTENT
TO BEEF MUSCLE TENDERNESS

ABSTRACT

The purpose of this investigation was to determine whether mechanical
shear values of the cardiac muscle could be useful in predicting skeletal
muscle tenderness as measured by mechanical shear and sensory evalu-
ation methods. The metal ion content of bovine skeletal muscle was
also determined and evaluated for its ability to predict skeletal muscle
tenderness. WB shear results indicate cardiac muscle tenderness is re-
lated to semimembrEnosis tenderness, but the magnitude of the correla-
tion coefficient is not high enough for adequate prediction capabilities.
However, the predictive capability of element content is very good for
all three tenderness measures-sensory panel, W-B and rotary shear.
These results indicate the good potential of this approach to tenderness
prediction.

INTRODUCTION

ONE OF THE BASIC difficulties in attempting to predict car-
cass quality is the inherent variability between various cuts
from the same carcass. This presents a very difficult problem
in sampling. In an attempt to develop a test method whereby a
low cost portion of an animal could be destructively tested to
predict the tenderness of more expensive cuts of beef, Ander-
son (1972) postulated that the heart (cardiac muscle) could
possibly be used for this purpose. Results of a preliminary
study indicated the potential of this approach. A new mechan-
ical shear apparatus, the rotary shear apparatus, was designed
for the purpose of testing this theory (Bjorksten et ah, 1967;
Anderson, 1972).

The concentration of polyvalent metal ions within the
muscle tissue is also seen as being related to meat tenderness.
This is based on the fact that nearly all polyvalent metals
accumulate on aging, particularly in the aorta, but also in
other organs in close contact with blood circulation. Bjorksten
et al. (1968) and 3akerman (1969), in describing the crosslink-
ing of collagen theory of aging, listed polyvalent metal ions as
being among the main cross-linking agents present within the
living system.

The purpose of this investigation was to determine whether
mechanical shear values of the heart (cardiac muscle) could be
useful in predicting skeletal muscle tenderness as measured by
mechanical shear and sensory evaluation methods. Finally,
metal ion content of bovine skeletal muscle was determined
and also evaluated for its ability to predict skeletal muscle
tenderness.

EXPERIMENTAL

Samples tested

Twenty-two bovine hearts, together with the 22 corresponding top
rounds from the same carcasses were obtained from a local packing
plant. These samples were from 14 USDA choice carcasses, 2 USDA
good carcasses, and 6 USDA canner and cutter carcasses.

Two different mechanical shear apparatuses were used for shear
analysis, the rotaty shear (Anderson, 1972) and the Warner-Bratzler
(W-B) shear.

Sampling procedures

The heart samples were obtained directly from the kill floor and
analyzed the same day. The auricles and the right ventricle were re-
moved, leaving only the outer wall of the left ventricle and septum for
analysis. The cardiac muscle was placed in a polyethylene bag and
cooked to an internal temperature of 72°C by immersion in an 80°C
constant temperature water bath. Then sample cores (2.54 cm diam)
for W-B shear analysis were removed. Rectangular slabs 2 x 3 x 9 cm
were removed for rotary shear analysis.

The semimembranosis muscle associated with each heart and carcass
was aged in cryovac for 7 days at 5°C prior to analysis. After aging, the
muscle was then sectioned into sensory, mechanical shear and chemical
portions. The sensory and mechanical shear samples were cooked in a
180°C oven until they reached an internal temperature of 72°C. Then
W-B cores and rotary shear slabs were cored and cut to dimensions
previously described.

Shear analysis

Shear testing was performed using the W-B shearing device. All W-B
shear data were in kg of force (kg-f) required to shear the 2.54 cm core.
The rotary shear data were obtained as depth penetrated by the rotat-
ing knife after five complete revolutions.

Sensory evaluation

The semimembranosis muscle, the major muscle of the top round
was used for sensory evaluation. Samples were cooked as previously
described. A nine-member sensory panel was used for evaluation. Panel
members were asked to evaluate each sample for tenderness and juici-
ness on a 5-point hedonic scale ranging from 1.0 (poor) to 5.0 (excel-
lent). Two internal standards (one tough and one tender) were used to
normalize the sensory data and thus negate day to day variability in the
panel responses.

Trace element analysis

In this investigation, the concentrations of nine different elements
within 10 bovine semimembranosis muscles were determined. The 10
muscles were randomly chosen representing each grade. The 10 are
made up of 5 choice, 2 good and 3 canner and cutter grades. Seven of
the nine elements were analyzed via atomic absorption spectrophotom-
etry (Perkin-Elmer Model 303). These seven were: calcium (Ca), cadmi-
um (Cd), cobalt (Co), copper (Cu), iron (Fe), lead (Pb) and zinc (Zn). A
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dry ashing technique was applied for the destruction of organic matter
(AOAC, 1975).

Selenium (Se) analysis of muscle samples was performed using the
colorimetric method described by Cummins et al. (1964, 1965). The
method designed for the analysis of silica in water (Rainwater and
Thatcher, 1960), was modified for the Si analysis in the muscle sam-
ples.

Statistical data analyses

Comparisons of individual data sets with one another were made
using the simple correlation analysis as described by Steel and Torrie
(1960). Multivarient comparisons of the data sets were accomplished

Table 1—Correlation coefficients obtained upon comparison of
cardiac muscle mean shear values versus semimembranosis mean
shear values

Correlation

Shear values compared® coefficient
W-B (cardiac) vs W-B (semimembranosis) 0.59*
W-B (cardiac) vs Rotary shear (semimembranosis) —0.60*
Rotary shear (cardiac) vs Rotary shear (semimembranosis) 0.56*
Rotary shear (cardiac) vs W-B (semimembranosis) —0.55*
W-B (cardiac) « sensory evaluation (semimembranosis) 0.52*
Rotary shear (cardiac) vs sensory evaluation —0.51 *

(semi membranosis)

* Statistically significant at the 0.05 level of probability.
a Sample size consists of 22 paired heart samples and corresponding
top-round portions.

Table 2—Stepwise multiple linear regression results of element
concentration (dry wt basis) vs tenderness as measured by sensory
evaluation and shear analysis

Independent Multiple
variables Dependent correlation Std. error
entered variable coefficient® of mean
Fe, Co, Zn, Si Sensory 0.97 0.11
tenderness
Fe, Co, Zn, Ca W-B shear 0.97 0.62
Fe, Co, Zn, Cu Rotary shear 0.96 0.07

®Sample size consists of 10 semimembranosis muscles

using the stepwise correlation analysis, a statistical method which is a
software package of the University of Nebraska Computer Network. All
significant tests were performed using the Students’t test at a probabil-
ity level of 0.05 (Steel and Torrie, 1960).

RESULTS & DISCUSSION

Correlation analysis of shear results

Table 1 contains a summary of simple correlation coeffi-
cients obtained on comparison of cardiac muscle mean shear
values versus semimembranosis muscle mean shear and sensory
tenderness values. It can be seen that W-B (cardiac) versus W-B,
rotary shear and sensory semimembranosis yielded statistically
significant correlation coefficients of 0.59, —0.60 and 0.52,
respectively. Similar comparisons were made with rotary shear
mean values and yielded similar correlation coefficients of
0.56, -0.55 and 0.51, respectively. Although these results in-
dicate that cardiac muscle tenderness is indeed related to semi-
membranosis tenderness, the magnitude of the correlation
coefficient is not high enough for adequate prediction capabil-
ities.

Trace element analysis results

Of the elements tested, cadmium was found in the lowest
amounts in muscle, with concentrations ranging from 0.2—0.4
ppm. Cobalt, selenium, lead and copper were also found in
trace amounts, ranging from 1.0 to 4.0 ppm. Zn, Ca, Fe and Si
were found in much larger concentrations ranging from
50-200 ppm. Ca was found in the highest concentration, over
200 ppm.

To determine whether a combination of the various ele-
ment concentrations could be useful in predicting tenderness
as measured by shear analyses and sensory evaluation, the data
described earlier was subjected to stepwise multiple correlation
analysis. In this analysis, the dependent variable (sensory
tenderness or shear analysis) was specified by the operator and
the computer selected the proper sequence of independent
variables (element concentrations) for the linear regression
model which most effectively accounted for the variation in
the dependent variable. A summary of these stepwise multiple
regression results is presented in Table 2. The dependent varia-
bles have similar correlation coefficients when four elements
are entered, with the sensory panel and the tenderometer hav-
ing coefficients with a very small error of the mean.

The analysis of sensory tenderness vs element concentra-
tions resulted in a very high multiple correlation coefficient.
When the variables Fe, Co, Zn and Si were considered in the
linear regression model, a multiple correlation of 0.97 resulted.
This corresponded to a standard error of estimation (predic-

Table 3—The ability to predict carcass tenderness as described by sensory score or shear value using the independent variables and the multiple

correlation coefficients described in Table 2.

Actual tenderness measurements

Sensory W-B shear FSC shear

Carcass no. (score) (kg-f) (cm/5 rev)
1 4.2 8.3 0.52
2 3.7 10.1 0.64
3 4.3 7.4 0.80
4 4.0 9.0 0.48
5 3.2 10.4 0.57
6 3.1 9.2 0.29
7 3.6 7.6 0.62
8 1.7 16.4 0.22
9 2.2 14.4 0.22
10 1.3 14.8 0.28

Predicted tenderness from muscle element concentrations

Sensory W-B shear FSC shear

(score) (kg-f) (cm/5 rev)
3.7 8.7 0.53
4.0 10.0 0.70
4.3 7.3 0.75
4.0 8.5 0.41
3.0 9.4 0.58
3.3 9.7 0.37
3.7 8.5 0.58
1.4 16.6 0.18
2.3 15.0 0.26

1.7 13.7 0.26



tion) of 0.11 and suggests that the regression model has a very
good predictive capability.

When W-B shear was compared to element concentration
(Fe, Zn, Ca, Co), as shown in Table 2, again there was a high
correlation. The very same was found true when the rotary
shear was compared to the concentration of the elements Fe,
Co, Zn and Cu.

It should be noted that all three multiple correlation runs
use three common elements; Fe, Co and Zn.

The ability of the relationship of element content of muscle
and its tenderness, as measured by taste panel or shear, to
predict tenderness is illustrated in Table 3. The predictive
capability is very good for all three tenderness measures:
sensory panel, W-B and rotary shear. These results indicate the
good potential of this approach to tenderness prediction.
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EFFECT OF DEGREE OF VACUUM AND LENGTH OF STORAGE
ON THE PHYSICAL CHARACTERISTICS OF VACUUM
PACKAGED BEEF WHOLESALE CUTS

ABSTRACT --memmees — — e

Wholesale beef cuts were vacuum packaged at low, intermediate or high
degrees of vacuum and stored at 1—3°C for 7, 14, 21, 28 or 35 days.
Purge loss, trim loss, muscle color and odor were not generally affected
by degree of vacuum. Fat appearance and surface discoloration ratings
for primal cuts favored the use of a high level of vacuum in three of five
storage intervals. Total desirability ratings for primal cuts packaged
with high vacuum were higher than those for primal cuts packaged with
low vacuum at all Fwe storage intervals. Cuts from the low vacuum
treatment had consistently higher numerical values for trim loss than
did cuts from intermediate or high vacuum level groups, but these
differences were not statistically significant. Degree of vacuum used
during storage of primal cuts did not generally affect the peripheral
discoloration, surface discoloration or total desirability of subsequent
retail steaks. However, among primal cuts stored for 21 days, peripheral
discoloration and total desirability scores were lowest (P < 0.05) for
retail cuts from the low vacuum treatment. Differences in juiciness,
flavor desirability, overall satisfaction and Wamer-Bratzler shear values
for retail steaks were not related to the degree of vacuum used to store
primal cuts.

INTRODUCTION

IN 1972, more than half of the fresh beef distributed to retail
stores arrived as primal or subprimal cuts; 43% of the sub-
primals were in vacuum packages and this percentage is expect-
ed to reach 65% by 1977 (Shaw, 1973). Cantoni and Bolther
(1974) identified the following advantages for vacuum packag-
ing: (a) reduction in weight loss due to dehydration, (b)
preservation of muscle color in its freshest state, (c) elimina-
tion of external contamination, and (d) prolonged edibility
over that of fresh beef. The physical characteristics of greatest
concern in vacuum packaged beef are amount of purge and
surface discoloration. Purge is meat fluid which exudes from
cut surfaces of muscle. In unwrapped cuts, the water evapo-
rates and the protein-myoglobin fraction concentrates on sur-
faces during prolonged storage. In vacuum packaged beef, the
fluid accumulates. Purge is unattractive, supports bacterial
growth (thus shortening storage life) and, when allowed to
concentrate on the external fat covering, greatly detracts from
the freshness and appearance of the wholesale cut. Purge loss
approximates 0.1-2% of cut weight and thus is of economic
concern.

Urbin and Wilson (1958) evaluated four of the parameters
associated with changes in meat color (surface dehydration,
temperature, oxygen requirements of the meat surface and
bacterial contamination) and reported that vacuum packaging
inhibits surface dehydration, reduces the oxygen requirements
of meat surfaces and affects bacterial growth. Ledward (1970)
claimed that 1—2% oxygen inside the package could theoreti-
cally result in the formation of substantial amounts of surface
discoloration via metmyoglobin formation.

Two of the most important criteria in describing vacuum
packaging systems are the type of film used and the degree of
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vacuumization achieved. Those films which possess low rates
of moisture and oxygen transmission inhibit dehydration of
the cut and preclude the re-entry of oxygen after the evacu-
ation of atmospheric air. Johnson (1974) and Ingram (1962)
reported that the residual oxygen remaining in a vacuum pack-
age after closure is converted to carbon dioxide by respiration
of meat tissues and bacteria. Baltzer (1969) reported that car-
bon dioxide was inhibitory to most of the common aerobic
spoilage bacteria.

To prevent dehydration, growth of undesirable aerobic bac-
teria (e.g., Pseudomonas species) and surface discoloration, an
impermeable film should be applied in a manner that will com-
pletely vacuumize the cut. However, the effect of very high
degrees of vacuum on purge loss is not presently known. It is
possible that a high degree of vacuum might increase the rate
of fluid release from meat, without appreciably affecting the
extent of discoloration or bacterial growth. Vacuum packaging
studies should include measurements of such traits as purge
loss, appearance of primal and subsequent retail cuts, evalu-
ation of organoleptic traits and microbiological growth. Data
regarding the microflora of cuts from this study are included
in the report of Seideman et al. (1976). The present study
determined the effects of degree of vacuum and length of
storage on the physical characteristics of vacuum packaged
beef wholesale cuts.

EXPERIMENTAL

129 BEEF KNUCKLES (IMPS 167) were prepared, randomly stratified
into three equal groups and packaged in a chamber-type vacuum pack-
aging machine at one of three degrees of vacuum. At the time of pack-
aging, these cuts were very fresh, very bright in muscle color, free of
surface discoloration and very desirable in general appearance. Cuts in
group | were vacuum packaged at the maximum vacuumizing capacity
of the machine (chamber vacuum of 29.4 in. of Hg). Cuts in group Il
were packaged at an intermediate degree of vacuum (chamber vacuum
of 28.5 in. of Hg), and cuts in group Il were packaged at a low degree
of vacuum (chamber vacuum of 26.0 in. of Hg). All cuts were packaged
by use of a Conofresh 6000 chamber and Conofresh B (barrier) packag-
ing film. The high degree of vacuum effected complete removal of
visible atmospheric air inside the bag, whereas the low degree of
vacuum effected partial evacuation of atmospheric air. All of the
vacuum packaged cuts were passed through a shrink tunnel (9 sec at an
air temperature of 232°C). Primal cuts from each treatment were sub-
jectively scored for degree of vacuum according to a 16-point scale (16
= excellent vacuum, 1 = complete leaker) and randomly assigned to
storage intervals of 7, 14, 21, 28 or 35 days. The cuts were boxed and
stored for the appropriate storage interval at a temperature of 1-3°C.

Upon completion of each storage interval, individual cuts were
weighed and subjectively scored for degree of vacuum. Cuts in packages
which received a degree of vacuum score of 1 (leakers) were removed
from the study. The remaining (intact) vacuum packages were then
opened, the cuts were removed, drained (to remove purge) and
weighed. All of the bags were washed, dried and weighed. By the use of
differences in weight, a value for percentage of purge loss was obtained.
After a bloom period of 1 hr, a two-member highly trained panel sub-



jectively evaluated each cut for fat appearance by use of a 6-point scale
(6 = very fresh; 1 = severe or extensive discoloration), for muscle color
employing a 9-point scale (9 = very bright cherry red; 1 = black), for
surface discoloration by use of a 7-point scale (7 = no surface discolora-
tion; 1 =total surface discoloration), for detectable off-odor employing
a 4-point scale (4 = no detectable off-odor; 1 =extreme off-odor), and
for total desirability by use of an 8-point scale (8 = extremely desirable;
1 = extremely undesirable). Trim loss percentages were obtained by
very carefully removing and weighing areas of discolored lean from the
surfaces of cuts.

Following the primal cut evaluation, one retail cut (3 cm in thick-
ness) was removed from each knuckle. Each steak was placed in a plas-
tic foam tray, overwrapped with polyvinyl chloride film and placed
under simulated retail display conditions (1 3°C with 90 ft-c of in-
candescent light). Retail cuts were evaluated at 24 hr intervals for 4
consecutive days by a two-member highly trained panel. Each retail cut
was evaluated for surface discoloration by use of a 7-point scale (7 = no
surface discoloration; 1 = total surface discoloration), for peripheral
discoloration according to a 5-point scale (5 = no peripheral discolora-
tion; 1 = extreme peripheral discoloration) and for total desirability
employing an 8-point scale (8 = extremely desirable; 1 = extremely
undesirable).

In addition, a second steak (3 cm in thickness) was removed from
each primal cut, wrapped, frozen and stored for subsequent taste panel
analysis. Steaks were oven-broiled in a 177°C electric oven to an in-
ternal temperature of 75°C and presented to an eight-member trained
sensory panel. Each steak was evaluated by use of 8-point rating scales
for tenderness (8 =extremely tender; 1 =extremely tough), juiciness (8
= extremely juicy; 1 = extremely dry), flavor desirability (8 = like
extremely; 1 = dislike extremely) and overall satisfaction (8 = like
extremely; 1 = dislike extremely). Furthermore, objective tenderness
measurements were made utilizing 1.3 ¢cm cores and a Warner-Bratzler
shear machine.

Reduction of data was accomplished using analysis of variance.
When significant (P < 0.05) main effects were observed in the analysis
of variance, mean separation analysis was accomplished using the
Kramer (1956) modification of the Duncan (1955) multiple range test.

/
RESULTS & DISCUSSION

DEGREE OF initial vacuum had no effect on leaker rates.
Leaker rates for low, intermediate and high vacuum treatments
were 6.5%, 13.6% and 4.5% respectively, following transporta-
tion and 2.5%, 5.0% and 2.5%, respectively, following storage.
Vacuum scores (Table 1) averaged across storage intervals for
low, intermediate and high vacuum treatments were 3.5, 9.8
and 15.4, respectively (initial), and 3.2, 8.9 and 15.1, re-
spectively (terminal). Initial and terminal vacuum scores dif-
fered significantly between low, intermediate and high degrees
of vacuum at all five storage intervals. Loss of vacuum between
initial and terminal evaluations may have resulted from the
production of gas inside the bag by heterofermentative bac-
teria and/or from the passage of atmospheric air through the
film. The oxygen transmission rate of the vacuum bag used
here was 0.41-0.75 ¢c/100 sq in./24 hr.

Data in Table 2 suggest that purge losses were not affected
by degree of vacuum. Cantoni and Bolther (1974) reported
that increased vacuum resulted in greater amounts of purge.
Although purge loss percentages (Table 2) generally increased
as time in storage increased, the differences were not always
consistent enough for statistical significance.

Fat cover appearance scores (Table 3) were significantly
higher for high vacuum cuts than for low vacuum samples after
7, 14 and 28 days of storage. This difference probably resulted
from greater adhesion of the film to the fat surface on high
vacuum samples, thus preventing the absorption of purge flu-
ids by the fat on the surface of such cuts. Fat cover scores
were primarily based on the color of fat. Cuts which exhibited
discoloration from purge on the fat received inferior scores in
comparison to those cuts that were whiter in appearance. With
one exception, fat discolored earlier and more extensively on
low vacuum samples than on cuts from the high vacuum treat-
ment. Discoloration of subcutaneous fat resulted largely from
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Table 1—Initial and terminal subjective vacuum scores stratified
according to degree of vacuum and storage interval

Subjective vacuum score8

Degree of vacuum

Storage Low Intermediate High

interval

(days) Initial® Terminal® Initialb Terminal® Initial** Terminal®

7 3.1d 3.1d 7.6d 6.9d 15.4d 15.4d

14 3.1d 2.3d 8.1d 8.1d 15.5d 15.3d
21 3.9d 3.4d 10.6e 9.3de 15.4d 14.9d
28 3.7d 2.9d 10.6e 8.9d 15.3d 15.0d
35 3.8d 3.5d 12.0e 11.5e 15.4d 14.9d

a Means based on a 16-point scale (16 = excellent vacuum ; 1 = no
vacuum)

b Evaluation of package upon arrival. Differences in initial vacuum
scores between low, intermediate and high degrees of vacuum were
significant at all storage intervals (P < 0.05).

® Evaluation of package at completion of storage interval. Differ-
ences in term nal vacuum scores between low, intermediate and
high degrees of vacuum were significant at all storage intervals (P
< 0.05).

d-e Means in the same column bearing different superscripts differ (P

< 0.05)

Table 2—Purge loss stratified according to degree of vacuum and
storage interval

Purge loss (%)

Storage
) Degree of vacuum8
interval
(days) Low Intermediate High
7 0.79b 0.99*> 0.66*>
14 0.81b 0.89b 0.79b
21 1.09b 1.09b 1.11®
28 1.25b 1.78® 1.21®
35 1.26b 1.33*>® 1.41®

a No significant differences were observed between degrees of
vacuum.

b’®Means in the same column bearing different superscripts differ (P
< 0.05)

purge discoloration, but also was associated with increases in
bacterial counts (Seideman et al., 1976).

Muscle color (Table 3) was affected by degree of vacuum
only at 7 days and increased significantly in brightness on or
after 21 days of storage. Production of lactic acid by lacto-
bacilli (which increased greatly between 14 and 21 days of
storage, Seideman et al., 1976), may be responsible for the
brighter color. Cuts from the low vacuum treatment exhibited
significantly greater surface discoloration than did cuts in the
high vacuum treatment after 7, 14 and 21 days of storage.
After 28 and 35 days of storage, low vacuum cuts had lower
mean values for surface discoloration than did the high
vacuum samples, but the differences were not consistent
enough for statistical significance. Increased surface discolora-
tion of cuts in the low vacuum treatment may have resulted
from greater bacterial activity, differences in bacterial types
due to availability of oxygen and other gases, or the presence
of more residual oxygen which allowed increased formation of
metmyoglobin. Discoloration was usually evident in areas
where incomplete contact of the muscle surface to the film
allowed residual air spaces (Seideman et al., 1976). Surface
discoloration did not generally increase as storage time in-
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Table 3—Appearance of fat cover, muscle color and surface discoloration of primal cuts stratified according to degree of vacuumand storage in-

terval
Fat appearance3

i Degree of vacuum**
Storage interval

(days) Low Interm High Low
7 4.1le 4.2e 4.7e 4.9e
14 4.3e 5.0f 5.1f 5.2e
21 2.6f 3.08 3.08 6.6f
28 2.8f 3.3® 3.9h 6.11
35 4.0e 4.0e 4.1h 6.3f

Degree of vacuum*

Muscle colorb Surface discolorationc

Degree of vacuum®

Interm High Low Interm High
5.3ei 5.8ef 5.3s 5.6e 6.4e
4.9f 5.4e 5.9e 6.3e 6.6e
5.9e 6.418 5.0e 5.5e 6.1e
5.9e 6.5® 5.1e 5.7e 6.0e
5.9e 6.2fS 5.8e 5.9e 6.1le

a Means based on a 6-point scale (6 =very fresh; 1 = severe or extensive discoloration)

b Means based on a 9-point scale (9 =very light cherry red; 1 = black)

c Means based on a 7-point scale (7 = no surface discoloration; 1 = totalsurface discoloration)
dMeans withinthe same storageinterval and for the same trait underscored by a common line are not significantly different (P > 0.05). There was
a significant first-order interaction between degree of vacuum and storage interval for fat appearance (P < 0.05).

e,f,g,h |yleans in the same column bearing different superscripts differ (P < 0.05).

creased, but was greatest after 21 days for cuts packaged with
low or intermediate degrees of vacuum. The latter change co-
incides with the time of maximum bacterial increase (Seide-
man et al., 1976). Cuts in the low vacuum treatment decreased
slightly, but not significantly, in surface discoloration after 21
days of storage. Watts et al. (1966) reported that reduction of
metmyoglobin to myoglobin will not occur until residual oxy-
gen is substantially reduced.

Off-odor is rarely encountered in vacuum packaged beef
after short periods of storage because the activity of aerobic
spoilage bacteria, primarily pseudomonads, is inhibited. Such
was the case in the present study (Seideman et al., 1976).
Ingram (1962) reported that aerobic spoilage bacteria, through
proteolysis, produce amino compounds that are the principle
cause of off-odor. Seideman et al. (1976) reported that the
majority (85.7-99.4%) of the bacteria on the cuts after 28
days of storage in the present study were lactobacilli which are
facultative anaerobes. Activity of lactic-acid bacteria results in
lower meat surface pH, the low pH results in fixation of amino
compounds that are produced (Ingram, 1962), and the in-
cidence of off-odor is reduced. With one exception, data in
Table 4 reveal no significant differences in off-odor related to
either degree of vacuum or storage time.

Total desirability scores were closely associated with ratings
for fat cover appearance and surface discoloration. Mean
values for total desirability (Table 4) reveal that cuts packaged
with low vacuum were significantly less desirable than high
vacuum cuts after all five storage intervals. Cuts from low and
intermediate vacuum treatments generally decreased in total
desirability until 28 days of storage at which time scores tend-
ed to improve.

Trim losses are important because they represent a sub-
stantial economic loss to retailers. Mean values for trim loss
percentage are presented in Table 4. Although mean values
were usually highest for the low vacuum cuts and lowest for
high vacuum cuts, the differences were not always consistent
enough for statistical significance. No significant increases in
trim loss were associated with increased storage time among
low or intermediate vacuum samples.

Surface discoloration scores for retail steaks are reported in
Table 5 and reveal little association with degree of vacuum.
Significant decreases in surface discoloration on steaks (from
cuts stored 21 and 28 days after 1 day of retail display, from
cuts stored 14 days after 2, 3 and 4 days of retail display and
from cuts stored 21 and 28 days after 2, 3 and 4 days of retail
display) may have resulted from shifts in the microflora on the

Table 4--Odor, total desirability and trim loss for primal cuts stratified according to degree of vacuum and storage interval

Odor3 Total desirabilityll Trim loss (%)

Degree of vacuum® Degree of vacuumc Degree of vacuum®

Storage interval
(days) Low

Interm High Low Interm High Low Interm High

7 4.0d 4.0d 4.0d 5.8d 5.9de 6.7d 0.01d 0.00d 0.00d
14 4.0d 4.0d 4.0d 5.3de 6.6d 6.6d 0.29d 0.03d 0.00d
21 3.6e 4.0d 4.0d 4.4e 5.5 6.6d 0.73d 0.13d 0.00d
28 4.0d 3.9d 3.8d 5.2de 5.6e 6.9d 0.43d 0.16d 0.00d
35 3.9d 4.0d 4.0d 5.9d 5.9de 6.6d 0.50d 0.36d 0.25e

a Means based on a 4-point scale (4 = no detectable off-odor; 1 = extreme off-odor)
h Means based on an 8 point scale (8 = extremely desirable; 1 = extremely undesirable)
c Means within the same storage interval and for the same trait underscored by a common line are not significantly different (P > 0.05). There were

significant first-order interactions between degree of vacuum and storage interval for odor (P < 0.05) and total desirability (P < 0 01)
a,e Means in the same column bearing different superscripts differ (P < 0.05).
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Table 5—Surface discoloration of retail steaks stratified by day of display, degree of vacuum and storage interval

Day 1 Day 2

Degree of vacuum™3

(days) Low Interm High Low Interm
7 5.8C 5.8C 5.9C 4.8C 4.1c
14 5.9C 6.2cd 6.1c 5.8d 6.0de
21 6.1c 6.0C 6.2C 5.4d 5.5d
28 6.9d 6.9e 6.9d 6.3e 6.le
35 6.9d 6.8de 6.8d 6.7e 6.5e

a Means based on a 7-point scale (7 = no surface discoloration; 1 -

Degree of vacuum™

Surface discoloration3

Day 3 Day 4

Degree of vacuum™ Degree of vacuum*

High Low Interm High Low Interm High
4.6C 3.7C 3.1c 4.0C 3.7C 3.1c 4.0C
6.0e 5.2d 5.3d 5.0d 4.8d 4.8de 4.5cd
5.5d 4.7d 5.1d 5.3d 3.7C 4.5d 5.1de
6.2e 5.9e 5.9d 6.le 5.5e 5.5de 5.3e
6.4e 6.0e 5.9d 5.8e 5.3de 5.4e 5.3e

total surface discoloration)

b Means within the same storage interval and for the same day of display underscored by acommon line are not significantly different (P < 0.05).
c,d,e fvleans in the same column bearing different superscripts diffe- (P < 0.05)

surfaces of primal cuts, and thus in the types of bacteria which
are distributed on retail surfaces during the cutting operation.
This shift of the microflora on primal cuts undoubtedly in-
volves a change from bacteria that often cause discoloration of
the muscle (e.g., pseudomonads) to bacteria which cause little
color damage (e.g., lactobacilli). Seideman et al. (1976) sug-
gested that such a shift actually occurred on samples from the
present study.

Mean values for peripheral discoloration of retail steaks are
presented in Table 6. Samples from primal cuts that were
packaged with a low degree of vacuum exhibited significantly
greater peripheral discoloration than did cuts from either the
intermediate or high vacuum treatments at the 21-day storage
interval. There were no other significant differences in periph-
eral discoloration attributable to primal cut vacuum treatment.

Mean values for total desirability of retail steaks are pre-
sented in Table 7. There were no significant differences in
total desirability of retail cuts from knuckles packaged at high,
intermediate or low levels of vacuum until the third and fourth
days of retail display. Total desirability scores from steaks
originating from low vacuum cuts stored for 21 days were
significantly lower than were scores for steaks from inter-
mediate and high vacuum treatments after 3 and 4 days of

retail display. Total desirability increased as primal cut storage
interval increased; scores for steaks were lowest from primal
cuts stored 7 days and highest from primal cuts stored 35
days.

Palatability evaluations for steaks from wholesale cuts in
each vacuum treatment are presented in Tables 8 and 9. With
one exception, degree of vacuum had no significant effect on
tenderness evaluated via sensory panel ratings (Table 8) or
Warner-Bratzler shear force determinations (Table 9). Tender-
ness did not increase as storage interval increased, suggesting
that increases in tenderness associated with the aging process
may have occurred during the first 7 days postmortem. Culp et
al. (1973) reported that the aging of carcasses for more than
8—11 days at 1—3°C did little to increase subsequent tender-
ness of beef.

Degree of vacuum had no significant influence on juiciness
ratings (Table 8). Steaks from primal cuts which were pack-
aged with intermediate vacuum and stored for 28 days de-
creased significantly in juiciness. Neither degree of vacuum nor
increasing storage affected flavor desirability of steaks (Table
8). Cantoni and Bolther (1974) reported a maximum tolerable
number of 200—300 million lactobacilli per gram to preclude
organoleptic changes. This number of lactobacilli was never

Table 6—Peripheral discoloration of retail steaks stratified by day of display, degree of vacuum and storage interval

Day 1

Storage interval Degree of vacuum*

(days) Low Interm High Low Interm
7 5.0C 5.0C 5.0C 5.0C 5.0C
14 4.9C 5.0C 5.0C 4.5d 4.7C
21 4.1d 5.0C 5.0C 3.9e 5.0C
28 5.0C 5.0C 5.0C 5.0C 5.0C
35 5.0C 4.9¢c 4.9C 5.0C 4.9C

Day 2

Degree of vacuum™

Peripheral discoloration3

Day 3 Day 4

Degree of vacuum™ Degree of vacuum™

High Low Interm High Low Interm High
5.0C 5.0C 5.0C 5.0C 5.0C 5.0C 5.0C
4.8C 4.8C 4.4C 5.0C 4.0d 4.3d 4.8C
5.0C 3.3d 4.8C 5.0C 2 .6e 4.3d 4.9C
5.0C 5.0C 5.0C 84° 4.9C 4.6cd 49"
4.9e 5.QC 4.8C 4.9C 4.8C 4.9C 4.8C

a Means based on a 5-point scale (5 = no peripheral discoloration; 1 —extreme peripheral discoloration)

b Means within the same storage interval and for the same day of display underscored by a common line are not significantly different (P > 0.05).
There was a significant first-order interaction between degree of vacuum and storage interval for peripheral discoloration on all 4 days of retail dis-

play (P < 0.001).

c,d,e Means in the same column bearing different superscripts differ (P < 0.05).
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Storage interval

Table 7—Total desirability of retail steaks stratified by day of display, degree of vacuum and storage interval

Day 1

Degree of vacuum®

Day 2

Degree of vacuum®

Total desirability*

Day 3

Degree of vacuum®

Day 4

Degree of vacuum™

(days) Low Interm High Low Interm
7 5.4C 5.1c 5.6C 4.9C 4.6C

14 6.0d 5.9cd 5.9C 5.8de 5.9de
21 6.2d 6.4de 6.6d 5.5cd 5.5d
28 6.9e 6.9e 6.9d 6.5ef 6.le
35 7.2e 7.0e 6.8d 6.8f 6.5e

High

5.0e

6.3e

a Means based on an 8-point scale (8 = extremely desjrable; 1 = extremely undesirable)

b Means within the same storage interval and for the same day of display underscored by acommon line are not significantly different (P >

Low
3.8C
5.6e
4 4d
5.9e

6.le

Interm

3.5e

5.6d

5.3d

5.9d

5.9d

High

3.9e

Low
3.6d
4.5e
2.6e
5.4*

5.3*

Interm
3.4e
4 6de
4.3d
5.1de

5.4e

High
3.9e
4.3cd
4.9de
5.3e

5.4e

0.05).

There was a significant first-order interaction between degree of vacuum and storage interval for total desirabil Ity on the fourth day of retail display

(P < 0.001).
c,d,e,f

Means in the same column bearing different superscripts differ (P < 0.05).

Table 8—Tenderness, juiciness and flavor desirability of steaks stratified according to degree of vacuum and storage interval

Storage interval

Tendernessa

Degree of vacuum#

(days) Low Interm High Low

7 5.9e 6.2e 5.6e 5.6e
14 5.6e 5.6e 6.le 5.5e
21 5.7e 6.0e 6.2e 5.9e
28 5.8e 5.5e 5.6e 5.1e
35 6.4e 5.7e 6.4e 5.6e

a Means based on
b Means based on
c Means based on
d Means within the

Juiciness™

Interm
6.2e
5.7e*
6.le
5.0*

5.5*

an 8-point scale(8 =extremely tender; 1 = extremely tough)

an 8-point scale (8 =extremely juicy; 1= extremely dry)
an 8-point scale (8 =like extremely; 1 = dislike extremely)

Degree of vacuum**

High
5.5e*
5.8*8
6.2B
4.9e

5.6e*

Low
6.le
5.7e
5.6e
5.9e

6.0e

Flavor desirability®

Degree of vacuum#4

Interm
6.2e
5.9e
6.0e
5.6e

5.8e

High
5.9e
6.le
6.le
5.9e

5.9e

same storage interval underscored by acommon line are not significantly different (P > 0.05). There was a significant first-order

interaction between degree of vacuum and storage interval for tenderness rating (P < 0.05).
eT,g Means in the same column bearing different superscripts differ (P < 0.05).

attained in the present study (Seideman et al., 1976) because
the storage interval was relatively short and the flavor ratings
did not significantly decrease (Table 8).

Overall satisfaction ratings (Table 9) did not differ signifi-
cantly among cuts packaged with different degrees of vacuum.
This was expected since ratings for tenderness, juiciness and
flavor desirability were not affected by vacuum level. Overall
satisfaction ratings did not vary systematically as a function of
storage interval. Overall satisfaction ratings were most closely
associated with ratings for juiciness.

CONCLUSIONS

RESULTS of the present study suggest that degree of vacuum
had the greatest effect on fat appearance, surface discoloration
and total desirability of primal cuts. These differences were
the result of failure to completely remove oxygen prior to
closure of the vacuum package and from the lack of film to
muscle surface contact associated with development of high
vacuum. Use of a high degree of vacuum minimizes surface
discoloration (by removal of oxygen from the interior of the
bag), enhances the appearance of the fat cover (by prevention
of purge accumulation on the fat) and improves the general
appearance (total desirability) of primal cuts after removal of
the packaging material. Degree of vacuum used for storage of

Table 9—Overall satisfaction and Warner-Bratzler shear values of
steaks stratified according to degree of vacuum and storage interval

Overall satisfaction* Shear force value®

Storage Degree of vacuum™ Degree of vacuum®
(days) Low Interm High Low Interm High
7 5.9d 6.2d 5.8de 3.7d 3.4d 4.3d
14 5.4d 5.7de 6.0d 3.4d 4.3d 3.4<
21 5.5d 5.9«* 5.9<* 3.5d 3.7<* 3.5<*
28 5.7«* 5.2e 5.3e 3.3d 3.2<* 3.2<*
35 5.9<* 5.7de 5.9<* 3.3d 3.4< 3.5<*

a Means based on an 8-point scale (8 =
extremely)
b Average of three determinations per 1.3 cm sample reported in
kilograms
c Means within the same storage interval and for the same trait
underscored by a common line are not significantly different (P >
0.05). There was a significant first-order interaction between de-
gree of vacuum and storage interval for overall satisfaction rating
(P < 0.05).
Means in the same column bearing different superscripts differ (P
< 0.05).

like extremely; 1 = dislike



the primal cut had no significant effect on surface discolora-
tion, flavor, juiciness, tenderness or overall satisfaction of re-
tail steaks.
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EFFECT OF DEGREE OF VACUUM AND LENGTH OF STORAGE ON
THE MICROFLORA OF VACUUM PACKAGED BEEF WHOLESALE CUTS

ABSTRACT

Wholesale cuts of fresh beef were vacuum packaged at low, inter-
mediate or high degrees of vacuum and stored at 1-3°C for 7, 14, 21,
28 or 35 days. Bacterial counts of samples after 7 and 14 days of
storage were low [mean count < 104 per in.2 (6.45 cm2)] irrespective
of degree of vacuum. Lactobacilli and anaerobic agar plate counts of
cuts stored under high vacuum for 21-35 days tended to be lower than
those of comparable cuts stored under low or intermediate vacuum.
This was also true, but much less frequently, for the psychrotrophic
and mesophilic counts. Largest increases in bacterial counts occurred
between 14 and 21 days of storage. Fluorescent pseudomonads repre-
sented only a small percentage of the total microbial population of
vacuum packaged beef cuts. Lactobacilli and anaerobic plate counts of
vacuum-packaged cuts were very similar. The psychrotrophic bacterial
population of cuts stored for 28 days consisted primarily of Lactobacil-
lus sp.. while Pseudomonas sp. and Enterobacteriaceae represented only
a small percentage of the psychrotrophic microflora at that time.

INTRODUCTION

OXYGEN IMPERMEABLE FILMS are effective in extending
the shelf-life of fresh meat by controlling the growth of un-
desirable psychrotrophic bacteria associated with quality de-
terioration and subsequent spoilage of fresh meat (Baltzer,
1969; Ordal, 1962; Pierson et al., 1970; Johnson, 1974). Ac-
cording to Baltzer (1969), vacuum packaged meat has certain
advantages over aerobically packaged meat because: (a) total
bacterial counts increase more slowly; (b) putrefaction and
slime formation are reduced; and (c) the final bacterial counts
after storage usually are lower than in comparable samples
packaged in oxygen-permeable films. The principle involved in
using oxygen impermeable films is to prevent re-entry of oxy-
gen into the package after residual oxygen is converted to
carbon dioxide. Johnson (1974) and Ingram (1962) reported
that the oxygen remaining in a vacuum package after closure is
converted to carbon dioxide by respiration of meat tissue and
bacterial activity. According to Baltzer (1969) and Johnson
(1974), the accumulated carbon dioxide inside the package is
responsible for the inhibition of pseudomonads, which are
often associated with fresh beef spoilage. Johnson (1974) fur-
ther reported that organisms resistant to carbon dioxide, such
as lactic-acid bacteria, can grow slowly at refrigeration temper-
atures. Jaye et al. (1962) reported that the rate of growth of
lactic-acid bacteria on vacuum-packaged meat stored at —1°C
was much lower than at 3.3°C.

According to Pierson et al. (1970), vacuum packaging
creates an “ecosystem” which is selective with respect to the
level and type of microbial flora. Anaerobic conditions sup-
press the growth of common spoilage bacteria such as Pseudo-
monas and Achromobacter species and allow the development
of facultative anaerobes such as lactobacilli and Leuconostoc
species. Jaye et al. (1962), Ingram (1962) and Pierson et al.
(1970) reported that lactobacilli become predominant on
anaerobically packaged fresh meat.
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In recent years, the primary mode of distribution of fresh
beef has changed from shipment of carcasses to that of vacu-
um packaged primal and subprimal cuts. Defects in organolep-
tic and appearance traits of vacuum packaged beef cuts caused
by microbial activities have been reported. Such defects in-
clude off-flavors, off-odors and undesirable colors after 8—l1
wk of refrigerated storage (Johnson, 1974). Pierson et al.
(1970) attributed the sour flavor of vacuum packaged beef to
the development of lactic-acid bacteria.

Most of the previous research in this area has dealt with
vacuum packaged processed meat or Saran-wrapped ground
beef. There has been little research on the microflora of whole-
sale cuts of vacuum packaged beef. This study reports on the
microflora of vacuum packaged fresh beef cuts over a 35-day
storage period and on the effect of three degrees of vacuum on
the microflora of wholesale beef cuts. Data regarding the
physical characteristics of these and additional cuts are in-
cluded in the report by Seideman et al. (1976).

EXPERIMENTAL

69 BEEF KNUCKLES (IMPS 167) were randomly divided into three
groups and were vacuum packaged in a commercial packing plant at
three different degrees of vacuum. A chamber-type vacuum packaging
machine (Conofresh 6000) was used with film bags with the following
characteristics: oxygen transmission rate of 0.41-0.75 cc/100 in.2/24
hr/75°F/50% RH; moisture vapor transmission rate of 0.18-0.20 g/100
in.2/24 hr/100°F/70% RH. Group 1 was vacuum packaged at maximum
capacity of the vacuum packaging machine, with a chamber vacuum of
29.4 in. of Hg. Group 2 was packaged at an intermediate degree of
vacuum (chamber vacuum of 28.5 in. of Hg) and Group 3 was packaged
at a low degree of vacuum with a chamber vacuum of 26.0 in. of Hg.
The use of a low degree of vacuum resulted :n only partial evacuation
of atmospheric air. The reported chamber vacuum should not be con-
sidered as the actual vacuum inside the bag. Immediately after pack-
aging, all cuts were passed through a shrink tunnel and were exposed to
an air temperature of 232°C for 9 sec. Packaging films then were
removed from three randomly selected packages from each treatment
to obtain samples for initial bacterial counts. The remaining 20 cuts
from each treatment were randomly assigned to storage periods of 7,
14, 21, 28 or 35 days at 1-3°C (four cuts per storage interval).

An objective vacuum measurement was made on each package to
determine the actual vacuum inside the package. The measurement was
performed by submerging each package under water in a glass desic-
cator jar. A vacuum was created within the desiccator jar by the use of
an electric vacuum pump. When the film separated from the meat sur-
face a measurement in inches of Hg was recorded.

At the end of each storage period, leaker packages, as determined
subjectively, were removed from the study and the remaining intact
packages were opened.

Bacteriological evaluation of the cuts was performed by sampling
the surfaces of the cut with a damp, sterile 5 x 5 X 1.3 cm cellulose
sponge, with the analyst’s hand covered with a sterile, plastic glove
(Silliker and Gabis, 1975). Before sampling, the sponge was wetted in
sterile 0.1% peptone broth (100 ml in glass canning jars) and the excess
broth was removed by squeezing. An area 12.7 cm long and 5 cm wide
was swabbed, the sponge was then inverted and an additional area (12.7
cm long) was swabbed (total area of 129 cm2). Each cut was sampled in



the same manner, first the sirloin face (64.5 cm3) and then the sub-
cutaneous fat cover (64.5 cm3). The sponge was then placed in the 100
ml sterile 0.1% peptone broth and squeezed in this broth five times.
The sampling jar was shaken 25 times and appropriate dilutions were
made with sterile 0.1% peptone broth.

A psychrotrophic bacterial count was obtained by the spread plate
technique by placing 0.1 ml of appropriate dilutions on plate count
agar (Difco). The inoculum was spread evenly over the surface of the
agar plate with a sterile bent glass rod. Plates were incubated for 10
days at 7°C. A mesophilic bacterial count was obtained by the spread
plate technique utilizing plate count agar with subsequent incubation of
plates at 32°C for 3 days. Pseudomonas agar F (Difco) was used to
obtain a count of fluorescent pseudomonads using the spread plate
technique with plate incubation for 2 days at 25°C. Enumeration of
lactobacilli was carried out by the pour plate technique utilizing Lacto-
bacillus MRS broth (Difco) with 1.5% agar added. Plates were incu-
bated for 5 days at 32°C. An anaerobic plate count was obtained on
trypticase soy agar (BBL) with the pour plate technique and incubation
was for 5 days at 32°C in anaerobic jars (GasPak, BBL). To determine
the distribution of the microflora of refrigerated vacuum packaged beef
cuts, 30-40 colonies were picked at the 28-day storage interval from
countable plates used for the psychrotrophic bacterial counts. Diag-
nostic schemes and procedures for identification of isolates were those
presented by Vanderzant and Nickelson (1969).

Retail cuts (about 3 cm thick) were removed from primal cuts,
placed in plastic foam trays and overwrapped with polyvinyl chloride
film. The retail cuts were placed under simulated retail display condi-
tions at 1-3°C with 90 ft-c of incandescent light. Bacterial counts were
obtained from steaks after 4 days of retail display by swabbing 12.9
cm3 with sterile cotton swabs. This technique was used due to the
limited surface area available for sampling.

Data in the tables represent the mean of four meat cuts. Data were
analyzed by analysis of variance on log counts of individual samples.
When mean (geometric) counts were different (P < 0.05), the technique
of Duncan (1955) was employed for mean separation.

RESULTS

OBJECTIVE terminal vacuum measurements (Table 1) were
obtained as a more accurate measure of vacuity inside the
package than that provided by use of the degree of vacuum in
the chamber at the time of packaging. The packages stored
under high vacuum did not have visible residual air spaces
between the meat surface and the film, with the film adhering
tightly to the meat surface. Samples in the low vacuum group
had numerous visible air spaces between the meat surface and
film. Mean values for terminal vacuum measurements reveal
significant differences among levels of vacuum used for pack-
aging. Objective vacuum measurements averaged over storage
intervals for cuts in low, intermediate and high vacuum treat-
ments were 11.2, 16.6 and 25.8 in. of Hg, respectively.

Psychrotrophic bacterial counts of samples stored for 0-35
days at 1-3°C under three different degrees of vacuum are
presented in Table 2. Psychrotrophic counts initially and after
7 and 14 days at 1—3°C were low (less than 10,000/in.2).
After 7, 14 and 21 days, psychrotrophic counts of cuts stored
under high vacuum were numerically lower than those of cuts
stored under low vacuum. Significant differences (P < 0.05) in
psychrotrophic count because of extreme differences in degree
of vacuum (low vs high) were observed after 14 and 21 days of
storage. The largest increases in psychrotrophic counts
(2.14-2.5 logs) occurred between 14 and 21 days of storage,
irrespective of vacuum treatment. Psychrotrophic counts of
approximately 106 per in.2 (6.45 cm2) were reached first in
the samples stored for 21 days under low vacuum and then in
all samples at 28 days. Increases in psychrotrophic counts of
cuts stored from 21—28 days and from 28—35 days were small
(0.38-1.15 and 0.47—0.72 logs) compared to those observed
between 14 and 21 days of storage.

Mesophilic bacterial counts of cuts stored for 0-35 days at
1-3°C under different degrees of vacuum are presented in
Table 3. The pattern of changes in mesophilic bacterial counts
was similar to that described for psychrotrophic bacterial
counts (Table 2). Mesophilic counts of cuts initially and after
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Table 1—Terminal, objective measurements of vacuum for beef
knuckles stratified according to degree of vacuum and storage

interval
Objective vacuum measurements*
Storage Degree of vacuum
interval
(days) Low Intermediate High
7 11.0b 19.5b 25.6C
14 15.8b 17.5b 28.0b
21 11.0b 18.0b 22.5d
28 7.5b 11.7b 26.3C
35 10.5b 16.5b 26.5C

a Objective measurements, reported in inches of mercury (HQg),
taken at the termination of each storage interval. Means on the
same row underscored by a common line are not significantly
different (P > 0.05).

b,c,d Means ir the same column bearing different superscripts dif-

fer (P < 0.05).

Table 2—Psychrotrophic bacterial counts of beef knuckles strati-
fied according to degree of vacuum and storage interval

Psychrotrophic bacterial count3

Storage
. Degree of vacuum1*
interval
(days) Low Intermediate High
0 1.50c 1.90c 1.40c
7 3.06d 1.47c 2.01d
14 3.49d 3.52d 2.78e
21 5.99e 5.66e 5.27f
28 6.37ef 6.39* 6.42«
35 7.05f 7.116 6.898

a Counts (togl3) per in.3 (6.45 cm3)

6 Means withir the same storage interval underscored by a common
line are not significantly different (P > 0.05). There was a signifi-
cant first-order interaction between degree of vacuum and storage
interval for psychrotrophic bacterial count (P < 0.05).

c,d,e,f,g |yeans in the same column bearing different superscripts

differ (P < 0.05).

Table 3—Mesophilic bacterial counts of beef knuckles stratified
according to degree of vacuum and storage interval

Mesophilic bacterial count3

ora9e Degree of vacuum1*
interval P
(days) Low Intermediate High
0 1.79¢c 1.49c 1.96¢
7 4.76d 1.59c 2.36c¢cd
14 3.26e 3.50d 3.35d
21 5.83* 5.51e 5.37e
28 6.40*8 6.17* 6.61*
35 7.058 7.068 6.82*

a Counts (log 0) per in.3 (6.45 cm3)

b Means within the same storage interval underscored by a common
line are not significantly different (P > 0.05). There was a signifi-
cant first-order interaction between degree of vacuum and storage
interval for mesophilic bacterial count (P < 0.001).

c,d,e,f,g Means in the same column bearing different superscripts

differ (P < 0.05).

<ﬁli 1 m uovai;7
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7 and 14 days at 1—3°C were low. Mesophilic counts after 21,
28 and 35 days were similar to the psychrotrophic counts of
comparable cuts. The largest increases in count (2.01-2.57
logs) occurred between 14 and 21 days of storage. Although
mesophilic counts between cuts packaged with different de-
grees of vacuum did not differ significantly (P > 0.05) mean
counts of cuts stored for 21 and 35 days under high vacuum
were numerically lower than were those of cuts stored under
low or intermediate vacuum.

Fluorescent pesudomonad counts are presented in Table 4.
Fluorescent colonies, when detected, usually were on crowded
plates of lower dilutions and were frequently difficult to
count. The data, however, show that fluorescent pseudo-
monads constituted only a small fraction (mean count < 104
per in.2) of the microflora which developed on vacuum pack-
aged beef cuts.

Changes in the level of lactobacilli on vacuum packaged
beef cuts during refrigerated storage are presented in Table 5.
In preliminary experiments, biochemical tests indicated that
the majority of the colonies developing on the lactobacilli agar
were Lactobacillus species. After 21—35 days, lactobacilli
counts of samples stored under high vacuum were numerically

Table 4—Fluorescent pseudomonad counts of beef knuckles
stratified according to degree of vacuum and storage interval

Fluorescent pseudomonad count®

Storage Degree of vacuum™
interval
(days) Low Intermediate High
0 1,39c 1.39¢c 1.39¢c
7 1.59c 139c 1.39c
14 2.23c 2.32ed 1.79¢c
21 3.18° 2.44cd 1.93c
28 3.39¢c 3.80d 4.01d
35 3.04e 2.69cd 2.54cd

a Counts (log, 0) per in.2 (6.45 cm2)
b Means within the same storage interval underscored by a common
line are not significantly different (P > 0.05).
c\d Means in the same column bearing different superscripts differ (P
< 0.05).

Table 5—Lactobacillus agar counts of beef knuckles stratified
according to degree of vacuum and storage interval

Lactobacillus agar count3

Storage Degree of vacuumb
interval
(days) Low Intermediate High
0 1,76e 1.40c 1.83c
7 2.96e 1.40c 1.70c
14 2.66d 2.68d 2.80d
21 5.75e 5.41e 5.08e
28 6.26ef 6.13f 6.01f
35 6.78f 6.938 6.62«

a Counts (log, 0) per in.2 (6.45 cm?2)
b Means within the same storage interval underscored by a common
line are not significantly different (P >0.05).
c,de,f,g Means in the same column bearing different superscripts
differ (P < 0.05).

lower than those stored under intermediate or low vacuum.
Statistically significant differences in lactobacilli counts be-
cause of differences in vacuum were noted only after 7 and 21
days of storage. Lactobacilli counts initially and after 7 and 14
days of storage were low. The largest increases in count
(2.28—3.09 logs) were observed between 14 and 21 days of
storage.

Anaerobic plate counts of beef cuts stored for 0 -35 days at
1—3°C are presented in Table 6. No statistically significant
differences in counts could be attributed to degree of vacuum
but numerical counts of cuts stored for 21. 28 and 35 days
under high vacuum tended to be lower than those of compara-
ble cuts stored under intermediate or low vacuum. The largest
increases in anaerobic counts (2.4-3.1 logs) occurred between
14 and 21 days of storage.

The percentage distribution of microbial types (Table 7)
shows that Lactobacillus sp. dominated the microbial popu-
lation of the samples stored for 28 days, irrespective of degree
of vacuum. The highest percentages of lactobacilli were found
on cuts stored under high vacuum. Pseudomonas sp. and
Enterobacteriaceae represented only a small fraction of the
total population after 28 days of storage and were usually less

Table 6—Anaerobic plate counts of beef knuckles stratified ac-
cording to degree of vacuum and storage interval

Anaerobic plate count3

Storage
. Degree of vacuum™3
interval
(days) Low Intermediate High
0 1,49c 1.39¢c 1.39%e
7 179c 1.98c 1,82c
14 2.67d 3.05d 2.77d
21 5.77e 5.42e 5.17e
28 6.33f 6.23f 6.11f
35 6.968 6.878 6.68f

a Counts (log, 0) per in.2 (6.45 cm?2)

b Means within the same storage interval underscored by a common
line are not significantly different (P > 0.05).

c,d,e,f,g Means jn the same column bearing different superscripts

differ (P < 0.05).

Table 7—Percentage distribution of microorganisms on beef
knuckles stored at 1—3°C for 28 days stratified according to degree
of vacuum

Percentage distribution of microbial floraa

Degree of vacuum™3

Low Intermediate High
Microbial type Min Max Min Max Min Max
Lactobacillus sp. 88.4 95.8 85.7 96.7 98.0 99.4
Pseudomonas sp. 0 8.6 0 3.3 0 0.2
Enterobacteriaceae 0 4.7 0 12.8 0.4 2.4
Yeast 0 4.6 0] 0 0 0

a Each percentage is based on three to four analyses.
b No statistical analyses were performed on these data.



numerous on cuts stored under high vacuum than on compara-
ble cuts stored under low or intermediate vacuum.

Psychrotrophic bacterial counts of steaks from cuts stored
under different conditions of vacuum for various storage times
are presented in Table 8. Counts of approximately 106 per
in.2 were reached first in steaks from cuts stored for 28 days
at either low or intermediate vacuum. Retail steaks from cuts
stored for 35 days at the three vacuum levels had counts ex-
ceeding 106 per in.2. Psychrotrophic counts of steaks prepared
from cuts stored for 28 days under high vacuum were
0.65—1.07 log lower than those from cuts stored under low or
intermediate vacuum. The differences in psychrotrophic
counts of the steaks due to variation in degree of vacuum of
the primal cuts were not statistically significant.

DISCUSSION

WITHIN THE LIMITS of this study (particularly with respect
to type of packaging film, level of vacuum, storage tempera-
ture and duration of storage) vacuum packaging of fresh beef
primal cuts under high vacuum was slightly superior micro-
biologically to packaging at low or intermediate degrees of
vacuum. Bacterial counts initially and after 7 and 14 days were
low. Destruction and/or sublethal injury of bacteria on the
surface cf the beef by heat during passage through the shrink
tunnel may have been a contributing factor.

The largest increases in psychrotrophs, mesophiles, lacto-
bacilli and anaerobes occurred consistently between 14 and 21
days of storage, irrespective of degree of vacuum. Although
the exact reasons for this are not known, it is possible that the
gaseous environment inside the packages during this period
was optimum for the development of lactic-acid bacteria. In
addition, biochemical activities (proteolysis, for example) by
other microbial species during the first 14 days may have pro-
vided a more desirable microenvironment for lactic acid bacte-
ria. Furthermore, some time may also be required for the
recovery of sublethally injured bacteria.

After 21 days, lactobacilli and anaerobic plate counts of
cuts stored under high vacuum tended to be lower than those
of comparable cuts stored at either low or intermediate vacu-
um. A similar pattern, but occurring much less frequently, was
noted for the psychrotrophic and mesophilic bacterial counts.
Differences in the level and growth rate at 1—3°C of lactic acid
bacteria and gram-negative bacteria such as Pseudomonas and
Enterobacteriaceae may explain this. At the lower vacuum
levels, Pseudomonas and Enterobacteriaceae often were more

Table 8—Psychrotrophic bacterial counts of retail steaks after 4
days of display (1—3°C) stratified according to degree of vacuum
and storage interval

Psychrotrophic bacterial count3

Storage B ' .
egree of vacuum*

miterval 9 vacuu

(days) Low Intermediate High
7 2.71c 3.02c 2.77c
14 2.60c 2.27c 2.70c
28 5.96d 6.38d 5.31d
35 6.22d 6.36d 6.30d

a Counts (log; Q) per in.2 (6.45 cm2)
D Means within the same storage interval underscored by a common
line are not significantly different (P > 0.05).
c’d Means in the same column bearing different superscripts differ (P
< 0.05).
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numerous than at the high vacuum level (Table 7). A some-
what higher growth rate of the gram-negative species at 1—3°C
as compared to that of the lactic acid bacteria may be partially
responsible for these differences in count. Although the com-
position of the gases in the packages were not determined, it is
likely that differences in gaseous environment will influence
the percentage distribution of microbial species both through
inhibitory and stimulating actions.

After 35 days of storage at 1—3°C the mean psychrotrophic
count of cuts stored under high vacuum was 7.8 x 106, those
for cuts stored under low and intermediate vacuum were
11-13 x 106 per in.2; comparable figures for lactobacilli were
42 x 106 vs 5.0-8.5 x 106 per in.2. In general, psychro-
trophic and mesophilic counts after 21—35 days were similar
for cuts stored under identical conditions of vacuum. This
indicates that the principal bacteria on the beef cuts were
capable of growth over a wide range of temperatures. This is a
common characteristic of psychrotrophic bacteria of fresh
beef. Counts for lactobacilli and anaerobes of cuts stored
under comparable conditions also were similar indicating that
the predominant microbial types were capable of growth with
and without oxygen. In this respect, Jaye et al. (1962) and
Pierson et al. (1970) demonstrated that lactic acid bacteria
developed about equally well at 3.3°C in aerobically packaged
and anaerobically packaged beef. On the other hand, counts
for lactobacilli or anaerobes of cuts stored for 35 days were
considerably lower than psychrotrophic or mesophilic counts
of comparable cuts stored under identical conditions. Differ-
ences in composition of the plating media (plate count agar,
MRS broth with agar added, trypticase soy agar) and in condi-
tions of plate incubation (10 days at 7°C or 3 days at 32°C vs
5 days at 32°C) are most likely responsible for these dif-
ferences in counts.

Counts for psychrotrophs, mesophiles and lactobacilli of
vacuum packaged beef (106'6- 1071 perin.2) after 35 days at
1-3°C are in general agreement with those reported by John-
son (1974). Johnson (1974) reported that properly processed
vacuum packaged beef stored at 0°C should keep for about 11
wk and that bacteria reach maximum numbers of the order of
107 per cm2 during the fifth week of storage. That vacuum-
packaging reduced the aerobic plate count (both psychro-
trophic and mesophilic) of beef cuts was obvious when com-
paring intact packages and leakers. Counts of leaker packages
(after 2135 cays) were often 2—4 logs higher than those
from intact packages.

Fluorescent pseudomonads constituted only a small frac-
tion of the microbial flora of vacuum packaged beef. Small
increases in fluorescent pseudomonads (1.2—1.7 logs) occurred
over a 35—¢ay storage period with mean counts after 35 days
ranging from 102—103 per in.2. Jaye et al. (1962), Ordal
(1962) and Pierson et al. (1970) reported that vacuum pack-
aging of meat repressed the development of fluorescent pseu-
domonads.

Lactobacillus sp. were predominant on vacuum packaged
beef stored for 28 days. Beebe (1975) reported that gram-neg-
ative rods, primarily Pseudomonas sp., were predominant on
leaker packages. Similar results have been reported by Pierson
et al. (1970) who reported that lactic acid bacteria accounted
for about 90% of the total bacterial flora of anaerobically pack-
aged beef stored for 15 days at 3.3°C. According to Jaye et al.
(1962), lactobacilli became predominant in anaerobically
packaged ground beef after storage for 8 days at 3.3°C. The
somewhat lower levels of Pseudomonas and Enterobacteri-
aceae on cuts stored under high vacuum might be considered
an advantage cf this treatment. Arafa and Chen (1975) re-
ported that 95.9% of the microorganisms on vacuum packaged
poultry at the point of spoilage were Enterobacter sp. and that
members of the Enterobacteriaceae grew in vacuum packaged
fresh poultry. Since some members of the latter family are
well-known pathogens involved in foodborne illness, the po-
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tential growth of Enterobacteriaceae in vacuum packaged
meats warrants further study.

This report and others (Jaye et al., 1962; Pierson et al.,
1970; Johnson, 1974) show that lactic-acid bacteria become
predominant in refrigerated vacuum packaged beef. Defects
(sour or cheesy flavors and off-colors) caused by microbial
activities in vacuum packaged beef cuts have been observed
(Johnson, 1974). The results of this study were used to ex-
plain variations in certain physical characteristics of vacuum-
packaged beef wholesale cuts and organoleptic ratings of
steaks from these cuts (Seideman et al., 1976). There was pos-
sible bacterial involvement in: (a) less acceptable appearance of
the fat cover between 14 and 21 days; (b) brighter muscle
color after 21 days; (c) increased surface discoloration on cuts
in low vacuum treatments; and (d) increased incidence of off-
odor for cuts stored at a low degree of vacuum for 14—21
days. The microbiological study also supports the conclusion
that the flavor of steaks was not affected by degree of vacuum
or length of storage of the vacuum packaged wholesale cuts
(Seideman et al., 1976). To maintain adequate shelf life it is
necessary: (a) to package beef with a low initial bacterial count
and (b) to maintain low storage temperatures (—1 to 0°C)
(Johnson, 1974). The first objective can be achieved by rigor-
ous sanitary procedures and plant sanitation. The importance
of low storage temperatures on controlling the development of
lactic-acid bacteria was demonstrated by Jaye et al. (1962).
Jaye et al. (1962) reported that lactic acid bacteria grew well
in ground beef at 3.3°C both in aerobically and anaerobically
packaged beef but were suppressed greatly at —1°C.
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EFFECT OF PROCESSING CONDITIONS AND ADDITIVES ON
THE TEXTURE OF STORED FREEZE-DRIED BEEF

ABSTRACT --

The effect of processing variables on the texture of cooked, freeze-
dried, bee: top round has been studied. Treatments included “tender-
stretch” hanging, aging, cooking temperature and time, infusion with
salt solutions and use of antioxidants. Texture of meat was improved
by “tenderstretch” hanging and rehydration in papain, while there was
a large increase in texturometer hardness on high temperature storage.
Increasing cooking temperatures resulted in increased hardness up to
75°C, but at 85°C and above decreases occurred. Cooking for 4 hr as
compared to 2 hr had no effect at cooking temperatures below 75°C
but at 85°C caused a decrease in hardness. Cooking temperature and
time did no: affect the storage properties of freeze-dried beef, but
coming, infusion with sodium and potassium chlorides and aging all
reduced the hardness increase caused by high temperature storage.

INTRODUCTION

TEXTURE, particularly after storage, is one of the major
problems associated with freeze-dried meat and a variety of
factors has been found to affect the textural quality.

Aging improves the tenderness of meat by breakdown in
the Z-line region of the myofibrils (Davey and Gilbert, 1969)
decreasing their strength and hence the shear strength. It
would be expected that improvements in tenderness brought
about by aging would be carried over to the freeze-dried prod-
uct.

“Tenderstretch” method of hanging the carcass, increases
sarcomere length in many muscles of the hindquarter resulting
in improved tenderness (Hostetler et al., 1972). As the in-
creased sarcomere length will be unaffected by freeze drying it
is expected that freeze-dried “tenderstretch” meat will be
more tender than that hung conventionally.

The effect of cooking temperature and time on the quality
of freeze-dried beef is not clear. Tuomy et al. (1968) found
that higher internal temperatures attained during cooking re-
sulted in higher taste panel scores for flavor, odor and texture.
Hinnergardt (1974) has indicated that beef roasted to 60°C
internal temperature and stored at 38°C for 6 months follow-
ing freeze drying had texture and color more acceptable to
taste panel than beef roasted to 71°C.

Hamdy st al. (1959) improved the water-holding capacity
(WHC) of fresh and freeze-dried beef by incorporation of sodi-
um and potassium chlorides and ascorbic acid into the meat
before cooking. Improvement of WHC was also noted when
freeze-dried beef was rehydrated in solutions of these salts.

Pyrophosphate is often used with meats because of its abil-
ity to increase WHC, partly due to increased pH (Shults et al.,
1972). The pH of meat is known to have large effects on WHC,
shear, hardness, and subjective tenderness (Penny et al., 1963;
Bouton et al., 1973).

Autoxidizing lipids are associated with crosslinking of pro-
teins (Andrews et al., 1965) and thus possibly lead to toughen-
ing of stored, freeze-dried meat. Antioxidants were found to

prevent the development of rancid odors and flavors in a vari-
ety of freeze-dried meats (Fairbrother and Younger, 1967),
but the effect on tenderness has not been studied.

The effects of processing variables on hardness and the in-
crease in hardness associated with high temperature storage of
freeze-dried beef top round are reported here. Variables
studied include hanging method, aging, cooking temperature
and time, and the addition of various salts before cooking or
during rehydration.

MATERIALS & METHODS

Meat

Beef top round were obtained from the local slaughter house as
required or frozen, “export quality,” top round were used. Meat ob-
tained locally was cooked 2-5 days postmortem.

Freeze drying and storage

Cooked meat was sliced, in general, to a 10 mm thickness, unless
otherwise mentioned, using an electric meat slicer and frozen at -18°C
in still air. Freeze drying wes carried out in a modified Vickers Pilot
Accelerated Freeze Drying (AFD) plant using contact heating, and a
plate temperature of 50°C and chamber pressure of less than 13 Pa
unless otherwise stated.

Freeze-dried samples were vacuum packed in laminate pouches
(polyester/polyethylene/foil/polyethylene) at less than 7 kPa and
stored at 1 and 37°C for 90 days before rehydration.

Rehydration

Unless stated otherwise in the text, freeze-dried samples were re-
hydrated by placing in cold water or other stated solution for 5 min,
when they were turned over and the solution heated to ca 85°C on a
hot plate to give a total rehydration time of 15 min. Samples were
tested by texturometer within 10 min of completing rehydration.

Texturometer testing

Hardness was measured on a Zenken Texturometer (Tokyo) and is
expressed as force, in Newtons, to compress a 10 mm slice to 2 mm
with an 18 mm diameter plunger.

Taste panel testing

Samples were submitted to a taste panel of five panelists, ex-
perienced in meat tasting, for assessment of juiciness, tenderness and
overall texture using 9-point hedonic rating scales, “9” being extremely
juicy or tender, or like extremely and “1” being extremely dry or
tough, or dislike extremely, and neutral point of “5.”
Hanging and aging

Four steers were slaughtered locally and after splitting, one-half of
the carcass was hung conventionally by the Achilles tendon, the other
half by the obturator foramen (“tenderstretch” method) till boning
out. Muscle semimembranosus from each side wes cut in half, one-half
being cooked 4-5 days postmortem, and the other stored at 4°C for a
further 14 days before cooking. Cooking was carried out to an internal
temperature of 75°C in an atmospheric steam cooker, taking 1-2 hr
depending on shape and weight. The cooled, sliced meat was freeze
dried and after storage, rehydrated as described earlier.

Internal temperature attained during cooking
Eight top rounds from four steers were each cut in half and the four
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pieces from each steer randomized among the cooking treatments.
Cooking was carried out in an atmospheric steamer, meat being re-
moved when internal temperatures of 50, 75, 85 and 98°C were
reached. These internal temperatures were attained after 214-3,
312-5%, 334-5% and 4%—6 hr respectively, time depending on size and
shape of the meat sample.

The freeze-dried meat was vacuum packed at less than 7 kPa and
stored, rehydrated and tested as described.

Cooking temperature and time

The two M. semimembranosus from four steers were cut into four
pieces of 0.4-0.8 kg and the eight pieces per steer randomized among
four cooking temperatures, 55, 65, 75 and 85°C, for two cooking times
of 2 and 4 hr. Samples were vacuum packed in polyethylene bags and
cooked in a water bath maintained at the desired temperature, internal
temperatures reaching that of the bath in 134-2 hr.

Samples were freeze dried, stored and tested as described.

Infusion with salt solutions

Four M. semimembranosus were each cut into five pieces, and these
pieces were injected with the following solutions to 10% of raw weight:

A-control, no treatment;

B-7% sodium chloride, 1.2% potassium chloride and 0.02% ascorbic
acid;

C-7% sodium chloride and 1.2% potassium chloride;

D-0.02% ascorbic acid;

E-14% sodium chloride, 6% sucrose, 0.6% sodium nitrate and 0.1%
sodium nitrite.

Injected meat samples were stored overnight at 1°C before cooking
in atmospheric steam to 75°C internal temperature. Drip loss was deter-
mined by weighing the meat, raw and after cooking, cooling and re-
moval of excess water by blotting with paper towelling.

Slices were freeze dried and storage, rehydration and “texturom-
eter” testing carried out as described.

Corning components

Four beef semimembranosus were cut into five pieces of 0.2-0.5
kg, and randomized among the five experimental treatments of un-
treated control or injection to 10% of raw weight with solutions con-
taining one of 60g sucrose, 140g sodium chloride, 6g potassium nitrate
or g sodium nitrite per liter of water.

After standing overnight at 1°C, samples were sealed in poly-
ethylene bags and cooked by immersion in water at 75°C for 2 hr.
Previous results indicate that the center temperatures of meat samples
of this size approach the bath temperature in 1%-2 hr.

Samples were freeze dried as previously described, vacuum packed
and stored for 90 days at 1 and 37°C before rehydration and testing by
texturo meter.

Evaporative freezing vs pre-freezing and
rehydration with papain, pyrophosphate
and citrate solutions

The two M. semimembranosus from each of four steers were cooked
to 75°C internal temperature in an atmospheric steam cooker, time
taken being 1% -2 hr. After cooking, and slicing to 10 mm thickness,
slices from one side of each steer were frozen at -18°C in still air and
freeze dried as previously described. The cooked slices from the other
side were frozen by evaporative cooling in the freeze drier, sample
internal temperature dropping to —20°C within 10 min of starting the
vacuum pump, and taking less than 2 min to pass through the freezing
zone. Freeze drying was then carried out as before. Packaging and
storage were as described.

Samples were rehydrated as previously described in solutions con-
taining 0, 5, 20 and 100 ppm papain (BDH) and 0, 0.5 or 1.0% sodium
citrate or 0.5% tetra-sodium pyrophosphate decahydrate before testing.

M. adductor from the four steers were cooked to 75°C internal
temperature and after slicing to 10 mm were frozen at -18°C in still air
and freeze dried as for the semimembranosus. After storage for 90 days
at 1 and 37°C, samples were randomized among the 16 rehydrating
solutions and subjected to a taste panel.

Antioxidants

The M. semimembranosus from four, beef top rounds were cooked
to 75°C internal temperature in a steam cooker over 2-2% hr. After
slicing to 10 mm, slices of each muscle were randomized among the
eight treatment groups.

The pre-freeze-drying treatments involved spraying the meat slices

with 1% by weight of ethanol containing the following (per 100g) of
solution:

A-Ethanol only, no additive

B-80 mg butylated hydroxyanisole (BHA)

C-80 mg propyl gallate (PG)

D-30 mg BHA, 30 mg butylated hydroxytoluene (BHT) and 18 mg
PG

E-40 mg citric acid (CA)

F—80 mg BHA + 40 mg CA

G-80 mg PG + 40 mg CA

H-30 mg BHA + 30 mg BHT + 18 mg PG + 40 mg CA

RESULTS & DISCUSSION

RESULTS were statistically analyzed by Analysis of Variance,
with animals, or replicates, being considered as random selec-
tions from an infinite choice, and storage and treatments being
fixed states. Percent of variance was calculated by the method
of Hicks (1956).

“Tenderstretch” hanging, aging and storage temperature

Storage temperature accounts for most of the variance
apart from error (42% and 47% respectively), with storage at
37°C for 90 days increasing hardness of freeze-dried beef semi-
membranosus by 18.2N (P < 0.001), with samples stored at 37
and 1°C having hardness of 103.5 and 85.3N.

“Tenderstretch” hanging gave samples with average hard-
ness of 92.5N compared with 100. IN for meat hung conven-
tionally. This difference was very significant (P < 0.01) but
represents only 6.4% of the total variance.

“Tenderstretch” hanging stretches many of the muscles of
the hindquarter, including M. semimembranosus and M. ad-
ductor, during the onset of rigor which increases sarcomere
length in the meat, causing a decrease in shear and resulting in
a more tender product (Hostetler et al., 1972). As the im-
provement is due to increased sarcomere length which is
carried from cooked meat to freeze-dried cooked meat, no
shrinkage occurring during drying, this improvement in texture
is expected to be carried through to the freeze-dried product
as observed.

Aging for 18 days caused an average decrease in hardness of
2.8N compared to 4 days aging, samples having average hard-
ness of 97.7 and 94.9N for 4 and 18 days aging respectively.
This is significant (P < 0.05) but represents only 0.7% of the
total variance.

Aging results in a breakdown of the Z-line of myofibrils
(Davey and Gilbert, 1969) thus decreasing the fiber strength of
the meat. As with the effect of “tenderstretch” hanging, this
effect is carried through to the freeze-dried product.

The interaction between aging and storage temperature was
significant (P < 0.01, 3.4% of variance), samples stored at
37°C having hardness 21N and 14.6N above 1°C storage for 4
days and 18 days aging respectively. If cross linking of protein
chains in the myofibrils is the cause of the increase in hard-
ness, then as myofibrils are broken at the Z-line in aged meat
this cross linking will not produce such a large increase in
hardness as in unaged meat.

Internal temperature attained during cooking

Hardness of freeze-dried meat cooked to internal tempera-
tures of 50, 75, 85 and 98°C and stored at 1and 37°C for 90
days are shown in Table 1. The effects of cooking temperature
were large and significant (P < 0.001), with increasing internal
temperatures up to 75°C resulting in increased hardness, but
cooking to 85°C ot above resulted in decreased hardness;
cooking to 98°C internal temperature gave a product with
lower hardness than cooking to 50°C.

Davey and Gilbert (1974) have studied the effect of increas-
ing temperatures on the shear values of meat and have made
the following observations. Increasing temperatures between
40 and 50°C results in dénaturation of myofibrillar proteins



Table 1—Texturometer hardness (Newton) of stored, freeze-
dried semimembranosus cooked to various internal temperatures

Internal Hardness (N) after storage atb’c
temp3
(°C) 1°C 37°C
50 91.0 93.7
75 114.1 128.2
85 108.8 116.4
98 80.8 95.4

a Internal temperature attained during cooking in atmospheric
steam.

b Vacuum packed and stored for 90 days. Each figure represents the
average of 16 determinations.

c Effects of storage temperature and cooking temperature X storage
temperature interaction are not significant (P > 0.05).

Table 2—Effect of cooking temperature and time, and storage
temperature on hardness of stored, freeze-dried beef semimembran-
osus

Hardness (N) after storage atb

1°C 37°C

Cooking Cooking timec Cooking time
temp3

cl 2 hr 4 hr 2 hr 4 hr

55 83.3 80.7 102.1 99.3

65 80.3 83.3 103.3 110.5

75 94.1 95.0 111.9 115.7

85 100.6 78.9 121.7 100.2

a Samples were packed in polyethylene bags and cooked in a water
bath maintained at indicated temperature for 2 or 4 hr. Cooking
temperature had a significant effect on hardness <P < 0.05) ex-
plaining 5.2% of total variance.

b Vacuum packed and stored for 90 days. Each figure represents the
average of 24 determinations. Effect of storage temperature was
significant (P < 0.05) explaining 41.8% of total variance. Interac-
tions of cooking time and temperature with storage temperature
were not significant (P > 0.05).

c There was a significant interaction of cooking time and tempera-
ture (P < 0.05) explaining 13.2% of total variance.

Table 3—Cooking drip loss and hardness of freeze-dried beef
semimembranosus pretreated with salt solutions

Hardness (N) after storage atc

Drip lossb

Treatment3 (%) 1°C 37°C
Control 41.7 94.2 120.0

7% NaCl + 1.2% KCI +
0.02% ascorbic acid 33.5e 97.4 110.0
7% NaCl + 1.2% KCI 32.5e 97.3 114.6
0.02% Ascorbic acid 42.0 100.1 122.3
Comingd 24.2e 97.2 105.6

a Solution injected to 10% of raw weight before samples cooked to
75°C internal temperature in atmospheric steam.

b Percentage of weight loss during cooking (average of 4 determina-
tions).

c Vacuum packed and stored for 90 days. Each value represents the
average of 24 determinations. Effect of treatment, storage tem-
perature and storage temperature X treatment interaction not sig-
nificant (P > 0.05).

d 14% NaCl, 6% sucrose, 0.6% NaNO, and 0.1% NaNOj

e Values so marked are significantly different from control (P <
0.05, student "t").
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giving rise to higher shear values. Further heating between 65
and 75°C causec shrinkage of collagen, resulting in shrinkage
of meat, weight loss and increased shear. Above 75°C there
was a decrease :n shear as collagen was solubilized. Sarco-
plasmic proteins did not appear to be related to toughness,
denaturation occurring over the range of 40—80°C while in-
creases in toughness were confined to those temperature
regions mentioned.

Bouton and Harris (1972) studied the effect of cooking
temperature and time on adhesion and chewiness, measures of
connective tissue strength, and showed a small reduction at
60°C in 1-yr-old steers, and reductions for all age groups after
1 hr at 90°C.

The present results agree with the generally observed effects
of cooking temperature on meat toughness, meat becoming
drier and harder as temperature rises and finally becoming
more tender as collagen is gelatinized.

Storage temperature X cooking temperature interactions re-
sulted in large but not significant effects on hardness (Table
1).

Cooking temperature and time, and storage temperature

M. semimembranosus samples were cooked to varying

internal temperatures and times inside polyethylene bags in a
water bath. The time taken for the internal temperature to
reach the bath temperature was around 2 hr.

Table 2 lists hardness of freeze-dried meat subjected to vari-
ous cooking and storage conditions.

Storage temperature significantly affected the hardness of
rehydrated meat with average hatdness of 37 and 1°C storage
samples being 108.1 and 86.8N. Cooking temperature also sig-
nificantly affected hardness, hardness increasing with tempera-
ture. Cooking for 4 hr decreased hardness compared with 2 hr
cooking by 4.4N, but this effect is not significant.

The interaction of cooking time and temperature was’how-
ever significant (P < 0.01) with cooking for the additional 2 hr
at 85°C causing a decrease in hardness of 22.4N. Heating for
the additional 2 hr at 75°C or below did not result in sig-
nificant reductions in hardness.

As with meat cooked to various internal temperatures,
interactions involving storage temperature and cooking param-
eters were not significant (P > 0.05), indicating that while
cooking temperature and time have large effects on the hard-
ness of beef, both fresh and freeze dried, they do not affect
the increase in hardness caused by high temperature storage of
freeze-dried beef.

Infusion with salt solutions

Analysis of variance indicates a highly significant effect of
storage tempera;ure on meat hardness. Samples stored at 37°C
for 90 days had average hardness of 114.5N, 17.3N above that
for 1°C storage samples.

The solutions containing sodium and potassium chlorides
decreased cooking drip loss (Table 3) as was earlier reported
by Hamdy et al. (1959). Hamdy et al. (1959) also noted
increased taste panel scores for tenderness and juiciness in
modified meat cooked before freeze drying. Although signifi-
cant only at the 10% level because of interactions between
replicates and treatments, treatment effects were large. Treat-
ment with sodium and potassium chlorides or corning solution
reduced the extent of hardening of stored, freeze-dried meat in
comparison to untreated controls.

Treatment x storage temperature interactions were not
significant because of higher order interactions with replicates,
but the large effects of salts, particularly corning solution, in
preventing deterioration of texture during high temperature
storage are noteworthy. For example corned samples stored at
37°C had hardness 8.4N greater than 1°C storage samples, but
untreated control samples increased in hardness by 25.8N. Be-
cause of these and similar observations it was thought that
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further work on the components of corning mixture would be
worthwhile.

Corning components

The effects of the various components were studied follow-
ing injection of the muscle with 10% by weight of aqueous
solutions followed by cooking and freeze drying. Sodium
chloride (140 g/liter), concentrations similar to those used in
the previous experiment, had large and varying effects on
cooking drip loss and hardness of stored, freeze-dried beef
(Table 4), with treatment and storage temperature X treat-
ment interaction accounting for 19 and 7% of total variance
respectively.

Injection of an aqueous solution of sucrose (60 g/liter) had
no effect on hardness of stored, freeze-dried beef semimem-
branosus but samples so treated did not show an increase in
hardness on storage for 90 days at 37°C over samples stored at
1°C. Untreated control samples when stored at 37°C increased
in hardness by 15.3N in comparison to 1°C storage. Sugars
have been used to preserve the viability of bacterial suspen-
sions during freeze drying and subsequent storage but little is
known of the mechanism of this protective effect (Fry, 1966).

Treatment with a solution of sodium chloride (140 g/liter)
gave a product with lower hardness (92.IN) than untreated
controls stored similarly (112.8N). This may be related to the
significantly lower drip loss of meat treated with sodium
chloride (Table 4) also previously noted by Shults et al.
(1972). Increased water-holding capacity (WHC) of meat
associated with increased pH is known to have a favorable
effect on tenderness (Hamm, 1960; Bouton et al., 1973), and
possibly increased WHC caused by addition of sodium chloride
will also increase tenderness.

Sodium chloride treated meat also had a small increase in
hardness on high temperature storage compared to control
samples. This may also be related to increased WHC, as Penny
et al. (1963) observed that raw beef of high ultimate pH,
obtained by pre-slaughter injection with adrenaline, gave
freeze-dried beef which deteriorated more slowly on storage
than control. There may be some other mechanism also re-
sponsible as sucrose treatment did not affect drip loss of beef
semimembranosus, but had an even larger effect in preventing
hardening caused by high storage temperature (Table 4).

Addition of potassium nitrate (6 g/liter) caused a decrease
in average hardness of 10.6N compared to control but there
was no significant difference in the high temperature induced
hardening of control and treated samples.

Sodium nitrite at the concentration of 1 g/liter in the added
solution had no effect on storage induced hardness or average
hardness of freeze-dried beef compared to untreated control.

Evaporative vs pre-freezing and rehydration
with papain, pyrophosphate and citrate

Analysis of variance data and percent of variance for the
effects of storage temperature, freezing method and rehydra-
tion solution are shown in Table 5.

Storage temperature had a significant effect on hardness of
freeze-dried beef, with samples stored at 37° and 1°C having
average hardness of 84.7N and 71.3N respectively.

Evaporative freezing and pre-freezing in still air at -18°C
gave products of similar hardness, 79.4 and 79.9N respectively,
but there was a very significant replicate x freezing method
interaction. This is probably due to randomizing the sides
among freezing methods. De Felice et al. (1965) found very
large differences in hardness between the sides of a steer. As
the difference between freezing methods are small and less
than the variation within an animal, it appears that any effect
of evaporative freezing will be unimportant.

Tuomy et al. (1962) reported an adverse effect of evap-
orative freezing on texture of beef: pre-frozen meat being
superior in juiciness, tenderness and cutability. De Felice et al.

(1965) found that evaporative freezing considerably increased
hardness of freeze-dried beef, but in conjunction with overdry-
ing gave a product of similar hardness to pre-frozen samples.
However, evaporative freezing followed by either normal dry-
ing or overdrying yielded products with increased juiciness.

Table 4—Effect of treatment with corning salts on cooking drip
loss, hardness and increase on hardness in storage of freeze-dried
beef semimembranosus

Drip lossb Hardness0Q H37 -H ,d
Treatment3 (%) (N) (N)
Control 30.4 112.8 15.3
Sucrose—6% 33.9e 113.3 O0.le
NaCl-14% 22.5e 92.1e 4.7e
KIMO3—0.6% 33.9e 102.2 17.1
NaNOj —0.1% 32.6 120.8 21.2

3 Injected to 10% of raw weight. AH samples cooked by heating in a
water bath at 75° C for 2 hr.

” Percentage of weight lost during cooking. Each figure is average of
4 determinations.

c Each value represents the average of 56 determinations derived
from 4 replicates stored at both 1 and 37°C.

d H37 — H, is difference in average hardness of samples stored for
90 days at 37 and 1°C.

e Figures so marked are significantly different from control (P <
0.05, Student "t”).

Table 5—Analysis of variance results and percent of total vari-
ance for effects of storage temperature, freezing method and re-
hydration in papain, pyrophosphate or citrate solution on hardness

Source of variation df Significance % Variance
Storage temp3 1 <0.01 12.2
Papain cone (P)b 3 <0.001 31.9
Citrate cone (C)c 3 NSe —
Freezing method (F)d 1 NSe -

CX P 9 <0.01 0.7
PXF 3 <0.001 4.4
Remainder 384 - 50.7

a 37 or 1°C for 90 days

b 0, 5, 20 or 100 ppm in rehydrating solution

c 0, 0.5 or 1% sodium citrate or 0.5% tetrasodium pyrophosphate in
rehydrating solution

d Pre-freezing at —18°C in still air or evaporative freezing inside
freeze-dryer chamber

e NS—not significant P > 0.05

Table 6—Texturometer hardness and taste panel texture scores
for freeze-dried, beef top round rehydrated in papain solution

cone Hardness3 Juici- Tender- Overall
(ppm) (N) ness ness texture
90.3° 4.5e 4.5° 4.5e
5 86.5° 4.4e 4.7Cd 4.6e
20 79.1d 5.1d 5.3d 5.2d
100 56.1e 5.6e 6.le 5.6d

a Each value represents the average of 16 determinations, from each
of 4 replicates
b 9-point hedonic ratings (9 = excellent, 1 = very poor), N = 5.
c,d,e Figures in any column with different superscripts are significant-
ly different by Duncan Multiple Range Test (01 < 0.05)



Increasing concentrations of papain in the rehydrating solu-
tion significantly decreased hardness as shown in Table 6.

Taste panel results are also summarized in Table 6 and in-
dicate increasing scores for juiciness, hardness and overall
texture with increasing papain concentration.

Pyrophosphate on addition to fresh meat caused an increase
in pH, resulting in increased WHC (Shults et al., 1972). Bouton
et al. (1973) have shown that increased pH or WHC increased
both objective and subjective tenderness. The present experi-
ment showed no improvement in taste panel or texturometer
texture cn rehydration, either in 0.5% pyrophosphate or 0.5
and 1% sodium citrate solution. These conditions may be simi-
lar to those of Hamm and Deatherage (1960) who found that
increase in pH after cooking caused a much smaller increase in
WHC than when pH was adjusted prior to heating of the
muscle.

The significant interaction between papain concentration
and freezing method is unexplained.

Antioxidants

Storage temperature accounted for most of the variance not
due to error or replicate animals with storage at 37°C giving
samples of average hardness 129.8N, compared with 1°C stor-
age of 11.6.6N.

Antioxidants had no significant effect on hardness of stored
freeze-dried beef. This may be due to poor penetration of
antioxidants into the meat slices or the ineffectiveness of anti-
oxidants in preventing autoxidation of bound lipids (Chipault
and Hawkins, 1971) a reaction known to lead to crosslinking
of proteins (Andrews et al., 1965).

The citric acid x storage temperature interaction was sig-
nificant (P < 0.05), with meat samples sprayed to 1% of
cooked weight with a solution of 40 mg/100 ml citric acid in
ethanol having hardness 10.5N higher for 37°C storage than at
1°C, while the difference between the two storage tempera-
tures was 16N for untreated controls. This appears not to be
due to synergism with the antioxidant, as the storage tempera-
ture x antioxidant x citric acid and antioxidant x citric acid
interactions were not significant. It may instead be due to
buffering action of citric acid, lowering the pH of meat. The
rate of nonenzymic browning in meat extracts was slowed as
pH was lowered (Sharp and Rolfe, 1958). Browning-type reac-
tions, among other factors, could cause toughening in freeze-
dried meats. However, a more likely explanation is that citric
acid chelates metal ions present in meat, preventing them from
acting as catalysts in the oxidation of lipids. This catalytic
action of metal ions is important in freeze-dried meats due to
the low relative humidity conditions causing the ions to exist
in unhydrated, catalytic forms (Labuza et al., 1966).

Matyr.iak et al. (1971) reported that ethylenediamine-
tetracetic acid (EDTA), a better chelator than citric acid, im-
proved the stability of freeze-dried chicken and Sweet (1973)
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reported that EDTA, when used alone, increased the induction
period for onset of rancidity in fresh fish more than any of the
common antioxidants used alone.
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FATNESS, RATE OF CHILLING AND TENDERNESS OF LAMB

ABSTRACT

40 lambs were selected to vary in amount of finish for use in deter-
mining the mechanism by which fatness affects tenderness. Lambs with
thick (n = 10), intermediate (n = 20) or thin (n = 10) finish were
slaughtered, chilled at 1 + 1°C and samples obtained from three muscles
for chemical, histological, physical and organoleptic analyses. Sub-
cutaneous fat was removed from one side of each carcass in the inter-
mediate finish group to facilitate comparisons on a within-carcass basis.
The data suggest that lamb carcasses which have increased quantities of
fat (subjectively determined via live evaluations of finish or objectively
determined via subcutaneous fat thickness measurements and marbling
scores): (a) chill more slowly; (b) maintain muscle temperatures con-
ducive to autolytic enzyme degradation for greater periods of time
postmortem; (c) sustain less shortening of sarcomeres; (d) have muscles
with lower ultimate pH values; (e) have less perceptible or softer con-
nective tissue; and (f) are more tender than lamb carcasses which have
limited quantities of fat. The data support the hypothesis that deposi-
tion of increased quantities of subcutaneous or intramuscular fat (par-
ticularly in carcasses with limited quantities of subcutaneous finish)
increases tenderness via changes in postmortem chilling rate. An in-
creased quantity of fat decreases the rate of temperature decline (either
by insulation or via an increase in carcass mass), enhances the activity
(or increases the duration of active proteolysis) of autolytic enzymes in
muscle, lessens the extent of myofibrillar shortening and thereby in-
creases the ultimate tenderness of cooked meat from a fatter carcass.

INTRODUCTION

THERE IS NOW ample evidence that changes in the myofibril-
lar component of muscle which occur pre-rigor (i.e., during the
period between slaughter and the full development of rigor
mortis) can markedly influence the tenderness of the resulting
meat (Newbold and Harris, 1972). Locker (1960) described
the relationship between tenderness and extent of postmortem
muscle shortening. If the muscles of the carcass are provoked
to shorten, as by early rapid chilling, they will shorten to the
fullest extent allowed by skeletal restraints, lose their extensi-
bility and ultimately become fixed in that state of contraction
concomitant with development of rigor mortis. Postmortem
contraction of myofibrils can be controlled by allowing rigor
mortis to develop at temperatures which minimize shortening
or by physically restraining the muscle from shortening (New-
bold and Harris, 1972).

The amount of muscle shortening decreases as the period
between slaughter and exposure to cold is extended (Marsh
and Leet, 1966). Chilling at 0—1°C produces cold shortening
(Locker and Hagyard, 1963) which can reduce the tenderness
of certain muscles in the intact carcass (Bouton et ah, 1973b).
Conditioning of carcasses by pre-rigor chilling at 15-20°C
lessens the myofibrillar toughness of beef (Smith et ah, 1971;
Parrish et ah, 1973; Bouton et al.,, 1973a) and of lamb (Cook
and Langsworth, 1966; Marsh et al., 1968; McCrae et al.,
1971; Bouton et al., 1973b; Smith et al.,, 1976). Marsh et al.
(1968) recognized that cooling rate is determined not only by
ambient temperature, humidity and air velocity, but also by
the size of the cooling body and the depth below overlying
tissue of the particular muscle being considered. The results of
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Wenham et al. (1973) suggest that larger carcasses (mature
rams) chill more slowly than smaller carcasses and thus are
more tender. Wenham et al. (1973) further observed that
mature ewe carcasses sustained greater toughening from early
freezing than did lamb carcasses. The latter result is presumed
to occur because the blocky, thick and fat lamb carcasses cool
more slowly than do the angular, thin and lean mature ewe
carcasses. Marsh and Leet (1966) concluded that it would
require only a slightly greater thickness of fat, the proximity
of bone, or a protective shielding (by overlying tissue) of a
part of a muscle from cold, moving air to allow muscles which
are fixed absolutely in length by attachments to the skeletal
framework to sustain cold shortening in part of their length.

Early animal production studies (recently reviewed by
Smith and Carpenter, 1975) indicated that fatter animals
usually produced meat that was more tender than that from
leaner animals. Because fatter animals tend to deposit greater
quantities of marbling, these early studies were interpreted tc
mean that increased deposition of intramuscular fat was associ-
ated with increased palatability of cooked meat. Research
during the last 50 yr has failed to clearly elucidate the mecha-
nism by which marbling affects tenderness; and, in fact, has
not clearly shown that increased fatness is necessary to achieve
acceptable or exceptional eating satisfaction (Smith and Car-
penter, 1975). In light of recent findings regarding the impor-
tance of the time-temperature history of the carcass during the
pre-rigor period and its marked effect on muscle tenderness
(Newbold and Harris, 1972), the role of fatness in altering the
rate of carcass chilling needs to be thoroughly investigated.

In studies of the palatability of goat meat, Pike (1974)
observed certain thinly-finished and light-weight carcasses
which produced very tough cooked meat and muscles with
very short sarcomeres. The latter results suggest that carcass
weight and/or fatness can affect tenderness via the cold short-
ening phenomenon. Cross et al. (1972) and Reagan (1974)
reported significant (P < 0.01) correlations between intra-
muscular fat content and sarcomere length in lamb and beef
longissimus muscles, respectively, suggesting that marbling
might also be related to tenderness via its insulatory effect in
reducing the severity of cold shortening induced by low tem-
perature chilling. These reports led to the hypothesis that sub-
cutaneous and/or intramuscular fat could affect the tenderness
of muscles by insulating the muscle fibers during postmortem
chilling, changing the rate of temperature decline and thereby
decreasing the extent of cold shortening. The present study
was designed to identify and elucidate such mechanisms
because, if fatness increases tenderness via its effect in lessen-
ing the rate of postmortem chilling, then there are other, more
practical and less costly, procedures for enhancing meat ten-
derness than by increasing the amount of subcutaneous fat
cover or the extent of intramuscular fat deposition.

EXPERIMENTAL

40 CROSSBRED (fine wool x medium wool) lambs were selected from
a commercial feedlot on the basis of maturity and fatness. Two trained
evaluators physically handled each lamb in the manner described by the



Table 1—Carcass characteristics for lambs in each finish group

Finish group
Trait Thick Intermediate Thin
Carcass weight, kg 28.6a 21.5b 16.8C
USDA quality graded 13.5a 11.4b 8.6C
USDA vyield grade 4.1a 3.0b 2.1c
Fat thickness-12th rib, mm 7.1a 3.3b l.1lc
Longissimus muscle area, cm2 14.9a 13.1ah 10.6b
USDA marbling scoree 19.6a 15.1b 9.5C

a,b,c Means in the same horizontal row bearing different super-
scripts are different (P < 0.05).
d Coded as follows: Avg Prime - 14, Avg Choice = 11, Avg Good =
8, etc.
e Coded as follows: Abundant = 29, Mod. abundant = 26, Sl
abundant = 23, etc.

USDA (1960) to determine degree of finish, to estimate the thickness
of subcutaneous fat over the longissimus muscle in the 12-13th rib
region and to determine physiological maturity. Live lambs were se-
lected to exhibit thick, intermediate or thin finish, to have >7.5 mm,
2.5-7.5 mm or <2.5 mm of estimated fat thickness and to be approxi-
mately 5-9 months of age at the time of slaughter. There were 10
lambs with thick finish, 20 lambs with intermediate finish and 10 lambs
with thin finish.

The live lambs were transported to the Texas A&M University meat
laboratory and slaughtered in groups of four lambs each. One lamb with
thick finish, two lambs with intermediate finish and one lamb with thin
finish constituted a slaughter group. Each group of four lambs was
slaughtered with sufficient dispatch to assure that the entire group
entered the cooler (1 + 1°C) within 40 min following death. The right
side of each lamb carcass in the intermediate finish group (n = 20) was
carefully trimmed to remove the subcutaneous fat from the rack, loin,
sirloin and leg. Fat was removed from the dorsal midline to a point
approximately 10 cm lateral to the midline over the rack, loin and
sirloin. All of the subcutaneous fat was removed from the inside and
outside cushion portions of the leg. The trimming operation was per-
formed immediately prior, to chilling and the carcasses were not split.
All subcutaneous fat and fell membrane remained intact on lambs with
thick finish, lambs with thin finish and on the left side of each lamb
with intermediate finish. Recorders continuously monitored tempera-
ture decline during postmortem chilling via thermocouples placed in the
center of the longissimus muscle opposite the 13th rib. One thermo-
couple per carcass was used for lambs with thick or thin finish; two
thermocouples per carcass were used for lambs with intermediate finish.

Following 72 hr in the cooler, each carcass was evaluated for USDA
grade factors, longissimus muscle area and marbling score. The carcasses
were then separated into wholesale cuts and rib chops, loin chops and
leg steaks were obtained for subsequent chemical, histological and
palatability analyses. Measurements of pH were obtained by use of a
Corning Model 12 pH meter on 5-g samples of longissimus or biceps
femoris muscle which had been blended with 25 ml of distilled-
deionized water. Sarcomere length was determined by measuring the
length of 10 sarcomeres from each of 25 myofibrils from each muscle
at a magnification of 1000X by use of a filar micrometer. Samples were
prepared for sarcomere measurement by homogenizing 3g of longis-
simus or biceps femoris muscle with 35 ml of 0.25M sucrose solution
for 40 sec.

Two complete sets of palatability samples (loin chops and leg
steaks) were prepared, wrapped in polyethylene-coated paper and fro-
zen for subsequent cooking. Chops and steaks from each carcass (from
each side of lambs with intermediate finish) were individually thawed at
3°C for 12 hr, oven-broiled (Cover et al., 1962) in preheated 177°C gas
ovens (ore sample per oven) to an internal temperature of 75°C and
divided into individual portions. Loin chops were weighed before and
after cooking and the time (in minutes) required to reach the desired
degree of doneness was recorded. Cooked samples of three muscles
(longissimus, biceps femoris and semimembranosus) were scored by a
six-member trained sensory panel by use of the tenderness profile sys-
tem described by Cover and Hostetler (1960). Scores were assigned for
juiciness, tongue and cheek pressure, tooth pressure, mealiness, ad-
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hesion, fragmentation, connective tissue amount and connective tissue
softness. Shear force values were obtained for longissimus muscles in
duplicate on 1.3 cm cores which were removed after the cooked sam-
ples had cooled to 25°C.

Additional chops and steaks from each carcass (from each side of
lambs with intermediate finish) were individually thawed at 3°C for 12
hr, overt-broiled (Cover et al., 1962) in preheated 177°C gas ovens (one
sample per oven) to an internal temperature of 80°C and divided into
individual portions. Cooked samples of all three muscles were scored by
an eight-member trained sensory panel for three tenderness traits
(muscle fiber tenderness, connective tissue tenderness and overall ten-
derness) in the manner described by Cross et al. (1973). Shear force
values were obtained in duplicate from 1.3 cm cores (removed after the
cooked samples had cooled to 25°C) by use of the Warner-Bratzler
shear machine.

The data were analyzed by the use of statistical procedures de-
scribed by Snedecor and Cochran (1967), Duncan (1955) and Kramer
(1956). Main effects for analyses of variance included finish groups,
subcutaneous fat thickness groups and marbling score groups. Mean
separation analyses were performed if a main effect was significant at
the 0.05 probability level.

RESULTS & DISCUSSION

CARCASS CHARACTERISTICS for lambs in each finish
group are presented in Table 1. Carcasses from lambs in the
thick finish group were (P < 0.05) heavier, more muscular,
fatter and higher grading than were lambs in the thin finish
group. It should be noted that carcass weight and fatness are
confounded in these data. Since fat carcasses with exactly the
same volume of bone and muscle as lean carcasses would, of
necessity, be heavier, the weight differential observed here was
not considered to be of major consequence. Increased fatness
may decrease chilling rate by its insulatory capacity or by its
effect in increasing mass; in either case, fatter lambs would
chill more slowly.

Since the original hypothesis was predicated upon differ-
ential rates of postmortem chilling among carcasses differing in
fatness or finish, mean internal temperatures were collected
for longissimus muscle from carcasses in each finish group
(Table 2). Carcasses in the thick finish group had higher mean
internal temperatures in the longissimus muscle than did car-
casses in the intermediate finish group after O, 1, 2, 3and 4 hr
of chilling. Lambs with intermediate finish chilled more slowly
than did carcasses with thin finish, as evidenced by significant
differences in longissimus muscle temperature at 1, 2 and 3 hr
postmortem. These data support the contention that fatter (or
heavier) lambs chill more slowly than leaner (or lighter) lambs
(P < 0.05) during the first 4 hr immediately postmortem.
Field et al. (1970) reported that higher longissimus muscle
temperatures at 1 hr postmortem were associated with de-
creased shear force requirements (r = -0.61) and with in-
creased tenderness (r = 0.81) in yearling bull carcasses. In the
present study, the correlation between temperature at the
center of the longissimus muscle at 1 hr postmortem and shear
force requirement for the cooked longissimus muscle was
-0.67 (P < 0.05).

Mean internal temperature of the longissimus muscle (Table
2) attained 1°C after 8.1, 5.9 and 5.6 hr of chilling in thick,
intermediate and thin finish groups, respectively. In lamb car-
casses chilled at 0—1°C, Bouton et al. (1973b) found that the
temperature in the center of the longissimus reached 1°C in
6.4 hr and concluded that chilling at 0—1°C produced cold
shortening which reduced the tenderness of the larger muscles
in the sheep carcass. Whether the 2.5 hr (8.1 minus 5.6 hr)
chilling time differential between lamb carcasses with thick vs
thin finish is sufficient to effect measurable changes in tender-
ness is not presently known. Marsh et al. (1968) reported that
very significant toughness develops in the longissimus muscles
of lamb carcasses exposed to low temperatures within about
16 hr of slaughter. The period of 16 hr of high temperature for
chilling-conditioning is generally supported by McCrae et al.
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(197 1) for lamb and by Smith et al. (1971 ) for beef. Dutson et
al. (1975) reported that carcass temperature in the first 12 hr
postmortem is important in determining beef muscle tender-
ness.

Sarcomere lengths and pH values for two muscles from each
carcass in the three finish groups are presented in Table 3.
Carcasses in the thick and intermediate finish groups, had the
longest sarcomeres, while carcasses in the thin finish group had
the shortest (P < 0.05) sarcomeres. Cook and Langsworth
(1966) found that minimum shortening of ovine muscle oc-
curred at chilling temperatures between 5 and 20°C while
maximum shortening was noted at chilling temperatures of 0
or 40°C. In the present study, lambs with thick, intermediate
and thin finish had internal longissimus muscle temperatures
between 5 and 20°C for 4.5, 3.1 and 2.1 hr, respectively.
Bouton et al. (1973b) concluded that myofibrillar toughness
of cooked meat is virtually independent of sarcomere length
for muscles with sarcomeres which are longer than about 1.8
ium and that lamb carcasses chilled at 15—6°C had a few
muscles with sarcomeres much shorter than about 1.8\im. The
latter researchers reported mean sarcomere lengths for longis-
simus, biceps femoris and semimembranosus muscles of 1.65,
1.62 and 1.71 gm, respectively, for carcasses chilled at 0-1°C
and 1.77, 1.73 and 1.78 (tm, respectively, for carcasses chilled
at 15 -16°C (Bouton et al., 1973b). Sarcomere lengths in the
present study (Table 3) were of comparable magnitude to
those from lambs conditioned at high temperature in the
Bouton et al. (1973b) study.

Carcasses in the thin finish group had significantly (P <
0.05) higher pH values than did lambs in the thick finish group
(Table 3). The rate of fall of pH depends upon muscle temper-
ature (Newbold and Harris, 1972) and pH falls more rapidly at
1°C than at 5°C during the first few hours postmortem
(Cassens and Newbold, 1967). Rate of pH decline was not
determined in the present study, but ultimate pH of both
muscles was lowest (P < 0.05) for lambs in the thick finish
group. Field et al. (1970) found that pH value at 1 hr post-
mortem was closely associated with beef tenderness; the higher
the pH, the higher the shear force value (r = 0.73) and the
lower the tenderness rating (r = -0.68). However, Bouton et
al. (1971) has shown that the tenderness of sheep muscle is
greater with higher ultimate pH. Results of the present study
agree with those of Field et al. (1970) with regard to less
tender muscles having a higher pH value.

Ratings for juiciness and tenderness of three muscles from
each lamb carcass in the three finish groups are presented in
Table 4. Juiciness ratings for longissimus and biceps femoris
muscles did not differ among samples from lambs in the three
finish groups, despite rather large differences in amount of
intramuscular fat (Table 1). Samples from lambs with thick
finish evoked less pressure to tongue, cheek and tooth, were
more mealy, had less intrasample adhesion, fragmented more
readily, had lesser quantities of connective tissue and charac-
teristically softer connective tissue than did samples from car-
casses with thin finish (P < 0.05 for 19 of 21 comparisons).
Sensory panel ratings which are indicative of myofibrillar ten-
derness-toughness (tongue-cheek pressure, tooth pressure,
mealiness and fragmentation) closely parallel results of sar-
comere length determinations (Table 3). For example, longis-
simus muscles from lambs with thick vs intermediate finish did
not differ in sarcomere length and did not differ significantly
in tongue-cheek pressure, mealiness or fragmentation. Con-
versely, longissimus muscles from carcasses with thick vs thin
finish differed (P < 0.05) in sarcomere length and differed (P
< 0.05) in tongue-cheek pressure, tooth pressure, mealiness
and fragmentation. Relationships between sarcomere length
and tenderness of similar magnitude have been reported by
Cook and Langsworth (1966).

Sensory panel ratings which are indicative of background
effects on tenderness (adhesion, connective tissue amount and

Table 2—Internal temperatures for longissimus muscles from car-
casses in each finish group

Temperature (°Cl

Time Finish group
postmortem

(hr) Thick Intermediate Thin

0.0 30.7a 26 3b 26.0b
0.5 22 .6a 19.8ab 16.7b
1.0 19.0a 15.6b 115cC
2.0 13.8a 10.8b 6.5C
3.0 10.7a 7.3b 3.8C
4.0 7.9a 3.8b 2.4b
5.0 5.4a 2.5a 1.7a
6.0 3.6a 0.9a 0.7a

3,b,e Means in the same horizontal ro\* bearing different super-
scripts are different (P < 0.05).

Table 3—Sarcomere lengths and pH values for two muscles from
carcasses in each finish group

Finish group
Trait Thick Intermediate Thin
Sarcomere length,
longissimus (pm)c 1.78a 1.78a 1.70b
Sarcomere length,
biceps femoris (pm)° 1.86a 1.83ab 1.78b
pH value,
longissimusO 5.60a 5.70b 5.75b
pH value,
biceps femorisc 5.69a 5.71a 5.80b

a* Means in the same horizontal row bearing different superscripts
are different (P < 0.05).
c Sarcomere length and pH determinations were obtained from fresh
muscle samples taken from the carcasses 72 hr postmortem.

connective tissue softness) revealed significant (P < 0.05) dif-
ferences between lambs with thick vs intermediate finish in
only 2 of 9 comparisons. Similar comparisons between lambs
with intermediate vs thin finish and carcasses with thick vs
thin finish indicate significant (P < 0.05) differences in 8 of 9
and 8 of 9 comparisons, respectively. These results closely
parallel results for internal muscle temperatures (Table 2), sar-
comere length (Table 3) and pH (Table 3). Sarcomere length
should not be related to measures of connective tissue, and the
fact that such a corollary was found may merely reflect the
inability of sensory panel members to isolate and quantify this
part of the tenderness profile analysis. Conversely, the rela-
tionships between pH and postmortem muscle temperature
with measures of connective tissue may indicate a mechanism
related to autolytic enzyme activity.

Lysosomes are small cytoplasmic organelles, which contain
many acid hydrolases within the lysosomal membrane (Hirsch
and Cohn, 1964). Activity of lysosomal acid hydrolases is in-
creased by many treatments including low pH and high tem-
peratures (Weisman, 1964; Stagni and De Bernard, 1968)
which labilize the lysosomal membrane. Both of these con-
ditions are fulfilled in the present study (low pH for the more
tender muscles, Tables 3 and 4; high temperature for the more
tender muscles. Tables 2 and 4). Moeller et al. (1976) reported
that holding of beef carcasses at elevated temperature for 12
hr postmortem enhanced the disruption of the lysosomal
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Table 4—Ratings for juiciness and tenderness for three muscles from lamb carcasses in each finish group

Longissimus (L)

Finish group

Trait Thick Int. Thin
Juiciness 6.la 6.la 6.0a
Tongue-cheek pressure 7.4a 7.1ab 6.8b
Tooth pressure 7.0a 6.5b 5.2C
Mealiness 3.5a 3.4a 2.9b
Adhesion 7.3a 6.8b 6.0C
Fragmentation 7.2a 6.8a 5.7b
Connective tissue amount 8.5a 8.3a 7.6b
Connective tissue softness 8.5a 8.4a 7.7b

Biceps femoris (BF) Semimembranosus (SM)

Finish group Finish group
Thick Int. Thin Thick Int. Thin
5.4a 5.1a 5.0a 5.1ab 5.3a 4.8b
6.9a 6.3b 6.2b 6.4a 6.1lab 5.9b
6.9a 5.7b 5.0C 5.6a 5.2ab 4.5b
3.6a 3.2b 2.6C 2.9a 2 .8a 2.6a
7.2a 5.9b 5.3C 5.8a 5.5a 4.8b
7.2a 5.8b 5.2« 5.8a 5.5a 4.7b
8.3a 8.0a 7.4b 7.7a 7.7a 7.3b
8.3a 8.1a 7.5b 7.7a 7.6a 7.2a

a.b.CR/ieans on the same horizontal row and for the same muscle bearing different superscripts are different (P < 0.05).

membrane and resulted in a significant increase in the free
activity of /3-glucuronidase and cathepsin C (both of which are
lysosomal enzymes). Furthermore, Dutson et al. (1971) re-
ported that esterase activity in pork muscle decreased mark-
edly between 45 min and 3 hr postmortem, possibly as a result
of either the rapid drop in pH or the cooling of the carcass.
Data of the present study (Table 2) reveal that autolytic en-
zyme activity could have continued for a considerably longer
period in lambs with thick finish because postmortem temper-
ature decline was less rapid than that evidenced for carcasses
with intermediate or thin finish.

Tenderness evaluations and cooking data for three muscles
from each lamb carcass in the three finish groups are presented
in Table 5. Lambs with thick or intermediate finish had longis-
simus, biceps femoris and semimembranosus muscles which
were more tender than corresponding muscles from lambs with
thin finish (P < 0.05 in 23 of 26 comparisons). Differences in
tenderness between muscles from lambs with thick vs inter-
mediate finish were much less definitive (differences were sig-
nificant in only 5 of 13 comparisons). Bouton et al. (1973b)
found that shear force values decreased exponentially as sar-
comere length increased. In the latter study, decreases in sar-
comere length of 0.23, 0.13 and 0.16 /am for longissimus,
biceps femoris and semimembranosus muscles, respectively,
were associated with increases of 104, 93 and 135% in shear
force requirements (Bouton et al.,, 1973b). The data of the

present study reveal that decreases of 0 and 0.08 ;um (longis-
simus) or 0.03 and 0.08 gm (biceps femoris) were associated
with increases of 33 to 63% (longissimus) or 2 to 22% (biceps
femoris) in shear force requirements (Table 5).

Whereas Bouton et al. (1973b) attributed increases
(93—135%) in tenderness of lamb from carcasses chilled at
high (15-16°C) temperatures to large (0.13—0.23 /urn) in-
creases in sarcomere length, the data of the present study indi-
cate that increased tenderness (2—63%) resulted from factors
other than (perhaps, in addition to) changes in sarcomere
length (0-0.08 /urn). Dutson et al. (1975) reported that de-
layed chilling (for 12 hr) of beef carcasses resulted in signifi-
cant increases in tenderness and sarcomere length. However,
Dutson et al. (1975), Hostetler et al. (1975) and Smith et al.
(1971) have reported significant increases in beef tenderness
for carcasses chilled at elevated temperatures which were not
associated with significant changes in sarcomere length. Both
Smith et al. (1971) and Dutson et al. (1975) attributed a part
of the increase in tenderness associated with the use of ele-
vated chilling temperatures to increases in autolytic enzyme
activity as well as to reductions in cold shortening. Further
evidence relative to increased autolytic enzyme activity being a
factor in increased tenderness of high-temperature conditioned
beef carcasses has been reported by Moeller et al. (1976).

Cooking data in Table 5 reveal that longissimus muscles
from lambs with thick finish sustained greater cooking losses

Table 5—Tenderness ratings, shear force values and cooking data for three muscles from lamb carcasses in each finish group

Longissimus (L)

Finish group
Trait Thick Int. Thin
Tenderness rating
Muscle fiber 6.6® 6.6s 5.4b
Connective tissue 6.7a 6.6a 5.7b
Overall 6.2a 6.0» 5.0b
Shear force value
Leg (kg) - - -
Loin (kg) 4.6a 6.1b 7.5«
Rib (kg) 7.8a 8.6n 10.8b

Cooking data
Weight loss (%) 20.5a ig.e3l» 17.9b
Cooking time (min) 34.1a 29.1b 28.7b

Biceps femoris (BF) Semimembranosus (SM)

Finish group Finish group
Thick Int. Thin Thick Int. Thin
7.3a 6.2b 5.4« 5.9a 5.8a 4.8b
6.6® 5.6b 5.2b 6.0a 5.6a 4.5b
6.7a 5.6b 4.7« 5.5a 5.2a 4.0b
4.9a 5.0a 6.0b 5.8a 7.2b 7.9b

a,b,c Mears on the same horizontal row and for the same muscle bearing different superscripts are different (P < 0.05).
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than did muscles from lambs with thin finish. Increased cook-
ing losses for muscles from fatter lambs may reflect the lower
pH (Table 3) and thus the lower water holding capacity of
such muscles or may have resulted from greater rendering of
fat during cookery.

Juiciness ratings, tenderness scores, shear force values and
sarcomere lengths for three muscles from each lamb carcass in
four subcutaneous fat thickness groups are presented in Table
6. Finish groups compared in Tables 2, 3, 4 and 5 were identi-
fied prior to slaughter and were not based on exact measures
of fatness. To more definitively describe effects of measured
fat thickness differences on tenderness, the complete popula-
tion (n = 40) of carcasses was divided into quartiles (n = 10)
according to thickness of subcutaneous fat opposite the longis-
simus muscle at the 12th rib. Lambs in quartile 1(5.2—10.2
mm of fat) were more tender (P < 0.05) than lambs in quartile
I, 11l and IV in 8 of 15, 11 of 15 and 15 of 15 comparisons,
respectively. Lambs in quartile Il (3.0-5.1 mm of fat) were
more tender (P < 0.05) than lambs in quartiles Il and IV in 5
of 15 and 12 of 15 comparisons, respectively. Lambs in quar-
tile 111 (1.8-3.0 mm of fat) were more tender (P < 0.05) than
lambs in quartile IV (0.7—1.5 mm of fat) in 9 of 15 compari-

sons. These data suggest that increased deposition of fat op-
posite the longissimus muscle at the 12th rib is associated with
increased tenderness of the longissimus, biceps femoris and
semimembranosus muscles, but that the relationship is not
linear. Bell (1939) reported that leg roasts from fatter lambs
were more tender than those from lean lambs, but that the
degree of difference was not a result of degrees of difference in
separable fat content.

As was previously stated, a neec exists to elucidate the
mechanism by which fatness affects tenderness and to de-
termine why fatness generally, but not perfectly, relates to
tenderness of cooked muscle. The data of this study (Table 6)
reveal significant decreases in tenderness between adjacent fat
thickness quartiles in 8, 5 and 9 of 15 comparisons between
quartiles 1 and I, 1l and IIl, and Il and IV, respectively.
Sarcomere length did not differ between quartiles 1 and Il or Il
and Il for either muscle (Table 5) but differed (P < 0.05)
between quartiles Il and IV for both muscles. Perhaps the
reason that sarcomere length and tenderness are not perfectly
related is that differential rates of enzymatic proteolysis occur
among carcasses causing changes in tenderness that are not
reflected in histological measurements. Smith et al. (1971) sug-

Table 6—Juiciness ratings, tenderness scores, shear force values and sarcomere lengths for three muscles from lamb carcasses in each
subcutaneous fat thickness or marbling score group

Subcutaneous fat thickness Marbling score

Quartile” Quartilee
Trait | 1l 11 A% | 1] 1l v

Juiciness
Longissimus 6.1a 6.2a 6.1a 5.9a 6.1a 6.2a 6.0a 6.0a
Biceps femoris 5.5a 5.4ab 5.1ab 4.8b 5.5a 5.2a 4.5b 5.1ab
Semimembranosus 5.5a 5.1ab 5.2ab 4.7b 5.1a 5.4a 5.1a 5.0a

Tooth pressure
Longissimus 7.1a 6.5ab 6.4b 5.2C 6.9a 6.9a 6.3a 5.1b
Biceps femoris 6.9a 6.4a 5.4b 4.8b 6.8a 6.3a 5.4b 5.0b
Semimembranosus 6.0a 4.9bc 5.2b 4.4c 5.3a 5.5a 5.2ab 4.5b

Fragmentation
Longissimus 7.3a 6.3b 6.8ab 5.5C 71a 7.1a 6.7a 5.5b
Biceps femoris 7.2a 6.4b 5.6C 5.0C 7.0a 6.4a 5.7b 5.2b
Semimembranosus 6.1a 5.3b 5.3b 4.6e 5 4ab 5.7a 5.4ab 4.8b

Overall tenderness
Longissimus 6.3a 6.1a 6.2a 4.6b 6.4a 6.1ab 5.8ab 4.9b
Biceps femoris 6.7a 6.1a 5.0b 4.8b 6.6a 6.0a 5.0b 4.9b
Semimembranosus 5.7a 5jab 5.0b 4.0C 5.6a 5.4a 4.6b 4.2b

Connective tissue tenderness
Longissimus 6.8a 6.7a 6.5a 5.6b 6.9a 6.7a 6.4a 5.5b
Biceps femoris 6.6a 6.1a 5.3b 5.2b 6.6a 6.1ab 5.4b 5.0b
Semimembranosus 6.2a 5.4b 5.3b 4.7b 5.9a 5.8a 5.2b 4.7b

Shear force value, kg
Longissimus 4.4a 6.0b 6.3b 7.9c 4.9a 5.6ab 6.4b 7.7C
Biceps femoris 4.5a 5.5bc 5.0ab 5.9C 5.1a 5.1® 4.7a 6.3b
Semimembranosus 5.7a 6.7b 7.8C 7.8C 6.1la 7.0b 6.9ab 8

Sarcomere length, fim
Longissimus 1.77ab 1.78a 1.78a 1.72b 1.79a 1.79a 1,76ab 1.73b
Biceps femoris 1.84ab 1.82ab 1.85a 1.79b 1.85a 1.86® 1,79b 1.81ab

a,b,c Means in the same horizontal row and within the same group (fat thickness or marbling) bearing different superscripts are different (P <

0.05).

AThe population of carcasses (n - 40) was divided into quartiles (n — 10) according to thickness of subcutaneous fat opposite the longissimus
muscle at the 12th rib. The means, maximum and minimum fat thickness for each quartile are as follows: quartile | = 7.6, 10.2 and 5.2 mm;
quartile Il =4.0, 5.1 and 3.0 mm; quartile 111 = 2.3, 3.0 and 1.8 mm; quartile IV = 1.0, 1.5 and 0.7 mm.

e The population of carcasses (n = 40) was divided into quartiles (n = 10) according to the USDA marbling score in the longissimus muscle at the
12—13th rib interface. The means, maximum and minimum marbling scores for each quartile are as follows: quartile | = 22, 29 and 19; quartile 11

—16, 18 and 13; quartile IIl = 12, 13 and 11; quartile IV =9, 11 and 6 (where 30 is abundant-plus, 29 is abundant-typical, etc.).



gested that increased postmortem muscle temperature (which
would occur in fatter carcasses, Table 2) would enhance the
activity of muscle cathepsins under conditions of lower pH
(Table 3) and higher temperature (Table 2). Dutson et al.
(1975) reported that tenderness increases via delayed chilling
result from a combination of a reduction in cold shortening
and an increase in autolytic enzyme activity. The latter re-
searchers concluded that delayed chill and increased tender-
ness may normally occur as a result of increased carcass mass
and/or fatness (Dutson et ah, 1975). The largest increases in
tenderness in the present study were observed at fat thick-
nesses opposite the longissimus muscle of >1.8 mm (longis-
simus), >3.0 mm (biceps femoris) and >5.2 mm (semi-
membranosus).

Juiciness ratings, tenderness scores, shear force values and
sarcomere lengths for three muscles from each lamb carcass in
four marbling score groups are presented in Table 6. To more
precisely identify the effects of intramuscular fat deposition
on tenderness, the complete population (n = 40) of carcasses
was diviced into quartiles (n = 10) according to marbling score
in the longissimus muscle at the 12—13th rib interface. Lambs
in quartile I, (moderate-minus to abundant-typical amounts of
marbling) were more tender (P < 0.05) than lambs in quartiles
I, 1l and IV in 1of 15 7 of 15 and 14 of 15 comparisons,
respectively. Lambs in quartile Il (small-minus to modest-plus
amounts of marbling) were more tender (P < 0.05) than lambs
in quartiles 11l and IV in 5 of 15 and 13 of 15 comparisons,
respectively. Lambs in quartile 11l (slight-typical to small-
minus amounts of marbling) were more tender (P < 0.05) than
lambs in quartile 1V (practically devoid-plus to slight-minus
amounts of marbling) in 6 of 15 comparisons. The data suggest
that increased deposition of intramuscular fat in the longis-
simus muscle at the 12-13th rib interface is associated with
increased tenderness of the longissimus, biceps femoris and
semimembranosus muscles, but that the relationship is not
linear. McBee and Wiles (1967) and Smith et al. (1969) re-
ported that the tenderness of beef loin and rib steaks increased
with additional degrees of marbling, but that there were not
always significant differences with each successive increase in
degree of marbling.

The data of this study (Table 6) reveal significant decreases
in tenderness between adjacent marbling score quartiles in 1, 5
and 6 of 15 comparisons between quartiles I and I, Il and 1l
and Il and IV, respectively. Sarcomere length did not differ
between quartiles | and 1l or Il and IV for either muscle
(Table 6). The effect of marbling on lamb tenderness does not
appear to be exerted through its influence (via changes in cold
shortening effects) on sarcomere length. The largest increases
in tenderness were observed at marbling scores in the longis-
simus muscle at the 12—13th rib interface of > slight-minus
(longissimus), > small-minus (biceps femoris) and > slight-
minus (semimembranosus).

Analyses of variance of data in Table 6 revealed significant
(P < 0.05) interactions between subcutaneous fat thickness
and marbling score for 2 of the 5 sensory panel ratings. Cor-
respondingly, juiciness ratings, tenderness scores, shear force
values ar.d sarcomere lengths were analyzed by subcutaneous
fat thickness x marbling score groups and results are presented
in Table 7. In subcutaneous fat quartile I, higher marbling
scores (> moderate-typical) were associated with lower (P <
0.05) scores for tooth pressure and fragmentation, but mar-
bling was not generally related to tenderness, juiciness or sar-
comere length among carcasses with 5.2—10.2 mm of external
fat. Similar results were noted for lambs in quartiles 1l and 111
with regard to tenderness and juiciness, but sarcomeres were
shorter for lambs with lower marbling scores in 3 of 4 com-
parisons. In quartile 1V (lambs with 0.7—1.5 mm of subcutane-
ous fat thickness), higher marbling scores (> slight-minus)
were associated (P < 0.05) with higher tenderness ratings (in 5
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of 12 comparisons) and lower shear force values (in 3 of 3
comparisons).

Data in Table 7 suggest that increased marbling is of great-
est importance in determining tenderness when subcutaneous
fat is not present in adequate quantities. Moreover, marbling
seems to be more critical in determining tenderness of the
longissimus muscle than it is for the more massive biceps fe-
moris and semimembranosus muscles. McCrae et al. (1971)
demonstrated that postmortem shortening of myofibrils de-
creases the tenderness of lamb muscles. Postmortem shorten-
ing is dependent on temperature, but not all muscles show the
same temperature dependence (Newbold and Harris, 1972).
McCrae et al. (1971) found that the longissimus and semi-
membranosus muscles were toughened considerably by early
freezing while "he biceps femoris muscle was less affected by
cold shock. The latter researchers concluded that there was no
intrinsic difference among these muscles in their potential to
shorten, rather the difference lies in the degree of stretch or
slack imposed on them by their skeletal attachments (McCrae
et al., 1971). It does not appear likely that marbling influences
tenderness by cecreasing the extent of myofibrillar cold short-
ening since there was no difference in sarcomere length be-
tween marbling score groups within subcutaneous fat thickness
quartile 1V (Table 7).

The most salient evidence for the proposed relationship be-
tween subcutaneous fat, rate of chilling and tenderness of
lamb is provided in Table 8. These data characterize differ-
ences between the left and right sides of lamb carcasses in the
intermediate f _nish group. Significant differences between
trimmed and untrimmed sides were observed for internal tem-
perature of the longissimus muscle during chilling (at 1, 2 and
3 hr postmortem), sarcomere length of longissimus and biceps
femoris muscles, and 19 of 34 measures of tenderness for
longissimus, biceps femoris and semimembranosus muscles.
Differences in tenderness between sides were most evident for
the longissimus muscle and least pronounced for the biceps
femoris muscle. The longissimus muscle is relatively narrow
and thin, is not located in the proximity of other muscles of
substantive thickness and could sustain shortening of sar-
comeres in response to the cold and/or could sustain a de-
crease in the extent of autolytic enzyme activity if it is not
adequately insulated by fat around its external surfaces.

Smith (1968) studied 39 carcass traits and reported that
lower flank streaking score and percentage of kidney and pel-
vic fat were most closely associated with tenderness of the
lamb longissimus muscle. It appears that kidney fat would
insulate the longissimus muscle from the interior during chill-
ing thereby decreasing its chilling rate and increasing its ulti-
mate tenderness. The tenderness of the biceps femoris muscle
was not affected by the presence or absence of subcutaneous
fat which indicates that this muscle is sufficiently insulated
from cold shock by its own bulk, by its location adjacent to
other thick muscles in the hind leg or by intramuscular and/or
intermuscular fat deposition. Since the tenderness of the semi-
membranosus muscle was affected by the presence of sub-
cutaneous fat, an alternative explanation is needed. Smith et
al. (1969) found a tenderness gradient within the beef longis-
simus muscle which can be explained by consideration of the
differential rate of chilling which occurs across the cross-
section of that muscle (toughness was greatest in that section
of the longissimus which was least protected from cold shock).
It is possible that a similar cross-sectional gradient in tender-
ness occurs in the biceps femoris muscle and that the samples
evaluated by the sensory panel were from areas which are not
affected as extensively by cold shock as are areas near the
periphery. It is also possible that (as previously noted) the
findings of McCrae et al. (1971) apply, in that the biceps
femoris is prevented from shortening by the stretch placed
upon it by its skeletal attachments. On the other hand, rate of
chilling cannot be the complete answer in explaining observed
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differences in tenderness; otherwise, thick muscles in thick
cuts would be the most tender. The fact that large quantities
of connective tissue occur in certain muscles of the hind leg
(Wenham et al., 1973; Cross et al., 1972) most assuredly plays
a role in determining the tenderness of muscles like the biceps
femoris.

In data not presented in tabular form, palatability ratings,
shear force values and sarcomere lengths from the longissimus
muscle of trimmed sides of lambs with intermediate finish
were divided into two groups based on differences in marbling

Table 7—Juiciness ratings, tenderness scores, shear force values and sarcomere lengths for three muscles from

subcutaneous fat thickness group stratified according to marbling scores

Quartile |
Higher Lower
marbling marbling
Trait scores'l scorese
Juiciness
Longissimus 6.0 6.2
Biceps femoris 5.6 55
Semimembranosus 5.0 5.9
Tooth pressure
Longissimus 7.0 7.2
Biceps femoris 7.0 6.9
Semimembranosus 5.4b 6.5a
Fragmentation
Longissimus 7.3 7.3
Biceps femoris 7.2 7.3
Semimembranosus 5.4b 6.7a
Overall tenderness
Longissimus 6.3 6.3
Biceps femoris 6.7 6.7
Semimembranosus 5.7 5.7
Connective tissue tenderness
Longissimus 7.0 6.7
Biceps femoris 6.7 6.5
Semimembranosus 6.1 6.3
Shear force value, kg
Longissimus 4.6 4.2
Biceps femoris 4.5 4.6
Semimembranosus 5.9 55
Sarcomere length, /im
Longissimus 1.78 1.76
Biceps femoris 1.84 1.84

score. A comparison of lambs with small-typical or higher mar-
bling scores (group 1) with lambs having small-minus or lower
marbling scores (group I1) generally supported relationships
discussed earlier (Tables 6 and 7). Longissimus muscles from
the trimmed sides of carcasses in group | had mean sarcomere
lengths, shear force values and overall tenderness ratings of
1.75 /um, 6.0 kg and 5.6; corresponding means for longissimus
muscles from lambs in group Il were 1.71 gm, 7.6 kg and 4.5,
respectively. The four carcasses in the intermediate group
which had the lowest marbling scores (slight-typical) had a
mean sarcomere length of 1.71 jum a mean shear force value of

lamb carcasses in each

Subcutaneous fat thickness0

Quartile 11 Quartile 11 Quartile 1V
Higher Lower Higher Lower Higher Lower
marbling marbling marbling marbling marbling marbling
scoresd scorese scores'l scorese scores™ scorese
6.4 6.0 6.2 6.0 5.7 6.2
5.5 54 4.9 5.4 4.7 5.0
51 5.2 5.4 51 4.7 4.8
6.7 6.4 6.7 6.2 5.8a 4.5b
6.6 6.2 4.9 5.8 5.2 4.4
4.8 5.0 51 5.3 4.8 3.9
6.9 6.7 7.0 6.7 6.2a 4.8b
6.7 6.1 5.1b 6.1a 5.4 4.5
5.2 55 5.0 5.6 5.1a 4.1b
6.0 6.2 6.1 6.3 5.3a 4.0b
61 60 4.6 55 5.3 4.4
5.0 5.3 5.0 4.9 4.2 4.0
65 6.9 6.7 6.3 6.1a 5.0b
6.2 5.9 4.9 5.7 5.6 4.8
5.4 5.3 5.6 5.0 51 4.3
61 6.0 5.5a 6.9b 6.9a 8.9b
5.0 60 5.3 4.9 4.8a 7.0b
68 6.6 7.9 7.8 6.6a 9.0b
1.82a 1.74b 1.82a L74b 1.74 1.75
1.90a 1.74b 1.86 1.83 1.80 1.79

a’b Means in the same horizontal row and within the same fat thickness quartile bearing different superscripts are different (P < 0.05). Means

underscored by a common line are not significantly different.
c

Subcutaneous fat thickness quartiles are described in footnote d of Table 6.

dHigher marbling scores = the 5 carcasses within a subcutaneous fat thickness quartile which had the highest marbling scores in the longissimus
muscle at the 12—13th rib interface. The means, maximum and minimum marbling scores for each quartile are as follows: quartile | = 23, 26 and
21; quartile Il = 21, 29 and 18; quartile 111 = 14, 18 and 12; quartile IV - 12, 12 and 11 (where 30 is abundant-plus, 29 is abundant-typical, etc.).
Lower marbling scores = the 5 carcasses within a subcutaneous fat thickness quartile which had the lowest marbling scores in the longissimus
muscle at the 12—13th rib interface. The means, maximum and minimum marbling scores for each quartile are as follows: quartile | = 15, 19 and
12; quartile Il = 14, 18 and 8; quartile 111 = 11, 12 and 11; quartile IV = 8, 11 and 6 (where 30 is abundant-plus, 29 in abundant-typical, etc.).



8.0 kg and a mean overall tenderness rating of 4.0. These
results substantiate the conclusion that marbling is most effec-
tive in determining tenderness when the subcutaneous fat
covering is very thin.

In conclusion, the data of the present study reveal that
lamb carcasses or sides which have increased quantities of fat
(subjectively determined via live evaluations of finish or objec-
tively determined via fat thickness measurements and marbling
scores): (a) chill more slowly, Tables 2 and 8; (b) maintain
muscle temperatures conducive to autolytic enzyme degrada-
tion for greater periods of time postmortem, Tables 2 and 8;
(c) sustain less shortening of sarcomeres, Tables 3, 6, 7 and 8;
(d) have muscles with lower ultimate pH values, Table 3; (e)
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have less perceptible or softer connective tissue, Tables 4, 5, 6,
7 and 8; and (f) are more tender, Tables 4, 5, 6, 7 and 8 than
lamb carcasses or sides which have limited quantities of fat.
The data support the hypothesis that deposition of increased
quantities of subcutaneous or intramuscular fat (particularly in
carcasses with limited quantities of subcutaneous finish) in-
creases tenderness via changes in postmortem chilling rate. An
increased quantity of fat decreases the rate of temperature
decline (either by insulation or via an increase in carcass mass),
enhances the activity (or increases the duration of active pro-
teolysis) of autclytic enzymes in muscle, lessens the extent of
myofibrillar shortening and thereby increases the ultimate
tenderness of cooked meat from a fatter carcass.

Table 8—Muscle temperatures, histological and chemical traits, tenderness ratings, shear force values and cooking data for three muscles from

lambs in the intermediate finish group

Longissimus (L)
Int. finish group

Trait Untrimmedc Trimmedd
Temperature PCI
0.0 hr postmortem 26.3 26.6
0.5 hr postmortem 19.8 18.4
1.0 hr postmortem 15.6a 13.4b
2.0 hr postmortem 10.8a 8.3b
3.0 hr postmortem 7.3a 5.7b
4.0 hr postmortem 3.8 3.3
5.0 hr postmortem 2.5 1.7
6.0 hr postmortem 0.9 0.2
Histochemical traits
Sarcomere length (pm) 1.78a 1,73b
pH value 5.70 5.69
Tenderness profile
Juiciness 6.1 6.0
Tongue-cheek pressure 7.1 7.0
Tooth pressure 6.5a 6.1b
Mealiness 3.4a 3.1b
Adhesion 6.8a 6.4b
Fragmentation 6.8a 6.3b
Connective tissue amount 8.3 8.1
Connective tissue softness 8.4 8.3
Tenderness rating
Muscle fiber 6.6a 5.4b
Connective tissue 6.6a 5.8b
Overall 6.0a 5.0b
Shear force value
Leg (kg) - -
Loin (kg) 6.1a 6.8b
Rib (kg) 8.6a 9.6b
Cooking data
Weight loss (%) 19.6 17.9
Cooking time (min) 29.1 29.8

Biceps femoris (BF)
Int. finish group

Semimembranosus (SM)
Int. finish group

Untrimmedc Trimmed* Untrimmedc Trimmed*
1.83a 1,77b - —
5.71 5.76 - -
5.1 5.0 5.3 5.1
6.3 6.3 6.1 6.0
5.7a 5.3b 5.2a 4.6b
3.2 3.0 2.8 2.6
5.9 5.6 5.5a 4.8b
5.8 55 5.5a 4.9b
8.0 7.8 7.7a 7.3b
8.1 7.9 7.63 7.2b
6.2 5.9 5.8a 5.2b
5.6 5.7 5.6a 5.1b
5.6 5.3 5.2a 4.6b
5.0a 5.8b 7.2 7.8

a'b Means in the same horizontal row and for the same muscle bearing different superscripts are different (P < 0.05).
c The right side of each lamb in the intermediate finish group was trimmed to remove all subcutaneous fat from the rack, loin, sirloin and leg
cushion areas. Fat was removed from the dorsal midline to a point approximately 10 cm ventral to the midline (rack-sirloin) and completely

around the leg.

d The left side of each lamb in the intermediate finish group was not trimmed, all subcutaneous fat and the fell membrane were left on this side of

the carcass.
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MEAT WITH HIGH LINOLEIC ACID CONTENT:
OXIDATIVE CHANGES DURING FROZEN STORAGE

ABSTRACT

“High linoleic” meat with fat containing up to 20% linoleic acid was
produced by feeding a protected lipid supplement to sheep and steers.
A comparison was made of the frozen storage life of this meat and of
conventional meat, packaged in sealed polyethylene film pouches and
stored at -10°C or at -20°C. Peroxide development was much more
rapid in adipose tissue from high linoleic meat stored at -10°C. Rate of
peroxide development in high linoleic meat was greatly decreased when
stored at -20°C. Taste panel assessments indicated that high linoleic
meat stored at -10°C developed rancid odors and flavors 2-3 times
more rapidly than did conventional meat.

INTRODUCTION

WHEN MEATS are stored at temperatures of —7°C or lower,
microbial growth no longer occurs and storage life is then
determined by the effects of chemical or biochemical changes.
In the presence of oxygen, oxidative reactions are usually of
greatest importance and storage life is then limited by the
development of oxidative rancidity in fat (Hiner et al., 1951).
The fat from ruminant animals is usually more saturated than
that from nonruminants and stability with respect to oxidative
changes decreases with increase in unsaturation of lipids. This
is likely to be an important factor in the generally greater
stability with respect to oxidative changes of the meat from
ruminants compared to that from nonruminants.

However, Scott et al. (1970, 1971, 1972) and Cook et al.
(1970) have recently shown that in ruminants it is possible to
produce milk and body fat with a nearly tenfold increase in
linoleic acid over normal concentrations. By feeding the
animals a diet containing a polyunsaturated oil, protected
from hydrogenation in the rumen by a formaldehyde-treated
protein, the unsaturated fatty acids are incorporated into the
tissues and milk fat.

It was expected that under aerobic conditions the meat
from animals fed this special supplement, which will after-
wards be referred to as high linoleic meat, would have a short-
er life in frozen storage than meat from conventionally fed
ruminant animals. However, this may not be so if the content
of antioxidants in the meat were also increased as a result of
the treatment. Therefore, as part of a program investigating
the changes in meat properties brought about by feeding
animals protected oil supplements, a comparison was made of
the frozen storage life of high linoleic and conventional meat.
The results are reported here.

EXPERIMENTAL

ONLY a limited amount of experimental material from animals fed the
special supplement was available. For these first exploratory investiga-
tions sampling at frequent occasions over a prolonged period was
favored to infrequent sampling with replication. This restricted the
statistical analysis that could be carried out on the data.

1CSIRO Div. of Mathematics and Statistics

Preparation of samples

Details of the animals used and their diets for the last weeks before
slaughter, are given in Table 1. Following slaughter, the carcasses from
the animals were placed in a chiller with the temperature controlled to
1°C £ 0.5°C.

Except for samples in experiment 8 (Table 1), samples for storage
experiments were packaged and placed in frozen storage the day follow-
ing slaughter of the animal. In experiment 8, the primal cuts required
were removed from the carcass the day following slaughter, but packag-
ing of samples was delayed for 3 days; the meat was first held for 1-2
days in a room at 7°C and subsequently in a room at 1°C.

Taste panel assessments were carried out on the muscles and fat
removed from along the back bone (major muscle the longissimus dor-
si). This strip of meat was cut as uniformly as possible into slices 1.9 ¢cm
thick which were packaged individually. 2-Thiobarbituric acid (TBA)
values were determined on muscle portions removed from these sam-
ples. Peroxide values were determined on samples of adipose tissue
trimmed from the carcass and stored in 50-g portions.

Samples to be stored aerobically were sealed in tight fitting pouches
made from low density polyethylene film 0.038 mm thick of similar
quality to that used by Ledward and Macfarlane (1971). This material
is permeable to oxygen but provides a good water vapor barrier. In
addition these samples were stored in jacketed freezers (Bate, 1968)
which would further reduce the possibility of moisture loss during stor-
age.

Samples to be stored under anaerobic conditions were sealed in
evacuated pouches made from laminated flexible material of high qual-
ity, composed of 50 gauge mylar film bound by polyethylene 0.05-mm
thick to 0.635 mm aluminum foil which had a 0.05-mm polyethylene
coating on the inside.

Analytical techniques

Linoleic acid content of adipose tissue was estimated by preparing
methyl esters which were examined by means of gas chromatography,
in the manner described by Ford et al. (1975).

As required for analysis, samples were removed from frozen storage
and held overnight to thaw at 5°C.

Peroxide and free fatty acid values of adipose tissue were deter-
mined according to the methods described by Rockwood et al. (1947).

2-Thiobarbituric acid (TBA) values were determined on muscle us-
ing a distillation technique (Tarladgis et al., 1960) except that the TBA

reagent-distillate mixture was held at ambient temperature for 16 hours
to allow color development as described by Tarladgis et al. (1964)
(K-value 7.85).

Taste evaluations were carried out by a panel of 18 trained tasters
with some experience in evaluating high linoleic meats. Each panel
member was served a sample of muscle with attached fat. The amount
of fat available varied greatly according to the fatness of the animals.

Meat samples for taste assessment were cooked for 15 min in a
forced draft convection oven at 230°C. They were then held in covered
dishes in an oven at 80°C for at least 10 min before they were served to
panellists. Some tests were carried out as paired comparisons in which
panellists were asked to assess the difference, if any, in rancid odor and
flavor between aerobically or anaerobically (-40°C) stored samples of
both high linoleic and conventional meat.

Other taste evaluations were carried out in which panellists were
requested to assess samples for (i) the intensity of a characteristic
aroma and flavor associated with high linoleic meat, referred to at this
Laboratory as “poly” aroma or flavor, (ii) the intensity of rancid odor
and flavor and (iii) acceptability. For the assessments of aroma and
flavor, a 9-point structured scale was employed, ranging from none to
very strong. For acceptability a hedonic scale ranging from very good to
very poor was employed.
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Table 1—Details of experimental animals

Number of animals

Basal
Exp No. Animal species and breed dieta
1 Border Leicester 10
X Merino lambs
2 Border Leicester 10
X Merino yearling sheep
3 Border Leicester 3
X Merino lamb ewes
4 Border Leicester
X Merino lamb wethers
5 Merino wether lambs 8
6 Mature Merino wethers 6
7 Mature Merino ewes 10
8 Angus yearling steers 4

Supplemented

die

10

10

W wwww

15

4

Mean linoleic acid content
of fatty tissueO

Duration of
special feeding

tb (days) %

39 1.62 (0.33)
39 19.1 (1.48)
55 2.5 ( - )
55 14.9 ( - )
42 1.43 (0.23)
14 9.2 (0.6 )
28 19.0 (3.1 )
42 21.6 (0.93)
35 11.6 (1.86)
42 19.5 (1.49)
42 2.43 (0.34)
42 20.51 (0.81)
42 2.8 ( - )
21 8.4 (1.5 )
42 15.4 (1.20)
70 -

70 15.5 (0.82)
68 1.35 (0.18)
68 19.1 (1.39)

a The composition of the basal diet was chopped alfalfa and oats, mixed in equal proportions by weight.
b The composition of the supplemented diet was chopped alfalfa, oats and protected sunflower seed-casein supplement (50:20:30, Scott et al.,

1972).

c % of total fatty acids in subcutaneous fat samples (Ford et al., 1975). The figure in brackets is the standard error of the mean.

RESULTS

Peroxide value

The results for experiments 1and 2 (Table 1) are presented
in Figure 1 Peroxide development was found to be much
more rapid in adipose tissue from high linoleic meat than in
that from conventional meat. Peroxide development was at
about the same low rate in the adipose tissue samples from
meat of both conventionally fed lamb and yearling sheep.
However, peroxide development was markedly faster in sam-
ples from high linoleic sheep meat than in those from high
linoleic lamb meat.

In Figures 2 and 3 the results are presented for the experi-
ments 3 and 6 respectively, Table 1 They show the effect on
peroxide development of varying the duration of feeding the
special supplement. The results for —10°C storage presented in
Figure 2 indicate that there was no apparent difference be-
tween the stability of the 2- and 4-wk treatments. Also, these
treatments were only slightly more stable than the 6-wk treat-
ment. In the results presented in Figure 3, the samples from
animals fed supplement for 3 wk were markedly less stable
than those from conventional meat, and in this case there
appeared to be a progressive decrease in stability in the meat
from animals fed supplement for nil, 3 and 6 wk. However,
even in the samples from animals fed the special supplement
for 6 wk, there was no marked indication of an accelerating
rate of peroxide development in the second half of the storage
period as there was in the results presented in Figures 1 and 2.

Data for the rate of peroxide development in the adipose
tissue from high linoleic beef animals (experiment 8, Table 1)
stored at —10°C are included in Figure 4. From comparisons
of the data in this figure with data in Figures 1, 2 and 3, it
could be deduced that the samples from high linoleic beef
deteriorated more rapidly than those from high linoleic sheep
or lamb. However, this accelerated deterioration may, at least
in part, be a consequence of the delay in packing and freezing
the beef samples mentioned in the experimental section.

Inspection of Figures 2 and 4 shows that decreasing the
storage temperature from —10°C to —20°C resulted in a large
decrease in the rate of peroxide development. Adipose tissue
from experiments 4 and 5 (Table 1), was also stored at —20°C.
After 6 and 12 months’ storage, peroxide values for the high
linoleic samples from experiment 4 were 1.39 + 0.9 and 1.85 +
0.8 meqg/kg respectively; only traces of peroxide were observed
in the samples from experiment 5 after 12 months’ storage. No
peroxide was detected in samples stored anaerobically for up
to 12 months.

Free fatty acid values

Free fatty acid content was also estimated on the. fat sam-
ples used to obtain the data on peroxide values, as reported in
Figures 1to 4 inclusive. In all cases this remained low (range
0.2-0.8% free fatty acid as oleic acid), with perhaps only a
slight increase over the duration of the storage experiments.
No differences were apparent between the samples of conven-
tional and high linoleic fat.

TBA values

At about the times that adipose tissue samples were taken
to obtain the results reported in Figures 1to 4, muscle samples
were taken for the determination of TBA values. Except in
some muscle samples from the sheep of experiment 2 (Table
1), no differences were apparent in TBA values between stored
conventional and high linoleic meat.

Taste panel assessment

In the paired comparison tests on samples from experi-
ments 1, 2, 6 and 8, samples were evaluated for the first time
30 days after preparation, then regularly at intervals of 2—3
wk for approx 1yr. In all tasting sessions more panel members
consistently identified rancid odor and flavor in the aerobic
samples of high linoleic meat than in the samples of conven-
tional meat. The storage times after which 50% or more of
taste-panel members consistently identified rancidity in a meat
sample stored aerobically at —10°C when compared to a sam-
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pie of the same meat stored anaerobically at —40°C are listed
in Table 2. These results suggest that high linoleic meat stored
aerobically at —0°C developed rancid odors and flavors 2—3
times more rapidly than did conventional meat.

Table 3 presents the results of a taste-panel evaluation of
various attributes of mutton samples (experiment 7, Table 1)
over 3 wk of storage at —10°C. These results show that the

Table 2—Storage time after which 50% or more of taste-panel
members consistently identified a meat sample stored aerobically at
—10°C when compared with a sample of similar meat stored an-
aerobically at —40° Ca

Approx storage time (days)
for 50% of panel members

to detect difference
Source of meat

exp no. from Rancid Rancid

Meat type Table 1 odor flavor
Conventional lamb 1 200 200
High linoleic lamb 1 85 110
Conventional sheep meat 2 150 150
High linoleic sheep meat 2 70 45
Conventional sheep meat 6 120 150
High linoleic sheep meat 6 (21 days supp) 85 70
6 (42 days supp) 85 56
Conventional beef 8 325 230
High linoleic beef 8 150 100

a Panellists were asked to identify which, if any, of the samples had
a stronger rancid odor or flavor.

intensity of the “poly” aroma and flavor of high linoleic meat
decreased significantly during frozen storage. Rancid odor and
flavor were scored significantly higher in the high linoleic than
in the corresponding conventional meat samples. The scores
increased significantly over the duration of the experiment for
the high linoleic samples but not for the conventional meat
samples. These changes had a small but significant effect on
the acceptability of the samples. The amount of mutton avail-
able was insufficient to allow panel members a preliminary
tasting session to re-introduce them to “poly” flavor. This
could be the cause of the small positive values obtained for
“poly” aroma and flavor of conventional meat at zero storage
time. Analysis of variance showed a significant difference be-
tween panel scores for high linoleic and conventional meats in
all attributes.

At the beginning of the storage period peroxide values in
both the high linoleic and the control samples were too small
to be measured. After 3 wk storage the mean peroxide values
were similar, at 0.22 and 0.21 meqg/kg respectively.

Table 4 presents the results of a taste-panel assessment of
meat stored at —20°C for up to 1 yr. It can be seen that the
differences between conventional and high linoleic meat were
not significant at 6 months’ storage, but were so at 9 and 12
months” storage. Table 5 presents the results of a taste-panel
evaluation of high linoleic meat from the animals of experi-
ment 4 (Table 1) at 6 and 12 months’ storage. In this experi-
ment, the panel did not have conventional meat with which to
compare the high linoleic meat. The results of the panel assess-
ment were very similar at both storage times.

DISCUSSION

THE MAIN PURPOSE of this investigation was to gauge the
stability during frozen storage under aerobic conditions of
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Table 3—Mean taste-panel scores for intensity of "poly" aroma and flavor, rancid odor and flavor, and for acceptability of high linoleic and of

conventional mutton stored aerobically at —10°C for up to 3 wk

"Poly"aaroma Rancid3 odor

Duration of storage

(wk) cc HLd C HL
0 0.66 1.80 0.26 0.58
1 0.27 1.34 0.25 0.48
2 0.27 1.38 0.31 0.97
3 0.29 0.98 0.34 0.92
LSDe 0.24 0.42 0.20 0.44

a Intensity scores from 0, zero intensity, to 8, very strong intensity
Hedonic scale, 0 — very poor acceptability, 8 — very good

c C: conventional meat

® HL: high linoleic meat

e Least significant difference between any two means, p = 0.05

Table 4—Mean taste-panel scores for rancid odor and flavor, and
for acceptability of high linoleic and conventional lamb meat
(experiment 5, Table 1) stored aerobically at —20° C.

Storage

period Rancid3 Rancid3 Accept-
(months) Meat type odor flavor abilityb

6 conventional 1.02 0.78 5.89

high linoleic 111 1.22 4.86

9 conventional 0.39 0.38 5.86
high linoleic 0.92* 1.03** 4.06***

12 conventional 0.54 0.65 5.24

high linoleic 1.42** 1.75%** 3.56**

a Intensity scores from 0, zero intensity, to 8, very strong intensity
b Hedonic scores from 0, very poor acceptability, to 8, very good
* Significant discrimination from basal dietatP < 0.05
** Significant discrimination from basal dietat P <
***  Significant discrimination from basal dietat P <

-10°C, High Linoleic Meat G )
-10°C. Conventional Meat (O)
-20°C, High Linoleic Meat (a)
2 -20°C, Conventional Meat (*)

100
a.

a 20
to 80
>
| 70
Hi
O 60
Z 50
[ ao
$30
U
8 o)
810i

I

100 200 ~ *300 ~ 400
DURATION OF STORAGE (DAYS)

Fig. 4—Peroxide development in adipose tissue from conventional
and high linoleic beef carcasses stored aerobically at —1(JJC or at
—2CPC (experiment 8, Table 1).

"Poly"aflavor Rancid3 flavor Acceptability

C HL C HL C HL
0.56 1.68 0.37 0.69 4.84 3.93
0.28 1.30 0.27 0.59 5.01 4.11
0.39 1.44 0.45 0.88 4.90 3.39
0.31 1.02 0.61 1.08 4.44 3.68
0.30 0.33 0.27 0.32 0.43 0.47

high linoleic sheep and beef meats compared with that of con-
ventional meats. The investigations of changes in peroxide
values during storage at —10°C, in fat samples with about 20%
linoleic acid content, clearly showed that the stability of the
adipose tissue was greatly reduced after linoleic acid content
reached this level. Peroxide development in high linoleic sam-
ples was characterized by a short induction period, presumably
corresponding to the destruction of natural antioxidants, fol-
lowed by a rapidly increasing rate as in autoxidizing fats
(Lundberg, 1962). In contrast, even towards the end of the 12
months’ duration of the experiment, peroxide development in
samples from conventional meat apparently had not passed the
induction phase. Also, peroxide development did not relate
well to the linoleic acid content of samples as given in Table 1
for although the results shown in Figure 3 indicate progressive
instability with increasing linoleic acid content, those shown in
Figure 2 reveal little differences in the relatively high rate of

o_o'oiperoxide development regardless of whether samples contained

about 9% or 19% linoleic acid. These apparent inconsistencies
may be due to variations in the amount of antioxidants
present. The changes in oxidative stability found here are in
accord with the findings of Kimoto et al. (1974) on the effect
of increasing the linoleic acid levels on the stability to autoxi-
dation of rendered subcutaneous fats from steers. On the basis
of our results a period of aerobic storage of even a few weeks
at —10°C should be avoided for these meats. However, stabil-
ity is greatly improved if storage is at —20°C, at which tem-
perature the rate of peroxide development in the high linoleic
adipose tissue samples approximated that in samples from con-
ventional meat stored aerobically at —10°C.

Except for one experiment, there were comparable in-
creases during storage in TBA values of both high linoleic and
conventional meats. This was so even after prolonged storage,
when the taste panel discriminated strongly against rancidity
in the high linoleic samples. However, the TBA reaction is not
a good indicator of oxidation of linoleate, particularly at the
early stages (Dahle et al., 1962). It appears therefore that this
reaction will be of little value for following oxidation of un-
cooked high linoleic meats.

Some of the difficulties in estimating the storage life of
meat products by taste-panel assessment have been discussed
by Jul (1969). He prefers to assess storage life in terms of the
time taken to bring about a decrease in the organoleptic rating
of 1or 2 points using a 0—210 point scale. However the validity
of this approach appeared to be in doubt in the present case
because panel members had only recently been introduced to
the new flavors of high linoleic meat. Their assessment of the
acceptability of these meats might change as they became
more accustomed to the flavor. Also, considerable variation
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Table 5—Mean taste-panel scores for "poly" aroma and flavor, rancid odor and flavor, and acceptability of lamb meat (experiment 4, Table 1)

stored aerobically at 20°Ca

Duration of feeding

Storage period special supp "Poly"baroma

6 months 5wk 2.17
6 wk 2.24
12 months 5wk 1.24
6 wk 2.02

Rancidb odor

"Poly"b flavor Rancidb flavor Acceptabilityc

1.15 2.24 1.10 4.23
1.43 2.65 1.34 3.92
1.13 1.47 1.09 4.40
1.56 2.27 1.68 3.64

a Analysis of variance showed no significant difference between 5 wk and 6 wk feeding treatments or between rancidity scores at 6 months and 12

months storage.
b Intensity scores from 0, zero intensity, to 8, very strong intensity.
c Hedonic scores from 0, very poor acceptability, to 8, very good.

can occur between experiments in the flavor of high linoleic
sheep meat (Park et al., 1976). Therefore the main approach
adopted for the taste-panel assessment was to compare the test
sample with another which had been stored under conditions
where oxidative and other changes were expected to be negligi-
ble, i.e., anaerobically at a low temperature (—40°C). This
procedure revealed that, as expected, panel members detected
greater changes in aerobically stored high linoleic meats than
in conventional meats. Although from these experiments it
was not possible to compare rates of change precisely, the high
linoleic meat stored at —10°C apparently deteriorated 2—3
times more rapidly than the conventional meat. Because no
differences were apparent in free fatty acid development be-
tween these meats, dissimilarities between them in storage
characteristics could not be attributed to differences in rates
of lipolysis. The results presented in Table 3 indicate another
factor that may influence the organoleptic acceptability of
stored high linoleic meat, namely the apparent tendency for
the intensity of “poly” flavor to decrease on storage. This may
only be apparent, in that as rancid flavor increases, there could
be a progressive masking of “poly” flavor.

The results of the comparison between high linoleic and
conventional meats stored at —20°C presented in Table 4 indi-
cate that the differences in development of rancidity and in
acceptability between these meats increased markedly as the
duration of storage was increased from 6 to 12 months. In this
experiment the differences at 6 months’ storage were not sig-
nificant.

The taste-panel results, combined with the relatively slow
rate of peroxide development at —20°C, indicate that the
stability of these meats in the presence of oxygen is greatly
increased as the temperature during storage is decreased. How-
ever, until wider experience of the storage of these meats at
low temperatures is obtained, it would appear preferable to
limit storage to about 3 months at —20°C to allow a margin
for error. Where longer periods of storage are contemplated,
oxygen should be excluded, for example, by vacuum packag-
ing the product in a pouch made of oxygen-impermeable film.
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PROXIMATE ANALYSIS, FREE AMINO ACID, VITAMIN AND
MINERAL CONTENT OF MICROWAVE COOKED MEAT

ABSTRACT -

Beef, pork and lamb roasts were cooked by two 2450 MHz microwave
ranges, one operated at 220V (1054W cooking power) and one at 115V
(492W cooking power) and by a conventional gas oven (163 + 3°C).
The only significant effect related to power level of microwave ranges
was retention of thiamine, riboflavin and niacin which was less in meat
cooked by the microwave 115V than by the other two methods. There
was a trend toward less retention of sodium, chloride, phosphorus and
iron in meat cooked by microwaves than by the conventional method.
Also, microwave cooking resulted in less formation of free amino acids
than conventional cooking but total protein did not differ significantly.

INTRODUCTION

THE INCREASING nation-wide concern for nutrition cannot
be directed realistically unless up-to-date information is avail-
able on the influence of new processing and preparation pro-
cedures on nutritive value and quality of foods. Watt and
Murphy (1970) pointed out that food composition tables uti-
lized by government agencies, food industries and research
workers are inadequate in this respect. Because of its wide-
spread use, Watt and Murphy included microwave heating
among the processes on which research is needed. They also
emphasized the lack of data on vitamin and mineral content of
cooked meat representing all species.

Some research has been focused on vitamin retention, with
thiamine receiving the greatest amount of attention. Consis-
tent trends for retention of thiamine were not apparent among
different species and cuts of meat cooked by microwaves
(Kahn and Livingston, 1970; Kylen et al., 1964; Noble and
Gomez, 1962; Thomas et al., 1949). However, in two investi-
gations on riboflavin, there was less retention in meats cooked
by microwaves than in those cooked by conventional methods
regardless of species (Noble and Gomez, 1962; Thomas et al.,
1949). The research of Thomas et al. (1949) was the only
study found which cited data on niacin retention, and no
marked influence of method of cookery was indicated.

Only the recent investigation of Ream et al. (1974) in-
cluded observations on mineral content of microwave cooked
meat. Their analyses included correlations between sensory
attributes and mineral content, but did not determine the rela-
tionship between method of cooking and mineral retention.

This study was undertaken to determine trends in retention
of selected vitamins and minerals in beef, pork and lamb
cooked by microwaves. Since Gat’Ko (1965) suggested that
meat cooked by high frequency retained more nitrogen than
that cooked conventionally, analyses of both total protein and
free amino acids were conducted. Moisture and fat content
were determined not only to facilitate expression of other data
on a dry, fat-free basis but to provide information for nutri-
tionists concerning fat content of the three species of meat.

EXPERIMENTAL

Procurement and preparation of meat

_ The details of procuring, handling and cooking meat were reported
in a previous paper (Korschgen et al., 1975). Longissimus muscle of
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beef and of pork and deboned leg of lamb (semimembranosus and
biceps femoris muscles) were frozen (-34°C) and stored (-18 + 3°C)
until 24—26 hr prior to testing when they were tempered (3°C) in the
package. End portions of each raw roast were removed for chemical
analyses. One roast was obtained from each longissimus muscle of beef
and of pork, and from each deboned leg of lamb. Weights of raw roasts
after trimming were 1170 + 194g, 903 + 121g, and 1111 +73g, respec-
tively, for beef, pork and lamb. For each species, 15 roasts were ran-
domly assigned to cooking by microwave 220V (Litton Model 70/50,
2450 MHz, 220V, 11.5 amp., 1054W cookig power), microwave 115V
(Amana Model RR-2, 2450 MHz, 115V, 145 amp., 492W cooking
power) or conventional gas oven (163 + 3°C). Microwave energy Wes
applied intermittently with a 3-min cycling for the microwave range
operated at 220V and 6-min cycling for the microwave range operated
at 115V. All roasts were cooked uncovered and achieved a final internal
temperature of 70°C at which they were cut for sensory evaluation
(Korschgen et al., 1975).

Proximate analysis, free amino acid, vitamin
and mineral contents

Total moisture, ether extractable fat, nitrogen and free amino acids
were analyzed in the Agricultural Experiment Station Chemical Labo-
ratories, University of Missouri-Columbia. Drippings were warmed to
effect dispersion of the fat for a representative sample. Nitrogen was
determined by macro-Kjeldahl, and free amino acids by amino acid
analyzer. Prior to amino acid analysis, protein was precipitated by sul-
fosalicylic acid.

Thiamine, riboflavin and niacin contents of meat were determined
by the chemical methods of the Association of Mtamin Chemists
(1966). Thiamine was analyzed by the thiochrome method, riboflavin
by the fluorometric method and niacin by the procedure based on the
reaction of niacin with cyanogen bromide. Due to the limited quantity,
it was not possible to conduct these analyses on the drippings obtained
from the meat during cooking.

Iron, phosphorus, sodium and chloride determinations for meat and
for drippings collected during cooking were made by personnel of the
Trace Substance Center, University of Missouri-Columbia. Iron was
determined by atomic absorption spectroscopﬁ, phosphorus by a re-
duced heteropolymolybdate colorimetric method, sodium by flame
photometer, and chloride by Cotlove (1963) coulometric-amperometric
titration.

Statistical analyses

Experiments were replicated five times for each species of meat, and
analysis of variance was applied to the data. Variation due to replica-
tion and/or animal was included as a source of variance in the statistical
design. Duncan’s (1955) new multiple range test was employed to
locate significant differences among means for treatments. Where obser-
vations among treatments were not equal, the test for least significant
difference was used (Snedecor and Cochran, 1967) to determine differ-
ences between means. Statistical significance of differences cited in this
paper is P < 0.05.

RESULTS & DISCUSSION

Proximate analysis

Beef was the only species of meat where significant differ-
ences were found in proximate analysis of the roasts cooked
by the three methods. Percent moisture in the microwave
cooked beef was significantly less than that of beef cooked by
the conventional method. This trend has been reported previ-
ously for beef roasts (Kylen et al., 1964). The protein content



of microwave cooked meat was greater than the conven-
tionally cooked meat, but the difference was statistically sig-
nificant only between beef cooked by the microwave 115V
and the conventional methods (Table 1).

Percent moisture was greatest in the drippings from the
three species of meat cooked by the microwave 115V method
and was the least in the drippings from conventionally cooked
roasts. Percent protein in the drippings was inversely related to
moisture content (Table 1).

Percent fat was greater in the drippings from the pork
cooked conventionally than in that from pork cooked by the
microwave 115V method. However, fat content of the drip-
pings from lamb roasts differed between the two microwave
methods of cookery, and the greater amount was in the drip-
pings of lamb cooked by the microwave 220V method. No
explanation is apparent for this difference in trends between
the two species of meat, since the percent fat in the raw roasts
was similar (Table 1).

Free amino acid content

Free amino acid content tended to be greater in conven-
tionally cooked meat than in that cooked by microwaves. Sta-
tistically significant differences were found for three amino
acids in pork, for six in beef and for 13 in lamb. This trend
for significantly greater amounts in the conventionally cooked
meat occurred for valine and leucine in all three species of
meat. Aside from these two, differences in free amino acid
content varied with the species of meat (Tables 2, 3, 4).

Since data on free amino acid content were extremely lim-
ited for the drippings from beef, it seems unwise to make
inferences. However, the drippings from conventionally
cooked pork and lamb contained significantly greater amounts
of valine, isoleucine, leucine and tyrosine than the drippings
from microwave cooked meat (Tables 2, 3, 4).

Vitamin content

There was only one significant difference in vitamin con-
tent of the cooked meat. Thiamine content of beef cooked by
the microwave 115V method was significantly less than that of
the conventionally cooked product (Table 5).

On a percent retention basis, as shown in Table 5, thiamine
was significantly higher in beef cooked by the microwave
220V and conventional methods than in beef cooked by the
microwave 115V method. A similar trend was apparent for
riboflavin and niacin retention in beef and for niacin in pork.
However, in these instances, there was no statistically signifi-
cant difference in retention between the two microwave meth-
ods. Since differences were not statistically significant between
meat cooked by the microwave 220V and conventional
methods, vitamin retention was not related solely to length of
time exposed to high temperature (Table 5). Although power
levels were not specified in all previous research, trends ob-
served for vitamin retention were similar to those reported
earlier (Kylen ei al., 1964; Noble and Gomez, 1962; Thomas
et al., 1949). However, thiamine retention in pork roasts was
considerably higher for all three methods of cookery in this
study than in the data reported by Kylen et al. (1964). Like-
wise, values for niacin retention were higher than those of
Thomas et al. (1949).

Mineral content

There was only one significant difference in mineral con-
tent in meats cooked by the three methods. Sodium content
of lamb cooked conventionally was significantly greater than
the content of this mineral in lamb cooked by the two micro-
wave methods (Table 6).

On a percent retention basis, there was a trend toward
greater mineral retention in the conventionally cooked meat
than in the microwave cooked product although not all of the
differences were statistically significant. The significant differ-
ences were for phosphorus and iron retention in beef and for
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iron retention in lamb. The iron retention in the conven-
tionally cooked beef was not significantly different from that
cooked by the microwave 115V method (Table 6).

Mineral content of the drippings of the conventionally

Table 1—Mean percent moisture, fat and protein contents of roasts
cooked by microwave and conventional methods

Cooked meat3 Drippings3
Species
and Microwave Conven- Microwave Conven-

constituent 22CV 115V tional 220V 115V tional
Beefb

Moisture 529 b 53.5b 59.9 a 77.7ab 818 a 725b

Fat 151 14.7 11.3 4.7 3.5 3.4

Protein 30.8 ab 31.5a 285 b 131 b 119 b 194 a
Porkc

Moisture 62.1 60.4 62.1 81.4 a 83.9 a 69.3 b

Fat 4.5 5.3 4.0 0.8 ab 0.7 b 0.9 a

Protein 33.2 33.6 33.4 169 b 122 ¢ 26.7 a
Lambd

Moisture 59.1 60.6 60.7 65.6 b 79.1 a 63.3 b

Fat 7.5 7.2 8.1 12.3 a 5.0b 9.2 ab

Protein 32.3 31.5 27.3 16.8 b 121 ¢ 21.4a

3 N = 5. Where etters differ within a constituent for cooked meat or
for drippings within a species, means differ significantly (P < 0.05)
from each other (Duncan, 1955).

b Raw beef: 67.7% moisture, 10.9% fat, 21.3% protein. N = 15.

c Raw pork: 72.5% moisture, 4.3% fat, 22.7% protein. N = 15.

A Raw lamb: 72.4% moisture, 5.7% fat, 21.1% protein. N = 15.

Table 2—Mean free amino acid content (mg/g, dry, fat-free basis) of
beef roasts cooked by microwave and conventional methods

Cooked beefb DrippingsO

Free Raw Microwave Conven- Microwave Conven-
amino acid beefa 220V 115V tional 220V 115V tional
Taurine 0.76 0.56 0.50 0.62 2.74 3.05 2.64
Aspartic acid 0.36 0.08 0.08 0.11 0.58 0.81 0.88
Threonine 0.28 0.18 0.16 0.22 1.00 1.05 1.21
Serine 0.38 0.24 0.23 0.30 1.50 1.40 1.83
Glutamic acid 2.68 1.05 0.80 1.12 5.49 6.30 6.02
Proline 0.00 0.00 0.00 0.00 0.53 0.75 0.73
Glycine 0.45 0.30 0.28 0.32 1.86 2.03 1.74
Alanine 1.96 1.29 1.33 1.52 8.41 8.69 £.58
Valine 0.35 0.25b 0.23b 0.35a 151 1.35 1.87
Methionine 0.22 0.13 b 0.12b 0.19a 0.70 0.68 c.84
Isoleucine 0.27 0.17 ab 0.16b 0.23a 1.00 0.94 1.16
Leucine 0.56 0.35b 031 b 049a 2.05 1.83 2.42
Tyrosine 0.32 0.19b 0.16 b 0.25a 1.11 1.03 1.31
/3-Alanine 0.03 0.00 0.00 0.00 0.20 0.22 C.24
Phenylalanine 0.33 021 b 0.22b 0.33a 1.05 1.04 1.27
Ornithine 0.09 0.05 0.06 0.05 0.28 0.22 0.28
Lysine 0.42 0.26ab 0.23b 0.33a 1.54 1.03 1.79
Histidine 0.21 0.13 b 0.12b 0.17a 0.71 0.70 0.88
Anserine 3.06 2.54 2.28 3.09 17.01 12.93 15.95
Carnosine 19.22 14.92 15.50 17.44 109.21 93.79 103.23
Arginine 0.50 0.34 0.28 0.34 2.21 1.89 2.53
Total 32.49 23.22 b 23.10 b 27.42 a161.37 141.70 158.36
3N = 15.
b N = 5. Where letters differ for a free amino acid in cooked meat,

means differ significantly (P < 0.05) from each other (Duncan, 1955).
c N = 2—4. No significant differences among means.
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cooked meat was greater than that of the microwave cooked
meat. A significant difference occurred for sodium, chloride,
phosphorus and iron content of drippings from cooked pork.
Also, this trend was apparent for phosphorus and iron content
of drippings from beef and from lamb. Chloride content of
drippings from cooked lamb was significantly different for all
three methods with the least amount of this mineral in the
drippings from lamb cooked by the microwave 115V method
and the greatest amount in drippings from lamb cooked by the
conventional method (Table 6). The greater concentration of
minerals in the drippings from the conventionally cooked meat
could be related to the lower moisture content of the drip-
pings (Table 1).

Summary of trends

Analyses of the data revealed several general trends appli-
cable to the three species of meat as follows:

1 Greater amounts of free amino acids were formed with con-
ventional than with microwave cooking.

2. Retention of thiamine, riboflavin and niacin in meat was
similar for the conventional and the microwave 220V meth-
ods, and both of these treatments were superior to the
microwave 115V method for vitamin retention.

3. There was less retention of minerals, particularly phos-
phorus and iron, in microwave than in conventionally
cooked beef.

4. On an edible basis, vitamin and mineral contents were simi-
lar in meats prepared by the three methods of cookery. The
two exceptions to this were thiamine in beef and sodium in
lamb.

5. Other than the effect on vitamins mentioned above, constit-

Table 3—Mean free amino acid content (mg/g, dry, fat-free basis)
of pork roasts cooked by microwave and conventional methods

Cooked pork*5 DrippingsO

Microwave Microwave

Conven- Conven-

Free Raw
amino acid pork® 220V 115V tional 220V 115v  tional

Taurine 1.80 1.27 0.99 1.32 5.56 4.00 12.44
Aspartic acid 0.38 0.17 0.20 0.19 0.73 0.66 1.17
Threonine 0.25 0.15 0.15 0.19 0.85 0.67 1.96
Serine 0.29 0.19 0.16 0.22 1.02 0.78 1.98
Glutamic acid 1.54 0.78 0.79 0.85 4.52 3.72 5.09
Proline 0.00 0.00 0.00 0.00 0.58 0.51 1.76
Glycine 0.48 0.31 0.26 0.33 1.70 131 3.62
Alanine 1.08 0.68ab 0.58b 0.79a 3.39b 2.84b 8.31 a
Valine 0.27 0.16b 0.15b 0.24a 092b 0.78b 2.12 a
Methionine 0.15 0.09 0.10 0.11 0.38 0.38 0.73
Isoleucine 0.17 0.10b 0.10b 0.15a 052b 0.42b 1.15 a
Leucine 0.32 021 b 0.23b 0.30a 1.03b 095b 2.05 a
Tyrosine 0.19 0.13 0.14 0.16 0.62 b 0.57 b 1.29 a
/3-Alanine 0.08 0.05 0.05 0.05 0.42 ab 0.29 b 0.73 a
Phenylalanine 0.27 0.16 b 0.20 ab 0.23 a 0.75 0.79 1.49
Ornithine 0.05 0.04 0.06 0.05 0.13 0.23 0.32
Lysine 0.26 0.17 ab 0.13b 0.21 a 0.88 0.63 1.86
Histidine 0.14 0.10 0.08 0.11 0.46 0.36 0.98
Anserine 0.92 0.61 0.55 0.59 3.73 3.00 5.97
Carnosine 29.51 23.18 21.13 22.40 130.90 b 109.71 b 223.21 a
Arginine 0.28 0.18 0.17 0.20 0.86 0.72 1.63
Total 37.00 28.75 26.23 28.68 159.95 b 133.35 b 279.80 a
aN = 15.

bNi = 5. Where letters differ for a free amino acid in cooked meat,

means differ significantly (P < 0.05) from each other (Duncan, 1955).
CN = 2—5. Where letters differ for a free amino acid in drippings, means
differ significantly (LSD, P < 0.05) from each other.

Table 4—Mean free amino acid content (mg/g, dry, fat-free basis)
of lamb roasts cooked by microwave and conventional methods

Cooked lambb Drippings0
Microwave Microwave
Raw Conven-
amino acid lamb® 220V 115V tional 220V 115V tional
Taurine 7.74 5.08 5.47 5.95 39.46 43.40 44.05
Aspartic acid 0.61 0.33 0.30 0.45 1.08 1.28 1.40
Threonine 0.51 0.23 0.22 0.40 1.72 b 163b 265a
Serine 0.69 0.26b 0.27b 0.43a 2.07hb 2.07b 3.03a
Glutamic acidl 3.00 1.49b 151 b 2.07a 10.09 9.74 8.68
Proline 0.28 0.00 0.00 0.00 090b 0.85b 151 a
Glycine 0.71 0.40b 0.36b 0.53a 3.12 2.89 3.23
Alanine 260 1.38b 1.18b 1.65a 11.78 10.44 11.58
Valine 0.56 021 b 0.20b 0.37a 159b 1.52b 2.45a
Methionine 0.40 0.15b 0.15b 0.27a 0.88b 091 b 1.46a
Isoleucine 0.41 0.15b 0.15b 0.29 a 1.03 b 1.07b 1.67 a
Leucine 0.93 0.34b 0.36b 071 a 2.16b 235b 381 a
Tyrosine 0.60 0.20b 021 b 0.37a 122b 1.28b 1.92 a
(3-Alanine 0.00 0.00 0.00 0.00 0.08 0.07 0.13
Phenylalanine 0.58 0.23 b 0.24b 0.43a 1.15b 1.24b 189 a
Ornithine 0.16 0.09 0.08 0.12 0.82 0.77 0.97
Lysine 0.74 0.23 b 0.23b 0.43a 1.89b 1.86b 321 a
1-Methyl-
histidine 0.15 0.10 0.07 0.13 0.88 0.63 0.98
Histidine 0.35 0.15b 0.15b 0.24a 1.05b 1.03b 1.48a
3-Methyl-
histidine 0.03 0.03 0.03 0.03 0.17 0.20 0.33
Anserine 10.32 6.76 6.68 6.68 50.37 50.72 43.56

Carnosine 8.29 5.52 5.03 5.82 40.34 37.45 40.42

Arginine 0.32 0.33 b 0.30b 051 a 2.42 b 2.25b 3.34a
Total 40.49 23.66 b 23.21 b 27.88 a176.28 175.64 183.68
a N = 15.

b N - 5. Where letters differ for a free amino acid in cooked meat,

means differ significantly (P < 0.05) from each other (Duncan, 1955).
0 N = 2—5. Where letters differ for a free amino acid in drippings, means
differ significantly (LSD, P < 0.05) from each other.

Table 5—Mean contents (ug/g) and percent retention of vitamins
in roasts cooked by microwave and conventional methods

Cooked meat® % Retention®

and Microwave Conven- Microwave  Conven-

vitamin 220V 115V tional 220V 115 V tional
Beef*5

Thiamine 0.89a 0.740b 0.92 a 61 a 49 b 69 a

Riboflavin  2.00 1.73 1.79 98 ab 83 b 99 a

Niacin 46.54 43.44 43.94 94 ab 86 b 104 a
Porko0

Thiamine 14.78 14.48 17.51 73 67 72

Riboflavin  2.32 2.52 2.97 81 82 96

Niacin 4'.31 59.06 46.01 87 ab 79 b 101 a
Lambd

Thiamine 1.96 2.10 1.93 52 49 52

Riboflavin  3.78 3.24 4.03 88 73 98

Niacin 44.56 36.67 43.14 71 64 86
®N = 5. Where letters differ within a vitamin for a species, means

differ significantly (P < 0.05) from each other (Duncan, 1955).

b Raw beef: 1.06 pg/g thiamine, 1.45 pg/g riboflavin, 34.83 pg/g
niacin. N = 15.

0 Raw pork: 14.44 pg/g thiamine, 1.98 pg/g riboflavin, 37.13 pgl/g
niacin. N = 15.

d Raw lamb: 2.61 pg/g thiamine, 2.82 pg/g riboflavin, 37.21 pgl/g
niacin. N = 15.
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Table 6—Mean mineral content (pg/g) and percent retention in roasts cooked by microwave and conventional methods

Cooked meat3

Microwave
Species and mineral 220V 115 Vv Conventional 220V
Beef%
Sodium 398 375 432 68
Chloride 377 401 339 78
Phosphorus 2162 2096 2086 75 b
Iron 21 20 19 70 b
Porkc
Sodium 396 346 447 68
Chloride 422 387 420 74
Phosphorus 2368 2412 2589 74
Iron 8 6 9 87
Lambd
Sodium 508 b 549 b 658 a 65
Chloride 583 548 630 64
Phosphorus 2286 2152 2279 77
Iron 21 20 24 73 b

Microwave

% retention3 Drippings3
Microwave

115V Conventional 220V 115v  Conventional
72 89 1461 1590 2090
84 87 1426 1178 1616
79 b 98 a 4923 b 4738 b 6890 a
85 ab 98 a 25 b 24 b 34 a
62 73 1157 b 934 b 2267 a
68 70 1193 b 870 b 2418 a
70 76 5088 b 3964 b 9042 a
65 100 8 b 9b 20 a
64 74 3281 2225 3105
60 67 2280 b 1882 ¢ 2655 a
78 92 6082 ab 5110b 6888 a
79 b 110a 30 b 20 b 61 a

3 N =5, except N = 4, for drippings of conventional method for lamb and pork. Where letters differ within a mineral for cooked meat or for drip-
pings within a species, means differ significantly (P < 0.05) from each other (Duncan, 1955).

b Raw beef: 379 pg/g sodium, 337 pg/g chloride, 1889 pg/g phosphorus, 19 pg/g iron. N = 15.

c Raw pork: 381 pg/g sodium, 378 pg/g chloride, 21 88 pg/g phosphorus, 7 pg/g iron. N = 15.

d Raw lamb: 581 pg/g sodium, 618 pg/g chloride, 1835 pg/g phosphorus, 17 pg/g iron. N = 15

uents were not affected significantly by the power level of
the microwave range.

Data for moisture and protein contents of the three species
of meat were similar to those presented by Watt and Merrill
(1963) for comparable cuts. However, values lower than those
of Watt and Merrill were found for the following constituents:

1. Fat content of cooked pork roasts.

2. Phosphorous content of cooked beef, pork and lamb.

3. Iron content of cooked beef and pork.

4. Niacin content of the three species of meat, particularly
lamb.

Although these differences were apparent, increased use of
microwave cookery for meat should cause no major concern
for individuals with a diversified food intake. However, these
data may be important to those with special dietary needs.
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ITS YIELD, COMPOSITION

AND EFFECT ON PALATABILITY OF COOKED SALAMI

ABSTRACT
The effects of mechanical desinewing on yield, proximate analysis and
connective tissue content of meat have been examined and its influence
on the processing and palatability of cooked salami was evaluated.
Mechanical desinewing removed approximately half the connective tis-
sue and reduced the tendency for formation of gelatin pockets in
cooked salami Yields from the desinewer ranged from 71-87% and
correspondingly higher cooking yields were obtained from desinewed
meat. Protein and moisture increases were nonsignificant whereas the
2.39% change in fat content was, representing a 12.8% decrease. Ten-
derness and texture of cooked salami were improved by desinewing.

INTRODUCTION

MECHANICAL DEBONING of poultry for further processing
has been widely practiced in emulsion-type products for years.
Dhillon and Maurer (1975a, b) have recently shown that in-
corporation of some mechanically deboned chicken meat in
summer sausages improved color and was acceptable to panel-
ists. Inspection approval has stimulated interest in mechanically
deboned red meat (Field et al., 1974a, b; Anderson and Gil-
lett, 1974; Goldstrand, 1975), but the emulsionlike texture
has limited its use primarily to emulsion products.

A specially designed head for the Beehive deboner permits
the desinewing of cuts having heavy connective tissue. The
desinewing head has larger perforations than the deboning
head and the meat is extruded with a coarse texture allowing
its use in salami and similar products. Yields, compositional
changes and palatability properties of the mechanically de-
sinewed meat are reported here.

EXPERIMENTAL

Experimental design

The experiment was designed according to Ostle (1963). A four by
four factorial design was utilized to analyze the chemical composition
of the starting ingredients, with four treatments (the control, texture
control, desinewed meat and sinew), and four cuts (the shank, plate
chuck, and pork shoulder). A three by three factorial design allowed
evaluation of the composition and panel data on salami made from the
three beef cuts (the shank, plate, and chuck, each combined with pork)

Table 1—Spice, cure and other ingredients in salami formation

Amount
Ingredient kg/100 kg Meat
Griffith's Regal salami seasoning 1.00
Garlic 0.27
Black pepper 0.16
Salt 2.01
Sodium nitrite 150 ppm
Griffith's FOS-5 (Polyphosphates) 0.75

766-JOURNAL OF FOOD SCIENCE-Volume 41 (1976)

and three treatment groups (the control, texture control, and de-
sinewed meat).

Sample preparation

Sixty-four pork shoulders (U.S. No. 2), 10 chucks, 48 shanks, and
48 plates from utility grade beef cattle were used in the study. Paired
cuts from corresponding sides were identified and each hand boned.

Meat from one side was ground once through a 1.27 cm plate, once
through a 0.95 cm plate, divided in half and one-half was used as the
control. The control would be similar in coarseness to that used in
commercial practice. The remaining half, which was subsequently
ground through a 0.31 cm plate, was the texture control. Its particle
size was similar to the mechanically deboned meat whereas the control
was coarser. Meat from the other side of the carcass was ground
through a 2-in. plate and desinewed with a Beehive AUX 1272 deboner
with a desinewing head containing 0.19 cm perforations. The desinewed
meat was immediately chilled with C02.

Samples were taken from each of the controls and the desinewed
fraction, reground twice through a 0.31 c¢cm plate, frozen and stored for
subsequent analysis. The remainder of the meat from each fraction was
frozen at —28.8°C and held for product formulation.

Proximate analysis

Fat, protein, moisture and ash contents were analyzed by AOAC
methods (1965). Proximate analyses were made in triplicate on the
starting ingredients and in duplicate on salami products.

Connective tissue

Samples were hydrolyzed as described by Woessner (1961). Hy-
droxyproline contents were determined by the method of Bergman and
Loxley (1963) using a Spectronic 20, Bausch and Lomb spectro-
photometer. Connective tissue contents were calculated from hydroxy-
proline values as described by Wyler (1972).

Salami preparation

Salami prepared for taste panel evaluation was formulated to con-
tain 60% beef and 40% pork with a proximate analysis of about 15%
protein, 20% fat, 60% moisture and 5% ash for the final products. The
salami formula, cure, spice and other ingredients are shown in Table 1
Polyphosphate (0.75%) and a lower than normal level of added water
were necessary to prevent gel pockets in salami made from the non-
desinewed controls so panel comparisons could be made. Therefore,
products made from desinewed and nondesinewed meat which were
presented to the panels contained the polyphosphate. Meat for the
formulation of products was from the control, texture control or
mechanically desinewed fractions of beef cuts and from similar frac-
tions of the pork shoulder. Fat levels were adjusted by adding some
cutting fat from choice beef carcasses. Moisture levels were regulated by
adding water. All ingredients were mixed for 3 min in a small mixer,
stuffed into presoaked 8U (14.1 cm flat width) fibrous cellulose cas-
ings, and held overnight at 4-6°C. The salami were then cooked in a
light smoke for 2 hr at 49°C, 2 hr at 54°C and 1 hr at 65.5°C. The
temperature was then elevated to and held at 82°C until the products
reached 71°C. After removal from the smokehouse a cold shower was
applied until the internal temperature declined to 49°C. The products
were allowed to bloom and dry at room temperature for 45 min prior
to chilling.

Taste panel

A trained taste panel of 21 members evaluated the salami comparing
the control, texture control and desinewed fractions. Tenderness, tex-
ture, appearance, and overall acceptability were scored on a 9-point
hedonic scale ranging from extremely coarse (1) to extremely fine (9)
for texture; from extremely tough (1) to extremely tender (9) for
tenderness; from extremely dry (1) to extremely juicy (9) in juiciness;



Table 2—Mean comparisons of chemical components of hand boned
wholesale cuts3

Wholesale cut means

Beef
Proximate Pnrlf LSD

composition Shank Chuck Plate shoulder MSE (P < 0.01)

% Protein 19.79a 17.78b 17.35b 13.67c 0.3653 0.39
% Fat 14.05a 15.01b 24.64c 32.02d 1.4040 0.77
% HjO 65.36a 65.86a 57.09b 53.87c 2.8192 1.09
% Ash 0.886a 0.895a 0.776b 0.736¢c 0.0064 0.05

% Hydroxyproline 0.573a 0.364b 0.368b 0.247c 0.0014 0.02
% Connective

tissue 4.58a 2.92b 2.95b 1.98c 0.0903 0.19
% Connective

tissue

on fat free

basis 33.87a 19.45b 11.81c 5.95d 14.1402 2.44

aMeans on the same line followed by different letters are significantly
different (P < 0.01).

and from dislike extremely (1) to like extremely (9) for overall accept-
ability and appearance.
Statistical analysis

The least significant difference method (LSD) was used as the meth-
od of multiple mean comparison following a significant F ratio in the
standard analysis cf variance (Ostle, 1963).

RESULTS & DISCUSSION

Desinewing

Yields from the desinewer ranged from 70.9% for beef
plates to 87.2% for pork shoulders. Beef shanks yielded 80.6%
while chucks were 86.1%. Temperature increases during grind-
ing and desinewing were approximately 3°C (1—4°C) for the
beef chucks, plates, and pork shoulders and 5°C for the beef
shanks. The greater increase in temperature and lower yields
for the shanks were probably due to the heavier connective
tissue in that cut. The temperature increase during desinewing
was less than for mechanical deboning (— to 11°C) of mutton
carcasses (Field et al., 1974b) and should present little prob-
lem if carbon dioxide chillers were used to lower the tempera-
ture immediately.

Proximate analyses of cuts

Table 2 shows the mean protein, fat, moisture, ash, hy-
droxyproline and connective tissue contents of meat from the
four wholesale cuts. The shank was significantly higher in pro-
tein than all other cuts while the pork shoulder was lowest (P
< 0.01). There was no significant difference between the
chuck and plate in percent protein. Fat varied, inversely with
protein on the four cuts and each varied significantly (P <
0.01) from all other cuts. Pork shoulders were highest in fat
(32.02%) while beef shanks were lowest (14.05%).

Moisture levels were similar for shank and chuck (65.36 vs
65.86%) and were significantly higher (P < 0.01) than the
plate or pork shoulder. The pork shoulder was significantly
lower (P < 0.01) than all other cuts (53.87%).

Ash levels were comparable in the shank and chuck but
lower in the plate and shoulder, probably due to the higher fat
content of the latter two cuts. Hydroxyproline and connective
tissue were highest in the shank, intermeidate in the chuck and
plate, and lowest in the pork shoulder (P < 0.01). On a fat-free
basis, all four cuts varied significantly in percent connective
tissue (P < 0.01). The shank was highest (33.87%) followed by
the chuck (19.45%), plate (11.81%) and pork shoulder
(5.95%).
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Table 3—Factorial analysis of the effects of mechanical desinew-
ing upon various meat components from beef shank, plate and
chuck and pork shoulders3

Treatment means

Control and

texture Desinewed Sinew LSD
Item control” meat fraction MSE (P < 0.01)

% Protein 16.99a 17.22ab 17.40b 0.3653 0.39
% Fat 18.66a 16.27b 32.14c  1.4040 0.77
% H20 63.28a 65.45b 50.16c 2.8193 1.09
% Ash 0.87a 0.90a 0.66b 0.0064 0.05
% Hydroxyproline 0.36a 0.20b 0.63c 0.0014 0.02
% Connective

tissue 2.91a 1.56b 5.06¢c 0.0903 0.19
% Connective

tissue

in protein 16.75a 9.01b 28.45c 2.8925 1.10
% Connective

tissue

on fat free

basis 20.68a 12.53b 17.20c 14.1402 2.44
Ratio H20 to

connective

tissue 23.95a 44.29b 10.68¢c  6.8391 1.70

3Means on the same line followed by different letters are signifi-
cantly different (P < 0.01).

h Texture control samples were reground through a 0.31-cm plate to
make particle sizes comparable to mechanically desinewed meat.

Effect of desinewing on composition

Mechanical desinewing did not significantly alter (P < 0.01)
the percent protein or percent ash in the meat (Table 3), how-
ever, the percent decrease in fat was 12.8% and the percent
decrease in hydroxyproline and connective tissue was 46%
(wet basis). Calculated on a fat-free basis, desinewing reduced
the percent hydroxyproline and connective tissue by over
39%. This left the desinewed fraction with 9.01% of its protein
as connective tissue, and represented less than one-third the
connective tissue content of the sinew fraction (protein basis).
Moisture levels in the desinewed fractions were slightly higher,
likely due to the reduced fat levels.

Highly significant cut by treatment interactions occurred in
both hydroxyproline and connective tissue indicating that in-
herent differences in cuts affect the removal of connective
tissue upon mechanical desinewing. Table 3 illustrates the
mean percent hydroxyproline in the four cuts before and after
desinewing and also includes those of the sinew fractions.

Figure 1 illustrates the practical significance of the removal
of the connective tissue from the meat. The nondesinewed
samples broke down and formed jelly pockets at the bottom
of the casings (right end in figure). In contrast the desinewed
meat, processed under identical conditions, did not separate
and jelly pockets were not visible. Also of some significance to
processing is the H2O/connective tissue ratio (Table 3). The
desinewer changed the ratio from 23.95 to 44.39 which is
undoubtedly associated with the reduced shrinkage and ab-
sence of jelly pockets in the products containing desinewed
meat. In processing the control samples for texture and tender-
ness evaluation, it was necessary to add 0.75% polyphosphate
and reduce the added water to prevent the formation of jelly
pockets. Shrinkage was largest on the nondesinewed salami
(Fig. 2) as evidenced by the wrinkled appearance of the casing,
despite the phosphate and reduced water.

Composition and cooking yield of salami products
Compositions and cooking yields of the final salami prod-
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ucts are shown in Table 4. There were no significant differ-
ences in any of the proximate analyses (P < 0.01) between
treatments or cuts. Cooking yields are from a single experi-
ment but suggest that the size of the grind had an effect upon
yield. Mechanically desinewed meat gave the highest cooking
yields.

Panel evaluation of salami from various cuts

Table 5 contains mean panel scores for texture, tenderness,
juiciness, appearance and overall acceptability of salami made
from beef shanks, plates, or chucks combined with meat from
pork shoulders. Significant differences in palatability between
salami made from these cuts did not occur (P < 0.01). The
single exception was in overall acceptability where beef chuck
proved inferior to shank and plate. There was no apparent
reason for the lower mean panel values on palatability charac-
teristics of meat containing chuck and the differences were not
large.

Panel evaluation of salami or desinewed
vs nondesinewed meat

Mean panel scores given salami made from cuts involving
different treatments are found in Table 6. Significant differ-

DESINEWED
CRUCK

CONTROL

DESINEWED
SHANK

CONTROL

DESINEWED
PLATE

CONTROL

Fig. 1—Effect of mechanical desinewing upon the formation ofgela-
tin pockets is shown above. Salami was processed from frozen de-
sinewed beef chuck, shank, and plate where 60% of the meat was
from one of the beef cuts and 40% from pork shoulders with iden-
tical treatment. 20% added water was incorporated and the spice
formulation was identical to Table 1 except polyphosphates were
notincluded.

ences between the coarseness of grind and palatability charac-
teristics did not occur as shown by comparing the control and
texture control treatments (P < 0.01). A grind similar in
coarseness to mechanically desinewed meat did not alter the
palatability characteristics of salami. Highly significant differ-
ences (P < 0.01) did occur in texture and tenderness between
salami made from the controls and from the desinewed meat.
This confirms the fact that mechanical desinewing of meat,
which removed approximately half of the connective tissue
improves texture and tenderness.

No significant differences in juiciness (P < 0.01) occurred
when control samples were compared to desinewed samples,
even though mean values were higher on the desinewed salami
products. Associated higher moisture contents as determined
by oven drying are in agreement with the juiciness values ob-
tained by taste panel evaluations and showed that the de-
sinewed meat was only slightly higher in moisture and/or juici-
ness than the controls.

Appearance and overall acceptability of salami made from
desinewed meat was preferred over the coarse ground control,
but not over the more finely ground texture control (P <
0.01). The coarse appearance of the fat in the salami was

DESINEWED
SHANK

CONTROL

DESINEWED
PLATE

DESINEWED
CHUCK

CONTROL

Fig. 2—Polyphosphates and reduced water levels were used to pre-
vent formation of jelly pockets but, shrinkage is noted by presence
of wrinkled casings on nondesinewed salami.



Table 4—Mean values obtained for proximate analysis3 and cook-
ing yield on salami productsll

Cooking

Moisture Fat Protein yield
Cuts and treatments <> (%) <%) (%)
Shank control 60.20 19.23 16.59 86.04
Shank texture control 60.55 18.14 17.00 91.01
Shank desinewed 57.91 20.32 15.12 91.35
Plate control 57.02 20.78 15.00 86.68
Plate texture control 59.57 19.18 14.92 93.05
Plate desinewed 60.71 18.39 14.70 93.57
Chuck control 58.11 21.24 14.35 86.83
Chuck texture control 57.10 21.00 14.90 89.80
Chuck desinewed 60.99 18.50 14.51 93.10

3 Analysis of variance revealed no significant difference in proxj-
mate analysis (P < 0.01).
~ Single values without statistical analysis

objectionable to panelists and undoubtedly accounted for its
lower mean scores in appearance and overall acceptability for
the control salami.

CONCLUSIONS

MECHANICAL DESINEWING removed approximately half of
the connective tissue from beef and pork trimmings and under
certain conditions should improve meat for use in processed
products. The tendency for jelly pockets to form in salami was
reduced, and its texture and tenderness were improved by the
desinewing operation. Changes in proximate analyses occurred
but appeared minor in nature except for fat which had a per-
cent decrease of 12.8%. Yields were relatively high from the
desinewer and correspondingly higher cooking yields would be
expected from desinewed meats. The reduction in connective
tissue content caused by mechanical desinewing meat may af-
fect the protein efficiency ratio. This possibility is currently
under investigation. It would be possible to render edible fat
from the sinew fraction following mechanical desinewing. It
may also be possible to obtain edible collagen and other pro-
teins from this fraction.
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ELECTRODIALYSIS OF RAW WHEY AND WHEY FRACTIONATED
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ABSTRACT

Electrodialysis is a unit operation which removes ionic species from a
solution through the use of an imposed voltage and ion-selective mem-
branes. The temperature, flow rate, and composition of the feed, and
the applied voltage all influence the rate of ionic transport in electro-
dialysis systems. The effects of the aforementioned process parameters
on the performance of an electrodialysis system were investigated using
cottage cheese whey as the process feed. Increasing the flow rate proved
to be of little value in decreasing the membrane stack resistance for a
given run, but it significantly retarded the rate at which the stack
resistance increased in repeated runs. The effect of increasing the total
solids concentration of the whey without altering the solute composi-
tion was to increase the potential rate of demineralization through an
increase in conductivity. Prefractionation of the feed by ultrafiltration
enhanced the value of the whey solids by increasing the protein concen-
tration and decreasing the ash concentration. However, the electro-
dialytic process was less efficient in removing the remaining ash in this
case than it was in demineralizing other feeds.

INTRODUCTION

ANNUALLY, 26-27 billion pounds of cheese whey other
than cottage cheese whey are produced in the United States
(Lough, 1974). In addition, the production figures indicate
that 9—10 billion pounds of cottage cheese whey were pro-
duced in 1973. Thus, the total whey production is in excess of
36 billion pounds containing more than 250 million pounds of
protein. Approximately 50% of this whey is discarded as waste
(Groves, 1973). This practice not only negates the potential
use of whey as a nutritional source, but also presents a pol-
lution control or waste treatment problem since the BOD
(biological oxygen demand) content of the whey is high (Chan
and Selldorff, 1969). One common type of whey is cottage
cheese whey, and the problem of finding uses for this material
provided the impetus for the study discussed herein.

The reasons why the uses of raw whey are rather limited
become evident from an examination of the solids contained
therein (Table 1). (Hereafter, “whey” refers to cottage cheese
whey.) The three major solutes in whey are lactose, ash, and
protein. The protein content is an asset because protein is one
of the most expensive and most deficient nutrients in the
world’s food supply. However, the ash and lactose concentra-
tions must be regarded as liabilities. Lactose has low solubility,
low sweetening power, and undesirable laxative effects if used
in large amounts in the mammalian diet. The ash content
places palatability limits on the amounts of whey that can be
tolerated in the human diet.

The problems associated with whey utilization have drawn
considerable research interest in the past several years. A possi-
ble solution that has been suggested for the lactose utilization
problem is to use the lactose as a medium for growing yeast
thereby producing protein (Marth, 1970). However, this paper
is concerned with the problem of ash removal, specifically the
demineralization of whey by electrodialysis. Both raw whey
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and wheys that had been preconcentrated or prefractionated
by reverse osmosis or ultrafiltration were used as feeds to the
electrodialysis unit.

The salient features of the reverse osmosis, ultrafiltration,
and electrodialysis processes are shown in Figure 1(a, b, c, d).

Reverse osmosis and ultrafiltration are pressure-driven
membrane processes. They remove selective species from solu-
tion with the aid of a semipermeable membrane.

Figure 2 shows the basic effect of the pressure driven mem-
brane process on the composition of the whey. For all practi-
cal purposes, reverse osmosis removes only water and the ef-
fect is to increase the total solids concentration of the whey
without affecting the relative amounts of the various solutes.
Ultrafiltration membranes are impermeable to protein but are
permeable to low molecular weight solutes and to water. Both
lactose and ash are removed with the water in this process.
Thus as ultrafiltration proceeds, the relative amounts of the
various molecular species present in the reténtate will vary.
The concentration of the protein and other high molecular
weight species will be enhanced relative to low molecular
weight species like lactose and the ash constituents. The com-
positions of the reteniate at various volume reductions are
listed in Table 2

Electrodialysis is a unit operation by which ionic species are
removed from a solution with the aid of anion and cation
selective membranes and an imposed voltage. A good discus-
sion of the process is given by Mintz and Shaffer (1966). An
alternating sequence of anion selective and cation selective
membranes across which a voltage is imposed can be used to
split a feed stream into two fractions, one enriched and the
other depleted in ionic species. It is also possible to bring
about a reduction in ionic content by using a sequence of
cation selective and neutral membranes. This process (termed
“transport depletion”) operates on basically the same princi-
ples and is also discussed by Mintz and Shaffer (1966) and
Kollsman (1959).

There are two major constraints on the operation of most
electrodialysis systems: the “limiting voltage” and the “limit-
ing current.”

The limiting voltage is generally given by an empirical cor-
relation. This allowable voltage decreases with increasing con-
ductivity in the feed stream so the net effect is that, regardless
of the feed conductivity, the current which passes through the
stack at the limiting voltage is quite constant. This situation is
a result of the problem which gives rise to the empirical rela-
tionship, namely the necessity for keeping the current below
the value where excessive heating of the system results in the
melting of parts of the plastic How channels.

The limiting current is a consequence of a phenomena
known as “concentration polarization.” This phenomena is
discussed extensively by Mintz and Shaffer (1966). In essence,
the limiting current is a measure of how well the solution can
transport charge and is approximately proportional to the con-
ductivity of the solution to be demineralized.
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Both the limiting voltage and the limiting current govern Table 1—Composition of dried cottage cheese wheya
the maximum amount of current that may be passed through o
the system. This fact is important because it is generally these

constraints and not economic factors that limit the current Z'olfzt“re 95'2
that can be used in electrodialytic processes. The cost of elec- L°'ts 636
trical energy in most electrodialysis systems is dwarfed by the Aa; ose e
cost of membrane replacement and membrane-area related sho 133
costs such as labor and buildings. Protein o
Since both constraints affect the allowable current, only Fat - o '
one is active at any given time. As mentioned above, the cur- Acidity as lactic acid 45
rent allowed by the limiting voltage is relatively constant for a a Weisberg and Goldsmith, 1969
variety of feed conditions. The limiting current increases ap-
proximately linearly with conductivity. Thus, at high conduc-
tivities, where the limiting current exceeds the current allowed
by the limiting voltage, the system will be “voltage-limited,”
and at lower conductivities the system will be “current-
limited.” Table 2—Composition of whey after preconcentration by ultra-
filtration
EXPERIMENTAL Volume Reduction 0 50% 67% 80% 90%
THE ELECTRODIALYTIC DEMINERALIZATION was carried out in - 592 6.72 7 66 1103 1578
a unit supplied by lonics, Inc. of Watertown, Mess. There were three Total solids (%) : : : : :
separate streams as indicated in Figure 3. The mode of operation wes Wt %ash
batch recirculation and the 9 in. x 10 in. membrane stack contained 18 (Wet basis) 0.65 0.64 0.69 0.78 0.85
cell pairs. Whey was circulated in both the concentrate and diluate Wt % protein
streams, so at the end of a run the concentrate tank contained high-ash (Wet basis)3 0.74 1.28 1.80 3.34 6.59
whey to be discarded and the diluate tank contained demineralized Est wt % lactose
whey to be retained as product. In a commercial installation, a salt (Wet basis) 38 4.0 42 55 6.3
solution with a conductivity comparable to whey would be used in the Wit % ash
\(;grr]li(é?]rggate stream. Whey was used in our experiments strictly for con- (Dry basis) 112 06 9.0 - 54
The temperature, voltage, and flow rate were maintained at constant Wt % protein
values throughout the course of a given run. Samples were taken from (Dry basis) 125 191 23.5 30.2 41.8
the product tank before the start of each run, from the effluent from Est wt % lactose
the stack at given intervals, and then again from the product tank at the (Dry basis) 65 60 55 50 40
end of the run. Analyses for ash content were by combustion at 550°C. )
In order for the plots of the fraction demineralized versus time to be a Total nitrogen X 6.38
APPLIED
PRESSURE Rew Yhey Core. ey Core. Wy
T aw by Feerse gl m‘ai @ b Spr;:)r/
Unit tor
MEMBRANE (F?Igll\EAS%TLIJ(I:?E MEMBRANE TS=6Ib TS=6 Ib TS=6Ib
L 5 08 R 207 K070
P =0. A =0.7 =0.
V]1_ C— - . \ A =07 Ib P=081Ib P =081
" y 67 Ib 21 b
WATER ﬂ]. SOLUTION WATER /]_SOLUTION FrO Ctrace ash) -
Product
@) ®) Lsaky,
P=0.8 Ib
APPLIED
PRESSURE Spray
Dryer
MEMBRANE
[ S 26 b
WATER j*"jatERN Lt
LACTOSE*SALTSj{LACTOSE>SALre A=02Ib
P=081
(c)
(d)
Fig. 1—(a) Equilibrium situation, no osmotic flow; (b) Reverse
osmosis: Membrane rejects all solutes; (c) Ultrafiltration of whey: Fig. 2—Processing schemes utilizing reverse osmosis, ultrafiltration
Water and microsolutes can pass through the membrane, macro- and thermal evaporation. ITS = Total solids, L = Lactose, P = Pro-

solutes are rejected; Id) Electrodialysis. tein, A = Ash.)
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meaningful, the time axis was adjusted for the effluent samples so that
all measured ash concentrations represented tank concentrations.

The membranes used in the electrodialysis experiments were lonics
110BZL-219 and 111EZL-219 anion selective membranes and lonics
61CZL-813 cation selective membranes obtained from lonics, Inc.,
Watertown, Mass. The reverse osmosis and ultrafiltration membrane
systems were obtained from the Fluid Sciences Division of Universal Oil
Products, San Diego, Calif.

Fig. 3—Schematic diagram of experimental system.

Run Number

Fig. 4—Effect of time on stream on the time required for the 50%
demineralization of raw cottage cheese whey. (Temperature =
26—29° C; Voltage = 76—78 volts; Flow rate = 20 ml/sec.)

RESULTS & DISCUSSION

THROUGHOUT the experiments, the time required for a
given degree of demineralization for a particular set of condi-
tions continually increased. This was due to increasing mem-
brane resistance as evidenced by current readings. Figure 4
shows how the time required for the 50% demineralization of
raw cottage cheese whey varied with the number of runs for
which the membranes had been used. This type of run was
carried out periodically in order to characterize the condition
of the membranes. The other experiments conducted involved
many comparisons, and for these comparisons to be accurate
the condition of the membranes had to be known.

The information contained in Figure 4 described the condi-
tions of the membranes as completely as was necessary for all
important calculations. The most important calculations in all
analyses were the rate of demineralization and the energy con-
sumed. Rates for different runs could be accurately compared
by noting the condition of the membranes for each run as
shown in Figure 4 and then adjusting the rates accordingly. It
was found that the energy consumed in demineralizing raw
whey was not affected by the decrease in the demineralization
rate (increase in membrane resistance) with respect to time. It
was assumed that this was true in all systems where membrane
age was the only variable. Therefore, energies of deminerali-
zation were used without adjustment regardless of membrane
condition.

Evaluation of operating constraints for
experimental system

As the discussion in the introduction indicates, the two
major operational constraints in electrodialysis systems are the
limiting voltage and the limiting current. Therefore, it was
important that these constraints be determined for the experi-
mental system.

Once the conductivity of the fluid to be demineralized was
determined, the limiting voltage was calculated from an em-
pirical relationship supplied by the manufacturer. The limiting
voltage is given by Equations 1and 2 (lonics, 1967).

Vmax64=10-4+°-°2R)n (1)

Vraax64 1+ 0.01(T-64)

where Vmax = the limiting voltage across n cell pairs at an
arbitrary temperature; Vmax 64 = the limiting voltage across n
cell pairs at 64°F; T = temperature, degrees Fahrenheit; R =
Resistivity of most conductive stream, Ohm-cm; and n =
number of cell pairs. As expected, regardless of feed condi-
tions, when the appropriate limiting voltage was applied, the
current varied over approximately the same range (initial value
of 4—4.5 amps; final value of 2.2—2.1 amps).

The polarization point for raw whey was found to occur at
a current between 9 and 10 amperes. [See Sata et al. (1969)
for a discussion of how to determine the polarization point.]
Only one polarization run was necessary because of the range
of conductivities that were encountered in the experiments.
The lowest conductivity encountered was 5500 microhms/cm
(18°C) for whey that had undergone a 90% volume reduction
by ultrafiltration and the highest was 10,600 microhnms/cm for
whey that had been concentrated to 18.24% total solids by
reverse osmosis. To a first approximation, the limiting current
is porportional to the conductivity (lonics, Inc., 1967). Since
the conductivity of raw whey at 18°C was approximately
6,300 microhms/cm, these conductivity readings implied that
the limiting current either increased or decreased only slightly
over the range of feed conditions encountered. As previously
mentioned, the current at the limiting voltage varied over a



relatively narrow range, and this range was well below the
limiting current for raw whey. As a result, it was assumed that
the limiting current would not be exceeded in any of our
experiments without exceeding the limiting voltage, i.e., that
we would be voltage limited.

Effect of voltage

The curves showing the fraction demineralized as a function
of time for raw whey were plotted for the various voltages
tested (see Fig. 5). The limiting voltage for raw whey was
76-78 volts and at 125 volts the initial value of the current
approached the limiting current. The heat exchange capacity
was such that there were no problems of heat build up in the
stack. The energy consumption for 50% demineralization at
each voltage was calculated by integrating the current over
time and multiplying by the voltage. The results are tabulated
in Table 3.

It is important to note that the ratio of the energy con-
sumed to the voltage varies by only three to four percent. This
observation implies that, for a given degree of deminerali-
zation, the integral of current over time (related to current
efficiency) is a constant over a considerable range of voltage.

Effect of flow rate

The costs that are proportional to membrane area are by far
the most important costs encountered in electrodialysis sys-
tems. Therefore, conditions which tend to reduce the amount
of membrane area necessary for a given degree and rate of
demineralization are highly desirable. The performance of the
electrodialysis system at high flow velocities was studied be-
cause of two possible effects that would decrease the amount
of membrane area necessary to achieve a given degree of de-
mineralization. First, a higher flow rate generally produces a
higher degree of turbulence and thinner hydrodynamic bound-
ary layers. Since a significant part of the stack resistance can
be traced to the ion-depleted boundary layers (Mintz and Shaf-
fer, 1966), operation at high fluid velocities could result in a
substantial decrease in stack resistance and an increase in de-
mineralization rate (decrease in required membrane area) for a
given voltage. Secondly, high flow rates inhibit membrane
fouling. Since the boundary layer is less resistive at high flow
rates, transport of H+ and OH’ ions and concomitant pH
changes will be less marked, and protein precipitation will be
less likely. Also the high flow rates may have a scrubbing
effect on the membrane surface, sweeping away proteins and
colloidal particles that might otherwise foul the membranes.
The desirable effect of reduced membrane fouling would be to
decrease the frequency of system shutdown for cleaning.

In our system, the flow rate had little effect on the bound-
ary layer resistance as evidenced by the fact that a 250% in-
crease in flow rate at a given voltage had virtually no effect on
the rate of demineralization (see Fig. 6). This observation may
be attributed to the fact that the flow conditions at the lower
flow rate were already well within the turbulent regime due to
the turbulence promoters in the flow path. This result was not
totally unexpected since D’Souza (1972) and D’Souza et al.
(1973) found that a 30% change in flow rate had little effect
on the rate of demineralization for the same system. There
was, however, good evidence of a scrubbing effect at high flow
rates. At the higher flow rate the rate of membrane fouling
was significantly reduced.

The major drawback to the use of high flow rates is the
concomitant increase in pumping costs. The 250% increase in
flow rate was made possible only through a 400—500% in-
crease in the stack pressure drop. However, the energy con-
sumed in pumping was only a small fraction (A/1%) of the total
energy consumed by the process and an even smaller fraction
of the total production cost. In light of the advantages to be
gained in the efficient utilization of membrane area, the use of
high flow rates is recommended for the electrodialysis of feeds
containing materials which give rise to extensive fouling.

ELECTRODIALYSIS OF RAW WHEY-773

Fig. 5-Effect of voltage on the rate of demineralization of raw
cottage cheese whey. (Temperature - 26—29°C; Flow rate = 20
ml/sec.)

Fig. 6—Effect of flow rate on the rate of demineralization of raw
cottage cheese whey. (Temperature =26 —29°C; Voltage = 85 volts.)

Table 3—Effect of voltage on the energy consumed in 50% de-
mineralization of raw cottage cheese wheya

Average
Run Energy Average Voltage
Voltage no. (Joules) (Joules) (Coul.)
50-52 1 2.57 X 105 2.67 X 105 5240
2 2.67
3 2.77
85-87 1 4.67 X 10s 4.66 X 105 5420
2 4.53
3 4.80
125-127 1 6.55 X 105 6.60 X 10s 5420
2 6.64
a System volume = 7.16 liters (product stream); initial ash cone

approx 0.65% by weight (wet basis)
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Time (minutes)

Fig. 7—Demineralization curves for whey preconcentrated by re-
verse 0smosis.

While the electrodialysis of raw whey has been described in
patents (Francis, 1969, 1971; Francis and Treleven, 1970,
1973; Scheder, 1970, 19714, b, c, d, 1972; Wang, 1975), com-
parison of the above results with the patent descriptions is not
meaningful because of the fundamental character of the patent
literature.

Effects of preconcentration of feed

The effects of feed concentration were analyzed for two
different concentration schemes. The discussion will be di-
vided into two corresponding sections, one pertaining to pre-
concentration by reverse osmosis and the other to preconcen-
tration by ultrafiltration.

Since reverse osmosis has little effect on the composition of
the whey solids, the product value is independent of the feed
concentration and the cost of production per unit weight of
ultimate dry product as a function of feed concentration is a
meaningful objective function. However, feed preconcentrated
by ultrafiltration varies in protein concentration and, thus, in
value. The cost of production per unit weight of ultimate dry
product is meaningful only in the light of the product value.

Preconcentration by reverse osmosis

The experiments conducted to determine the effects of pre-
concentration by reverse osmosis on the electrodialysis process
included the demineralization of raw whey and whey that had
been concentrated to 12.17% total solids and 18.24% total
solids. The demineralization curves are shown in Figure 7.

The first thing to notice in Figure 7 is the shape of the
curves. In each case, the rate of demineralization declines as
time progresses. This was to be expected because the voltage
was always held constant throughout the course of a run but
the stack resistance increased due to the demineralization of
the product stream.

The second thing to notice is that the curves for all feed
concentrations are initially very close together. This was to be
expected because the system was voltage-limited, resulting in a
fairly constant initial current over the range of feed concentra-
tions.

A final thing to notice is that the rate at which the slope of
the curve changes decreases as the feed concentration in-
creases. This was also expected because a given amount of ash
removal represented a smaller degree of demineralization as
the feed concentration increased. Thus it took longer for the
product stream conductivity to change appreciably from its
initial value.

The essence of the three observations mentioned above is
that all of the curves had nearly the same shape in relation to
their respective asymptotes (initial ash concentrations). There-
fore, the average rate of ash removal for a given percent demin-
eralization was fairly constant over the range of feed concen-
trations studied. The initial currents were roughly the same for
all feed concentrations as were the currents after 50% deminer-
alization, a fact which points to the same conclusion.

Since the rate of ash removal was fairly constant and the
amount of ash removed per pound of ultimate dried product
was uniform over the range of feed concentrations, the rate of
production of demineralized whey on a dry basis was also
quite constant, ranging from 68—76 Ib per day for the test
apparatus used in the present study.

There are two important conclusions to be drawn from
these results. First, since the total cost of electrodialysis is
largely governed by individual contributions which are propor-
tional to membrane area (especially membrane replacement,
fixed capital investment and labor), this cost will be relatively
insensitive to feed concentration. The second point is that this
situation is a consequence of being voltage-limited. These re-
sults provided the impetus for estimating the effect of oper-
ating at the limiting current instead of at the limiting voltage
in the event that this constraint could be relaxed. (Methods of
increasing the limiting voltage include “deadening” the mem-
branes around the manifold holes and rubber-coating the
troublesome areas.)

In most electrodialysis systems, the limiting current is
roughly proportional to the conductivity of the solution to be
demineralized. Since the conductivity of the whey containing
18.24% total solids was about 1.7 times that of raw whey, the
limiting currents should vary by about the same factor. The
rate of demineralization should vary by approximately this
factor as well. Consequently, much less membrane area would
be required for a given degree of demineralization and the
membrane replacement cost and costs related to membrane
area would be much lower if concentrated whey feeds were
used rather than raw whey. The cost of electrical energy in-
creases substantially, but it is still minor compared to costs
related to membrane area. Rough cost estimates were made
and savings for whey containing 18.24% total solids were ap-
proximately 50% for the current limited case over the voltage
limited case while savings for raw whey were only 20%. This
indicates that the cost of electrodialysis should be significantly
lower and more sensitive to feed concentration for the current
limited case than for the voltage-limited case. This is due to
the fact that, in the current limited case, full advantage is
being taken of the solution’s ability to transport charge and
this ability increases with feed concentration.

Prefractionation by ultrafiltration

The experiments conducted on whey that had been pre-
fractionated by ultrafiltration involved the demineralization of
whey that had been reduced in volume by approximately 50%,-
67%, 80% and 90% and the comparision of these results with
the data obtained from demineralizing raw whey. The com-
positions of the various feeds are recorded in Table 4 and the
demineralization curves are shown in Figure 8."

The important thing to notice about the curves is that even
though the relative ash concentration increased by 27% over
the range of volume reductions encountered (on a wet basis),
the demineralization curves for the greater volume reductions
(higher ash concentration) were below the demineralization
curve for raw whey, a different situation than that encoun-
tered with feeds preconcentrated by reverse osmosis. This re-
sult indicated a distinctly lower rate of demineralization for
the higher volume reductions as shown in Table 4.

The compositions of the feeds recorded in Table 4 are quite
different, so the method of economic comparison used for
feed preconcentrated by reverse osmosis is not very meaning-
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Table 4—Data to determine the effect of protein concentration on demineralization

Volume reduction 0

Wt % ash (Wet basis) 0.655
Wt % protein (Wet basis) 0.72
Protein/ash 1.12
Conductivity (microhms/cm) 6300

Wt %ash removed for 50% demineralization 0.328
Time for 50% demineralization3 13
Relative rateb 1.00
Applied voltage (volts) 77
Energy consumed (Joules) X 10'5 2.41

a Corrected to new membrane value

50% 67% 80% 90%
0.647 0.691 0.785 0.856
1.28 1.80 3.34 6.59
1.99 2.61 4.25 7.74
6100 6200 6000 5500
0.324 0.346 0.392 0.428
15 15.3 21.1 24.6
0.855 0.892 0.738 0.692
79 78 78 83
2.68 2.80 3.22 3.86

h Ratio of the rate of demineralization (weight % ash removed per minute) to the rate of demineralization for raw whey

ful here. The basis of economic comparison when the feed has
been prefractionated by ultrafiltration should take into ac-
count the value of the product, which is established largely by
its protein content. Before discussing the effect of prefraction-
ation by ultrafiltration on the cost of production, it should be
noted that in some cases demineralization of the feed may not
be necessary. Two national manufacturers of whey products
and whey derivatives market a product which contains ap-
proximately 50% lactose, 30% protein and 10% ash. It is pro-
duced by thermally concentrating the whey, crystallizing out
lactose, and removing 50% of the ash by electrodialysis. An
80% volume reduction by ultrafiltration produces a product of
the same proportions except that the ash concentration is only
7%, so that there is no electrodialytic demineralization re-
quired (see Table 2). In fact, all of the volume reductions
quoted in Table 2 yield retentates with less than 10% ash in
the dry solids. If the combined cost of thermal evaporation
and lactose crystallization exceeds the cost of ultrafiltration to
achieve the same total solids concentration and composition,
then the latter approach could result in significant savings in
the production of high protein whey products.

The demineralization brought about by ultrafiltration also
opens the way for the production of products of varying pro-
tein content and very low ash content. We will briefly discuss
the economics of producing such products with an ash content
of four percent.

Since the amount of ash that had to be removed varied
widely and the system was voltage-limited, the production rate
on a dry weight basis also varied widely. The rate of ash re-
moval was not as constant in this case as it was for feeds
preconcentrated by reverse osmosis. The ash removal rate de-
creased significantly, a point that will be discussed further.
However, the amount of ash that had to be removed decreased
much more rapidly with feed concentration, so the solids
'‘production rate increased significantly, varying from 41 Ib/day
(raw whey) to 252 Ib/day (90% volume reduction). This large
increase in production rate for a given membrane area as the
feed concentration increased implies that the cost of electro-
dialysis should decrease drastically for the more concentrated
feeds. However, the prefractionation cost increases under these
conditions. The result, according to rough economic estimates,
is that the total production cost of dry whey solids containing
4% ash and varying concentrations of protein can be expected
to be relatively uniform for a wide range of feed concentra-
tions. Since the product value should go up as protein concen-
tration increases, the profitability of the venture should in-
crease with feed concentration.

Two factors which have been omitted from the discussion
concerning prefractionation by ultrafiltration should be men-
tioned. First, no provision is made for the disposal of the
permeate from the ultrafiltration process. This permeate has

Fig. 8—Demineralization curves for whey prefractionated by ultra-
filtration.

roughly the same lactose concentration as raw whey and thus
represents a waste treatment problem. Concentration of the
permeate by reverse osmosis followed by crystallization of
lactose is a possible solution. Another suggested processing
step is protein production via yeast fermentation. Second, we
have not estimated the effect of operating at the limiting cur-
rent in this system. It was felt that any estimate in this area
would be too vague and speculative due to the widely varying
protein concentrations in the various feeds.

Effect of protein concentration on the rate
of demineralization

In addition to providing the data for a rough economic
analysis of the production of whey products of varying protein
content, the experiments on whey prefractionated by ultra-
filtration also provided information necessary to determine the
effect of protein concentration on the demineralization proc-
ess. The data relevant to this discussion are found in Table 4
and Figure 8.

From the da:a, it seems obvious that the protein molecules
hinder the mobdity of the ionic species in the whey. Although
the ash concentration increases by 27% over the range of con-
centration, the conductivity of the whey decreases by 12%
over the same range. The conductivity decrease is accompanied
by a sevenfold increase in the protein-to-ash ratio.
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Table 5—Demineralization data for whey prefractionated by ultra-

filtration
Volume reduction 0 50% 67% 80% 90%

Wt % ash
(Wet basis) 0.655 0.647 0.691 0.785 0.856

Wt % ash that must be
removed to produce whey
solids containing 4% ash 0.438 0.391 0.400 0.357 0.231

Percent demineralization

to produce whey solids

containing 4% ash 67.0 60.5 57.8 45.5 27.0
Time to achieve required percent

demineralization (min)a 20.6 21.8 20.6 18.5 10.4
Energy consumed

(Joules) X 10+s 3.2 3.14 299 2.86 1.90

a Based on 13 min for 50% demineralization of raw whey (new mem-
brane value)

Table 6—Relative current efficiency factor, £

Feed £
Raw whey 0.86
Raw whey (High temp) 1.00
50% Volume reduction (UF) 0.76
67% Volume reduction (UF) 0.77
67% Volume reduction (UF-
high temp) 0.78
80% Volume reduction (UF) 0.76
90% Volume reduction (UF) 0.74
12.17% Total solids (RO) 0.82
18.24% Total solids (RO) 0.85

A second effect of an increased protein-to-ash ratio is a
significant decrease in the rate of demineralization. The con-
ductivity of the whey decreased by 12% over the range of
concentrations studied and the applied voltage was increased
by 8%, so a fairly constant rate of demineralization was ex-
pected. However, this rate dropped by 31%. Since the rate of
demineralization is proportional to the product of voltage,
stack conductivity and current efficiency, either a decrease in
the current efficiency or a decrease in the stack conductivity
beyond that expected could be responsible for this behavior.
The additional decrease in conductivity could be attributed to
different hydrodynamic conditions in the conductivity cell
and the electrodialysis stack and the different effects that the
protein molecules may have in each case.

Equation (3) provides a means of determining whether or
not a decrease in current efficiency is involved in the lower
rate of demineralization at high protein concentrations.

Energy Voltage

(€©)
W.AR. W.AR.
where W.A.R. = Weight percent ash removed on a wet basis; i =
current; and t = time.

Dividing both sides of the equation by the applied voltage
will yield a term that is proportional to the reciprocal of the
current efficiency. Since we know the energy consumed and
the applied voltage, a “current efficiency factor” may be
calculated. The results are tabulated in Table 6 and the gener-
ation of this table will be discussed shortly. The table reveals
that the current efficiency factor varied significantly as the

feed conditions were varied. This does not preclude an ad-
ditional decrease in conductivity in the stack; in fact, current
readings seemed to indicate this as well. However, our data did
not permit a determination of the relationship between the
two phenomena.

Current efficiency

In order to calculate the current efficiency, the total charge
actually carried by the ash must be known, and this requires a
knowledge of the ionic composition of the ash transported. If
it is assumed that the composition of the ash transported in all
runs was identical, a relative efficiency factor, £, may be calcu-
lated on the basis of the mass transported and the current
required for that transport. This factor is tabulated in Table 6
for the range of feed conditions encountered in our experi-
ments. It was calculated by dividing the weight percent of ash
removed by the area under the current versus time curve in
each case. The largest number was then arbitrarily assigned an
efficiency value of 1.00, and the others were proportioned
accordingly.

The value of £ varies by approximately 25% over the range
of feed conditions studied, the highest apparent efficiency oc-
curring during the demineralization of raw whey at a high
temperature, and the lowest occurring during the deminerali-
zation of whey containing the highest concentration of protein
studied.

The apparent change in efficiency can be attributed to
either a true change in efficiency or a change in the composi-
tion of the ash being transported (differing charge to mass
ratio). Detailed studies of the ionic compositions of feed and
product streams are currently in progress.

It was interesting to note that the current efficiency factor
was quite independent of the condition of the membranes and
the applied voltage in the runs involving raw whey. The com-
position and temperature of the fluid to be demineralized
seemed to be much more important factors in determining
current efficiency.

Effect of temperature

Experiments at high temperatures were very limited be-
cause membrane performance deteriorated rapidly under these
conditions. The experiments conducted involved comparison
of the performance of the system at 46°C to its performance
at room temperature (approx 26°C) for raw whey and whey
that had undergone a 67% volume reduction by ultrafiltration.

Since increasing the temperature of a substance increases its
conductivity, the effect of increased temperature on the mem-
brane area required for given degree of demineralization was
similar to the effect of increasing the total solids concentration
by means of reverse osmosis. Furthermore, the current effi-
ciency seems to be increased somewhat at elevated tempera-
tures (Table 6). A final factor to take into consideration is the
influence of temperature on bacterial growth. In view of the
importance of sanitation in the food industry, this factor
should not be ignored. Any advantages to be gained must be
weighed against the increased cost of membrane replacement
at higher temperatures.

It is interesting to note that workers using the same type of
lonics cation membranes and a different type of lonics anion
membranes found little thermal degradation in demineralizing
sea water at 65°C (McRae et al., 1968). The differences in the
types of membranes used and the possibility of degradation
being catalyzed by whey constituents should be investigated.
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CHEMICAL TREATMENTS OF COTTAGE CHEESE WHEY TO REDUCE
FOULING OF ULTRAFILTRATION MEMBRANES

ABSTRACT

Increases in ultrafiltration rates were obtained by treating whey with
acid, calcium-sequestering agents, or compounds to modify specific pro-
tein side chains, or by increasing the ionic strength. The proteins in
whey, examined by scanning electron microscopy, underwent marked
structural changes corresponding to these changes in the chemical
environment. Depending upon the treatment, membrane fouling de-
posits showed strands, lattice networks, beaded matrixes, helical struc-
tures, or protein sheets of varying thickness. The protein forms were
affected by the pH, the quantity of reagent added, and the protein
functional group which was modified. Fouling of membranes was
reduced when formation of protein sheets over the membrane was
retarded.

Fig. 1—Ultrafiltration rates for chemically treated cottage cheese whey:
1 0.2M CaCl2 and 1.5 X 1CT3M NEM added; 2. 0.2M CaCl2 added;
3. 0.6M NaC! added; 4. 0.01M ED TA added; 5. 0.01M EDTA and
15 X 10r3M NEM added, pH 5.5; 6. 15 X 1U'M NEM added;
7. 0.2M sodium citrate added; 8. pH adjusted to 2.4; 9. 7.5M urea
added; 10a. 7.5M urea, 1.33M glycine methyl ester, 0.1M EDC added;
10b. 7.5M urea, 1.33M GME, 0.1M EDC added (dialyzed againstauto-
claved whey); 11. untreated whey filtered through Whatman No. 1
paper (control); and 12. pH adjusted to 6.85 and centrifuged.
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INTRODUCTION

WHEN MILK OR CHEESE whey is concentrated by reverse
osmosis or ultrafiltration, deposits accumulate on the mem-
brane to form a secondary membrane which reduces perme-
ation rates and alters membrane selectivity. These deposits
have been observed by electron microscopy by Glover and
Brooker (1974) and by Lee et al. (1975a).

With cottage cheese whey, information on the fouling role
of individual proteins (Lee and Merson, 1975; 1976a), coupled
with SDS gel electrophoresis as an analytical tool (Lee et al.,
1975b), has led to the development of pretreatments of whey
to render it less fouling to membranes. Fourfold increases in
ultrafiltration rate appear feasible by preultrafiltering the
whey to remove high molecular weight proteins or protein
complexes that contribute to a thick composite layer of
fouling deposits (Lee and Merson, 1976a).

In the present study various chemical agents were used to
promote permeation by dispersing or depolymerizing the whey
proteins. The goal was to stabilize the suspension of fouling
materials to prevent their deposition on the membrane. The
general chemical environment of the proteins was altered by
adjusting pH, or ionic strength, or by addition of trrea. Specific
protein interactions were induced or inhibited by the addition
of calcium or calcium sequestering agents, or by the modifica-
tion of sulfhydryl or carboxyl side chains.

Special attention was given to the possibility of /3-lacto-
globulin polymerization because conditions in whey lie within
the range which favors octamerization (Timasheff and Town-
end, 1961; 1969). Furthermore, it had been observed earlier
that both (3-lactoglobulin and bovine serum albumin are sheet-
forming constituents of whey (Lee and Merson, 1975). Thus,
it was anticipated that blocking the sulfhydryl groups and
carboxyl groups would help to disperse the whey proteins and
retard the formation of the fouling layer.

For each treatment the ultrafiltration rate was determined
and the nature of the fouling deposit was observed by scanning
electron microscopy (SEM) and sodium dodecyl sulfate (SDS)
disc gel electrophoresis.

THEORY

Changes in pH

It has been observed that acidification of whey increases
ultrafiltration rates (Meggle, 1973; Hayes et al., 1974). This
may be caused in part by pH induced changes in the state of
(3-lactoglobulin since this protein constitutes about 50% of the
total protein in whey and the marked effect of pH on the
association/dissociation behavior of (3-lactoglobulin is well
known (Timasheff, 1964; McKenzie, 1971; and Lee et al.,
1975b). Dissociation to the monomeric form has been ob-
served below pH 3.5. Between pH 3.5 and 5.4 association of
(3-lactoglobulin subunits to an octameric form is favored, es-
pecially at low temperatures. In the pH range 5.4-9.2, confor-
mational changes of (3-lactoglobulin are suspected to occur
with a rapid ionization-linked transition taking place near 7.5
accompanied by increasing dissociation. Above pH 8, time-



dependent aggregations occur slowly following the rapid tran-
sition. Thus, in the present study whey was further acidified
with hydrochloric acid or neutralized with sodium hydroxide
to ascertain the effect of pH on ultrafiltration rates.

Calcium addition and sequestration

Several investigators have suggested that residual casein con-
tributes significantly to the fouling of membranes (Hayes et
al.,, 1974; Lim et al., 1971). Therefore an attempt was made to
clarify the role of casein indirectly by adding or removing
calcium which in turn affects the stability of caseinate com-
plexes. Either calcium or calcium-chelating agents (EDTA and
sodium citrate) were added to whey to shift the equilibrium
between colloidal calcium and ionic calcium. Thus, if casein is
a significant fouling component, changes in the ultrafiltration
rates should be observed corresponding to changes in the size
and stability of the residual caseinate complexes.

Sulfhydryl group modification

Two whey proteins contain sulfhydryl groups which may
be active in association/dissociation phenomena. Bovine serum
albumin contains 1.2 mole sulfhydryl per molecule (Boyer,
1954). The more abundant (Mactoglobulin contains two sulf-
hydryl groups per dimer (Beveridge et al., 1974) and further-
more these groups are situated relatively near the sites of inter-
molecular contact when the dimer associates to form the
octamer (Townend et al., 1969). Roels and Lontie (1966)
were able to stabilize (Mactoglobulin from disulfide inter-
change reactions by blocking the thiol groups using either
p-mercuribenzoate or N-ethylmaleimide (NEM):

0 —SH +

Protein NEM

Thus NEM was added to whey before ultrafiltration to inhibit
sulfhydryl group interactions.

Carboxyl-group modification

According to Timasheff and co-workers, carboxyl groups
are involved in the self-association polymerization of (3-lacto-
globulin (Timasheff and Townend, 1969). The major associ-
ation force is the formation of hydrogen bonds between the
carboxyl groups of participating subunits. The resulting poly-
mer structure is stabilized by hydrophobic interactions. There-
fore, the procedure of Hoare and Koshland (1967) was used to
chemically modify the carboxyl groups by conversion into
amides through reaciion with an amine, glycine methyl ester
(GME) at pH 4.5—5. The reaction was promoted by the pres-
ence of a water-soluble carbodiimide, 1-ethyl-3-(3-dimethyl-
aminopropyl)-carbodiimide (EDC), and a denaturing agent
(7.5M urea).

P P .0 0
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Protein GME H

The procedure can also be used without the denaturing agent
to selectively modify up to about half of the carboxyl groups.
The carboxyl modification of whey proteins was conducted
both in the presence and absence of 7.5M urea.
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MATERIAL & METHODS

IN EACH ULTRAFILTRATION experiment, 250 ml of treated feed
whey was ultrafiltered to one-fourth its original volume at room tem-
perature using flat PM 10 membranes (Amicon) in a spiral-path flow
cell (Amicon model CEC1) (Lee et al., 1975a). Both feed samples and
retentate solutions were examined using a Cambridge Stereoscan Mark
I1A scanning electron microscope operating at 10 kV acceleration volt-
age. The samples were mounted on Nuclepore membranes (Nuclepore
Corp.) by passing 1 ml of solution through the 0.4 /um diam pore-size
membranes. The samples were also analyzed using SDS disc gel electro-
phoresis (Weber and Osborn, 1969). Details regarding sample prepara-
tion and techniques involved in scanning electron microscopy (Lee et
al., 1975a) and SDS gel electrophoresis (Lee et al., 1975b) have been
reported previously. The retentate samples were obtained by disas-
sembling the flow cell after 35 min of ultrafiltration and pipetting
solution from the immediate vicinity of the undisturbed membrane
(Lee et al.,, 1975a). These samples were called “immediate retentate”
and contained fluid including loose deposits from very near the mem-
brane.

Cottage cheese whey, cultured from pooled milk with mixed strains
of lactic-acid-producing streptococci, was obtained commercially
shortly after cheese manufacture. The whey was filtered through What-
man No. 1 filter paper and stored at 7“C until used (not over 7 days).
All chemicals were reagent grade obtained commercially: Ethylene-
diaminetetraacetate (EDTA) (Matheson, Coleman and Bell), sodium
citrate (Allied Chemical), urea, calcium chloride and sodium chloride
(Mallinckrodt), N-ethylmaleimide (NEM) (Eastman Kodak), and glycine
methyl ester (GME) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodi-
imide (EDC) (Sigma).

RESULTS

REPRESENTATIVE ultrafiltration results for the pre-treated
whey samples are given in Figure 1 and compared after 10 min
of ultrafiltration in Table 1 All treatments produced increases
in premeation rate except alkaline neutralization to pH 6.85
which caused a decrease in rate.

pH Adjustments

The reason for low permeation rates with the neutralized
whey was that the alkaline treatment produced a thick, gelati-
nous, white material which completely filled the channels of
the ultrafiltration apparatus. This caused a 52% decrease in
permeation rate compared to untreated whey. Smaller de-
creases in permeation rate were obtained by pre-filtering the
neutralized whey through Whatman No. 1 filter paper (—39%)
or by removing the viscous material more efficiently be centri-
fuging for 25 min at 1500g and using the supernatant as feed
(—25%). The latter result is plotted as curve 12 in Figure 1

Figure 2 shows the typical deposit produced by untreated
whey feed examined by SEM. Quite different thick granular
deposits were observed with neutralized whey even after cen-
trifugation (Fig. 3). The sample is immediate retentate re-
deposited on a Nuclepore membrane. Higher magnification
(Fig. 4) showed the matrix nature of the deposits with charac-
teristic fine strands evident where bacteria were present. As
deposition proceeded the granular matrix was gradually
covered over with layers of strands or finer deposits. Figure 5
shows a nearly completed sheet and also demonstrates the
covering of pores by the fouling material (arrows).

In contrast to neutralized whey, whey acidified to pH 2.4
was a clear solution with no precipitate. Redeposited immedi-
ate retentate samples showed that acidified whey could still
form sheets but the deposits were either much thinner (Fig. 6)
or absent (Fig. 7). Consequently, permeation rates were about
30% higher than for the control whey.

Calcium sequestration

Calcium chelation was carried out by adding EDTA or so-
dium citrate to the whey. Permeation rate was increased 66%
with 0.01 M EDTA (Fig. 1, curve 4), but only 22% above the
control whey when excess (0.2M) EDTA was added. Addition
of 0.2M sodium citrate caused a 44% increase (curve 7).

Notably in the whey samples with calcium chelating agents
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Nature of treatment

Cottage cheese whey (control)

pH adjustments

Calcium sequestration

Increase in ionic strength

Breaking of competitive hydrogen bonds
and minimizing hydrophobic interaction

Specific modifications

a) sulfhydryl modification

b) carboxyl modification

Combined treatments

Table 1—Summary of whey treatments

% Increase in UF rate

pH Before Curve no. after 10 min
Reagent added ultrafiltration in Fig. 1 ultrafiltration
4.3—4.6 h

NaOH 6.85 12 -25%
HCI 2.4 8 30%
0.01 M EDTA 4.1 4 66%
excess EDTA (0.2M) 4.0 - 22%
0.2M sodium citrate 6.1 7 44%
0.005M CaCl2 4.3 - 40%
0.2M CacCl2 4.0 2 2%
0.6M NaCl 4.2 3 69%
7.5M urea 4.8 9 28%
1.5 X 10"3M N-ethylmaleimide 4.4 6 49%
3.0 X 10'3M N-ethylmaleimide 5.0 49%
1.33M glycine methyl ester with 0.1 M EDC
(i) in presence of 7.5M urea,

urea not removed before UF 3.3 10a 20%
(i) in presence of 7.5M urea.

urea removed before UF 4.5 10b 47%
(iii) in absence of urea 2.9 16%
1.5 X 10'3M N-ethylmaleimide and 0.2M CaCl2 3.9 1 76%
1.5 X 10'3M N-ethylmaleimide and 0.01 M EDTA 4.1 , 40%
1.5 X 10'3M N-ethylmaleimide and 0.01 M EDTA,

pH adjusted 5.5 5 60%

added (Fig. 8-11), compared to untreated whey (Fig. 2),
there was substantial decrease in the matrix-forming compo-
nents (except for the microorganisms). One may speculate that
this indicates a decrease in the size of residual caseinate or
protein complexes so that they remained dispersed and passed
through the Nuclepore pores.

With 0.01M EDTA added, fouling sheets of the immediate
retentate appeared thinner and more fragile (Fig. 9) than those
of the starting feed solution (Fig. 8), in contrast to untreated
whey where immediate retentate deposits are much heavier
than in feed samples. The pores were relatively free for water
transport. Spiral structures similar to those observed in a study
of O-lactoglobulin (Lee and Merson, 1976b) were present. At
0.2M EDTA in most micrographs the deposit was thicker,
more uniform and not as lacy as in Figures 8 and 9. Under
high magnification (Fig. 10) the coating, which occluded most
pore openings, appeared to be composed of connected spheri-
cal particles about 300A in diameter.

The 0.2M sodium citrate sample (Fig. 11) showed yeast
cells (M.G. Miranda private communication, cf. Talens et al.,
1973) and bacteria covered with a thin coating. The presence
of yeast cells was confirmed by light microscopy. The coating
between organisms was connected by fine strands and most
pores were not covered over. It is believed that the micro-
organisms did not produce the stranding moieties but were
merely functional in demonstrating their presence. The strands
are believed to be the first stages of sheet formation.

Calcium addition

Fleavy deposits were observed (Fig. 12) for whey with
0.005M CaCl2 added. Microorganisms which presumably were
deposited early (cf. Lee et al.,, 1975a, Fig. 2, 11, 12, 13) were
completely covered by the thick film. The pair of micro-
organisms in the upper left-hand corner were deposited later

and were covered by a light, stranded coating. It is postulated
that these strands would fill in to form thicker sheets as time
progressed. Another spiral structure, coated with deposits, was
present.

Increasing the concentration of CaCl2 to 0.2M caused a
striking decrease in the amount of material composing the film
(Fig. 13). The layer appeared brittle with numerous cracks.
The layer covered the microorganisms but the membrane itself
appeared clean.

Higher UF rates were obtained with whey containing the
additional calcium chloride. The rates with 0.0056M CaCl2 and
0.2M CaCl2 added were 40% and 72% higher than the control
whey (Fig. 1, curve 2).

Because higher ultrafiltration rates were obtained by both
sequestering and adding calcium, it was suspected that the
main effect of calcium addition was to increase the ionic
strength of the whey. Therefore, whey was adjusted to an
ionic strength equivalent to the 0.2M CaCl2 whey feed by
adding 0.6M NaCl. Electron micrographs of this sample (Fig.
14) resembled those of the 0.2M CaCl2 whey (Fig. 13) exhib-
iting a thin, incomplete sheet atop the large particles. Exten-
sive stranding around the microorganisms and amorphous
granules were evident in the enlarged micrograph, Figure 15.
The 0.6M NaCl whey feed caused a 69% increase in perme-
ation rate (Fig. 1, curve 3) compared to the 72% increase with
0.2M CaCl2.

Sulfhydryl-group modification

Whey with either 1.5 x 10'3Mor 3.0 x 10'3M NEM added
ultrafiltered at the same rate, about 49% above untreated
whey (Fig. 1, curve 6). The microorganisms present were
coated with fine granular particles which show up as dark areas
on the Nuclepore membrane in Figure 16. The partial sheet
appeared to be smooth and stranding was not observed.
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Fig. 2—Scanning electron micrograph of cottage cheese whey (control) Fig. 5—Neutralized whey supernatant, pH 6.85 (6,000X). Arrows indi-
mounted on a Nuclepore membrane (4,500X). cate partially dogged pores.

Fig. 3—Immediate retentate sample of neutralized whey supernatant, Fig. 6—Whey with pH adjusted to 2.4 (immediate retentate sample)
pH 685 (1,020X). (13.000X).

Fig. 4—Neutralized whey supernatant, pH 6.85 (6,000X1. Arrows indi- Fig. 7—A sheet-free region of the acidified whey sample (3.600X).

cate strands extending over and around bacteria.
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Fig. 8—Whey feed with 0.01M EDTA added (5,000X). Arrow indicates Fig. 11—Whey with 0.2M sodium citrate added (5,500X).
a spiral structure.

Fig. 9—immediate retentate sample of the 0.01M EDTA whey Fig. 12-Whey with 0.05M CaCl, added (6,500X).
(5.000X).
Fig. 10—High magnification ofdogged pores in whey sample with 0.2M Fig 13-Whey with 0.2M CaCl2 added (5.500X).

EDTA (excess) added, illustrating the particulate nature of the strands
(24,000X).



Fig. 14-Whey with 0.6M Nad added (2,050X).

Fig 15-Whey with 0.6M NaC!added (5,100X).

Carboxyl-group modification

Since the procedure to chemically modify carboxyl groups
involved the use of concentrated urea, whey was first ex-
amined with only urea added. Addition of 7.5M urea alone
caused a 28% increase in permeation (Fig. 1, curve 9). Again
there was a sheet deposited above the microorganisms (Fig.
17). However the treatment produced finer strands than those
in Figures 11 or 15. The microorganisms were coated with fine
granular particles.

With the addition of glycine methyl ester (GME) in the
presence of ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) and 7.5M urea, the permeation rate was 20% higher
than for unmodified whey (Fig. 1, curve 10a). However, the
rate was lower than that of whey with just the urea added
(curve 9). Without the addition of urea in the reaction media,
carboxyl modification (presumably to a lesser extent) resulted
in a 16% increase in permeation.

To try to separate the effect of urea from the effect of
carboxyl modification, whey was treated by the method of
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Fig. 16—Whey with 1.5 X 1CT3M N-ethyimaieimide added (2.200X).

Fig. 17—Whey with 7.5M urea added (6.600X).

Hoare and Koshland in the presence of 7.5M urea, and the
urea was removed prior to ultrafiltration by dialysis at 7°C
against several changes of deproteinized whey (autoclaved at
121°C). The pH of the final mixture was 4.5. The permeation
rate (Fig. 1, curve 10b) after 10 min was 47% above that for
untreated whey but the rate decreased much more rapidly
than with whey or with other treated wheys. An electron
micrograph for the immediate retentate after 35 min of ultra-
filtration with this sample showed that the sheet-forming
materials were present predominantly in a beaded, self-
associating state (Fig. 18). Microorganisms were interspersed in
the beaded matrix, which resembled that for the neutralized
whey (Fig. 3, 4). However, the visible gelatinous precipitates
which occurred :n the neutralized whey were absent and this
treatment appeared either to increase dispersion or to maintain
sufficient porosity in the deposits to yield an improved perme-
ation rate for at least a short time. However, the sharp de-
crease in rate indicates that the porous matrix was rapidly
filling in with deposits.
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Fig. 18—Immediate retentate of whey with 7.5M urea, 1.33M glycine
methytester, and 0.1M EDCadded 15,500X).

Fig. 19—Whey with 0.2M CaCl2 and 1.5 X I1CT'M N-ethylmaleimide
added (13,000X).

Combined modifications

Selected treatments which produced increases in perme-
ation rate were tested simultaneously to determine if the sepa-
rate improvements were additive. Whey with 0.2M CaCl2 and
15 x 10'3M NEM added resulted in a 76% increase in perme-
ation (Fig. 1, curve 1). A 13,000x magnification of a represen-
tative region of the feed whey sample (Fig. 19) showed the
microorganisms were stacked in layers. The sheet-forming
components were laid down predominantly as strands being
held up by the microorganisms. The pores were free of oc-
cluding deposits. The immediate retentate sample (Fig. 20)
demonstrated the criss-crossed state of the overlapping strand-
ing moieties. Presumably, this manner of deposition results in
high porosity which permits a higher permeation than having
the sheet-forming constituents associated into a completed
sheet atop the ultrafiltration membrane.

Fig. 20—Immediate retentate of feed whey with 0.2M CaCl2 and 1.5 X
ICT'M NEM added (5.500X).

Addition of 0.01M EDTAand 1.5 x 10'3M NEM gave only
a 40% increase in permeation. Adjustment of the final feed
solution to pH 5.5 resulted in a 60% increase in permeation
(Fig. 1, curve 5). However, this combined pre-treatment did
not yield a rate higher than addition of 0.01 M EDTA alone
(curve 4). The sheet layer observed in Figure 21 with the
immediate retentate sample for pH 5.5 was thinner than with
pH not adjusted. Higher magnification (Fig. 22) of the indi-
cated region in Figure 21 again reveals the criss-crossed pattern
of buildup of the stranding moieties.

SDS disc gel electrophoresis

Electrophoresis revealed the presence of the /3-lactoglobulin
octamer (144,000 daltons) in addition to the regularly ob-
served whey protein bands (Lee et al.,, 1975b) in the feed
solutions of both the neutralized whey and the whey sample
with both 0.2M CaCl2 and 1.5 x 10'3M NEM. Furthermore,
octameric /3-lactoglobulin and the BSA dimer (132,000
daltons) were present in retentate samples of all chemically
pretreated wheys except those of the carboxyl-modified and
acidified whey samples. Increased intensity of the octameric
/3-lactoglobulin band was observed particularly in samples that
showed pronounced stranding features. No other significant
changes in resolution of the whey proteins on SDS gels were
detected and therefore gel patterns are omitted here.

DISCUSSION

DURING ULTRAFILTRATION the permeation rate will be
high if the whey proteins are maintained in a dispersed state
and not allowed to deposit on the membrane. If deposits do
form, the rate will be maximized if the fouling structures are
porous. Previous investigation of membrane fouling with cot-
tage cheese whey (Lee and Merson, 1975; 1976a) has indicated
that the relatively large independent particles, such as micro-
organisms and protein complexes, contribute to fouling by
forming a matrix on the membrane. This matrix is porous but
it stabilizes finer grained materials, notably /3-lactoglobulin and
BSA, which fill in the matrix and form sheets over it.

The addition of chemicals to whey alters the state of the
whey proteins and changes the amount and structure of the
fouling deposits. The abundant /3-lactoglobulin is particularly
susceptible to change, as indicated at the molecular level by



Fig. 21—Immediate retentate of feed whey with 0.01M EDTA and 1.5
X 10'3M NEM added at adjusted pH of5.5 (2.200X).

variations in the amount of octamer observed by electro-
phoresis. At the microscopic level, (3-lactoglobulin exists vari-
ously as sheets, strands, fibers, helixes, or beaded structures
depending on the treatment (Lee and Merson, 1976b). From
the point of view of forming fouling deposits, both the sheets
and beaded structures are undesirable. A treatment which
improves permeation rate gives micrographs with only fine
strands or stabilizes the proteins in solution resulting in clean
microorgansims on the Nuclepore membrane.

In interpreting the micrographs, it is the deposits closest to
the membrane which appear to have the greatest effect on
permeation rate. The single, thin, incomplete sheet over the
top of clean microorganisms and other large particles, as in
Figures 6, 9, 13, 14, 17, 19 and 21, does not correspond to
low ultrafiltration rates and apparently was formed during the
last stages of sample preparation when the solution was fil-
tered through the sample-mounting membrane to “dryness.”
Later experience confirmed that a procedure of (1) using more
than 1 ml samples in the syringe, (2) passing only 1 ml through
the sample-mounting membrane (as before) and (3) pouring
off the excess sample, avoided formation of this film. Never-
theless, the thickness and apparent fragility of this induced
sheet does indicate the effect of the chemical treatment on the
whey constituents.

The chemical treatments may be divided into two classes:
(1) a particular additive may affect the general solvent environ-
ment of the proteins, or (2) it may alter specific interaction
sites. General modifications include adjustment of pH, altering
ionic strength, or adding urea.

Figures 2 to 6 indicate that the form of the deposits is
strongly dependent upon pH. Addition of NaOH to pH 6.85
destabilized the protein and caused thick deposits of a granular
matrix which gradually filled in to form a nonporous fouling
layer. Acidification to pH 2.4 stabilized the protein so that
only light deposits were observed.

Increasing the ionic strength of the whey also altered the
general environment. There was a significant thinning of the
sheet layer as the amount of added CaCl2 was increased from
0.C05M to 0.2M. This implies that the dispersion of the pro-
tein in the whey was enhanced. The similar deposits and al-
most identical increase in permeation rate with NaCl at the
same ionic strength supports the supposition that increasing
ionic strength is the major effect here and not a specific inter-
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Fig. 22—High magnification of the indicated region in Fig. 21
(11,000X1.

action involving calcium. The mechanism is likely one of
“salting in,” the formation of an ionic sheath around the pro-
teins which increases their solubility (see e.g., Von Hippel and
Schleich, 1969). Much higher concentrations of salt, on the
order of 3—4M for NaCl, could cause a decrease in the solu-
bilizing power of the water around the proteins (“salting out™)
and one would expect increased membrane fouling, or even
precipitates, under those conditions.

On the other hand, the specific equilibrium between col-
loidal and ionic calcium may be involved in the increased
permeation rates caused by the chelating agents EDTA and
sodium citrate. Removing some ionic calcium from the solu-
tion was expected to cause a reduction in the size of the
residual calcium caseinate complexes and consequently a sta-
bilization of these complexes (Jenness et al., 1966). However,
too much calcium removal could have caused the complexes to
reduce in size to the point of instability, consistent with the
thicker deposits observed when the EDTA concentration was
increased to 0.2M.

NEM addition was a specific treatment which markedly
reduced the amount of fouling with only 1.5 X 10‘3M NEM.
On the other hand, the modification of carboxyl group inter-
actions with GME greatly altered the structure of the protein
deposits but did not eliminate them nor improve the perme-
ation rate very much. It should be pointed out that accurate
interpretation of the increase in permeation rate for the NEM
and GME modified wheys was hindered because the actual
extent of chemical modification was not determined quantita-
tively. The charges in fouling were merely observed qualita-
tively.

It was hoped that combining treatments which produced
increases in permeation rates by altering whey through differ-
ent mechanisms would give substantial increases in rates. Com-
bining the effect of increased ionic strength and reduced sulf-
hydryl-side-chain interaction did give a slight, but not impor-
tant, additional improvement. Adding NEM to the 0.01M
EDTA whey caused a small decrease instead. In general, the
combined treatments studied were not effective.

From a commercial point of view, only addition of acid or
a small amount of EDTA would be feasible to improve perme-
ation rates when the proteins are to be recovered for food or
feed uses. Salt and acid elimination are often objectives of
ultrafiltration and NEM and GME would not be acceptable
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food additives. They were employed in this study to assist in
understanding the nature of the fouling deposits encountered
during ultrafiltration of cottage cheese whey.
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FIBROUS PROTEIN FROM COTTAGE CHEESE WHEY

ABSTRACT

A concentrate of whey protein (WPC) was prepared from cottage
cheese whey by precipitation with sodium hexametaphosphate. Con-
tinuous fibers were spun by extruding a spinning solution into an acetic
acid-sodium chloride coagulating bath. Spinning solutions consisted of
WPC and sodium dodecylbenzene sulfonate dissolved in water at pH 9.0
containing 0.5% 2-mercaptoethanol. Residual detergent was extracted
with aqueous acetone, and finished fibers were evaluated for diameter,
tensile strength, elongation and rehydration properties. Stretching dur-
ing formation reduced diameter and improved tensile strength. Single
fibers and tows could be handled successfully and maintained their
structural integrity during rehydration. Single-step extraction left less
than 1%residual detergent.

INTRODUCTION

ONE OF THE PROBLEMS facing the cheese industry is the
effective utilization of its major by-product, whey. While
much progress has been made in the past few years, new uses
for whey components will be needed to divert this material
from an environmental pollution problem into new and useful
food products.

Several proteins have been spun into edible fibers. Casein
(Boyer, 1956), soy protein (Anson, 1957), peanut protein
(Giddey, 1960), and single cell protein (Huang and Rha, 1972)
are among those which have been used. This study was under-
taken to ascertain whether whey protein could be used to
produce a fibrous product.

EXPERIMENTAL

Whey protein concentrate (WPC)

A concentrate of whey protein was prepared from cottage cheese
whey by the method of Hartman and Swanson (1966). Sodium hexa-
metaphosphate with a mean chain length of 10 phosphates wes used at
a concentration of 0.5% and pH 3.0. The precipitated material was
collected by centrifugation, washed with distilled water at pH 3, dis-
persed in distilled water, and freeze dried. The pH was adjusted with
HCL The dry material was ground to a powder and stored in sealed glass
jars at room temperature until needed. Composition measurements
included protein, ash, and moisture (AOAC, 1970); fat by the Babcock
method for skim milk (Milk Industry Foundation, 1964); lactose
(Hint)on and Macara, 1927); phosphate as orthophosphate (ASTM,
1971).

Wet spinning apparatus

Figure 1 details the equipment used to spin whey protein fibers.
Spinning solution was pumped through viton tubing, 0.08 cmi.d., with
a Cole-Parmer Masterflex pump and extruded into the coagulating bath
through a number 20 stainless steel hypodermic needle with a squared
tip. Composition of the coagulating bath was 12% glacial acetic acid
and 12% NaCl in distilled water. A circulating pump served to move the
bath solution away from the extrusion point. At the distal end of the
bath, the coagulated fiber was lifted out and onto a take-up reel which
served to stretch the fibers. Unstretched fibers were cut and lifted out
of the bath by hand instead of onto the reel. Hand removal of the fibers
resulted in a small degree of stretching which was not measured.
Stretched fibers were air dried on the reel and unstretched fibers were
air dried on racks made from glass tubing.

Spinning solutions

Spinning  solutions containing the detergent, sodium dodecyl-
benzene sulfonate, along with WPC and 2-mercaptoethanol resulted in
fibers with desirable physical properties. Preliminary experiments
showed that 1:1 ratios of WPC and detergent in the concentration range
of 20-30% total solids, 0.5% 2-mercaptoethanol, and a pH 0f9.0-11.0
(adjusted with 50% NaOH) gave workable fibers. Viscosity of the spin-
ning solutions decreased with time, so three holding times (0, 6, and 24
hours after preparation) were used. The data reported are for WPC and
detergent concentrations of 12 and 14% each, 0.5% 2-mercaptoethanoal,
pH 9.0, three holding times before spinning and stretched vs un-
stretched fibers.

Spinning solutions were prepared as follows. The desired amount of
detergent was weighed and dissolved in distilled water then a weighed
amount of WPC was added and dispersed by mixing with a magnetic
stirrer. The 2-mercaptoethanol was added next, the pH was adjusted to
9.0 with 50% NaOH and the solution was made to volume with distilled
water. The pH waes checked and readjusted if necessary by adding a
small volume of 53% NaOH. Preparation of the spinning solutions re-
quired about 30 min, and this constituted the O hr sample. Portions
were held for 6 and 24 hr at room temperature for the other two time
variables. Apparent viscosities of the various spinning solutions were
rzrsgaéured with a Brookfield LVT viscometer at room temperature,
Extraction of detergent

Residual detergent was extracted from air dried fibers with 60%
aqueous acetone as suggested by Lundgren (1945). Acetone solutions
with and without 5% KC1 added were used. Sets of individual fibers,
stretched and unstretched, and tows made of bundles of 100 stretched
fibers were placed in Pyrex glass dishes, 26 x 16x4 cm, and covered
with 500 ml of extracting medium. The dishes were covered with para-
film and extraction time of 24 hr for fibers and 48 hr for tows at room
temperature were used. After extraction, fibers and tows were soaked
in distilled water for 20 min, removed, and air dried.

Physical properties
Tensile strength and percent elongation of finished fibers were
measured with an Instron Model 1782 universal testing machine which

Extrusion

Fig. 1—Fiber spinning apparatus.
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was calibrated before each use. Fibers and tows were conditioned in the
Instron testing room for 48 hr at 70% relative humidity and 25°C
before tests were made. Ten pieces of single fibers 5 cm long were
chosen randomly from each of two replicate treatment lots. The pieces
were cut, and 10 observations of fiber diameter were made microscopi-
cally with an eyepiece micrometer on one portion. The remaining por-
tion of each fiber was cut into two pieces, and each piece was tested on
the Instron. Operating conditions were:

Tension load cells:
Full scale load:

50g for fibers, 500g for tows
10g for fibers, 100g for tows

Gage length: 5.08 cm
Crosshead speed: 25.4 cm/min
Chart speed: 25.4 cm/min

Elongation: 20%/cm chart travel

Tensile strength and elongation were calculated from the stress-
strain curves obtained.
Composition of finished fibers and tows

Finished fibers and tows were dried to constant weight in a vacuum
oven at 60°C then analyzed for protein, phosphate and detergent. Sam-
ples of 100 mg of dry fiber material were weighed into 10 ml volumet-
ric flasks, 5 ml of 0.05% NaCl was added to wet the sample, and they
were made to volume with 2N NaOH. Stock solutions of fiber disper-
sions so prepared were analyzed for protein by a biuret method (Inter-
departmental Committee on Nutrition for National Defense, 1963).
WPC of known protein content determined by the Kjeldahl method was
used as the standard protein for generating a regression equation for
protein.

The equation was:

Y =-0.0059+0.061X

where Y and X were absorbance at 540 nm and weight of protein,
respectively. The correlation coefficient was 0.996. Phosphate content
was determined by the same method used for phosphate in WPC. Wish-
erchen’s (1967) method was used to determine residual sodium do-
decylbenzene sulfonate.
Statistical methods

The data were subjected to analysis of variance. Data dealing with
viscosity of spinning solutions, composition, and physical properties of
finished fibers were analyzed with a split plot design, and differences
among means were analyzed by Tukey’s W-procedure (Steel and Torrie,
1960).

RESULTS & DISCUSSION

Whey protein concentrate (WPC)

The composition of WPC made from cottage cheese whey is
given in Table 1 Total protein recovery averaged 59.5% from
whey containing a mean concentration of 0.88% protein. The
failure of the composition data to total 100% suggested that
some 7.4% of the material consisted of protein-bound water
which was not removed by the vacuum oven method used for
moisture determinations.

Fiber spinning

The addition of a detergent to WPC spinning solutions in-
troduced an undesired additive which had to be removed later
in the process, so a variety of methods were employed in
attempts to form fibers directly from WPC. Dry WPC was
dispersed in NaOH solutions ranging from 0.15—2.5M with
WPC concentrations of 1—15% in 1% increments. In separate
experiments, 5, 10, or 20% WPC was dispersed in water at pH
values from 7.0—12.0 in 1.0 pH unit increments adjusted with
NaOH. These treatments were repeated with 0.5, 1.0, and
2.0% 2-mercaptoethanol added to the WPC dispersions. None
of these conditions produced fibers with satisfactory physical
properties.

Fibers with “poor physical properties” were those which
could not be lifted out of the bath without breaking or which
could not be stretched. Microscopic observation of stretching
these fibers as the spinning solution was extruded into the
coagulating solution revealed that a thin, almost brittle surface
layer coagulated quickly while the interior of the fiber re-

Table 1—Composition of WPC made from cottage cheese whey

Component Percent3
Protein 70.8
Lactose 2.7
Fat 3.1
Ash 11.4
Moisture 4.6
Phosphate 4.3

Means of three lots sampled four times

mained fluid. As the fiber was pulled out, the surface layer
broke, and succeeding surface layers coagulated resulting in a
fiber with progressively decreasing diameter. When fibers were
extruded into the coagulating bath and allowed to remain until
they did completely coagulate, the fibers were very brittle and
could not be manipulated. Although none of the treatments
without detergent gave satisfactory fibers, the spinning solu-
tion which most nearly approached success was 15% WPC, pH
9.0, and 0.5% 2-mercaptoethanol. Concentrations of WPC
above 15% and pH values in excess of 9.0 resulted in gelation
of the dispersions.

Lundgren (1949) investigated the formation of protein
fibers with spinning solutions containing egg albumin and
sodium dodecylbenzene sulfonate. Spinning solutions having
detergent to protein ratios of 0.66 to 1.5 and 18 to 24% total
solids resulted in optimum fibers. The ability of reduced pro-
tein to bind more detergent than its native counterpart
(Hunter and McDuffie, 1959; Pitt-Rivers and Impiombato,
1968), together with increased solubilization of protein by
detergents contributed to improved fibers when 2-mercapto-
ethanol was added to the spinning solutions.

In agreement with Lundgren’s (1949) findings, fibers with
good physical properties were obtained with spinning solutions
containing 25—30% total solids, sodium dodecylbenzene sul-
fonate to WPC ratios of 1.0 to 15 in the presence of 0.5%
2-mercaptoethanol. At pH values above 9.0 there was no addi-
tional beneficial effect on observed fiber properties, so pH 9.0
was chosen for all further work. Lundgren (1945) obtained
improved fibers when spinning solutions were aged after prepa-
ration. His results, plus the fact that WPC—detergent disper-
sions underwent viscosity changes over time, indicated that
this parameter should be included.

Evaluation of fibers

Table 2 shows the effect of the variables employed on fiber
diameter. Stretching, as expected, had the greatest effect on
this parameter. Analysis of variance by the split plot design
indicated that fiber diameter was not significantly affected by
WPC and detergent concentrations or by time elapsed before
spinning. However, comparison of means by Tukey’s W-pro-
cedure (Steel and Torrie, 1960) showed an inverse effect on
diameter by concentration of WPC and detergent. Some dif-
ferences were also significant for time and extracting solution.

Analysis of variance and comparison of means of the In-
stron data for tensile strength, Table 3, indicated that the only
significant effect was from stretching the fibers which in-
creased tensile strength. Conversely, elongation of stretched
fibers was less than that of unstretched fibers, Table 4. The
magnitude of this effect was not large as indicated by the
values of the means. These effects might be explained by
orientation phenomena brought about by stretching. Stretch-
ing should induce longitudinal orientation of unfolded protein
molecules while the coagulated protein-detergent complex is
still in a plastic state. Upon drying, the stretched, highly ori-
ented fibers would be expected to withstand less elongation



Table 2—Diameter of finished fibers

Cone of
detergent Age of
Fiber Detergent & WPC spinning solutions
type extractant (%) 0 hr 6 hr 24 hr
diam (cm X 104)a.b.c
Stretched 60% Acetone 12 80.7a 71.8b 82.8a
14 52.8d 54.0d 41.0e
60% Acetone 12 79.0ac 66.3f 74.3bc
+ 5% KCI 14 45.4e 43 .4e 41.3e
Unstretched 60% Acetone 12 174.99 181.1 h  204.2k
14 170,89 162.9m 115.4n
60% Acetone 12 184.7 hj 171-0g 189.8j
+ 5% KCI 14 130.7p 144.3q 111.3n

a Means of 10 observations on 10 samples from each of two replicate
lots

b Means followed by the same letter are not significantly different at
the 5% level by Tukey's W-procedure

c Standard error = 1.010

Table 3—Tensile strength of finished fibers

Cone of
detergent Age of
Fiber Detergent 8i WPC spinning solutions
type extractant (%) 0 hr 6 hr 24 hr
Tensile strength3’1*0
-g/cm 1-
Stretched 60% Acetone 12 25900a 27100a 19300a
14 23200a 30300a 38100a
60% Acetone 12 18700a 29000a 19500a
+ 5% KCI 14 25200a 18900a 25500a
Untretched 60% Acetone 12 8400b 8300b 7500b
14 9200b 9800b 8800b
60% Acetone 12 8200b 8500b 10500b
+ 5% KCI 14 9100b 7200b 9600b

a Means of two measurements on 10 fibers from each of two replicate
lots

b Means followed by the same letter are not significantly different at
the 5% level by Tukey's W-procedure

c Standard error = 515.26

Table 4—Elongation of finished fibers

Cone of
detergent Age of
Fiber Detergent & WPC spinning solutions
type extractant (%) 0 hr 6 hr 24 hr
Elongation, %&b.¢
Stretched 60% Acetone 12 1.80a 151a 1.63a
14 1.79a 1.65a 1.56a
60% Acetone 12 1.50a 1.78a 1.68a
+ 5% KCI 14 1.55a 1.47a 1.44a
Unstretched 60% Acetone 12 2.95b 2.90b 2.34b
14 2.68b 2.90b 2.35b
60% Acetone 12 3.28b 2.83b 3.15b
+ 5% KCI 14 2.15b 2.30b 2.95b

a Means of two measurements on 10 fibers from eachi of two replicate
lots

b Means followed by the same letter are not significantly different at
the 5% level by Tu Key's W-procedure

c Standard error - 0.391

FIBROUS PROTEIN FROM COTTAGE CHEESE WHEY-1M

Time (Hr.)

Fig. 2—Changes in apparent viscosity o fspinning solutions as a func-
tion of time. (“Standard error = 38. 14; bStandard error = 0.40;
cStandard error = 0.14; dMeans o f three replicate lots, each sampled
in triplicate. |

before breaking than fibers which had been prepared so that
less orientation resulted, i.e., without stretching. Work by
Moncrieff (1970) supports these assumptions. Similarly, a
fiber consisting of longitudinally oriented protein molecules
could be expected to have greater tensile strength than one
consisting of protein molecules in a more random arrangement
after the fibers had been air dried.

Apparent viscosity relationships

A change was noted in apparent viscosity of spinning solu-
tions over time. Measurements were made on WPC dispersions,
detergent solutions, and mixtures of the two made into spin-
ning solutions. At zero time, 10, 12 and 14% WPC dispersed in
water at pH 9.0 with 0.5% 2-mercaptoethanol showed appar-
ent viscosities of 4, 4.8 and 5.5 centipoise. The same concen-
trations of the detergent, sodium dodecylbenzene sulfonate,
showed apparent viscosities of 2.5, 3.9 and 3.4 centipoise.
There was no apparent change over a 24-hr period, and the
shearing action involved in making the measurements with the
Brookfield instrument had no effect on measured values. How-
ever, when WPC and detergent were mixed to prepare spinning
solutions, there was an effect from time of aging and a pro-
found effect from concentration of WPC and detergent. Figure
2 demonstrates these changes. Analysis of variance of the data
indicated significant effects (P < 0.001) from concentrations,
elapsed time, and their interaction to produce a non-linear
decrease in apparent viscosity with time, and much higher vari-
ation among the 3 replicates were noted at the 14% level. In
spite of the variations noted, no consistent effect of apparent
viscosity of spinning solutions on the physical properties of
finished fibers can be noted from time effects in Tables 2, 3,
and 4.
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Composition

The protein, detergent, and phosphate contents cf finished
fibers and tows are shown in Table 5 on a dry weight basis.
The protein content was greater than 93% in all samples
tested, and ranged higher in fibers and tows prepared with 12%
WPC and detergent than in those made from 14%. In general,
the phosphate content of fibers and tows was lower when they
were prepared from spinning solutions of the lower concentra-
tion. The concentration of neither of these components ap-
peared to be affected by stretching nor by the solution used to
extract the detergent. Moisture content was consistently <5%.

Comment

The amount of detergent that was extracted by the one-
step extraction process was of concern. When the data on
residual detergent in Table 5 were analyzed by analysis of
variance, none of the treatments were significant. It was possi-
ble to produce finished fibers and tows consistently with less
than 1% residual detergent with individual samples as low as
0.30% by the single extraction procedure. Sodium dodecyl-
benzene sulfonate is not accepted as a direct food additive,
though it has been approved for fruit and vegetable wash solu-
tions (Anon., 1965), in the preparation of plastics for food
containers (Anon., 1966; Anon., 1970) and at unspecified
levels for lye peeling solutions (Rothchild, 1973). Human
volunteers given 0.1g doses of alkyl benzene sulfonates daily
for four months showed no ill effects (Anon., 1967). Consider-
ing that dry fibers after spinning would contain almost 50%
detergent, the one-step extraction procedure with 60% aque-
ous acetone was an efficient way to remove the bulk of the
detergent. However, if the finished fibers were used in food
application, the residual detergent should be further reduced
by sequential extraction, or a protein dispersing agenr which is
acceptable as a direct food additive should be employed.

For these materials to have food applications, particularly
as meat analogues, they should retain their fibrous integrity
through a reasonable cooking treatment, knit well as bundles,
have a bland flavor and acceptable mouthfeel. Dry finished
fibers, when subjected to boiling in water for 30 min, retained
their fibrous character and absorbed water to the extent of
1.25 times their dry weight. Although the dry fibers and tows
were rather brittle, they quickly absorbed water at room tem-
perature and became pliable. Rehydrated fibers were bland in
flavor and had a pleasing mouthfeel, somewhat resembling
small fiber bundles of cooked chicken meat. Tows made by
collecting 100 stretched fibers as a bundle on the take-up reel
behaved similarly when rehydrated and heated in water, and
the tows did not separate into individual fibers. This indicated
that no additional binder would be needed.

The results indicated that protein fibers could be produced
from aqueous WPC dispersions, but that the physical proper-
ties of such fibers were so poor that they were of no practical
value. Twelve and 14% dispersions of WPC containing equal
concentrations of the detergent, sodium dodecylberzene sul-
fonate, in the presence of 0.5% 2-mercaptoethanol at pH 9.0
formed continuous fibers which could be stretched and made
into tows. The bulk of the residual detergent could be ex-
tracted with 60% aqueous acetone. The finished Lbers and
tows retained their fibrous integrity through 30 min boiling in
water. Overall mean composition of the finished fibers was

Table 5—Compositions of finished fibers and tows (dry wt basis)

Cone of
Fiber detergent
type & WPC Protein3 Phosphatel* Detergent3

Stretched 12 99.1 0.32 0.60
14 96.5 1.39 0.54
Unstretched 12 98.1 0.39 0.69
14 95.4 1.55 0.61
Tows 12 103.1 1.21 0.56
14 98.8 1.35 0.85

a Means of 12 samples from each of two replicate lots

BB Means of six samples from each of two replicate lots, as P04

c Standard errors: Protein—0.629; Phosphate—0.025; Detergent—
0.068

98.5% protein, 0.6% detergent, and 1.0% phosphate on a dry
weight basis.
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A COMPARISON OF SOME CHEMICAL PROPERTIES OF YOGURTS
MADE FROM CONTROL AND LACTASE-TREATED MILKS

ABSTRACT

Certain properties of yogurts made from regular commercial skim milk
and from milk which had been treated with lactase enzyme so that
70-75% of the lactose was hydrolyzed to glucose and galactose were
evaluated. Initially faster rates of acid production in lactase-hydrolyzed
milks (LH) during fermentation resulted in somewhat shortened pro-
cessing times, although a decrease in the rate of acid production oc-
curred earlier during fermentation in the LH milk so that final product
pH was similar for both the control and LH yogurts. Control yogurts
contained 5.0% lactose and 0.2% galactose while LH yogurts contained
1.6% glucose, 1.5% lactose and 2.1% galactose. Appreciably more lactic
acid was produced in LH yogurts and this effect has been related to
fermentation by the starter culture organisms of a greater proportion of
the available sugar as glucose.

INTRODUCTION

RECENT INVESTIGATIONS have shown that a significant
proportion of the world’s population is unable to digest the
disaccharide lactose due to a deficiency of lactase in the intes-
tinal mucosa. According to a statement released by the Food
and Nutrition Board of the National Academy of Sciences in
1972, 60—90% of non-Caucasian peoples have low lactase ac-
tivity. The inability to digest lactose may result in the manifes-
tation of symptoms such as stomach cramps, flatulence and
diarrhea when milk and certain other dairy products are con-
sumed (McCracken, 1971). In a survey of the etiology of lac-
tose intolerance, McCracken (1971) noted that fermentation
breaks down the lactose in milk and, although the lactose
never completely disappears, the proportion of lactose in a
fermented product may be reduced enough to make a product
compatible to intolerant people. However, commercial yogurts
made in the United States have been found to contain appre-
ciable amounts of lactose due to the practice of fortifying the
yogurt mix with nonfat milk solids. Goodenough (1975) re-
ported lactose values for commercial yogurts ranging from
3.3—5.75%. Even higher values have been reported elsewhere
in the literature (Acott and Labuza, 1972). Thompson and
Gyuricsek (1974) developed a process for the manufacture of
a yogurt product low in lactose. Their procedure involves pre-
treatment of milk with lactase in order to convert the milk
lactose to glucose and galactose. They reported that yogurt
manufactured by their process set more rapidly than yogurt
made by conventional methods and had good acceptability.
This study was undertaken to define the microbial and chem-
ical properties of yogurts derived from lactase-hydrolyzed
milks and to gather information concerning the types of
changes which might occur in other cultured dairy products
manufactured from lactase-treated milks.

MATERIALS & METHODS

Bacterial cultures

The culture employed for yogurt manufacture was a mixed yogurt
starter culture consisting of Streptococcus thermophilus and Lacto-
bacillus bulgaricus (LBST4) supplied by the Marshall Div. of Miles Lab-
oratories, Madison, Wise, in cryogenic form. Cryogenic cultures which
were kept stored in liquid nitrogen were thawed and then inoculated
into sterile skim milk. Transfers in sterile skim milk were made daily.

Preparation of hydrolyzed lactose milk
Skim milk fortified 4% wiv with nonfat milk solids was incubated

with 300 Myml of Saccharomyces lactis O-galactosidase (“Maxilact,”
Enzyme Development Corp., N.Y.) to hydrolyze the lactose to glucose
and galactose. Incubation was overnight at 4°C with constant stirring
and resulted in hydrolysis of 70-75% of the lactose.

Preparation of yogurts

Fortified control and lactase-hydrolyzed (LH) milks were heat
treated at 105°C for 15 min and then cooled to 43°C prior to inocula-
tion. The milks were inoculated at a level of 2% with the mixed yogurt
starter culture which had previously been grown at least twice for 24 hr
at 30°C in sterile skim milk. The inoculated milks were incubated in a
water bath at 44°C and acidity in the milks was allowed to develop
until the pH decreased to 4.6. Finished yogurt products were refrig-
erated at 4°C.

Enumeration of starter culture organisms

Enumeration of the starter culture organisms was made by plate
count using Hansen’s Yogurt Agar (Porubcan and Sellars, 1973) pre-
pared as follows: 15.0g Bacto-agar (Difco), 1.0g beef extract and 10.0y
proteose peptone #3 (Difco) were dissolved in 900 ml of distilled water
with boiling and then autoclaved at 121°C for 15 min. To the sterile
agar cooled to 46-47°C was added 2.59 glucose, 2.59 galactose and
5.0g lactose per liter in the form of sterile 10% solutions of the sugars
sterilized by Millipore filtration using a 0.22p pore size Millipore filter
(Millipore Corp., Bedford, Mass.). Pour plates were incubated at 37°C
for 48—2 hr and then counted. The starter culture organisms were
easily differentiated from each other on this medium since L. bulgaricus
formed diffuse low mess colonies while S. thermophilus formed dis-
crete high mess colonies. Identity of the two types of colonies was
confirmed by microscopic examination.

Acid development

Acid development was followed by measuring pH during the fer-
mentation period using a Radiometer pH Meter Model 22 (Radiometer;
Copenhagen, Denmark%l.

Sugar analyses

One-ml samples of the yogurt mix or the final yogurt product which
had been well mixed prior to sampling were placed in centrifuge tubes
containing 1.0 ml of 1OM acetate buffer pH 4.6 and well mixed.
(Reproducibility of the volumetric sampling procedure for yogurt wes
investigated. The sampling procedure was found to have a variance of
0.0007 and a standard deviation of 0.026.) Precipitated casein wes
removed by centrifugation at 30,000 x G for 15 min at 4°C in a Servall
Superspeed RC-2 Centrifuge. Aliquots of the clear supernatants were
analyzed for glucose, galactose and lactose.

Glucose was determined using the Salomon and Johnson reagent as
described by Jasewicz and Wasserman (1961) but with the following
modifications. To 0.1 ml of sample containinP 15-150Mg of glucose
were added 2.0 mi of water and 15 ml of Salomon and Johnson rea-
gent. The color was allowed to develop at room temperature for at least
1 hr and then the absorbancies of the solutions were read at 635 nm
using a Zeiss Model PMQ Il Spectrophotometer.

Lactose was determined by measurement of the glucose released
following hydrolysis with lactase as follows. A 3.0-ml aliquot of Maxi-
lact lactase (Enzyme Development Corp., N.Y.) in 0.1IM phosphate
buffer at pH 7.0 (6 mg/3 ml) was added to 0.1 ml of sample and
incubated for 3 hr at 30°C. The enzyme reaction was terminated by
placing the samples in a boiling water bath for 5 min and the solutions
then clarified by centrifugation. One tenth ml aliquots were analyzed
for glucose by the procedure previously described. Lactose concentra-
tions were calculated by multiplying the glucose concentrations by
192

Galactose measurements were made by an enzymatic method utiliz-
ing galactose dehydrogenase. The method used was a modification of a

rocedure described in the Boehringer-Mannheim catalogue (Boe-
ringer-Mannheim Corp., N.Y.). The assay medium consisted of 0.84 ml
0.IM Tris-HCI buffer pH 8.6; 0.05 ml /3:NAD, 5 mg/ml (Sigma Corp.,
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St. Louis, Mo.); 0.10 ml sample and 0.01 ml (3-galactose dehydrogenase
(Sigma Corp.) diluted to approximately 3 U/ml The assay solutions
were incubated at 25°C for 75 min and then read at 340 r.m using a
Zeiss Model PMQ Il Spectrophotometer.
Other analyses

Yogurt samples having a pH of 4.6 were centrifuged at 33,000 x G
for 15 min in a Servall Superspeed RC-2 Centrifuge at 4°C to sediment
the insolubilized casein. The supernatants were used for lactic acid,
acetaldehyde and diacetyl determinations. Lactic acid determinations
were made by the procedure of Lawrence (1970). Acetaldehyde was
determined by the method of Lindsay and Day (1965) and diicetyl was
determined by the method of Pack et al. (1964).

Al experiments were carried out in duplicate and each experiment
was repeated twice.

RESULTS & DISCUSSION

Acid development

Curves illustrating the decrease in pH which took place in
LH and control milks during the preparation of yogurts are
presented in Figure 1. Less time was required for the pH to
decrease to 4.6 in LH milk than in the control. Faster acid
development in milk cultures to which lactase has been added
has been reported previously. Gilliland et al. (1972) reported
that acid production by lactic streptococci in milk was stimu-
lated by the addition of (3-galactosidase while Thompson and
Gyuricsek (1974) reported that acid development was in-
creased and set time decreased when yogurts were prepared
from lactase-hydrolyzed milks. In our experiments faster acid
development in yogurts prepared from LH milk was primarily
due to an acceleration in the initial rate of acid production
when the lactose was prehydrolyzed. This effect diminished,
however, as acidity built up in the product, probably as a
result of inhibition of the starter culture organisms due to the
rapid production of large amounts of acid. Further cecreases
in pH took place during storage at 4°C. After 24 hr of cold
storage, the pH of control and LH yogurts had declined to
4.39 and 4.42, respectively. During an additional 3-4 wk of
storage at 4°C, there was a further decrease in pH to about 4.1
in both products. Decline in pH of yogurts during cold storage
has been reported by Tramer (1973) who related this effect to
the ability of the starter culture organisms to carry out meta-
bolic processes at cold storage temperatures.

Growth of starter culture organisms

Growth curves of a mixed starter culture consisting of S.
thermophilus and L. bulgaricus in control and LH yogurts are
presented in Figure 2.

Patterns of growth of the starter culture organisms were
similar in both yogurts. S. thermophilus predominated in the
early stages of the yogurt fermentation due to a rapii rate of
growth which was initiated almost immediately after inocula-
tion into the milk medium while L. bulgaricus did not begin to
multiply rapidly until the latter stages of fermentation after S.
thermophilus had reached the stationary growth phase. Similar
growth patterns were reported by Bautista et al. (1S66) in a
discussion of the associative growth of yogurt starter culture
organisms. Bautista et al. (1966) reported that the lactobacilli
stimulate the growth of the streptococci by liberating essential
amino acids from the milk proteins. However, the lactobacilli
are more acid tolerant than are the streptococci and thus can
grow during the latter stages of the fermentation when growth
of the streptococci has been inhibited by low pH. Thus our
results show that prehydrolysis of the milk lactose had no
effect on the symbiotic growth relationships of the starter
culture organisms used in this study.

Sugar concentrations
Concentrations of glucose, galactose, and lactose ir LH and
control milks prior to fermentation and in the finished yogurt

products after 24 hr of storage at 4°C are given in Table 1
There was a 30% decrease in the lactose content of control

milk during fermentation and a slight accumulation of galac-
tose. The mixed starter culture appeared to be unable to
metabolize all the galactose released through intracellular
hydrolysis of lactose and the galactose which was not utilized
was released into the medium. Gilliland et al. (1972) observed
an accumulation of galactose in milk cultures during growth of
S. lactis Cio- They suggested that S. lactis Ci0 was unable to

Table 1—Sugar concentrations in control and LH milks prior to
fermentation and in the finished yogurt products after 24 hr of
storage at 4°C.

Control LH
Initial Final Initial Final
Glucose (%) 0.0 0.0 2.6 1.6
Galactose (%) 0.0 0.2 2.3 2.1
Lactose (%) 7.1 5.0 2.1 1.5

Fig. 1—Changes in pH which occurred during the fermentation of
control and lactase-hydrolyzed milks by a mixed yogurt starter cul-
ture.

Fig. 2—Growth of a mixed culture of S. thermophilus and L. bul-
garicus in control and lactase-hydrolyzed milks, o, L bulgaricus LH
milk; a, L. bulgaricus control milk; o, S. thermophilus LH milk; e,
S. thermophilus control milk.



utilize all the galactose resulting from catabolism of lactose in
milk. Thus it appears that at least certain of the lactic acid
bacteria are unable to maximally utilize galactose which is
bound in the form of lactose.

Glucose levels in LH milk decreased by 38% during fermen-
tation. In addition, there was a 29% decrease in the lactose
content. These results indicate that levels of lactose remaining
in lactase-treated milk will be even further decreased during
the yogurt manufacturing process. Galactose concentrations,
however, showed little or no change during the fermentation
process, indicating that free galactose which was made avail-
able by prehydrolysis of the lactose was not fermented by the
starter culture organisms.

Finished yogurt products prepared from control milk con-
tained about 3.5 times as much residual lactose as did the LH
yogurt, i.e., 15% in the LH product as compared with 5.0% in
the control product. This substantial reduction in residual lac-
tose levels was achieved both by the prehydrolysis treatment
and microbial fermentation of some of the remaining lactose.
Thus, partial enzymatic hydrolysis of the milk lactose is satis-
factory since a 70% hydrolyzed milk yielded a product in
which the lactose had been decreased by 80%.

Yogurt flavor compounds

Concentrations of some typical yogurt flavor compounds in
pH 4.6 yogurts prepared from control and LH milks are given
in Table 3. The LH yogurt contained appreciably more lactic
acid than did the control yogurt at pH 4.6. However, acetalde-
hyde concentrations were about the same while no diacetyl
was found in either product. The end products of glucose
fermentation by the homolactic lactic acid bacteria have been
reported to be lactic, acetic, and formic acids, C02, ethanol,
glycerol, biacetyl, acetoin, and 2,3-butanediol (Platt and
Foster, 1958). Acetaldehyde is also an end product of micro-
bial metabolism in milk cultures (Keenan et al., 1966). Steele
et al. (1954) reported that there are marked quantitative but
not qualitative differences in the end products produced by
Streptococcus pyogenes, Streptococcus faecalis and Lactoba-
cillus casei when these organisms are grown on galactose as
opposed to glucose. They found that when galactose serves as
the energy source, a much smaller proportion of the sugar is
converted to lactic acid and a proportionately greater amount
is converted to acetic acid, formic acid, and ethyl alcohol than
when glucose serves as the energy source.

Calculations of the total amounts of glucose and galactose

Table 2—Concentrations of some typical yogurt flavor com-
pounds in control and LH yogurts at pH 4.6.

Lactic acid Acetaldehyde Diacetyl
(%i (ppm) (ppm)
Control 0.47 2.5 0
LH 0.61 2.4 0

Table 3—Amounts of glucose and galactose catabolized by a
mixed yogurt starter culture in control and LH milk during yogurt
preparation

Control LH
Tot. CHO Glu. Gal. Tot. CHO  Glu. Gal.
(%) (%) (%) (%) (%) (%)
Initial 7.10 3.55 3.55 7.00 3.65 3.35
Final 5.20 2.50 2.70 5.20 2.35 2.85
Amount
utilized 1.90 1.05 0.85 1.80 1.30 0.50
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catabolized by the yogurt starter culture organisms in control
and LH milks in our experiments are presented in Table 3.
Calculations of the amount of galactose catabolized in LH
milks are based on the amounts of lactose consumed. Our
calculations show that almost twice as much galactose was
metabolized in control milk as in LH milk. Thus, our data
indicate that the greater quantities of lactic acid produced by
the yogurt starter culture organisms in LH milk may have been
due to an alteration in the patterns of metabolites produced
resulting from the utilization of a greater proportion of the
total available sugar in the form of glucose.

In flavor evaluations of the two yogurts by a sensory panel,
the LH yogurt was scored significantly higher than was the
control product due to the substantially sweeter character of
the former resulting from the presence of free glucose and
galactose. Although some panel members commented that
there appeared to be some other flavor differences between
the two yogurts in addition to the difference in sweetness, the
substantially greater sweetness of the LH yogurt was the over-
riding factor in evaluation of this particular product.

Our results have shown that more lactic acid is produced by
a mixed yogurt starter culture consisting of S. thermophilus
and L. bulgaricus in yogurts prepared from LH milk. In addi-
tion we have observed that a greater proportion of the total
available carbohydrate is catabolized in the form of glucose in
LH milk. Thus our data indicate that lactase treatment of milk
to be used in the manufacture of cultured dairy products may
result in changes in the flavor profiles of the resulting prod-
ucts. Such changes may occur as a result of alteration in the
types or amounts of metabolic end products produced by the
starter culture organisms when the lactose in milk is prehydro-
lyzed so that a greater proportion of the carbohydrate avail-
able for fermentation is metabolized in the form of glucose.
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CONDITIONING PECANS WITH STEAM TO IMPROVE SHELLING
EFFICIENCY AND STORAGE STABILITY

ABSTRACT —

Inshell pecans (Carya illinoensis, cvs. Stuart and Schley) were condi-
tioned for cracking and shelling by a 3-min atmospheric-steam process
and by two processes used commercially. Conditioned and untreated
pecans were evaluated for shelling efficiency and for storage stability of
the meats. Shelling efficiency was based on percent halves obtained;
and storage stability, on changes in peroxide and free fatty acid values,
sensory evaluations, and Hunter a/b values during accelerated storage of
the halves at 21°C—65% RH. Steam-treated pecans yielded 12—17 per-
centage points more halves than pecans conditioned by the other proc-
esses, and 19 percentage points more halves than the untreated nuts.
Halves from steam-treated nuts were less susceptible to oxidative and
hydrolytic deterioration during storage.

INTRODUCTION

A MAJOR SOURCE of economic loss in the pecan industry is
the low and variable yields of nutmeat halves from commercial
shelling operations. These low and variable yields of halves
require processing of a large quantity of nutmeat pieces. Since
pieces of different sizes are kept separated during grading and
packing, a high yield of pieces would require replicates of a
number of equipment items in the shelling plant, thereby in-
creasing labor and equipment costs. Because of their small
sizes, pieces are difficult to handle; and expensive electronic
color sorting equipment is required for grading to remove de-
fective kernels and shell fragments. The variation in yield of
halves prevents the development of operating schedules for the
most efficient utilization of equipment, labor and facilities.

A low yield of halves also results in losses due to a price
differential between halves and pieces. Also, pieces have a
shorter shelf life than halves (Woodroof and Heaton, 1962)
and are the more susceptible to insect infestation during stor-
age. Depending on market conditions, halves may sell for
$0.03—0.1 5/Ib more than pieces. There is a demand for pieces,
but it would be more economical to obtain a high, uniform
yield of halves, which can be chopped into pieces on a custom-
order basis.

In commercial shelling plants inshell pecans are “condi-
tioned” prior to cracking and shelling to improve the yield of
halves (Woodroof and Heaton, 1961). The process most widely
used involves soaking ir.shell pecans in large vats of water con-
taining 1000 ppm chlorine for 1—2 hr and then holding them
for 12—24 hr before cracking. Another process that is used by
a few processors is soaking the pecans in 85°C water for 3—5
min and holding them for 12—24 hr before cracking. These
processes sanitize the shells and increase the moisture content
of the kernels, making them more pliable and preventing them
from breaking into pieces during cracking and subsequent
handling. These processes are effective in improving yields of
halves, to an extent, but there is still considerable variation
and low yields within and among shelling plants. At the pres-
ent time, typical yields of halves in commercial shelling oper-
ations range from 50-80%.

A disadvantage of the conditioning processes currently used
is the long process time of 12-24 hr. The chlorine-soak
method is also batch-type rather than in-line. Consequently,
labor and equipment requirements are excessive, and a con-
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siderable amount of plant floor space is required for storing
the product in-process. Also, the moisture content of the
shelled kernels is high and may be detrimental to quality
unless reduced to at least 4.5% before storage (Heaton and
Woodroof, 1970). The process could also be a source of prod-
uct contamination if effective sanitation practices are not
strictly adhered to.

Forbus and Smith (1971) found that in conditioning pecans
by soaking, kernel moisture content and yield of halves ob-
tained in shelling increased significantly with soak water tem-
perature. Their finding on yields prompted them to recom-
mend that the commercial feasibility for a steam conditioning
process be investigated. In the past, some pecan shellers used
steam conditioning treatments but discontinued the use be-
cause the quality of the nutmeats was adversely affected.
Woodroof and Heaton (1961) reported that steam condi-
tioning methods increased the yield of halves but darkened the
kernels and gave them a slightly cooked flavor. These adverse
effects on quality were caused by subjecting the pecans to
steam under pressure and for time periods between 5—15 min.

A steam conditioning process would offer certain economic
advantages over existing commercial ones. Total process time
could be reduced from 13—24 hr to only several minutes.
Steam conditioning would be adaptable to an in-line process
and would significantly reduce the labor and equipment costs
for processing pecans. In addition to increasing the yield of
halves from shelling, a steam process might improve the
quality and storage stability of the nutmeats. Heat treatments
have been shown to effectively retard rancidity (McGlamery
and Hood, 1951).

The purpose of our work was to determine the commercial
feasibility of a steam conditioning treatment for pecans. Pre-
liminary work showed that a 3-min atmospheric-steam treat-
ment was the most effective steam process for improving the
yield of halves from shelling and for maintaining the quality of
the nutmeats. In this paper, we report the effects of selected
conditioning treatments, including the 3-min atmospheric-
steam process, on pecan shelling efficiency, and quality and
storage stability of pecan halves.

MATERIALS & METHODS

IN NOV. 1973, inshell pecans (Carya illinoensis, cvs. Stuart and Schley)
that had been commercially sized to 15/16 in. diam, cleaned, and sepa-
rated from the pops were obtained from a commercial shelling plant in
Georgia. They were stored, until removed for tests, at 0°C in woven
bags that held 100 Ib each.

In three replicate experiments, one sample each of the two pecan
varieties was conditioned for cracking and shelling by the following
treatments: TIl-check, or untreated sample; T2-soak 1 hr in 21°C
water bath with 1000 ppm chlorine and hold 12 hr before cracking;
T3—soak 3 min in 85°C water bath and hold 20 min before cracking;
and T4-subject to atmospheric-steam in retort for 3 min and hold 20
min before cracking. Conditioned samples were held at 21°C-65% RH
until cracked, and each sample consisted of 100 nuts. T2 and T3 are
conditioning processes used in the pecan shelling industry. T4 is the
proposed improved process we have developed.

Samples were conditioned, cracked and shelled in the pilot plant
under simulated shelling plant conditions. Shelling efficiency, based on
percent halves obtained, was determined for each sample. The nutmeats



were dried in a forced-air oven at 49°C until moisture content was
about 4% Physical and chemical parameters indicative of quality were
measured before the halves were packed in polyethylene bags for ac-
celerated storage at 21°C—65% RH. Sub-samples were removed from
storage at selected times through about 10 months, and quality parame-
ters measured. The parameters were kernel moisture content, color,
aroma, peroxide values, free fatty acids, and saturated, unsaturated, and
volatile carbonyls.

Processing

Samples were cracked by a commercial automatic pecan cracker
from Meyer Machine Co. One sample at a time was dumped into the
hopper of the cracker, and a continuous chain with pockets transferred
the nuts one at a time to slots in a rotating feed wheel. The feed wheel
rotated one nut at a time into position between the plungers of the
cracking mechanism and then stopped momentarily. The plungers
struck the nut from each end simultaneously, compressing and cracking
the shell. As the next nut was rotated into position for cracking, the
previous one was discharged into the collection pan on the shelf
beneath the discharge chute. The length of stroke of the cracking
mechanism was adjustable but held constant for all samples.

After a sample was cracked it was dumped into the hopper of a
commercial automatic sheller also from Meyer Machine Co. Cracked
nuts were automatically fed into a rotating drum formed by a series of
spaced cylindrical rings mounted along the length of the center shaft.
As the nuts moved through the drum they were agitated and thrown
toward the periphery by metal fingers that protruded perpendicularly
from the rotating center shaft. This action loosened the shells from the
nutmeats, and both were thrown through the %paces between the cylin-
drical rings. The kernel-shell mixture dropped through the discharge
chute at the bottom of the sheller into a collection pan. The sheller was
operated for 5 min after addition of sample.

For each sample the kernel-shell mixture from the sheller was
screen-sized by use of a laboratory shaker. The mixture was shaken for
1 min on a screen with mesh diameter of 8/16 in. The shells of the
kernel-shell mixture remaining on the screen were removed manually.
The halves were selected and dried to about 4% moisture.

Physical analyses

Samples conditioned by each treatment were evaluated for shelling
efficiency on the basis of percent halves obtained. The nutmeats in each
sample that met the specifications for halves in the United States Stand-
ards for Grades of Shelled Pecans (USDA, 1969) were selected by visual
examination and counted. Number of halves were converted to percent-
age of the 200 halves in the original sample.

For each replicate about 120g of halves from each treatment was
removed for analysis. 80g of the nutmeats from each treatment was
chopped to small sizes, and from this, 8-g portions were placed in 4-0z
glass jars. Jars were coded for sample identification, tightly sealed, and
left at ambient temperature for 30 min to allow volatile components to
equilibrate. Ten subsamples (one per panelist) of each sample were thus
prepared and were evaluated subjectively by 10 trained panelists for the
presence of oxidized lipid odor. Each panelist examined four sub-
samples (one per treatment) in a sensory evaluation room with subdued
lighting and positive air pressure. They rated odor on a hedonic scale of
1-9 with a score of 1 representing “like very much” and 9 representing
“dislike very much.”

60 halves per treatment were selected and divided into three sub-
samples for color difference measurements with a Hunterlab D25D
Measuring Unit. Each subsample of 20 halves was placed in the 2-in.
diam plexiglas sample holder, and the L, a, and b values determined
from four positions; the sample holder wes rotated 90° between read-
ings.
A 59 subsample of nutmeat from each treatment was chopped and
sized to ca 0.32 cm. Percent moisture was determined on ca 2g of the
sized nutmeats after it was dried to constant weight at 96-99°C and
100 mm Hg (AOAC, 1970).

Chemical analyses

Nutmeats that had been examined psychometrically were com-
posited according to treatment. Each composite was macerated with an
aluminum block and plunger and a Carver Laboratory Press. About 70
kg/cm?2 pressure was applied to force the nutmeats through the holes
(0.08 cm diam) in the block. The macerate was collected in glass
beakers, transferred to centrifuge tubes, and centrifuged at 10,000 X G
for 10 min. The separated oils were then decanted into glass vials,
flushed with nitrogen, and stored at 4°C until analyzed. Duplicate
analyses for peroxides, free fatty acids, saturated carbonyls, unsatu-
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rated carbonyls and volatile carbonyls were completed within 24 hr
after the nutmeats had been removed from storage.

Peroxide values, expressed as milliequivalent of oxygen per kilogram
of ail (meg OVkg oil), were determined according to Holloway (1966).
Values were determined from a standard curve of optical density (X) s
ju of Fe (y), and from the corresponding regression equation y =
36.426x + 0.2795 (r =0.998).

Free fatty acid values were determined according to Triebold and
Aurand (1963). 10g of ail was titrated to neutrality with 0.1IN KOH.
Results of such titrations are expressed as mg of KOH required to
neutralize the free fatty acids present in Ig of ail.

The formation of saturated and unsaturated carbonyls in the oils
was determined according to Berry and McKerrigan (1958); the ab-
sorbance of the 2,4-dinitrophenylhydrazones formed was measured
spectrophotometrically. Analysis for volatile carbonyl production was
based on the above procedure with the following modification; Smaller
size apparatus was used to hold a sample of ca 5g instead of IOQy;
nitrogen flow was 60 ml/min; and the entire condensate was dissolved
in 5 ml of methanol for color development and analyzed spectrophoto-
metrically. For highly oxidized pecan oil, the modified procedure gave
a volatile carbonyl index of 3873, which agrees well with the index of
2320 for oxidized soya-bean oil (Berry and McKerrigan, 1958).

Statistical analyses

Differences in shelling efficiency due to conditioning treatment and
pecan variety were determined by analysis of variance and Duncan’s
New Multiple Range Test (Steel and Torrie, 1960).

The relationships between the quality parameters and storage times
were difficult to determine because the nutmeats did not deteriorate as
rapidly as expected. In order to conserve samples, we analyzed a smaller
number of replicates during the later stages of the study; also, some of
the parameters were measured at storage times that differed for the two
varieties. After 24 wk storage only one replicate was analyzed for per-
oxide and free fatty acid values, saturated carbonyls, unsaturated car-
bonyls, volatile carbonyls, and hedonic ratings. All of these parameters
except the hedonic ratings, were run through 42 wk for Stuarts and 44
wk for Schleys. Hedonic ratings and color measurements were obtained
through 36 wk for the Stuarts and 39 wk for the Schleys.

From the entire data set, all possible correlations between variables
were calculated for each variety and for the varieties combined. Also,
for each variety, the regressions of each parameter as a function of
storage time were analyzed. For each variety and treatment, means of
the parameters were plotted against storage time.

From the entire data set, we selected four of the parameters for
detailed discussion on the effects of the treatments and accelerated
storage on overall nutmeat (wality. The parameters were peroxide
values, free fatty acid values, hedonic ratings, and Hunter a/b ratios.
Results of the carbonyl analyses are not discussed because they closely
paralleled those of the peroxides and free fatty acids. Selection wes
based on the correlation and regression analyses and examination of the
plots of these parameters vs. storage time.

Because of the unequal number of replicates for the measurement of
some parameters, and because some of the parameters were measured at
different storage times for the two varieties, we analyzed the experi-
mentally determined means rather than the values calculated from the
regressions. Differences in means at the 5% probability were evaluated
by Isd tests (Steel and Torrie, 1960).

RESULTS & DISCUSSION

OUR PRIMARY CRITERIA for evaluating the commercial
feasibility of the atmospheric-steam conditioning process for
pecans were the effects of the treatments on shelling efficiency
and on product quality and storage stability. Shelling ef-
ficiency was based on percent halves recovered under condi-
tions simulating commercial shelling operations. Evaluation of
treatment effects on the quality and storage stability of the
product was based on peroxide and free fatty acid values,
hedonic ratings of aroma, and color. Samples were stored at
21°C—65% RH, conditions that accelerate the deterioration of
quality.
Shelling efficiency

In the two-way analysis of variance for shelling efficiency,
the F value of 2.98 for varieties was not significant at the 5%
level; therefore the means for the treatments (Table 1) were
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computed over both varieties. In the analysis of variance, the F
value of 22.05 for treatments was significant at the 5% level.
Samples conditioned by the 3-min live-steam treatment (T4),
yielded an average of 91.42% halves, which was significantly

Table 1—Effect of conditioning treatment of pecans on shelling

efficiency based on percent halves3 obtained
Percent halves
Variety Treatment

Conditioning treatment Rep Stuart Schley means*10
75.50 77.50
68.50 71.00 72,67d
74.50 69.00

T1l—check, untreated
sample

T2—soak 1 hr 21° C water
1000 ppm chlorine, hold
12 hr 21° C—65% RH

70.00 76.50
69.50 72.50
83.00 77.50

74.83de

72.50 83.50
73.50 86.00 79.25e
80.50 79.50

86.00 95.50
91.50 89.00 91,42f
91.00 95.50

T3—soak 3 min 85°C water,
hold 20 min 21°C-65% RH

T4—ive steam 3 min,
hold 20 min 21°C-65% RH

W NP, WP, W=, W -

a Number of halves counted for each sample converted to percent of
200 halves in the 100-pecan sample,

b percent halves averaged over both varieties since difference be-
tween varieties not significant.

c Mean separation in column by Duncan's multiple range test, 5%
level.

WEEKS ACCELERATED STORAGE

Fig. 1—Effect of accelerated storage at 21°C—65% RH on peroxide
values of Stuart and Schley pecans conditioned by four treatments.
Peroxide values of oil are expressed as meq 0 2/kg oil.

greater than the means for all other treatments (Table 1). The
difference between treatment means for T2 and T3 (com-
mercial treatments) was not significant at the 5% level. The
treatment mean for T1 was not significantly different from
that for T2, but was significantly less than that for T3.

The percent yield of halves for T1 (72.67) was greater than
that expected for pecans not conditioned prior to cracking.
The increased yield may have been due to storage of the pe-
cans at 0°C, which maintained the kernel moisture content at
about 4%. This moisture content was higher than that of nuts
stored at ambient temperatures as in commercial practice.

Quality and storage stability

Deterioration in the quality of pecan nutmeats during stor-
age is attributable to lipid oxidation and hydrolysis. Increases
in peroxide and free fatty acid values are indicative of the
former and latter reactions, respectively. Increases in the
hedonic ratings of aroma reflected a decline in quality. Dark-
ening effect due to processing and storage was indicated by
increases in the Hunter a/b ratio, the ratio of red to yellow,
and indicates a decline in quality.

Peroxide values. Differences in peroxide values due to treat-
ments were not significant through accelerated storage of 30
wk for the Stuart variety and 33 wk for the Schleys (Fig. 1).

Beyond 30 wk storage of Stuart pecans, peroxide values
were significantly higher for T2 than for all other treatments.
At 36 wk storage of Stuart pecans, the peroxide value for T3
was significantly higher than that for T1 or T4; but at 42 wk
the value for T3 was significantly less than that for T1. At 36
wk storage, the peroxide values for T1 and T4 were not signifi-
cantly different; but at 42 wk, the peroxide value for T4 was
significantly lower than that for any other treatment.

At 39 wk storage of Schley pecans, peroxide values for T2,
T3 and T4 were not significantly different. The peroxide value
for TI was not significantly different from that for T4, but
was significantly greater than the peroxide values for T2 and
T3. At 44 wk storage, the peroxide value for T2 was signifi-
cantly greater than that for any other treatment. Differences
in peroxide values between TI, T3, and T4 were not
significant.

These data show that peroxide values for the Schley variety
did not increase as fast, nor to as high values as those for the
Stuarts. If the storage time for Schleys had been extended, we
assume that their values would have increased to values like
those reached by the Stuarts in this study. The data also sug-
gest that Schley pecans are less susceptible to oxidative de-
terioration than Stuart pecans.

Free fatty acid values. During 24 wk storage, no significant
differences due to treatment were apparent in free fatty acid
values for either the Stuart or Schley varieties (Fig. 2).

At both 30 and 36 wk storage of Stuart pecans, differences
in free fatty acid values for T2, T3 and T4 were not significant
at the 5% level. At 42 wk storage, free fatty acid values for T2
and T3 were not significantly different, but they were signifi-
cantly higher than the value for T4. Free fatty acid values were
significantly less for T1 than for all other treatments at 30, 36,
and 42 wk storage.

At 33 wk storage of Schley pecans, free fatty acid values
for T2, T3, and T4 were not significantly different, but they
were significantly less than the value for T1. At 39 and 44 wk
storage, free fatty acid values were significantly higher for T3
than for all other treatments. At 39 wk, the free fatty acid
value for T1 was significantly greater than that for either T2 or
T4, and the difference between T2 and T4 values was not
significant. At 44 wk, the free fatty acid value was signifi-
cantly less for T4 than for all treatments except T I.

Figure 2 shows that fatty acid production did not increase
at as fast rates nor to as high values in Schleys as in Stuarts.
This suggests that Schley pecans are less susceptible to hydro-
lytic deterioration during storage than Stuarts.



Hedonic rating. Differences in the mean hedonic ratings due
to treatments were not significant for either variety through
24 wk storage (Fig. 3).

Beyond 24 wk storage of Stuart pecans, hedonic ratings for
T2 increased (indicating a decline in quality) at a faster rate
than those for other treatments. The mean hedonic rating for
T2 was significantly different from that of any other treat-
ment at 30 and 36 wk storage. Mean hedonic ratings for TI,
T3, and T4 were not significantly different at 30 wk storage.
The mean hedonic ratings for T1 and T3 were not significantly
different at 36 wk storage. The mean hedonic rating for T4
was significantly different from that of any other treatment at
36 wk storage.

At 33 wk storage of Schley pecans, the mean hedonic rat-
ings for TI, T2, and T3 were not significantly different. Al-
though the mean hedonic rating for T4 was significantly differ-
ent from that for TI, it was not significantly different from
that for either T2 or T3. At 39 wk storage, mean hedonic
ratings for T2, T3 and T4 were not significantly different, but
they were significantly different from the value for TI. Be-
tween 33 and 39 wk, the mean hedonic rating for TI increased
at a faster rate than that for any other treatment.

Comparison of mean hedonic ratings and mean peroxide
values were made according to variety, treatment, and storage
period. Differences in peroxide values due to treatments were
not significant until 30 wk storage for the Stuarts and 39 wk
storage for the Schleys. However, the sensory evaluation panel
detected differences in the aroma of the samples stored only
30 wk for the staarts and 33 wk for the Schleys. This indicates
that the panel was efficient in detecting off-odors due to de-
terioration in quality.

WEEKS ACCELERATED STORAGE

Fig. 2—Effect of accelerated storage at 21° C—65% RH on free fatty
add values, which are expressed as mg KOH required to neutralize
the free fatty acids presentin 1gof oil.
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Fig. 3—Effect of accelerated storage at 21°C—65% RH on hedonic
ratings of Stuart and Schley pecans conditioned by four treatments.

Fig. 4—Effect of accelerated storage at 21°C—65% RH on the
Hunter Color a/b ratio of Stuart and Schley pecans conditioned by
four treatments.
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Color. The a/b ratios for all treatments and for both varie-
ties followed essentially the same trend during storage (Fig. 4).

For practically all storage periods, the a/b ratios were sig-
nificantly higher for T4 than for the other treatments. How-
ever, the a/b ratios did not increase at a significantly faster rate
for T4 than for the other treatments. These results indicate
that color of the pecans was affected more by T4 than by the
other treatments, but that storage stability of the pecans as
measured by reflectance was about the same for all treatments.

The a/b ratios for the Schley samples were higher initially
and increased at a more rapid rate to higher final values than
those for the Stuart samples. This indicates that Schley pecans
are more susceptible to color changes during storage than
Stuart pecans. Also, the a/b ratios for samples conditioned by
heat (T3 and T4) were higher initially than those for samples
from the other treatments, especially in the Schley variety.
The higher ratios for T3 and T4 can probably be attributed to
the thinner shells of the Schley variety, which allow greater
heat penetration.

Pecans conditioned by T4 underwent a slight color change
during processing. However, the change would not have re-
duced the value of the pecans and was difficult to detect with
the naked eye. Pecans conditioned by T4 appeared more uni-
form in color than those conditioned by the other treatments.

CONCLUSIONS & RECOMMENDATIONS

WE FOUND on the basis of shelling efficiency and storage
stability, that the 3-min atmospheric-steam conditioning proc-
ess for pecans was superior to conditioning processes presently
used in industry. Pecans conditioned by the 3-min live-steam
treatment yielded an average of from 12—17 percentage points
more halves than pecans conditioned by the commercial
methods, and 19 percentage points more halves than untreated
nuts.

Immediately after processing, the quality of nutmeats was
about the same for all conditioning treatments. Also, nutmeats
steam-treated in the shell were generally not as susceptible to
oxidative and hydrolytic deterioration during storage as those

from nutmeats conditioned by the commercial-type treat-
ments. Although the meats of steam treated pecans were
slightly darker than those of nuts conditioned by other treat-
ments, they were more uniform in color. The color change
would not have caused the nuts to be downgraded in quality
or selling price.

Commercial shelling plant operators could expect results
similar to those obtained in this study since the work was
conducted under simulated commercial conditions. Before the
steam process is adopted by industry, it must be adapted for
and tested in a commercial shelling plant, and the findings of
our study verified. Adoption of the process by the industry
could significantly reduce the marketing cost of pecans.
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OAT PROTEIN CONCENTRATES FOR BEVERAGE FORTIFICATION

ABSTRACT

Up to 4% oat protein concentrates can fortify either neutral or acidic
beverages. The concentrate was produced in good yield from both de-
fatted and nondefatted oat groats by alkaline extraction. If desired, the
gum and water-soluble protein fractions can be removed by a prelimi-
nary water extraction yielding a concentrate with a higher percentage
of protein. Nitrogen solubility of protein concentrate from defatted
groats in dilute phosphoric acid was considerably higher than one from
nondefatted groats. Fortified acidic beverages (pH 3) prepared with oat
concentrate from laboratory ground groats were slightly astringent in
taste. However, astringency was eliminated if the concentrate wes
produced from commercial oat flour (heat treated during production).
Milklike and breakfast-type beverages fortified with oat protein concen-
trate would be nutritious, palatable and easily prepared and flavored.

INTRODUCTION

NUTRITIONAL QUALITY of consumer foods and beverages
can be improved by adding vitamins, protein and other supple-
ments to them. To be well accepted, these additives must not
adversely affect native taste and original qualities. Fortifying
beverages with protein from various sources is not a new con-
cept. Holsinger et al. (1973) described the fortification of soft
drinks with 0.5-1% undenatured cheese whey protein. Also,
such protein combined with orange juice makes a beverage
somewhat similar in appearance and flavor to orange juice but
with a protein content about equal to that of milk and offers
the benefits of both (Anonymous, 1973). A lipid-protein con-
centrate derived from soybeans has been incorporated into
beverages with excellent qualities (Mustakas, 1974).

Because of their ubiquitous distribution in temperate re-
gions of the world, oats could be an excellent source of a
quality protein suitable for fortifying beverages and food
products. One leading U.S. oat company has announced a
multi-use oat powder from whole oat groats with a protein
content of 15% (Anonymous, 1974). Oat protein concentrates
produced by alkali extraction of ground groats (Cluskey et al.,
1973) have a bland taste and a high solubility around pH 2.5
(Wu et al., 1973). Development of an oat protein concentrate
possessing a protein content of approximately 75% and its
experimental use in palatable nutritious beverages is reported
here. Also, an acid-soluble fraction from the oat concentrate
was tested for fortifying many types of popular beverages,
including ades and carbonated drinks.

MATERIALS & METHODS

Qats

Qat flour was a gift from the National Oats Company, Cedar Rapids,
lowa. This commercial blend flour had been heat processed at the mill
and had a protein_content (nitrogen x 6.25) of 17.9% (dry basis).
Garland oats (Lot BH 474) purchased from Interstate Seed and Grain
Co., Fargo, N.D., had been grown in Minnesota in 1970 and had a
protein content of 17.2% (dry basis). Dal oats, a gift from H.L. Shands,
Dept, of Agronomy, University of Wisconsin, Madison, grown in Wis-
consin in 1971, had a protein content of 17.8% (dry basis) and repre-
sented a high-protein variety with a high oil content.

After the Garland and Dal oats were dehulled in an Alpine pin mill
at 1445 rpm, groats were separated from hulls by screening and aspira-

tion. Groats were then ground in a hammer mill; some were defatted
with 1-butanol, followed by a hexane wash to remove any remaining
solvent, whereas some were defatted only with hexane.

Protein concentrate

The procedure for making protein concentrate and by-products
from groats is diagrammed in Figure 1. Ground oat groats, 25-300g,
and water in a 1:6 ratio were mixed well before the slurry was stirred
for 25 min and then centrifuged for 10 min at 3300 x G in a Sorvall
laboratory centrifuge. The water extract containing water-soluble pro-
tein and gum was decanted and freeze dried. Water was then added to
the residue to restore the original volume of the slurry, 10M sodium
hydroxide was added to pH 9 and the slurry was stirred and centrifuged
again. Protein concentrate A (first sodium hydroxide extract, Fig. 1)
was recovered by neutralizing the alkaline supernatant with 6N hydro-
chloric acid and freeze drying the neutralized dispersion. The procedure
can be terminated at this point with neutralization and drying of the
residue. Pilot plant runs, using 12 kg of oat groats, were also made.

If additional fractions are desired, processing continues. The original
volume of the slurry is again restored by adding water to the alkaline
residue and by increasing pH to 9 with 10M sodium hydroxide. This
alkaline slurry is then stirred, passed through 100-mesh bolting cloth
and centrifuged; the supernatant is neutralized to get a second sodium
hydroxide extract. Finally, the starch fraction is neutralized and dried.
The concentrate resulting from the second sodium hydroxide treatment
has about one-half the protein contained in the protein concentrate A.
The pH optimum for protein extraction from commercial groat flour

Ground groats (or oat flour)

Add water
Stir
Centrifuge

* +
SuperrEtant Residue
reeze try Add sodium hydroxide

T Stir
Water »tract Centrifuge

Supernatant Residue

Neutralize with Add sodium hydroxide
hydrochloric acid Stir
Freeze-dry Pass through

. . bolting cloth
First sodium hydroxide extract

(Protein concentrate »]
Filtrate through bolting cloth Residue on doth
| Neutralize
\ | Freeze-dry

| Centrifuge

. t

Supernatant Residue Bran

Neutralize ! Neutralize
freeze dry 1Freeze-dry

Second sodiuit ydroxide extract Starch

Fig. 1—Schematic diagram for making oat protein concentrates and
by-products from ground groats or oat flour by alkaline extraction.
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was 10 rather than 9, the optimum for groats ground in the laboratory.

An alternate, shorter method to produce oat protein concentrate is
given in Figure 2. The oat flour is slurried with water and brought to
pH 10 with 10M sodium hydroxide. After stirring for 25 min, the slurry
Is centrifuged and supernatant pH lowered to 5.5 with 6N hydrochloric
acid. The residue cake is neutralized to pH 7 with acid and dried. This
residue contains starch, bran and residual protein. The protein-
containing supernatant is next centrifuged (16,000 x G), and the pre-
cipitated concentrate collected and freeze dried. When the protein con-
centrate is prepared in this manner, the term precipitated protein
concentrate B Is used. The supernatant containing the gum and the
water-soluble proteins is freeze dried. If the alkaline supernatant is
adjusted to neutrality and dried, the product is referred to as protein
concentrate C.

Analytical methods

Protein content was calculated from duplicate micro-Kjelda tl analy-
ses by multiplying percent nitrogen by 6.25 and expressed cn a dry
basis. Starch was measured by a polarimetric procedure (Garcia and
Wolf 1972). Total neutral carbohydrates of acid-hydrolyzed samples
were determined by a GLC method (Sloneker, 1971). Ash contents
were determined by AACC Approved Methods (1971).

Each sample for amino acid analysis was hydrolyzed in refluxing
constant-boiling hydrochloric acid for 24 hr, evaporated to dryness and

Table 1—Yield and composition of Garland (G) and commercial
blend (F) oat protein concentrates and by-products (% dry basis)

Total neutral
Protein carbohydrate
Yield (N X 6.25) Ash Starch of hydrolyzate

Fraction G F G F G G G

Groats 23.3 17.6 2.2 50.4
Water extract 7 5 25.6 15.4 7.9 4.7 55.8
Protein cone A 22 16 76.7 74.2 5.2 0 4.9
Second extract 4 4 37.6 39.6 14.1 0 31.9
Bolting cloth

residue 9 17 141 125 8.8 3.1 496
Layer above

starch 8 23 1R 2.6 79.6 91 9
Starch fraction 43 51 0.2 1'6 0.7 97.4 103 5

Fig 2—Schematic diagram illustrating preparation of protein con-
centrates from ground groats or oat flour.

dissolved in pH 2.2 citrate buffer. Amino acids were separated in a
Beckman Spinco Model 121 amino acid analyzer, and data were com-
puted automatically according to a procedure by Cavins and Friedman
1968).

( Pr())tein efficiency ratio (PER) assays were conducted by the WARF
Institute, Inc., Madison, Wis. Dal groats and Dal protein concentrate
were each fed to 10 weanling rats for 4 wk. Standard casein served as
the control. PER values were corrected to the casein value set at 2.5.

Solubility

The solubility of protein concentrate at various pH values was de-
termined by mixing 0.1 (or 0.4) g of concentrate with 10 ml of acid or
alkali solution. The mixture was stirred 25 min magnetically before
being centrifuged at 3300 x G for 10 min. The supernatant was ana-
lyzed for nitrogen by a micro-Kjeldahl procedure.

Preparation of beverages

Essentially two types of beverages were prepared: milklike (a neu-
tral type) and breakfast drink or ade (acidic types).

The milklike beverage was made with oat protein concentrate from
the commercial oat flour that contained the gum fraction, in total or in
part. Oat concentrate was added to water in the ratio of 2.5g to 100 ml
water. Since the protein concentrate was not 100% protein, the protein
content in the drink was based on the protein value calculated from
Kjeldahl nitrogen determinations. Sucrose was added and if desired a
flavoring. The ingredients were then mixed in a Waring Blendor for 1-2
min. Dispersion viscosity was varied by increasing or decreasing the
amount of the protein concentrate.

Protein concentrate was also used with commercial powdered drink
bases, such as chocolate- or strawberry-flavored milk shakes. Rather
than adding milk to the base, the concentrate and water gave an ac-
ceptable and palatable drink.

Xanthan gum, a natural biopolysaccharide, was added in some
beverage preparations to stabilize the suspension of concentrate parti-
clias.annthan gum is a food-grade product manufactured by Kelco Co.,
Clark, N.J.

To regulate viscosity of the milklike drinks, synthetic mixtures of
concentrate and gum-soluble protein fraction were investigated. The
ratio of 1:8, gum fractionconcentrate, was considered optimum for
beverages simulating a consistency of whole milk.

Beverages were also prepared from acid extracts of the concentrate
or from the concentrate solids in a pH 3 medium. Acid extracts were
prepared by mixing 4g of solid concentrate with 100 ml of dilute
phosphoric acid. The pH was adjusted to 3 by adding 1M phosphoric
acid. The mixture was stirred magnetically for 25 min and then centri-
fuged at 3300 x G for 10 min. The extract was sweetened, and if
desired, flavored and carbonated. Because of the unpleasant mouth feel
factor in some acid extract beverages, those that incorporated protein
concentrate C were favored. The breakfast or ade-type beverage, pre-
pared with protein concentrate C, was generally adjusted to pH 3 with
1M phosphoric acid. Acidic-type beverages were also prepared with
malic acid. Malic acid crystals, concentrate, sucrose and water were
blended to yield a mildly flavored drink. Other protein-fortified bever-
ages were prepared by mixing the desired level of solid concentrate with
gnc?rbonated soft drink syrup, blending and carbonating in a seltzer

ottle.

Astringency

An astringent aftertaste was common in acidic beverages fortified
with oat protein concentrate prepared from laboratory-milled groats.
However, this aftertaste was not present in concentrates prepared from
commercially available groat flour. During processing, commercial groat
flour is given a heat treatment that evidently removes the astringency
factor. For this reason, concentrates prepared from commercial groats
were used almost exclusively in acidic-type beverages.

Organoleptic evaluation

The protein-fortified beverages were scored by 10 experienced
tasters at the Northern Laboratory. Suitable controls were used. Flavor
scoring was from 1to 10 with 10 being the most bland. An intensity
value of 1.0 as weak, 2.0 as moderate and 3.0 as strong was given to the
f|aVé)r description by each taster. Any flavor can be added to the bland
product.

Yield and composition

The yield and composition of Garland protein concentrate and of
by-products are shown in Table 1 Water extraction removed oat gum,
as indicated by the high carbohydrate content, which causes extracts to



be difficult to screen because of their high viscosity. The water-soluble
oat albumins are extracted by water also. Protein concentrate A has
76.7% protein, 5.2% ash, no starch and 4.9% carbohydrate. The second
sodium hydroxide extraction gave another fraction high in protein and
significantly reduced protein contents of the subsequent bolting cloth
residue and starch fractions. When an alternative procedure is used-i.e.,
when the supernatant from centrifuging the first sodium hydroxide
slurry wes adjusted to pH 5.5 to precipitate the protein-this precipi
tated concentrate had a higher protein content, 89.9%, but a lower
yield, 1%

Fractionation of a commercial groat flour of 17.6% protein gives a
lower yield than Garland groats of protein concentrate A, 16%, a higher
bolting cloth residue, 17% and comparable water extract and second
sodium hydroxide extracts. The percentage protein in the first and
second sodium hydroxide extracts and in the bolting cloth residue is
nearly the same as that from a high-protein groat Garland. However,
the protein content of the water extract was 10% lower than in the
high-protein groat water-soluble fraction.

Amino acid composition

The anino acid compositions of defatted Garland groats, the water
extract ar.d the protein concentrate of the defatted groats and FAO
pattern (FAOMMHO, 1965) are given in Table 2. The data for the same
lot of defatted Garland groats were reported previously (W et al., 1973)
and are included here for comparison. The water extract has high lysine
and half-cystine contents. Defatted groats and the protein concentrate
have similar amino acid composition and both have good levels of
lysine, total sulfur amino acids and other essential amino acids com-
pared with the FAO pattern. Removal of the water extract from the
defatted Garland groats apparently caused little loss in essential amino
acids for the protein concentrate because the water extract only ac-
counted for a small part of the oat proteins (Table 1). The amino acid
profile of the concentrate from commercial groats was essentially the
same as that reported here.

PER values, corrected to standard casein set at 2.50, amounted to
1.87 for nondefatted Dal groats and 1.84 and 1.82 for two protein
freeze-dried and spray-dried Dal groat protein concentrates respec-
tively. Evidently, any processing involved in preparing protein concen-
trates does not decrease their nutritional value.

Solubility

Nitrogen solubility of Garland protein concentrate in 0.01M citric
acid and in 0.01M phosphoric acid is plotted in Figure 3. Either hydro-
chloric acid or sodium hydroxide solution was used to adjust pH to the
desired value. The minimum solubility of the protein concentrate in
both citric and phosphoric acids is near pH 5.5. Solubility increases
considerably in phosphoric acid and in citric acid at pH 2. Good solu-
bility wes also observed above pH 8. In general, ﬂhosphoric acid dis-
solved more Garland protein concentrate at all pH values than citric
acid, exc_tif)'g near the minimum solubility _re%ions. _Therefore, phos-
phoric acid is a better medium than citric acid Tor acidic-type beverage
fortification based on solubility of a protein concentrate. Similarly, a
solubility index curve was constructed for hexane-defatted Dal groat
concentrate; the percent nitrogen solubilized at pH 2 was similar to that
when butanol-defatted Garland concentrate was used.

Nitrogen solubility data were also obtained for protein concentrates
from nondefatted commercial groat flour. Two concentrates were pre-
pared as outlined in Figure 2; one contained the gum-solubles fraction,
1e., the total isolated sodium hydroxide extract C; the other, precipi-
tated protein concentrate B did not contain this fraction (Fig. 3). Phos-
phoric acid 0.01M was the solvent; the starting solids concentration was
4% Concentrate C containing the gum fraction was much less soluble in
the pH 2-3 range than the others. Also, the minimum solubility range
of concentrate B was broader (pH 4—6), and slightly higher in percent
nitrogen solubility. The commercial protein concentrate C showed solu-
bility characteristics similar to those of the Garland concentrate in
0.01M phosphoric acid between pH 4-6.

Solubility of Garland protein concentrates from defatted and non-
defatted groats in phosphoric acid between pH 2 and 3 is a function of
initial solid concentration (Table 3). Nitrogen solubility of concentrate
decreases as the starting solids concentration increases around pH 2.
The Garland concentrate from defatted groats had better solubility
than that from nondefatted groats; the difference in solubility is es-
pecially large at 3%or higher initial solid concentration.

Heat stability
When a 2%water-soluble fraction from Garland groats at pH 6.4 was

OAT PROTEIN FOR BEVERAGE FORTIFICATION-801

boiled in water for 10 min, the respective percentages of nitrogen per-
cipitated were 45 and 32 for nondefatted and defatted samples. How-
ever when the Garland protein concentrates were boiled in 0.1M citric
acid, pH 2.1, no precipitation occurred. Similar results were obtained
with 0.1M phosphoric acid.

Table 2—Amino acid composition of groat protein fractions
(g/16g nitrogen) and comparison with FAO standard pattern

Defatted Garland groats

Water Protein FAO
Amino acid® Groats extract cone A pattern
Lysine 4.1 6.5 3.8 4.2
Histidine 2.2 2.0 2.5
Ammonia 2.6 2.6 3.0
Arginine 7.0 4.6 8.1
Aspartic 8.1 13.0 8.5
Threonine 3.3 4.3 3.5 2.8
Serine 4.6 7.7 4.8
Glutamic 20.9 13.8 25.7
Proline 6.1 5.4 4.8
Glycine 4.8 9.4 4.6
Alanine 4.4 5.7 4.7
Half-cystine 1.9 6.8 2.0 2.0
Valine 5.2 4.1 6.2 4.2
Methionine 1.7 1.5 1.9 2.2
Isoleucine 3.8 2.6 4.7 4.2
Leucine 7.4 5.3 8.5 4.8
Tyrosine 3.9 5.3 4.4 2.8
Phenylalanine 5.3 2.9 6.5 2.8

a Amino acid content of commercial groats is similar to that of
Garland.

pH

Fig. 3—Nitrogen solubility of Garland groat protein concentrate A
in 0.014M citric acid o and in 0.010M phosphoric acid 0 and of
commercial p-otein concentrates in 0.01M phosphoric acid. pH
adjustment was made with hydrochloric acid or sodium hydroxide
solution. The Garland protein cone A has 77% protein; 1% solid was
used at the start. Commercial protein cone B A has 77% protein;
commercial cone C O has 56%; 4% was the starting solids concentra-
tion. Cone C was prepared at pH 9 rather than pH 10 as were the
others.
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RESULTS

Beverage evaluation

Protein-fortified beverages were submitted to experienced
taste panelists. Two different drinks were taste tested; one
contained a concentrate from laboratory-milled high-protein
groats; the other was prepared with a concentrate from com-
mercially available groat flour. The former were usually acidic-
type drinks, whereas the latter were both acidic and neutral in
pH. Both citrate and phosphate media were used in the prepa-
rations. Because the phosphate-based fortified beverages were
judged more bland than the citrate-based one, phosphoric acid
was used more frequently. Further, beverages that incorpo-
rated concentrates from nondefatted groats were more bland
than those from defatted groats.

Beverages prepared from centrifuged acid extracts of solid
concentrates were evaluated by a taste panel (Table 4). Flavor-
ing was added to some; sucrose was the sweetener for all. A
decrease in flavor score, blandness from 7.3 to 4.2 scale units
was observed when the protein level increased from 0 to 2.7%
in the beverage that contained Dal concentrate A from hexane-
defatted groats in 0.01M phosphate, pH 3.0. A smaller change
in blandness was observed when nondefatted Dal concentrate
in 0.04M phosphate at pH 3 was used. No undesirable flavor
was detected in the protein-fortified beverages; the lower score
was due primarily to astringency. Beverages fortified with pro-
tein from ethanol-, 1-butanol- and hexane-defatted Dal groats
all had the same astringency level; however, the beverage
derived from ethanol-defatted groats had the best flavor score.
For comparison, sodium caseinate in 0.01M phosphate elicited
a similar taste response as that from the oat protein concen-
trate from ethanol-defatted groats; however, the astringency of
casein was greater than that of the oat protein.

The effects of phosphate concentration and carbonation on
the organoleptic properties of protein-fortified beverages with
13% sugar at pH 3.0 are also shown in Table 4. There was no
change in solubility of Dal protein concentrate from non-
defatted groats, nor flavor score and astringency intensity,
when the phosphate concentration was increased from 0.04 to
0.06M. However, when phosphate concentration was increased
to 0.1M, the beverage had a better flavor score (more bland),
less astringency and lower protein concentration. Carbonation
had no effect on protein solubility, flavor score and astrin-
gency intensity value in a beverage from Dal concentrate in
0.06M phosphate. The difference in flavor score was only 1
unit between the carbonated, flavored control and the protein-
fortified beverage. The source of the concentrate, Dal and
Garland oats, does not affect flavor score or astringency in-
tensity when the same phosphate concentration, method of
preparation and protein concentration are used (Table ¢-).

The unfractionated oat protein concentrate, rather than an
acid extract, was also used to fortify both neutral- ard acid-
type beverages. Concentrates both with and without water-
soluble components were evaluated by a taste panel (Table 5).
Scoring was done on an intensity scale, and a descriptive rating
score, which usually described existent negative qualities (bit-
terness, astringency, for example), was also given. Since this
research was not directed toward beverage recipe formulation,
commercially available products were often used as beverage
bases.

Beverages, containing 4% oat protein, made from chocolate
and strawberry-flavored milk shake powdered mixes compared
favorably with protein-free controls. The weak chalky mouth-
feel associated with the protein-fortified drink can be reduced
by decreasing protein concentration. Although the chocolate
flavored product containing 3% protein from the commercial
oat flour elicited no objectional taste responses, the panel
scores it lower. In this instance, the parent flour had been
defatted and the amount of water-soluble components had
been reduced.

Adding xanthan gum to the beverages aids suspension of
the protein concentrate and gives body to the preparation. If
the concentrate contains no gum fraction, the suspended parti-
cles tend to settle more. In the shake-type drinks near neutral

Table 3—Solubility of Garland protein concentrates in phos-
phoric acid solution

Not defatted3 Defattedb (1-butanol)

Solid at Nitrogen Protein Nitrogen Protein
start soluble dissolved soluble dissolved
(%) PH (%) (9/100 m1) pH (%> (9/100 mI)

1 2.02 60.2 0.46 3.00 70.5 0.65
2 2.22 41.0 0.63

3 2.31 35.4 0.81 2.05 78.4 2.16
5 1.96 32.7 1.25 2.17 69.3 3.18
7 2.15 26.5 1.42 2.43 51.7 3.33
10 2.13 11.9 0.91 2.83 29.1 2.67

a The protein content of nondefatted Garland protein concentrate
was 76.7%, dry basis. Phosphoric acid, 0.01 M, was used. pH ad-
justments were made by dropwise addition of 1IN or 5N hydro-
chloric acid.

b The protein content of Garland protein concentrate from 1-
butanol defatted groats was 91.9%, dry basis. 0.1M phosphoric
acid was used in all cases except at pH 3; 0.01 M was added.

Table 4—Organoleptic evaluation of protein-fortified beverages
with 13% sugar at pH 3

% Protein Astringency
Phosphate in Flavor intensity
Protein cone (M) beverage scorea  valueb
Dal oat cone A
from:
Hexane-defatted
groats 0.01 Control 7.3 0
0.01 0.9 5.6 0.9
0.01 1.8 4.7 1.1
0.01 2.7 4.2 1.1
Ethanol-defatted
groats 0.01 2.5 5.2 1.0
1-Butanol-defatted
groats 0.01 2.5 4.0 1.1
Nondefatted groats 0.04 Control 6.8 0
0.04 2.0 5.3 0.7
0.04 2.2 5.2 1.1
0.06 2.2 4.9e 1.5
0.10 1.6 5.7° 1.0
0.06 Control 5.9d 0
0.06 2.2 5.0d 1.4
Garland oat
cone A from:
Hexane-defatted
groats 0.04 2.8 4.4e 1.6
0.10 2.4 5.1e 1.1
Nondefatted groats 0.01 Control 6.6e 0
0.01 2.0 4.9e 1.6
0.10 Control 6.9e 0
0.10 1.7 5.6e 0.9

a On a blandness scale from 1 to 10 with 10 being the most bland

“ On an intensity scale with 1.0 asweak, 2.0 as moderate and 3.0 as
strong

c With orange flavoring

d With carbonation and orange flavoring
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Table 5—Organoleptic evaluation of protein-fortified beverages

Protein cone source Dispersing medium

Nondefatted Dal groats flourc Strawberry flavored

milk shake mix

Control (same as above)

Nondefatted Dal groats flourc Chocolate flavored

milk shake mix

Control (same as above)

Defatted commercial oat flourQ (1:6) Chocolate flavored

milk shake mix

Defatted commercial oat flourO (1:8) Water
Nondefatted Dal groats flourd Water
Nondefatted commercial oat floure Water

Defatted commercial oat floure 0.03M malic acid

Defatted commercial oat floure Orange juice

Above (control)

a On a blandness scale from 1 to 10 with 10 being the most bland

b On an intensity scale with 1.0 as weak, 2.0 as moderate and 3.0 as strong

c The protein concentrate A in Figure 1
d The protein concentrate B In Figure 2
e The protein concentrate C in Figure 2

pH, a combination of around 0.35% xanthan is optimum.

Beverages consisting simply of 3% oat protein blended into
water were also tasted by the panel. Neither sweeteners nor
flavors were added. The samples were rated the same in flavor
intensity even though the concentrate source was different.
The drink made with the commercial oats concentrate rated an
almost negligible amount of bitterness and was much thicker
in consistency than the one containing laboratory-prepared
Dal concentrate. The difference in viscosity no doubt relates
to the condition of the oat gum fraction in each.

To reduce the high viscosity of an oat concentrate milklike
mixture, synthetic beverages of oat concentrate A plus the
gum-water-solubles fraction were formulated. The ratio of 1:8,
gum-solubles fraction:oat concentrate gave the desired milk-
like viscosity. In Table 5 appears the tasting scores of an “oat
milk” consisting of 1 part soluble fraction with 8 parts of
concentrate. The score was higher than that previously men-
tioned; however, the tasters recorded a cereal, bitter taste.
Adaptations of this simple beverage formulation including
sweetener and flavor present good possibilities for simple high-
protein milklike beverages.

As previously shown in Table 4, acidic-type beverages con-
taining oat protein concentrate possessed weakly astringent
properties. These concentrates were produced from labo-
ratory-milled oat groats. If the concentrate was prepared from
commercially produced groat flour, acidic beverages could be
formulated that possessed a negligible astringency response.
Oat concentrate-fortified beverages of this type are listed in
Table 5 where either 0.03M malic acid or reconstituted frozen
orange juice was the dispersing medium. Sugar (12%) was
added to each. The presence or absence of the water soluble-
gum fraction in the malic acid-based preparations made little
difference in taste panel scoring. Protein-fortified orange juice
was scored nearly the same as the orange juice control and
exhibited no trace of a cereal taste.

Oat concentrates were also incorporated into carbonated
cola-type drinks. The carbonated protein dispersions (1—2%)
are delivered from a seltzer bottle as a thick creamy foam,

Protein in Flavor Intensity
beverage (%) score3 valueb
4 5.9 1.0 Graininess
None 6.7
4 6.3 0.7 Graininess
None 6.3
3 5.0 0.7 Bitter
3 4.7 1.0 Cereal
0.6 Bitter
3 4.2 1.0 Bitter
3 4.3 0.6 Bitter
2(pH 3.2) 5.0 1.2 Sweet
1.3 Acid-sour
2(pH 3.9) 4.8 0.9 Sweet
0.9 Acid-sour
NonelpH 3.8) 5.2 1.0 Sweet
1.2 Acid-sour

which collapses in time and forms a pleasant tasting product.
Concentrates containing the oat gum fraction were favored in
such carbonated preparations.

Freeze drying of various types of beverages that contained
oat protein concentrate proved to be a useful storage method.
For example, laboratory preparations of oat protein concen-
trate in a strawberry-flavored shake base, in a lemon-flavored
ade and in orange juice were freeze- dried and kept at room
temperature in closed containers. After 6 months’ storage at
room temperature, the dry powders were constituted with
water. The powders dispersed rapidly with stirring and a fla-
vored “oat” beverage was prepared.

Beverages containing 2.4—2.8% protein from Dal concen-
trate (containing no gum fraction) prepared with commercial
shake and ade powders were stored for a year or more at room
temperature in sealed containers. The preparations contained
0.1% sodium benzoate and 0.15% xanthan gum. Upon stand-
ing, two separa:e phases were noticed within Iv2 hr in some,
overnight in others, but were easily redispersed by shaking.
Even after 1 yr, no rancid or fermentation odor was de-
tected, no mold had developed and the color had not faded.
The pH of these preparations was between 3.5 and 6. Use of a
higher concentration of xanthan increased the particle sus-
pension time. After long periods of storage, viscosity de-
creased.

Other similar beverages made with a protein concentrate
from the commercially processed oat flour were also tested for
storage life. These were placed in a refrigerator and kept up to
7 months. Each had about 2% of the gum-containing oat con-
centrate. Two-phase separation occurred as with the Dal con-
centrate, the color was stable and no sign of mold or spoilage
was noted.

Although oat protein-fortified beverages can be stored, it
seems perferable. to prepare the beverage within a reasonable
time before drinking. Such preparations are fresh and less
prone to phase separation and bacterial contamination. Other
modifications of processing or additives could effectively ex-
tend shelf life.
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METHOD FOR EVALUATING THE FILTERABILITY OF WINE
AND SIMILAR FLUIDS

ABSTRACT

A method for determination of the filterability of wine was developed.
The method is based on evaluation of the filtration curve of a wine
filtered through a membrane disc 13 mm in diameter, having a pore size
of 0.45 micron. Results of the filterability test were found to be related
to plant operation. According to the method developed, a wine is ready
for membrane filtration the moment that its filterability test indicates
that the differential filtered volume remains unchanged for most of the
60 min determination time. A decrease in the differential filtered
volume indicates that the wine contains insolubles/microorganisms, and
the rate of the decrease should be considered to be proportional to the
load on the membrane. This method is not limited to the wine industry,
but can be adapted and/or modified for similar applications, i.e., phar-
maceuticals, breweries, fine chemicals.

INTRODUCTION

FILTRATION is an operation, or processing stage, in which
insoluble solids are separated mechanically from the fluid in
which they are dispersed. The objectives of filtration vary
among processes. In the process of winemaking the objective is
both to clarify and to stabilize the wine system by the effec-
tive removal of insoluble solids and microorganisms.

Traditionally, wines are clarified in a series of steps. Centri-
fugation, sedimentation and depth filtration may be used to
remove the larger particles from wine. However, removal of
large particles does not necessarily guarantee a stable wine, i.e.,
awine free from turbidity, haze and microbial defects.

Stabilization of wine for bottling is done by one of two
methods. One method is heat treatment which may provide
protection against microbial defects. The other is membrane
filtration which removes microorganisms as well as the visible
particles contributing to haze and turbidity (Amerine and
Joslyn, 1970; Millipore Corp., 1974).

Stabilization of the wine system by means of filtration may
represent: (a) Energy cost savings; (b) Elimination of the ques-
tionable heat treatment; and (c) Assurance that the wine will
remain clear and free from haze and microbial instabilities—
provided that the preceding steps of winemaking have been
promptly and properly executed.

Wine to be stabilized by filtration is passed through a mem-
brane having uniform openings. All the insoluble solids and
microorganisms that are larger than the absolute pores/
openings will be retained on the inlet surface. The emerging
filtered wine will practically be stable and ready for bottling.

The retention of insolubles and microorganisms on the inlet
surface will result in a gradual blocking of the membrane
pores, thereby decreasing the through flow. When the output
through the membrane becomes uneconomical and since ele-
vating the pressure drop to maintain the desired flow is risky,
the membrane is removed, discarded, and a new one is put into
operation. This results in a substantial increase in operational
cost.

The objective of a winemaker looking for a high volume
membrane filtration is to reduce the load of insoluble solids

and microorganisms prior to that step. The most effective way
to accomplish that reduction is by capitalizing on depth filtra-
tion such as: tight powder filtration and pad filtration, as well
as by keeping proper sanitary conditions, minimizing holding
time between consecutive stages, and keeping holding tempera-
tures as low as economically possible.

At the present time, the winemaker has no means to evalu-
ate the filterability of a wine i.e., whether a wine is ready for
membrane filtration or if it is contaminated and should be
refiltered to prevent clogging of the membranes.

The existing Silting Index Method (in which the time re-
quired for a measured volume of liquid to pass through a 0.8
micron membrane is taken as an index for the degree of con-
tamination of the liquid) has a limited value in a multiproducts
operation. In a large winery, the products are numerous, vary-
ing in composition, processing techniques and operating tem-
peratures. This results in a large variation of product and
kinematic viscosities. As such, one can expect that different
products will exhibit different flow rates through the mem-
brane, thus an index based on one value of total flow rate
(ml/hr/cm2) may not be useful to define a degree of contami-
nation, unless the product is seriously contaminated. The 0.8
micron membrane may be inadequate to measure contamina-
tion, especially when particles smaller than 0.8 micron may be
encountered (Millipore Corp., 1975).

The objective of this work has been to develop means by
which the filterability of a wine or a similar liquid can easily
be defined.

EXPERIMENTAL

THE SYSTEM for evaluating the filterability of wine (Fig. 1) is con-
structed from the following parts:

1. Nitrogen pressure tank, with gas pressure regulator and gauges (P11
and PI12).

2. A bench-top pressure reservoir with an accessory filter holder (such
as the 600 ml Filling System, product of Millipore, XX 11 000 00
and their Swinnex 13 mm filter holder, SX 00 013 00).

3. Membrane filter discs 13 mm in diameter to fit filter holder.

4. A graduated cylinder, or semi-analytical electrical top-loading scale.

5. Atimer.

To operate the system the outlet pressure of nitrogen is kept at 50 + 1
psi.
A membrane, 13 mm in diameter, is introduced aseptically into the
filter holder. The filter holder is connected to the reservoir. Wine for
filterability determination is filled into the pressure reservoir and the
graduated cylinder is placed under the filled reservoir. The reservoir is
now pressurized through the inlet pressure connecting tube, and the
volume of filtrate is a function of time is recorded.

RESULTS

THE OBJECTIVE of this work has been to develop means by
which the filterability of wine and similar liquids will be de-
fined. The potential of a wine to plug a membrane has been
considered to justify further study beyond the Silting Index.
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Fig. 1—Schematic diagram (not to scale) of the setup for determina-

PI1  PI2

tion of filterability.
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Fig 2—Results of filterability tests conducted on white wine.

Fig. 3—Results of filterability tests conducted on white wine.

Instead of determining the time required for a measured vol-
ume of liquid to pass through a 0.8 micron membrane, the rate
of membrane plugging-as determined by the changing rate of
filtration—has been considered to be more appropriate.

In the wine industry, the final stabilization of wine is done
by filtration through a membrane having pore openings of
0. 65.micron. The logical way to determine filterability seems
to be, therefore, by the use of a 0.65 micron membrane. How-
ever, in order to have results that are highly significant and
easily reproducible, a membrane having pore openings of 0.45
micron has been considered and successfully used.

In other industries, where different tolerances for particu-
lates must be enforced, a membrane with different (smaller or
larger) pore size will probably be used when this method is
adopted.

Two other interrelated considerations have been: mini-
mizing the time required for a single determination, and mini-
mizing the sample size required for a determination. It has
been found that both objectives can be achieved by increasing
the nitrogen pressure as a driving force for filtration (50 psig)
and maximizing the ratio between sample volume to filtration
area (use of discs of 13 mm diameter, the smallest available
commercially). In industries where different conditions pre-
vail, different pressure and disc diameter may be considered.
The flow of wine through a membrane will be a function of:

1. The pressure drop across the membrane (can be kept con-
stant as in the mentioned system).

2. The properties of the wine to be processed (i.e., tempera-
ture, composition, and temperature related properties such
as viscosity) that are different in each case of wine and
operation (later expressed as k).

3. The load of insolubles and microorganisms having larger or
equal diameter to 0.45 micron.

4. The number of open pores of the disc.

Once the working pressure and the wine for evaluation have
been chosen, the filterability of the wine becomes dependent
on the two latter variables, formulated as:

F=1(L;E) @

Where: F is the throughput flow; L is the load of insolubles
and microorganisms having a diameter larger than the pore
size; and E is the number of open pores. If the contents of the
tank have been thoroughly mixed one may consider L to be a
constant. E, however, is a function on the volume of wine (V)
passing through the membrane. The higher the volume passing
through the membrane the greater the decrease in flow rate
will be due to plugging of the membrane by the load (L).

One can express this relationship (at constant pressure)
mathematically as:

dv
“ IF =kLv" @
and after integration:
1
t~ fnofyks e ymg +Constant n> 1 6

The objective of this work has not been to define k, L, or n,
but by means of the available experimental results, to decide
whether a wine is ready for its subsequent processing stage,
resulting eventually in membrane filtration. However, the
values of the mentioned constants may be determined if so
desired by plotting log t vs log V.

To express the filterability of wine, the flow through the
membrane was determined every 10 min, and the rate of filtra-
tion, 10(AV/At), was plotted vs elapsed time of filtration, t.



Fig. 4—Results of filterability tests conducted on white wine.

Figure 2 clearly indicates that the filterability of the con-
trol wine (a white wine, after racking, rough filtration and 3
months of aging) was very poor. For all practical purposes,
plugging of the membrane occurred within 30 min.

When the same wine was subsequently pad-filtered, a sig-
nificant improvement in filterability was noticed. However,
the decreasing flow rate with time through the membrane indi-
cated that the removal of particulates from the wine had not
been fully achieved, and as such the wine would still represent
a plugging potential to the membranes, due to visible/invisible
particulates. It could be seen that the wine bottled after a 0.65
micron membrane filtration/stabilization did not plug the fil-
terability membrane, and should be considered for all practical
purposes to be clean.

It is obvious that in each stage of filtration, and especially
in the stage preceding membrane filtration the winemaker
must strive to get a wine having a constant filterability through
the membrane, since it will mean a clean and stable wine with
a minimal risk to plug the membrane. When the filterability of
the wine is decreasing, the wine represents a risk to the mem-
brane.

The results given in Figure 3 represent a different pad filtra-
tion preformed on the same control wine as in Figure 2. The
filterability curve was smoother, more closely resembling the
desired curve. In practice and actual plant operation these two
curves represented a more than threefold difference in mem-
brane life: 8,800 gal were passed through the 0.65 micron
membrane cartridge with the pad filtered wine from Figure 3
as opposed to 2,700 gal of wine in the first case of the pad
filtered wine from Figure 2.

The advantage resulting from executing filtrations promptly
and properly can be seen by comparing Figures 4 and 5. The
control wine from Figure 5 received a powder filtration prior
to pad filtration while the control wine from Figure 4 did not.
Powder filtration improved the filterability of the control wine
significantly, resulting later in improved filterability of the pad
filtered wine (Fig. 5). The final improvement as seen in plant
operation was noticed when more than 20,000 gal of wine
passed through the membrane cartridge. The pad filtered wine
had almost the same filterability as the membrane filtered
wine in Figure 2.

If the Silting Index had been used on the control wines of
Figures 4 and 5, the plugging potential of these wines may
have been missed as these wines are fairly clean as compared to
the control wines of Figures 2 and 3.
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Fig. 5—Results of filterability tests conducted on white wine.

The application of the filterability test for evaluation of
equipment is given in Figures 6 and 7. The operation of a
Pressure Leaf Filter was studied. The responses measured in-
cluded: flow rates, pressure drops, turbidity and filterability as
a function of the on going filtration cycle. While flow rate
remained fairly constant and the pressure drop was building,
one could notice that the low turbidity level was established
after 20 min and remained constant. However, with increasing
time into the filtration cycle, the filterability of the filtrate
improved steadily indicating a further reduction in the “invisi-
ble” load. As such, longer cycles were not only justified eco-
nomically, but also from the quality and stability point of
view. The comparison of turbidity data and filterabilities
shows the big advantage of the filterability method. A turbi-
dimeter can detect only those particles with a refractive index
much different than the medium in which they are dispersed,
while the filterability will be influenced by particles having
different and like refractive indices than the medium. As such,
a turbidimeter may tell us that a wine is not turbid, but it will
not caution the winemaker of any microbial load unless it is
very high. In some cases, as when Port wine was filtered with
the Pressure Leaf Filter, the filtrate coming out later in the
cycle could be considered even sterile (Fig. 8).

Another case study involved a wine made from six com-
ponents which was found later to plug membranes in the bot-
tling operation. The reason for plugging was traced. The filter-
ability of the blend was studied and found to be poor, essen-
tially 0 as can be seen in Figure 9.

Table 1—Results of filterability of wines differential volume
filtered—of six blend components

Component

Time
(min) A B C D E F
10 15 10 10 50 105 —
20 - — - 15 40

30 — — 5 20 —
40 —

50

60 - - - - -
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Fig. 6—Turbidity vs elapsed filtration time of wine through pressure
leaf filter.

When the blend was pad filtered, its filterability improved
significantly; however, it was still unsatisfactory fcr stabili-
zation. This was noticed later by frequent plugging of the
membranes. At that time it was of interest to find out whether
all the components in the blend were loaded with pardculates.
As can be seen from Table 1, all the components represented
heavily loaded wines that will require further filtration after
blending and prior to pad filtration. In addition determination
of filterability was sensitive enough to determine the increase
in through flow of a wine when its temperature was raised, and
it was found to be sensitive enough to define a significant
decrease in filterability of wine kept overnight at 76°F.

CONCLUSION

A SIMPLE METHOD for determination of filterability of wine
and similar liquids has been developed. The method, na mat-
ter of 60 min, can give information on wine stability and
whether a wine is ready for subsequent processing and/or bot-
tling. The results of filterabilities obtained by the method

TIVE <¥INUTES)

Fig. 7-Filterahility of wine through pressure leaf filter.

TIVE-(MNUTES)

Fig. 9—Filterability ofablend ofred wine after a pad filtration.

should not be used on an absolute basis as they are a function
of the composition, physical properties and temperature of the
wine under consideration.

If so desired, the disc retained in the membrane holder can
be used for further studies [such as microbiological (Kunkee
and Neradt, 1974), etc.] to establish the cause of the mem-
brane plugging.

This method is not limited to the wine industry, but can be
adapted and/or modified for similar applications, i.e., phar-
maceuticals, breweries, fine chemicals.
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ABSCISSION AGENT EFFECTS ON ORANGE JUICE FLAVOR

ABSTRACT

The flavor quality of juice products from early- (Hamlin), mid- (Pine-
apple) and late-season (Valencia) oranges sprayed with abscission
chemicals to aid in mechanical harvesting, was evaluated and compared
with that of similar juice products from untreated fruit. Four com-
mercially available abscission agents were included in this study: Acti
Aid®, Release®, Pik-Off® and ethephon. An expert taste panel dis-
tinguished experimental from control juice samples in most tests and
generally preferred juice products made from control oranges.

INTRODUCTION

MOST OF the Florida citrus fruit crop can be harvested me-
chanically because it goes into processed products. The antici-
pated expansion of mechanical harvesting of oranges within
the Florida citrus industry introduces a need to assess the
effects of mechanical harvesting on product quality. In most
feasible mechanical harvesting systems being tested, appli-
cation of abscission chemicals is required to loosen the fruit
prior to mechanical harvesting. Chemicals function by altering
metabolic pathways within the fruit and could thus affect
formation or balance of flavor components. To date no sys-
tematic study to evaluate the effects these chemicals may have
on flavor quality of citrus products has been reported.

The need for abscission agents to effectively harvest citrus
mechanically was reported by Cooper et al. (1968) and Wilson
(1969). Later, Cooper et al. (1969) reported on the excep-
tional potency of cycloheximide (Acti Aid) as an abscission
agent for citrus. Although cycloheximide can be used success-
fully for the early- and mid-season fruit, it is not suitable for
late-season (Valencia) fruit because at harvest time the trees
are carrying young fruit of the next season’s crop and fruitlet
drop could be excessive (Cooperand Henry, 1973). In 1973,
Wilson reported on the abscission activity of 5-chloro-3-
methyl-4-nitro-IH-pyrazol (Release). Tests by Kenney et al.
(1974) demonstrated the effectiveness of Release as an abscis-
sion agent for citrus. Release loosens late-season Valencia
matured oranges without damage to the young fruit of the
next season’s crop.

With full Federal clearance for use of Acti Aid, clearance
for experimental use of Release and clearance requested for
glyoxal dioxime (Pik-Off), a promising abscission agent effec-
tive for mature Valencia oranges, (Wilcox et al., 1974) the use
of abscission agents is becoming more widely accepted.

The three agents mentioned act through damage to the peel
which causes the release of wound ethylene thus promoting
abscission. A fourth compound, ethephon, was used to com-
pare a non-rind injuring abscission agent with the three rind-
injuring chemicals. Other metabolic changes also occur that
could have an effect on the flavor quality of products made
from the treated fruit. Because of the changes in metabolic
pathways, abscission agents might have effects which vary with
cultivar, maturity and season. Thus, a study was undertaken to
determine the effects of these abscission agents on the flavor
quality of processed juice products obtained from early-

(Hamlin), mid- (Pineapple) and late-season (Valencia) oranges
at different stages of maturity. The four abscission chemicals
employed were those most commonly used in experimental
and limited commercial trials by the citrus industry.

EXPERIMENTAL

EXPERIMENTAL ORANGES sprayed with abscission agents and un-
sprayed control oranges were obtained from trees with similar root
stock and selected from the same area of a grove, that had been irri-
gated, fertilized and sprayed the same way. The variety and maturity of
the oranges, the type and concentration of abscission agent, the date of
harvest, the brix/acid ratio and the length of time between spray and
harvest are shown in Tables 1and 2

Juice samples

Single strength. Experimental and control orange juice samples were
prepared by identical procedures. Oranges were thoroughly washed and
processed with a commercial FMC In-Line Extractor with a 7/16 in.
longbore orifice tube and a 3/4 in. down beam setting. The juice was
passed through a pressure-screen finisher with 0.033 in. diameter holes
to remove seeds and excess pulp; it was then pasteurized and sealed in
46-0z cans and stored at -18°C until used.

Concentrate. Experimental and control processed single-strength
orange juice samples were concentrated by using a rotary evaporator.
Samples weighing 1100g were concentrated to 250-300g (approx 40°
Brix) at a pressure of 1.5-3.0 mm Hg with the temperature held below
45°C. For reconstitution to single-strength for taste evaluation the con-
centrate was Plaoed into a 2-liter beaker on a magnetic stirrer. Orange
ail, obtained from control oranges of the same variety and maturity was
added dropwise to restore the oil content to 0.02% by volume. The
stirring was continued for 15 min after the oil was added, then water
waes added to bring the sample back to its original weight.

Storage study

Processed canned single-strength orange juice sample numbers 1, 2,
5and 6 listed in Table 1and samples 1 and 2 in Table 2 were thawed
and placed in laboratory lockers at 21° and 30°C. These juices were
compared weekly with identical juice stored at -18°C for determi-
nation of the storage time at which a threshold flavor change would be
detectable by an expert panel.

Flavor evaluations

The triangle and paired comparison tests employed were discussed
by Boggs and Hanson (1949). For triangle and paired comparison tests,
12 experienced tasters were each given two presentations. In triangle
tests, there were three samples per presentation, two of which were
identical. Judges were asked to indicate which sample had the different
flavor. In paired comparison tests judges were asked to indicate which
sample they preferred. These tests compared: (1) processed single-
strength experimental (abscission-treated) orange juices vs equivalent
control (nontreated) juices; (2) experimental orange juice concentrates
s equivalent control concentrates; or (3) stored experimental and con-
trol processed sin?le-strength orangeljuices held at 21° and 30°C vs the
identiclal juices held at -1 8°C. The latter samples were tested at 7-day
intervals.

RESULTS & DISCUSSION

THE TASTE PANEL distinguished most experimental abscis-
sion-treated from control nontreated samples and generally
preferred the control juice. Juice of barely-matured and well-
matured fruit of each of the three cultivars listed in Tables 1
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Table 1—Flavor evaluation of juice from early- (Hamlin) and mid-season (Pineapple) abscission chemically treated and control oranges

Flavor evaluation
confidence level

Spray _
concentration Preference
Sample Harvest °Brix/acid Abscission of agent Days on tree Difference for
no. date ratio agent (ppm) after spray exp vs control control
Hamlin oranges
11-25-73 10.45 Acti Aid 20 7 0.05 NSa
2 01-04-74 12.86 Acti Aid 20 7 0.001 0.01
Pineapple oranges
3 01-25-74 9.87 Acti Aid 20 6 0.001b 0.01b
4 03-21-74 17.13 Acti Aid 20 6 0.001 0.01
5 01-17-75 12.22 Acti Aid 10 6 0.001b 0.01°
6 03-11-75 13.95 Acti Aid 10 6 0.001 0.01
7 01-17-75 13.22 Ethephon 250 6 0.01 NS

a Not significant at 0.05 confidence tevel or greater
b For both single-strength juice and concentrate
c Not significant for concentrate

and 2 was included in the test. Concentrations of chemicals
applied and days oranges were left on the trees after spray
were recommended by Cooper (1975) as being typical of con-
ditions of commercial harvesting.

Because the ongoing metabolic processes are affected by
the abscission chemicals, it is possible for the effects on flavor
to vary depending on the maturity of the fruit sprayed. Abscis-
sion agents may cause a further aging of well-matured fruit
with adverse effects on flavor quality. The flavor compounds
responsible for the flavor change have not yet beer, isolated
and could also include a partial flavor effect from the abscis-
sion agents themselves. As outlined in Tables 1 and 2, samples
of barely-matured and well-matured Hamlin, Pineapple and
Valencia oranges were treated with 20 ppm Acti Aid. Since
Pineapple oranges have been reported to require less abscission
chemicals, (Cooper and Henry, 1973) samples sprayec with 10
ppm Acti Aid were also evaluated for this cultivar. The taste
panel detected a difference in all processed single-strength
juice samples from oranges sprayed with Acti Aid when the

same sample was compared with that from unsprayed control
fruit of the same cultivar and maturity. Experimental samples
were detectable at a 0.001% confidence level except for those
from barely-matured Hamlins which were detected at a 0.05%
level, and well-matured Valencia at a 0.01% confidence level.
The low sugar content of early Hamlin and the high sugar
content of late Valencia fruit probably accounted for the
lower confidence levels of these two samples. In the paired
comparison tests, the panel showed a preference at the 0.01%
confidence level for juice from the control fruit with the ex-
ception of juice from barely-matured Hamlin oranges for
which there was no preference.

A difference shown in Table 2 between control and experi-
mental Valencia juice sprayed with Release at 250 ppm was
detected in barely- and well-matured samples at the 0.001%
confidence level; the paired comparison test showed a prefer-
ence for control juice in both tests at the 0.01% confidence
level. Flavor tests were also run on juice from Valencia oranges
sprayed with only 150 ppm Release and left on the tree for 3

Table 2—Flavor evaluation of juice from Icte-season (Valencia) abscission chemically treated and control oranges

Sample Harvest °Brix/acid Abscission

no. date ratio agent
1 3-28-74 13.77 Acti Aid
2 6-24-74 15.94 Acti Aid
3 4-02-75 10.44 Release
4 6-03-75 12.02 Release
5 3-25-75 9.70 Release
6 3-27-75 9.56 Release
7 4-02-75 10.61 Pik-Off
8 6-03-75 11.61 Pik-Off
9 3-25-75 10.75 Pik-Off

10 3-28-75 10.01 Pik-Off

a Test not run.
b Not significant at 0.05 confidence level or greater.

Flavor evaluation
confidence level

concentration Difference Preference
of agent Days on tree exp vs for
(ppm) after spray control control
20 7 0.001 0.01
20 7 0.01 0.01
250 5 0.001 0.01
250 4 0.001 0.01
150 3 0.001 -a
150 5 0.001 0.01
300 5 0.001 0.01
300 4 0.001 NSb
300 3 NS _a
300 6 0.001 0.01



and 5 days. The concentration of the agent and number of
days the fruit were left on the tree were reduced to determine
flavor effects of Release even before the fruit had loosened
adequately for harvesting. Flavor difference and preference of
the juices in the 5-day test after spraying with 150 ppm Re-
lease was the same as for the juices evaluated after spraying
with 250 ppm Release. The preference test for juice from
oranges left on the tree only 3 days was not run because the
fruit had not loosened enough for mechanical harvesting.

Triangle flavor tests of Valencia orange juice made from
oranges sprayed with 300 ppm Pik-Off, showed a difference in
flavor at a 0.001% confidence level when treated fruit was left
on the tree for 4, 5 or 6 days. Juice from oranges sprayed with
Pik-Off and left on the tree for only 3 days to determine the
effects before fruit was adequately loosened for harvest,
showed no significant difference in flavor when compared with
juice from unsprayed control fruit. In those tests where dif-
ferences were detected, paired comparison tests of Valencias
sprayed with Pik-Off show preference for control juices at the
0.01% confidence level for all but the well-matured Valencia
juice for which the panel indicated no preference. It appears
that the high degree of sweetness of the late-Valencia juice
masked any effect of the abscission agent.

A single test was run by using 2-chloroethylphosphonic acid
(ethephon) on barely-matured Pineapple oranges. This test was
conducted because ethephon enters, breaks down and releases
ethylene needed for abscission near the cite of abscission while
the other abscission agents injure the fruit and cause produc-
tion of ethylene (Cooper and Henry, 1973). Triangle taste
testing of the processed juice showed a difference in flavor
detected at the 0.01% level of confidence, but the paired com-
parison test showed no preference when juice was compared
with that of unsprayed control juice. This indicates that an
abscission agent that damages the peel has a more adverse
affect on flavor quality than an abscission agent (ethephon)
that only releases ethylene. However, ethephon causes exces-
sive leaf drop, making it an undesirable abscission agent for use
with mechanical harvesting.

As concentrate is the major commercial orange juice prod-
uct produced, a test was made to determine whether volatile
constituents that would be removed during concentration were
causing flavor changes. Orange juice concentrate made from
experimental juice obtained from Pineapple oranges sprayed
with either 10 or 20 ppm Acti Aid and from similar control
juices was reconstituted and compared for flavor differences
and preferences (samples 3 and 5 of Table 1). Table 1 shows
that after both levels of spraying the panel was able to detect a
difference in flavor of both reconstituted juices. The paired
comparison tests showed no preference between control and
experimental juice from oranges sprayed with 10 ppm Acti
Aid but a preference was found at the 0.01% confidence level
for the control juice when compared with juice from oranges
sprayed with 20 ppm Acti Aid. Differences in flavor of con-
centrates made from control and experimental juices indicate
the compounds responsible for the flavor change include non-
volatile components not removed by distillation. Thus, there
was no preference for control or experimental reconstituted
juice when the recommended 10 ppm Acti Aid was used, but a
significant preference for control juice was observed when an
excess (20 ppm) of Acti Aid was applied.

In order to determine whether the use of abscission chemi-
cals affected the rate of flavor change of juices during storage,
studies were conducted at 21° and 30°C with processed single-
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strength juices from Hamlin, Pineapple and Valencia oranges.
Triangle flavor tests showed that flavor changes occurred at
the same rate in experimental and control juices when these
were compared with juices from the same batch kept at 0°C.
Hamlin and Pineapple juice flavor changes occurred after 1 wk
at 30°C and 2 wk at 21°C. Valencia juice flavor changes oc-
curred after 2 wk at 30°C and 3 wk at 21°C.

Juice products from Hamlin, Pineapple and Valencia experi-
mental oranges treated with any of the abscission agents were
distinguished from nontreated samples by the panel. Many of
the panel members indicated that the experimental juices had
a slightly over-ripe flavor which was considered an adverse
effect. In most tests the panel preferred the control juice; no
preference was established in a few comparisons of either very
acidic or very sweet samples whose flavor may have been
strongly influenced by the extreme sour or sweet conditions.
However, in no test was the experimental juice preferred by
the panel.

Since these results were tested for detectable differences by
a trained, experienced panel, it is uncertain whether the
general consumer would detect flavor changes in these prod-
ucts or whether such threshold flavor changes would be ob-
jectionable. In order to resolve this uncertainty, flavor tests
need to be conducted with large untrained consumer panels.
At present only a very small percentage of the total orange
crop is mechanically harvested and thus, in normal commercial
operations this fruit would be mixed with hand-harvested
fruit. At current proportions the flavor effects of the abscis-
sion agents on the resultant juice blends would be negligible.
However, this study emphasizes the importance of minimizing
flavor changes by carefully controlling the concentration of
these abscission chemicals and of harvesting the fruit as
quickly as possible after the spraying has loosened the fruit.
Such measures will become increasingly important in the
future as mechanical harvesting is more widely adopted.
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CLOUD STABILITY TEST FOR
PASTEURIZED CITRUS JUICES

— - — — ABSTRACT - —— — —— -
A 24-hr storage test is presented for evaluating the cloud stability of
pasteurized citrus juices. Enzymatic flocculation is accelerated by the
addition of a special pectin and a barium salt while controEing pH and
temperature. A citrus juice which retains greater than 60% of its initial
cloud after 24 hr of this storage will have a satisfactory cloud stability
for at least 1 yr under normal conditions.

INTRODUCTION

CLOUD LOSS in citrus juice has long been associated with
enzymatic degradation (primarily pectin-methylesterase) of
soluble pectin (Cruess, 1914). Commercial citrus processors
generally inactivate these enzymes with high temperature-short
time pasteurization (Stevens, 1940a, b). This treatment is kept
to a minimum as high temperatures tend to impart a "cooked”
off-flavor to juice. Operating at minimum temperatures creates
aneed for a method of testing juice to insure adequate enzyme
dénaturation.

The activity of pectin-methylesterase (PME) can be chemi-
cally monitored by analysis for either the methanol or acid
groups that are released as shown in Figure 1. Reports have
appeared on gas-liquid chromatographic (Lee and Wiley, 1970;
Bartolomé and Hoff, 1972; Krop et al., 1974) and spec-
trométrie (Wood and Siddigni, 1971) determination of the
released methanol but these methods require as much as 2 hr
of operator time and provide questionable results at the low
PME levels, around 5 X 10"6 PEu (meg/min/ml), encountered
in pasteurized citrus juice. The PME-mediated release of acid
groups has been followed by numerous pH methods i Somogyi
and Romani, 1964; Vas et al., 1967; Mayorga and Roly,

Fig. 1—Reaction mediated by pectin methy/esterase.
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1971). All these methods have lacked reliability at the very
low PME levels which can still cause cloud loss after a few
months juice storage.

Two methods of analysis for residual PME activity based on
the physical characteristics of stored juice samples have
appeared. Rothschild et al. (1975) determined results by the
change in stored juice viscosity in the presence of CaCl2 and
55% esterified pectin at pH 7. Stevens (1940b) determined the
amount of juice cloud remaining after incubation with a par-
tially demethylated pectin and an accelerating cation at an
appropriate temperature and pH for cloud loss acceleration.
Pectin degrading enzymes, if present, act rapidly on the added
pectin. Both these tests take many days for determination of
analytical results at the levels of enzymatic activity encoun-
tered in pasteurized juice. They also are “go or no-go” tests
which give little information about juices of intermediate sta-
bility.

The following project was undertaken to investigate the
interaction of the various parameters in the Stevens’ 5-day
storage test. The aim of the investigation was development of a
more rapid, yet reliable test for residual, cloud reducing en-
zyme activity in pasteurized citrus juice which would be suit-
able for control use.

MATERIALS & METHODS

THE INGREDIENTS used in both the 24-hr and 5-day tests are listed
in Table 1. Tables 2 and 3 list the test formulae used for specific citrus
types. Add each ingredient in the order given with thorough mixing.
Place final mixture in clean, 1-0z, screw-cap bottles and incubate at
49°C. After 24 hr (or 5 days) remove bottle from incubator, gently
invert it three times, then dilute the contents in the ratio, seven parts
test solution and nine parts water. Centrifuge the dilute solution at 900
X G for 2 min. Decant supernatant into 0.5-in. spectrophotometer
tubes and read at 660 nm vs distilled water in Bausch and Lomb Spec-
tronic 20. Juice sample is “stable” if this reading is< 32% T.

Several of the test parameters were held constant in all tests. Juice
content and dilution factors gave a readable cloud density. Sodium
benzoate content was sufficient to protect mixtures against microbial
activity. Pectin was added to a level ensuring excess substrate for
enzymic action without causing gelation of mixtures. Time and force of
centrifugation was sufficient to remove floe while leaving remaining
cloud in supernatent.

Variations of the other test parameters, pectin type, Ba++ concen-
tration, pH and incubation temperature, were evaluated by determining
the rate of flocculation of a test mixture with ajuice containing maxi-
mum acceptable enzyme activity for long term juice storage.

The set time of pectins used in this study was determined by a
Sunkist internal method (Joseph and Baier, 1949). This method is
based on the time required for a standard jelly mix to gel as it is cooled.
These times can vary from 10 sec to >5 min with acid retarded pectins.

RESULTS & DISCUSSION

PECTIN used in the cloud test has a major effect on floccu-
lation rate, but good correlation of flocculation rate to pectin
characteristics (viscosity, AGA, AGE, MW) was not evident
when various lots of commercially produced pectin were
checked. Although a general trend of faster flocculation rates



Fig. 2—Effect of commercial pectin set times Fig. 3—Effect of the acid retardation of a

on time to reach 50% T in accelerated cloud
test. cloud test.

with longer set time pectins was noted there were several ex-
ceptions (Fig. 2). Correlation between flocculation rate and set
time was good when pectins of various set times were prod-
uced from a single rapid set pectin by acid retardation treat-
ments, however. This correlation is shown in Figure 3.

The pectin chosen for the 24-hr cloud test had a set time of
150 sec and gave a 30% T reading in 24 hr on a juice which
was borderline stable by the standard 5-day test (unstable in 6
days).

Flocculation rate increased as a test solution’s barium con-
tent increased as shown in Figure 4. Although change was
quite rapid at low barium concentrations, it leveled off consid-
erably between 0.90 and 1.10g BaBr2 dependent upon temper-
ature and pH. At much higher levels, above 1.5g BaBr2/test,
nonenzymatic flocculation occurred. In fact, even boiled juice
flocculated very rapidly. Although the major inflection varied
widely in terms of barium content and flocculation time, all
pectins tested gave similarly shaped curves.

The mechanism of Ba++ enhancement is unknown, but its
ability to cause flocculation in the absence of enzyme activity
indicated interaction with the pectin substrate. This proposal
was further substantiated by the change in the range of test
response to added barium with changes in pectin used. For
example, when pectin set time was changed from 28 sec to 2.5
min (an increase in free acid groups), the inflection point in
the graph of BaBr2 concentration to time of flocculation
changed from about 0.55 to 1.OOg BaBr2 per 100 ml test
mixture. Also a change in the amount of enzyme activity prod-
uced little or no change in this inflection point.

The observed interrelated effects of pH and incubation tem-
perature on flocculation rate are shown in Figure 5. As test
solution pH was lowered, temperature had an “on-off” effect
on the flocculation rate. At 59°C, flocculation ceased below
pH 3.2. Incubation at 49°C allowed a reduction of test solu-
tion pH to about 3.0 before the flocculation rate became
immeasurably slow. A further reduction in pH was possible at
38°C. As reduced pH and increased holding time both allow a
reduction in the temperature requirements for cloud stabi-
lization (Tressler and Joslyn, 1954), the above “on-off” phe-
nomenon may have been due to enzyme denaturation. Thus,
at low pH and a holding time of many hours, the incubation
temperature may have been sufficient to at least temporarily
alter enzyme structure enough for inactivation.

Since Somogyi and Romani (1964) report the pH optimum
for citrus PME is about 7.5, an increase in flocculation rate
was expected with an increase in pH. This expectation was not
realized, however, due to the effect of the cations added in pH
adjustment. The net result was instead a decrease in floccu-

pectin on time to reach 50% T in accelerated
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Fig. 4—Effect of barium content on time to
reach 32% T in accelerated storage test.

lation rate as illustrated for sodium in Figure 6. Note that a
test solution, containing juice of borderline stability, will give
a stable reading if it is high in sodium content. Sodium con-
tents of up to 0.03M make little difference in test results.

Table 1—Ingredients used in accelerated citrus juice cloud tests

Ingredient Cone (w/v in H20I

Citric acid soln 50% citric acid + 0.10% benzoic acid
23% sodium benzoate

25% BaBr2 ¢« 2H20 or 19% BaCl2 « H20
2.75% pectin + 0.15% benzoic acid

2.00% Ba(OH)2 « 8H2Q

Benzoate soln
Barium salt soln
Pectin solna’b
Ba(OH)2 "milk”
a Special retarded pectins as noted elsewhere, 2.5 min set time for

24 hr test and 1 min set time for 5 day test,
b Allow this solution to stand 2 hr before use.

Table 2—Formula for accelerated orange, grapefruit and tanger-
ine juice cloud tests

Ingredient Quantity
Juice* 93 ml
Citric acid soln Sufficient to give pH 3.15—3.20b
Benzoate soln 1 ml
Pectin soln 4 ml

Barium salt soln 4 ml (2.4 ml)c

a Single strength: 11.8°B, orange; 10.2°B, grapefruit; 11.5°B,
tangerine

b This can be accomplished by titration or measured addition to the
following total contents of citric acid: orange, 2.00g; grapefruit,
1.65g; tangerine, 1.80g.

c The lower quantity of Ba++ is for the 5-day test.

Table 3—Formula for accelerated lemon juice cloud test

Ingredient Quantity
Juice* 49 mil
Benzoate soln 1 mil
Pectin soln 4 mil
Barium hydroxide "milk" 50 ml

a Single strength: 57g citric acid/liter.
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Fig. 5—Effect of pH on
time to reach 50% T in
the accelerated storage

test at three tempera-

tures.

Sodium, other monovalent cations and most divalent cat-
ions (other than barium) are not actually inhibitors af floccu-
lation, but rather enhancers which are much less effective than
barium (Stevens and Pritchett, 1938). Other cations probably
compete with barium for active sites in the pectin-enzyme
system and cause a reduction in the rate of flocculation. The
solubility of barium salts preclude the use of barium hydrox-
ide for adjusting the pH of citrus juice test solutions upward to
pH 7.

With variations in pH, barium content, pectin and incuba-
tion temperature, any number of cloud tests producing results
in any reasonable length of time can be developed. With tests
producing results very quickly (<8 hr) sensitivity was so great
that small changes in enzyme activity caused large changes in
flocculation rate. Thus, test results showed all or ro floccu-
lation. These highly sensitive tests could not resolve inter-
mediate enzyme levels and a moderately stable juice, suitable
for some applications, would be rejected as unstable. Con-
versely, test solutions having very slow flocculation rates (>5
days) were not very sensitive and the time lag between juice
pasteurization and test result was inconvenient. With consider-
ations of accuracy and convenience, the data in the foregoing
figures were used to select the test parameters shown in the
methods section. This test gave reproducible results over a
wide range of residual enzyme activities with orange, grape-
fruit and tangerine juices.

The rate of flocculation for a just stable juice by the 24-hr
test is shown in Figure 7. Note in the region frcm about

Fig. 7—Decrease in
cloud with time of
a just stable juice in
the accelerated stor-
age test.

18-45 hr storage that the increase in % T with time is a linear
function. Use of this graph allows accurate readings to be
taken a few hours on either side of the 24-hr incubation peri-
od. Further, this graph is typical of the flocculation patterns
of all juices and illustrates how a totally unstable juice can be
differentiated from a partially stable or stable juice. In 24 hr
an unstable juice would show >85% T while a partially stable
juice would show between 40 and 70% T.

Figure 8 compares 24-hr cloud test results with the rate of
cloud loss in single strength juices stored at 16 and 38°C. The
differences in shelf stability of juices giving different results in
the 24-hr cloud test appear to give good correlation. Storage
data and repeated cross checks with the standard 5-day cloud
test determined that juice showing 30—32% T in the 24-hr
cloud test (less than 60% of initial cloud lost) contained the
maximum residual enzyme activity for a commercially stable
juice.

Lemon juice required a special adaptation of the cloud test,
due to low pH. In this test the only changes are in quantity of
juice (based on acid content), barium hydroxide in place of a
barium salt and point of stability cut off at 50% of initial
cloud remaining. The changes in juice quantity and barium
form were necessary because of the interference caused by
cations other than Ba++ and the insolubility of barium citrate.
As lemon juice has relatively low and variable cloud content
and a dilute test solution was necessary due to citric acid
content, results were determined on the basis of percent initial
cloud.

Fig. 8—Correlation ofshelf
storage stability with accel-
erated test results at two
temperatures: m 3SfC; «
167 C.



Although the 24-hr test here reported required 1 day of
storage before results could be read, technician time per sam-
ple was only a few minutes making the test feasible for control
use.
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LOSSES IN AVAILABLE LYSINE DURING THERMAL PROCESSING
OF SOY PROTEIN MODEL SYSTEMS

ABSTRACT

This study was conducted in order to develop a mathematical model for
predicting lysine losses during processing of soy products. Model sys-
tems used in this study consisted of microcrystalline cellulose, glucose,
sucrose, potato starch and soy protein. System composition, water
activity, pH and time and temperature of heating were varied and avail-
able lysine was monitored by the fluoro-2,4-dinitro benzene method of
Carpenter. In the first set of experiments, statistical analysis of the data
obtained resulted in an equation which shows the effects cf the vari-
ables used on available lysine retention: Fraction available lysine re-
maining = 0.58 + 0.047 pH - 0.093 glucose - 0.059 temperature -
0.0068 time + 0.031 (water activity)2 + 0.025 aw ¢ sucrose + 0.033
sucrose e starch. These data were collected at heating times well in
excess of that required to destroy all reducing sugars present. Heating
times were reduced in the second experiments such that kinetic data
could be obtained. The average Ea was 28,500 calories/mole‘ K and the
average reference reaction rate at 100°C (K100) was 0.036 my lysine/
min.

INTRODUCTION

THE POPULARITY of cereal-type snack foods in this country
and the fact that people in many undernourished areas of the
world subsist on cereal based diets have created interest con-
cerning the nutritive losses these products suffer during
thermal processing. A major source of nutritive loss during
processing is the deterioration in protein quality caused by
nonenzymatic browning (Maillard browning). Maillard brown-
ing primarily involves the reaction of free amino groups and
reducing sugars (Hodge, 1953). The majority of free amino
groups participating in the reaction are the amino groups of
lysine (Hannan and Lea, 1952). This is particularity important
since lysine is an essential amino acid and it is most often the
limiting amino acid in cereal products.

The volume of literature on Maillard browning is too vast to
cite completely. The commonly cited reviews by Hodge (1953,
1967), Bender (1972), Braverman (1963), Ellis (1959) and
Reynolds (1963, 1965) serve to cover most of the earlier re-
search. The literature concerning lysine loss during food proc-
essing is summed up by Carpenter (1973). Our research in-
volved studying lysine loss during processing since several
investigations have shown lysine availability to be a reliable
indicator of losses in protein quality due to Maillard rrowning
(Lea and Hannan, 1950; Carpenter, 1973). Our choice for
monitoring lysine loss was also based on its most oL.en being
the limiting amino acid in cereal diets.

The objective of this study was to develop a mathematical
model for the prediction of losses in protein nutritive value (as
indicated by lysine availability) of any cereal o: known
composition and processing conditions. It would be :hen pos-
sible to predict the final nutritive value of a cereal protein

1Present address: Land O’Lakes, Inc.,, Minneapolis, MN 55413
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following thermal processing without conducting tests on each
product. Such a model might enable the food manufacturer to
manipulate his process to optimize retention of nutritive value
where Maillard browning occurs. The work described involves
a study of lysine losses during processing of a model food
system of varying composition and processing conditions.

MATERIALS & METHODS

Sample preparation

The model system consisted of soybean protein (20%-Promine D,
Central Soya), glucose (0-4%), sucrose (0-4%), potato starch (0-10%)
and microcrystalline cellulose (Avicel, FMC Corp.) to make 100%.

Desired amounts of the components were weighed and dry blended.
The blended samples were slurried with a minimum volume of 0.1M
buffer to bring the pH to the desired level (pH 4 and 5.5-phthalate
buffer, pH 7-phosphate buffer, pH 8.5-boric acid buffer and pH
10-sodium bicarbonate buffer). Minor pH adjustments were made with
acid or base. The pH adjusted slurries were placed in shallow pans,
frozen and freeze dried. The dried sample was crushed using mortar and
pestle and then about 10g was placed in a plastic weighing boat for aw
adjustment. The samples were equilibrated to the desired aw in desic-
cators under vacuum over saturated salt solutions [aw 0.33-MgClI2,
0.51-Mg(N03),, 0.65-CuClj, 0.84-KC1 and 0.93-KNO3].

After 2 or 3 days the samples were removed from the desiccators
and mixed. Half of each sample (approx 5g) was placed in a foil pouch
and vacuum sealed. The pouches were heated at 105 + 0.1°C or 130 £
0.1°C in miniature retorts for varying lengths of time. Samples to be
heated at 80°C were placed in a water bath. Immediately after heating
the pouches were immersed in an ice bath until cooled to room temper-
ature.

Sugar analysis

Glucose and sucrose were determined using a Hewlett-Packard
model 7620A Research Gas Chromatograph (GC) equipped with an
automatic liquid sampler (Hewlett-Packard model 7670A) and electron-
ic integrator (Hewlett-Packard model 3370B). One ml water, 0.5 ml
inositol (1.5% soln) and 0.5g sample were placed in a glass vial, frozen
and freeze dried. Two ml TriSil (Pierce Chem. Co., Rockford, 111) were
added to the dry sample and mixed. After 5 min, a 2 pi sample was
injected into the GC. The column was 1.8m x 2 mm i.d. glass packed
with 3% SE-30 on 80/100 mesh Chromosorb W-HP. A flame ionization
detector was used and the column was programmed from 160-290°C
at 20/min with an 8 min hold. Inositol served as an internal standard
for quantification purposes.

Available lysine

Available lysine was determined using the fluorodinitrobenzene
(FDNB) procedure of Carpenter (1960) with the modifications pro-
posed by Booth (1971). The method entails the reaction of sample with
FDNB, acid hydrolysis and colorimetric measurement of the extracted
DNP-lysine at 435 nm. A methoxycarbonyl chloride treated blank is
prepared for each sample. No correction factor was applied in the cal-
culation of available lysine.

Experimental design

The experimental design was a modified partial orthogonal central
composite. For the first experiment, six independent variables were
identified and coded as shown in Table 1

Fractional replicates of a 2*4 factorial, assuming four factor and
higher order interactions are negligible, was augmented with replicated
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center points and duplicated star (*) points. In this way the effect of
each variable could be determined with the same accuracy as if only
one had been varied at a time, and the interaction effects between the
variables could also be evaluated. Neither center nor star points were
considered for the temperature variable because the anticipated applica-
tion of the Arrhenius equation negated the need to determine higher
order effects. Time entered the design as a variable dependent on tem-
perature. This is shown in Table 1. This was also justified on the basis
of the assumed reaction kinetics. The purpose of this design was to
determine the response surfaces of the activation energy in the Arrhen-
ius equation and a reference reaction rate as a function of the first five
variables in Table 1

The design of the second experiment was similar to the previous
design except that only +1 and —1 values were utilized and variables
sucrose and starch were eliminated. The results from Exp | indicated a
drastic change in reaction kinetics and reaction rate took place early in
the heating period. A series of tests with time as the only independent
variable indicated that the times shown for Exp Il in Table 1 are well
within the initial reaction period. Replications of the center point and
possible use of star points were planned, but not undertaken because
insufficient statistical differences were found to justify attempts to
determine higher order effects. Sucrose and starch were the least im-
portant independent variables in Exp | so their levels were held at the
center value In Exp II.

Statistical analysis

The data from the first experiment were not analyzed in the in-
tended manner. The change in reaction kinetics prior to the analysis
and the evidence of possible increases in available lysine with increasing
time precluded the application of the Arrhenius equation. The results
from each case were reported as fraction remaining and a stepwise
regression program (Draper and Smith, 1968) fit this data to a response
surface type equation including first order effects, squared terms and
first order interactions. Terms were allowed to enter the equation until
the F-test value for the entry of any additional term was less than 3.97
(corresponds to a confidence level of approximately 95%).

The data from the second experiment were utilized to estimate an
activation energy and reaction rate for each combination of the first
three variables. A procedure similar to the one reported by Gondo et al.
(1972) was utilized to adjust for the temperature lag of the samples
during the process. The actual sample temperature was measured by
thermocouples every M sec. These data and initial estimates of the
activation energy and frequency factor were utilized in a zero order
model to predict available lysine losses to be expected in the actual
processes. This value was compared with the measured loss and the
process time adjusted to reduce the difference between the values. This
iterative method was repeated until the differences between predicted
losses and measured losses were minimized. The apparent come up time
(difference between the process time and the time length assuring an
instantaneous rise and fall of temperature) determined by this method
for the miniature retorts waes 6.5 sec. This correction is included in the
final estimations of activation energies and frequency factors.

The estimated activation energy Ej, and reference reaction rate, kr,
for each combination of the first three variables was compared with the
values determined for all of the data taken as a single set, E and kr by
hypothesizing HO:E, = E and HO:krj = kr for i = 1 to 8 (Nie et al.,
1970).

RESULTS & DISCUSSION

THE FDNB METHOD used for determining available lysine
(AL) was chosen after reviewing the literature for procedures
available and after preliminary trials using the TNBS method
of Kakade and Liener (1969) as modified by Warthesen
(1971). The TNBS method required less time but good replica-
tion of results was not achieved. The values obtained using the
TNBS procedure were at times abnormally high. In unheated
controls of the model system, values of AL as percent of pro-
tein ranged from 7—12%. Literature values for ALin soybean
protein are about 6%. Results obtained using the FDNB were
similar to reported values so this method was used throughout
the study.

Experiment I. Studies involving extended heating times

The times and temperatures used in this part of the study
were chosen in order to achieve 50% destruction of AL present
in our model system. It was found that rather drastic heat

Table 1—Test variables

Process and composition codes

Variables Range (0) Center (+1) (-1) (+*) (-*)
aw 0.33-0.93 0.65 0.84 0.51 0.93 0.33
pH 4-10 7 8.5 55 10 4
Glucose 0-4% 2% 3% 1% 4% 0%
Sucrose 0-4% 2% 3% 1% 4% 0%
Starch 0- 10% 5% 7.5% 25% 10% 0%
Temp (“ClI 80-130 105 130 80
Time (min)

Exp 1 30-1440 90 30 1440

Exp Il 2-300 - 2 300

Fig. 1—Effect of temperature and glucose concentration on lysine
retention.

treatments were needed to achieve this goal. After the data
were collected and statistically analyzed, it was found that the
reaction had proceeded well beyond the point where useful
Kinetic data could be collected. However, regression equations
and response surface diagrams obtained from the analysis of
data from the initial part of this study show some interesting
effects.
At the 95% confidence level: Equation |

F test = 3.97

L= 0.581 + 0.047 pH —0.093 glucose —0.059 tempera-
ture —0.0068 time + 0.031 (water activity)2 + 0.025
water activity e sucrose + 0.033 sucrose e starch

L= fraction of AL remaining

F test of the significance of the equation = 19.6

R2 =0.68

From the equation it can be seen that the variables most
affecting the Maillard reaction and resultant loss of AL were
glucose, temperature, water activity squared, the interaction
between starch and sucrose and the interaction between water
activity and sucrose in decreasing order of significance. Time
had a relatively small effect. The R2 value indicates that these
variables explained 68% of the variation in the data.

Response surface diagrams printed out by the computer
illustrate the effects of the variables on AL retention. Each
diagram shows the effect of two variables as they are varied
from —* levels to +* levels. The numbers on the diagram repre-
sent fraction of original lysine remaining; for example, 5 repre-
sents 50% AL retention. All variables other than the two repre-
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Fig. 2—Effect of pH and temperature on lysine retention.
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Fig. 3—Effect of water activity and glucose concentration on lysine
retention.
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Fig. 4—Effect of sucrose concentration and water activity on lysine
retention.

sented on the axes of the graph are held at center (0) levels.

Figure 1 shows the effect of glucose and temperature, the
factors shown by equation 1 to have most influence on the
destruction of AL. As was expected, retention of AL was
greatest at low levels of glucose and low temperatures. The
first order terms for glucose and temperature in equation 1
suggest that AL loss with increasing glucose level and increas-
ing temperature is linear. This is shown to be the case in Figure
1

The effect of pH on the reaction is shown in Figure 2. In
this model system AL retention increases as pH increases at
any given temperature. This result appears to conflict with
results published by other investigators which indicate that the
Maillard reaction is accelerated as pH increases. However, in
most cases in the literature, the model systems used did not
contain sucrose. In the model system used in this research,
sucrose was included and glucose was limiting. It is probable
that at low pH values and at the time and temperature used,
sucrose would be hydrolyzed into the reducing sugars, glucose
and fructose. Since the glucose in the model system was con-
sumed early in the heating, the production of additional reduc-
ing sugars through sucrose hydrolysis may have resulted in
further AL loss. Therefore greater AL loss at lower pH was
observed. Further evidence of sucrose hydrolysis was indicated
by a pH-sucrose interaction, significant at the 75% confidence
level. As pH decreased and sucrose concentration increased,
AL underwent greater destruction.

The influence of water activity and glucose on lysine avail-
ability is presented in Figure 3. Greater AL loss at higher
glucose levels is again shown and at any given glucose level the
AL loss is greatest at an aw of 0.65—0.70. The fact that the
effect of water activity is not linear is shown by the squared
term for aw in the equation. This effect of water activity
confirms findings of several earlier investigators including Lea
and Hannan, (1949) who also worked with a “dry” system and
found the browning reaction to be accelerated at 65-70% RH
(0.65—0.70 aw). Browning starts to occur at a water activity
of about 0.2. This corresponds to the completion of the bound
water portion of the aw vs moisture content isotherm and the
start of the multilayer region of the isotherm. Browning rate
increases at increasing aw until a maximum is reached at an aw
of about 0.65—0.70 where the rate again begins to decrease.
The decline in reaction rate is believed to be due to a dilution
effect on reactants (Labuza et al., 1970). The possible effect
of hysteresis was not studied since all of our samples reached
experimental levels of aw by adsorption.

The interaction between sucrose and starch was shown by
equation 1to have significant effect on the retention of AL in
the model system used. This effect may be explained in the
same manner as the observed influence of sucrose concentra-
tion on the aw of maximum AL destruction (Fig. 4). The
effect of starch and sucrose on AL destruction is believed to
be indirect and due to their effect on moisture content rather
than a direct participation in nonenzymatic browning. The
concept that nonenzymatic browning is related to both aw and
moisture content was suggested by Eichner and Karel (1972).
They found that optimum browning rate is determined by the
amount of water and state of water binding in a system, and
by the mobility of reactants in the system. Maximum brown-
ing therefore depends on the extent to which these conflicting
influences affect the reaction.

The data presented in Figure 4 show a shift in aw (0.76 to
0.56) for maximum AL destruction with the addition of su-
crose. We believe this is due to sucrose being a good humectant
and binding water. At a given aw, the inclusion of sucrose
would require a higher concentration of water in the sample
than if no sucrose were present. The higher water content
would inhibit the destruction of AL due to both feedback
inhibition of the reaction where water is a by-product and
through dilution of the reactants. Both moisture content and
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aw appear to have a very significant effect on AL losses in our
model systems.

Experiment Il. Studies of the kinetics of lysine loss

In this experiment the levels of starch and sucrose were
held constant at 5% and 2%, respectively. Only the +1 and —
levels of the remaining variables were utilized. Shorter heating
times (Table 1) were selected for studying the initial rapid
reaction that was missed in the first experiment.

The activation energies and the reference reaction rates for
each combination of glucose, pH and water activity were
determined by least squares analysis based on a zero order
reaction. The hypothesis that there was no difference between
the activation energy and reference reaction rate for the in-
dividual treatments and the respective values for the pooled
data was tested staiistically. The hypothesis could not be re-
jected except for the combinations with water activity at 0.34,
pH at 5.5 and glucose at either 3% or 1% The average activa-
tion energy, E, was 28,500 calories per mole with a 95% con-
fidence interval of + 600 calories per mole. This activation
energy lies between the values of 26.1 kcal/mol found by Song
et al. (1966) and 29.0 kcal/mole reported by Lea and Hannan
(1949). The activation energies for the compositions that were
significantly different were 19,000 calories per mole for glu-
cose (1%) and 24,600 calories per mole for glucose (3%). The
reference reaction rates at 100°C, k10o are 0.036 mg/min,
0.028 mg/min, and 0.0054 mg/min for the average results, the
treatment with 3% glucose, and the treatment with 1% glu-
cose, respectively.

AL loss was monitored as a function of time at a processing
temperature of 130°C and two levels of glucose (Fig. 5). The
rates of loss are similar, but AL loss continued longer at the
higher glucose level. The linear plot of AL content as a func-
tion of heating time indicates a zero order reaction in this
model food system. Although the data fits a zero order reac-
tion best, it does not permit us to reject the hypothesis of a
first order reaction at the 95% confidence level.

It appears from the graph that lysine availability as meas-
ured by Carpenter’s method goes through a minimum and then
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Fig. 5—The effect cf heating time on lysine (2 glucose levels! glu-
cose and sucrose destruction (temp 130°C; sucrose 2%; starch 5%;
pH 8.5%;and a” 0.84!.

increases slightly with time. This observation was further
studied by measuring AL on 60 samples processed for time
intervals centering on the processing time for minimum reten-
tion. A t-test or. the results indicates that the hypothesis that
there is an increase can not be rejected at the 98% confidence
level.

Figure 5 also shows glucose and sucrose concentration in
the samples at pH 8.5 and 1% glucose heated at 130°C for
varying times. Glucose is lost in what appears to be a first
order reaction, in contrast to the zero order loss of AL. Glu-
cose continues to be destroyed beyond times when AL de-
struction has ceased probably indicating that glucose is par-
ticipating in reactions in addition to Maillard browning. One
such reaction could be caramelization since the conditions of
pH and temperature in these samples would be favorable for
this reaction (Greenshields and Macgillivray, 1972). The high
pH is not favorable for sucrose hydrolysis and as can be seen
from the graph, little or none occurs. Glucose and sucrose
concentrations in samples with 1% glucose and pH 5.5 heated
at 80°C for varying times were also monitored. Glucose be-
haved as it did in Figure 5, decreasing past the point where AL
loss leveled off. Sucrose, however, differs from Figure 5 in that
it decreased slightly as heating time increased, most likely due
to hydrolysis which would be favored at the low pH in the
samples and the length of heating.
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SUPPLEMENTATION OF ONE-POUND LOAVES WITH WET
ALKALINE PROCESS WHEAT PROTEIN CONCENTRATES:
BAKING AND NUTRITIONAL QUALITY

ABSTRACT
The baking properties, protein quantity and guality of 1-lb wieat flour
loaves supplemented with 10-20% wet alkaline process wheat protein
concentrate (WAP-WPC) were studied. WAP\PC was isolated from a
pH 9 extract of wheat millrun or shorts by either acid (HCL pH 5) or
heat (85°C) and freeze, spray, or drum dried. Acceptable loaves were
baked with spray- or drum-dried preparations, with the drum dried,
heat precipitated WAP-WPC performing the best The lysine content of
the control bread, 112 mg/g N, was increased from 177 to 206 mg/g N
with the incorporation of 10-20% WAP-WPC. Protein digestibility of
loaves supplemented with WAP-WPC prepared by various methods was
>90% and the PER ranged from 1.3-1.7 as compared to 0.76 for the
wheat flour control.

INTRODUCTION

IMPROVEMENT of the quantity and quality of dietary pro-
tein has long been a major objective of nutritionists. Bread is
an appropriate vehicle for protein supplementation since it is
consumed by a broad spectrum of the U.S. and other popu-
lations. Since lysine is the limiting amino acid in wheat flour,
proteins containing adequate lysine are best suited to compli-
ment wheat protein. Flours, concentrates and isolates derived
from cottonseed, peanut, sesame, soy, and sunflower as well as
dry milled wheat protein concentrate have been incorporated
into breads (Ranhotra et al., 1971; Ranhotra and Loewe,
1974; Rooney et al.,, 1972;Tsen and Hoover, 1973).

A wet alkaline process has been described in which the
protein of wheat millfeeds is extracted, isolated and dried by
various methods (Saunders et al., 1975). (Millfeed is a general
term applicable to any one of the fractions of the kernel
remaining after removal of the flour. Millrun is the entire frac-
tion remaining after flour removal. Shorts is the fraction of
millfeed remaining after removal of coarse bran, most of the
red dog and germ.) The 5,000,000 tons of millfeeds produced
annually in the U.S. represent some 800,000 tons of protein
which, if isolated, could be a viable protein source for humans
and nonruminants. Wet alkaline process wheat protein concen-
trate (WAP-WPC) prepared in various ways contains from
50—60% protein (N X 5.7) and from 280—325 mg lysine per g
nitrogen (Saunders et al., 1975). The Protein Efficiency Ratio
(PER) ranged from 1.8—2.0 (casein corrected to 2.5) with the
protein being > 90% digestible (Saunders et al., 1974). Storage
studies have shown the lipid fraction of WAP-WPC to be most
stable when stored at the original moisture content of the
concentrate (Betschart et al., 1975a).

The influence of processing upon the baking quality of
WAP-WPC incorporated into laboratory pup loaves has been
reported (Betschart et al., 1975b). The objectives of this study
were to evaluate the functionality, protein quantity and
quality of 1-Ib loaves containing from 10—20% WAP-WPC.
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Materials

The wet alkaline process described by Saunders et al. (1975) was
used to prepare WAP-WPC from millrun (Con-Agra-Montana, Inc.) and
shorts (Millers” National Federation, Chicago, 111). Briefly, the protein
wes extracted at pH 8.6-9.0, isolated by heat (85°C) or acid (HCL pH
5.0), and freeze, spray, or drum dried. A detailed description of the
drying conditions has been previously reported (Betschart et al.,
1975a). Temperatures attained during freeze, spray and drum drying
were 25°C, 232°C (inlet) and 107-110°C (outlet), and 127-132°C,
respectively. Freeze- and drum-dried preparations were milled in a
Wiley mill to pass through a 20 mesh sieve.

Methods

Baking procedure and evaluation. 1-lb loaves were baked according
to the formula and procedure described in Table 1 (footnote a). Acid or
heat precipitated WWAP-WPC prepared from millrun or shorts was sub-
stituted for 10% of the weight of a Hard Red Winter Baker’s Patent
Wheat Flour (2.0% N). Heat precipitated, drum-dried WAP-WPC was
also incorporated at levels of 15 and 20%as replacement for the wheat
flour. Laboratory pup loaves baked with 3% shortening (Crisco) had
loafvolumes equal or superior to those made with 0.5% sodium stearoly-
2-lactylate; 1-Ib loaves were, therefore, made with the conventional
shortening formulation. With each experiment 10% defatted soy flour
(Baker’s Nutrisoy, Archer Daniels Midland Co., Decatur, 111) was in-
cluded as a treatment. Water absorption of the dough and mixing time,
i.e., time required to reach desired consistency, were determined Loaf
volumes were measured after baking by the rapeseed displacement
method. External and internal characteristics of the baked loaves were
evaluated by criteria as outlined in the Bread Score Report Form of the
American Institute of Baking (Chicago, 111). Data for each treatment
are expressed as the mean of three loaves obtained from a single bake
test.

Bioevaluation of protein. The PER was determined by a 21-day
study with diets containing 10% protein (AOAC, 1975). The diets were
fed, ad libitum, to groups of eight, 21-day-old, male weanling (Sprague-
Dawley) rats. The rats were randomly divided into groups inwhich the
mean initial weight was 56g. All rats were individually housed in screen
bottomed caies with feed consumption and body weights of each rat
recorded weekly. Nitrogen digestibility was determined during the third
week of the study and corrected for fecal nitrogen of rats fed a nitro
gen-free diet. Statistically significant differences between mean PER
vaglue;s were determined by the Duncan’s Multiple Range Test (Duncan,
1955).

Chemical analyses. Amino acid analyses were conducted according
to the procedure of Kohler and Palter (1967). Official methods of
AOAC were used for proximate analyses (AOAC, 1975). Protein values
of all breads were expressed as N x 5.7.

RESULTS & DISCUSSION

THE COMPOSITION of unwashed WAP-WPC used in this
study generally ranged from 9.2-9.9% nitrogen, 15-19%
crude fat, 1.0—1.2% crude fiber and 4.1—4.9% ash (Table 2).
Deviations from these values were observed in the crude fat of
the spray dried, acid precipitate from shorts, and in the lower
ash and higher nitrogen of the washed sample.
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Table 1—Properties of 1-Ib loaves baked with wet alkaline process wheat protein concentrate3

Dough mixing properties

Baking properties

Proteini3 Scorec
(N X 5.7) Absorption Mixing time Specific loaf vol
Sample (%) (%) (min) (cc) (cclg) Exter. Inter. Total
Wheat flour control 14.1 64 8 2923 6.2 28 58 86
10% Soy flour 17.9 65 7 2297 4.7 23.5 52 75.5
10% WAP-WPC™ from millrun
Acid precipitate
Spray dried (washed) 19.4 65 6 2024 4.1 22 42 64
Spray dried 19.1 65 6 2063 4.2 22 43.5 65.5
Heat precipitate
Spray dried 18.5 65 6 1463 3.0 17 37 54
Drum dried 18.8 65 6 2615 5.5 27 52.5 79.5
10% WAP-WPC?1 from shorts
Acid precipitate
Spray dried 19.1 65 6 2062 4.3 21.5 47 68.5
Heat precipitate
Spray dried 19.0 67 6 1372 2.7 14 34 48
15% WAP-WPC from millrun
Heat precipitate
Drum dried 20.7 67 5 2407 5.0 23 48.5 71.5
20% WAP-WPC from millrun
Heat precipitate
Drum dried 23.2 69 5 2240 4.6 20 44.5 64.5

a Breads baked using astraight dough procedure with tl eformula (5): HRW patent bread flour or blend, 100; veast, 2.5; salt, 2.0; sucrose, 4.0; short-
ening (Crlsco), 3.0; potassium bromate, 10 ppm. Procedure Included 70 min fermentation time 25 min Intermediate proof, 65 min pan proof,and

a bake time of 20 min at 218°C.
b Moisture free basis
c Bread score report, American Institute of Baking, Chicago, IlIl.

AW et alkaline process wheat protein concentrate; samples unwashed unless otherwise indicated

Properties of the dough

Dough mixing properties were altered with the incorpora-
tion of WAP-WPC (Table 1). Absorption increased most when
higher levels of the drum-dried, heat precipitate were included.
Mixing time decreased with the use of 10% WAP-WPC, de-
creasing further with the inclusion of 15 and 20% WAP-WPC.
The dough handling properties were generally fair, with those
of the drum-dried WAP-WPC supplemented dough being good
at the 10% level and fair at higher levels.

Baking quality

The baking properties of the various WAP-WPC were signifi-
cantly affected by precipitation method, drying method, and
concentration of the WAP-WPC. Neither source of the WAP-
WPC, i.e., millrun or shorts, nor washing during the isolation
procedure, had an influence upon baking quality (Table 1).
The volumes of loaves baked with drum dried, heat precipi-
tated WAP-WPC at 10—20% levels compared favorably with
loaves incorporating equivalent quantities of full-fat or defated
soy flour (Ranhotra and Loewe, 1974).

With WAP-WPC extracted from both millrun and shorts, the
acid precipitate produced higher loaf volumes and total scores
than did the heat precipitate. As shown in Figure 1, grain and
texture of the loaves prepared from the acid precipitate were
also superior to those containing the heat precipitate. Al-
though the same trends were observed when acid and heat
precipitated WAP-WPC were incorporated into pup loaves, it
was less pronounced. Also, drum drying eliminated the dilig-
ences in loaf volumes of pup loaves due to precipitation
method, since both acid and heat precipitated, drum-dried
concentrates performed equally well (Betschart et al., 1975b).

The drum-dried WAP-WPC performed the best in 1-Ib loaves
and, when included at levels of 15 and 20%, still resulted in
loaf volumes superior to those incorporating 10% of any of the

spray-dried preparations (Table 1). As anticipated, the use of
increasingly higher levels of the drum-dried WAP-WPC pro-
duced loaves of lower volumes and somewhat darker color
(Fig. 2).

Total scores followed the same trends as those observed
with loaf volumes (Table 1). Flavor and color were, generally,
more acceptable in loaves with the greatest volumes and be-
came less desirable as volumes decreased.

Table 2—Proximate composition of wet alkaline process wheat
protein concentrates prepared from millrun and shorts (Moisture
free basis)

Crude Crude
Nitrogen fat fiber Ash
Description3 (%) (%) (%) (%)
Millrun
Acid precipitate
Spray dried (washed) 11.0 19.0 1.1 2.3
Spray dried 9.9 16.6 1.0 4.1
Heat precipitate
Spray dried 9.2 15.1 1.1 4.5
Drum dried 9.8 16.1 1.1 4.4
Shorts
Acid precipitate
Spray dried 9.2 11.9 1.0 4.2
Heat precipitate
Spray dried 9.7 17.1 1.2 4.9

a Samples unwashed unless otherwise Indicated



822-JOURNAL OF FOOD SCIENCE-Volume 41 (W76)

SPRAY DRIED

ACID HEAT

MILLRUN

SHORTS

Fig. 1—Cross sections of loaves baked with 10% spray dried, wet
alkaline process wheat protein concentrate from millrun or shorts, pre-
cipitated by eitheracid or heat. Numerical scale represents inches.

Since within the spray-dried protein concentrates, those
which were precipitated by acid performed best in baking, it
appears as though isolation of WAP-WPC by steam injection at
85°C has some deleterious effects upon the functionality of
the final product. Higher temperatures encounterei during
drying, however, seemed to be advantageous. The drum-dried
WAP-WPC, which was heated most severely during drying
(127—132°C), possessed superior baking properties compared

with those which had been spray dried at outlet temperatures
of 107—110°C, respectively. It has been reported that heating
raw skim milk to 79°C for 10 min, as well as the dry heat
treatment of sunflower and cottonseed flour, enhanced baking
quality (Swanson and Sanderson, 1967; Rooney et al., 1972).
The dry heat treatment of sesame and peanut flour, however,
slightly impaired their baking characteristics (Rooney et al.,
1972). The influence of heat upon protein preparations prior
to being incorporated into breads would seem to be a function
of many factors including moisture content, the presence of
volume-depressing, heat sensitive substances which may inter-
fere with fermentation and C02 production, the composition,
configuration and heat sensitivity of the protein, as well as the
functionality of the protein in the bread system. This may
account for some of the differences observed when various
protein preparations have been heated prior to baking.

Protein quantity and quality

Loaves supplemented with 10% WAP-WPC contained from
18.5—19.4% protein which represented an increase of from 31
to 37% over that of the control (Table 1). With levels of 15
and 20% WAP-WPC, the protein content of resultant loaves
was 46 and 64% higher, respectively than the control.

Amino acid composition. The essential amino acid content
and, thus, the amino acid score of breads supplemented with
WAP-WPC, improved progressively as increasing quantities of
wheat flour were replaced with WAP-WPC (Table 3). The addi-
tional lysine contributed by 15 and 20% WAP-WPC was not,
however, proportional to that supplied at the 10% level. The
phenomenon of lysine destruction during baking due to the
Maillard reaction is well documented. Jansen et al. (1964)
reported as high as 30% of the added lysine monohydrochlo-
ride was destroyed in breads baked at 232°C for 30 min in the
presence of reducing sugar. Losses diminished greatly when
baking time was reduced to 20 min. Ranhotra et al. (1971)
observed that from 11.7—18.8% of the lysine was lost when
breads supplemented with dry milled wheat protein concen-
trate were baked at 204°C for 25 min. It is apparent that
partial destruction of lysine occurs under a variety of baking
conditions, including temperatures of 218°C for 20 min which
were used in the present study.

Bioevaluation of the protein. One of the major objectives of
the wet alkaline process is to enhance the protein digestibility

HEAT PPT. DRUM DRIED

FiQ 2—Cross sections of breads baked with wheat flour control, 10, 150r20% heatprecipitated, drum-dried wet alkaline process wheatprotein concen-
trate from millrun, or 10% soy flour. Numerical scale represents inches.



Table 3—Amino acid composition of select breads containing
10—20% wet alkaline process wheat protein concentrate

Wheat WAP-WPC1I*

ea

FAO (Heat ppt, drum dried)
provisional  flour

Amino acid pattern3 control 10% 15% 20%

mg amino acid/g nitrogen

Isoleucine 250 252 256 253 256
Leucine 440 447 456 447 450
Lysine 340 112 177 187 206
Methionine 112 124 123 126
Cystine 160 135 126 128

Methionine +

Cystine 220 272 259 249 254

Phenylalanine 304 294 293 289
Tyrosine 206 201 204 198

Phenylalanine +

Tyrosine 380 510 495 497 487

Threonine 250 183 207 206 218
Valine 310 259 307 303 329
Histidine 122 143 143 141
Arginine 247 315 331 355
Aspartic acid 264 332 354 383
Glutamic acid 2299 1986 1814 1797
Serine 305 318 299 308
Proline 682 592 525 513
Glycine 219 256 262 275
Alanine 191 242 255 271
Amino acid score2

(Chemical score) 33 52 55 60.6
% N recovered 95.8 95.7 92.6 92.3
% N in sample 2.48 3.29 3.63 4.07

a FAO (1973)
k Wet alkaline process wheat protein concentrate

by separating the protein from the fibrous material. The pro-
tein digestibility of wheat millrun and shorts is typically 72
and 77%, respectively, whereas that of WAP-WPC is generally
92—93% (Saunders et al., 1974). As shown in Table 4, the
protein digestibility of breads supplemented with WAP-WPC
was > 90%.

The PER of all breads supplemented with WAP-WPC was
superior to that of the wheat flour control (Table 4). Breads
containing 10% WAP-WPC exhibited PER values from
1.27—1.71 with the mean being 94% greater than that of the
control. Although PER values for 21-day studies might be ex-
pected to be slightly inflated, Hegarty (1975) reported that
the mean of many 20—21-day studies was not more but 13%
less than that for 28-day studies. Thus, the values reported in
the present study should be somewhat indicative of a 28-day
study.

Although there were variations in the PER values of breads
supplemented with WAP-WPC, there were no significant differ-
ences as a function of source (millrun or shorts), precipitation
method (heat or acid), or washing procedure prior to drying
(Table 4). Drying method did influence PER with breads sup-
plemented with drum-dried WAP-WPC having a significantly
higher PER than those containing the unwashed spray-dried
preparations from millrun at the 10% level. Concentration of
the WAP-WPC used also had an effect upon PER. Although the
PER of loaves supplemented with 10 and 15% of the drum-
dried WAP-WPC were not significantly different, the PER of
loaves containing 10% WAP-WPC was significantly higher than
that of loaves with 20%. The higher concentrations of lysine in

WPC SUPPLEMENTATION OF BREAD- 823

Table 4 —Protein efficiency ratio and digestibility of breads con-
taining 10—20% wet alkaline process wheat protein concentrate

Digestibility
Sample PER3 Dietb Nitrogen®
Casein 2.50a 95 100.6
Wheat flour control 0.76e 97 96.4
10% Soy flour 1.73b 93 92.4
10% WAP-WPC from Millrund
Acid precipitate
Spray dried, washed 1,52bcd 94 91.6
Spray dried 1.27d 94 92.4
Heat precipitate
Spray dried 1.37cd 94 93.4
Drum dried 1.71b 94 90.4
10% WAP-WPC from shorts
Acid precipitate
Spray dried 1.42cd 94 92.0
Heat precipitate
Spray dried 1,56bc 94 93.6

15% WAP-WPC from Millrun
Heat precipitate
Drum dried 1.57bc 94 90.3
20% WAP-WPC from Millrun
Heat precipitate
Drum dried 1.44cd 94 92.7

a Duncan's multiole range test; means without a letter in common
are significantly different P = 0.05.
Feed intake — Fecal wt
b Digestibility of diet = X 100.
Feed intake

N Intake — (Fecal N — Endogenous fecal N)
c N Digestibility = X
N intake

100.
AW et alkaline process wheat protein concentrates; samples un-
washed unless otherwise indicated.

the 20% formulations are apparently not completely available
to the rat. Although results are not entirely analogous,
Ranhotra et al. (1971) reported progressively smaller increases
in PER as levels of dry milled WPC in breads were increased.
The loss of lysine is an especially critical phenomenon in
baked products which are intensively fortified with protein
and/or lysine.

CONCLUSIONS

THE BAKING QUALITY of WAP-WPC was influenced by
precipitation anc drying method, and by level used. Within the
spray-dried preparations, the acid precipitates were superior to
the heat precipitates. The drum dried WAP-WPC at the 10%
level performed best and produced volumes which compared
favorably with reported volumes for soy-fortified breads. The
color and flavor of WAP-WPC supplemented breads were simi-
lar to that of whole wheat bread.

The protein content of breads supplemented with WAP-
WPC was increased 31—64% over the control with the replace-
ment of 10 and 20% of the flour, respectively. With the incor-
poration of 10% WAP-WPC the lysine content of loaves in-
creased 58% over the control, and PER values ranged from
1.27—1.71. Although the lysine content increased with the
incorporation of increasing quantities of WAP-WPC, it was not,
apparently, as available at the higher levels. Since lysine de-
struction is a potential problem with many baked goods, fur-
ther studies are needed to specifically define the influence and
interaction of factors such as ingredients, i.e., concentration of
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the protein and reducing sugars, baking time, and temperature
upon lysine availability.
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EVALUATION OF THE QUALITY, ACCEPTABILITY
AND TASTE OF SOY-FORTIFIED BUNS

ABSTRACT
Hot dog buns were prepared from wheat flour and wheat flour fortified
with 12% defatted soy flour; 12% soy-fortified buns contained 27.5%
more protein and 29.2% more minerals than wheat buns. Soy-fortified
buns were slightly larger and darker with grain similar to that of wheat
buns. Comparative acceptability and taste of the buns, served with hot
dogs during lunch at five elementary schools, were evaluated by about
50 students at each school a day. Soy-fortified buns were rated accepta-
ble by 85% of the children. The taste of the soy-fortified buns did not
differ significantly (P < 0.05) from that of the wheat bun according to
the statistical results.

INTRODUCTION

CEREALS are generally deficient in lysine and some other
essential amino acids and, therefore, inferior in protein quality
nutritionally. Most cereals are also low in protein. In general,
cereals alone will not provide the quality and quantity of pro-
tein needed by young children; the nutritional benefits of
amino acid and protein fortifications are well documented
(Milner, 1969; Scrimshaw and Altschul, 1971).

Of all cereal foods, bread is the most popular staple food in
the world. Its high consumption, wide acceptability, and low
price make it an ideal food to be fortified for various feeding
programs, including school lunch programs, and for general
public consumption.

Many protein-rich additives can be used as protein-forti-
fiers. Defatted soy flour is a favored fortifier for its price,
availability, protein content, and quality. However, fortifying
wheat flour with soy flour at more than 6% can adversely
affect dough properties and bread quality (Tsen, 1971). But
the improving action of sodium stearoyl-2 lactylate, calcium
stearoyl-2 lactylate, and ethoxylated monoglycerides alleviate
the adverse effects. Tsen and Tang (1971) and Tsen and
Hoover (1973) developed a blend of wheat flour fortified with
12% soy flour and 0.5% SSL. It was later modified to provide
two products; 6% and 12% soy-fortified bread wheat flours.
The fortified flours are enriched with vitamin A, thiamine,
riboflavin, niacin, calcium and iron. SSL and bromate are in-
cluded to improve loaf volume and bread quality. The two
blends’ specifications were developed largely through the work
of the USDA Western Regional Research Lab., ARS, with the
cooperation of Kansas State University and Industrial Labora-
tories (ASCS, 1973). More than 35 million Ib of such fortified
flours were purchased for use in the Food for Peace program
in 1973 and more than 100 million Ib for 1974—75
(Shaughnessy, 1974). The soy-fortified flours are being used to
prepare breads or buns for school lunch programs in about 30
countries. However, little information has been available con-
cerning the quality and acceptability of soy-fortified breads or
buns prepared for such uses.

This study examined the quality of buns prepared from
soy-fortified flour and assessed their acceptability in school
lunch programs.

METHODS

WE USED COMMERCIAL wheat and defatted soy flours. Their mois-
ture, protein, ash and fat contents were:

Moisture Protein3 Ash Fat

) (%) @ @9

Wheat flour 11.8 138 06 _
Soy flour 117 50.8 5.7 0.7

Protein content: %N X 5.7 for wheat flour, %0\ X 6.25 for soy flour

All analyses were by AACC Methods (1970), except that fat was deter-
mined by AOCS Method Aa 4-38 (1971) with petroleum ether as the
extracting solvent.

The K-State Process (Tsen and Tang, 1971) was modified for mak-
ing soy-fortified hot dog buns.

The formula, on a wheat flour or soy-fortified flour (88 parts of
wheat flour and 12 parts of soy flour) basis, called for 4% yeast, 12%
sugar, 2% salt, 2% shortening %ydrogenated vegetable ail), 0.5% SSL,
70 ppm bromate, 58%water for wheat flour and 78% water for soy-for-
tified flour. Amounts of water used to prepare various solutions and
suspensions were included as parts of the total water required in the
formula.

Flour or soy-fortified flour was mixed with sugar-, salt- and bro-
mate-solutions, yeast-suspension and SSL-suspension (55°C) in a stand-
ard vertical Hobart A-200 mixer at first speed (low) for 30 sec. The
mixer was equipped with a MacDuffee type bowl and fork, and a water
jacket to regulate dough temperature. Shortening was added and mixed
30 additional sec. The dough then was mixed 5 min at second speed
(medium). The mixed dough temperature was 31-32°C. The dough
was placed in a glass container and fermented 40 min at 30°C and 85%
relative humidity. After it fermented, the dough was moulded, panned,
pressed for 13 min, and proofed at 36°C and 92%relative humidity for
60 min. Baking was at 204°C for 12 min.

Loaf weight, expressed in g, and volume, in cc by seed displacement,
were measured within 10 min after buns were removed from the oven
and averaged from duplicates. The measurements of the buns used in
the school evaluation were repeated each day during the testing period.
Average data of these measurements are reported in Table 2.

The grain of finished buns was scored from 1-10 after baking. A
bun scoring less than 5 wes regarded as unsatisfactory. The rating is,
however, arbitrary, for there are no standards for grain-scoring in the
baking industry.

Crust and crumb colors were evaluated with Agtron multi-chromatic
abridged reflectance spectrophotometer Model M-300A with mono-
chromatic spectral lines: red (640 nm), green (546 nm), and yellow
(585 nm). The instrument wes standardized with standard disc M68
and 00 to read 100 and O, respectively. Slices about Vi in. thick from
the crust and the middle portion of a bun were used for measurements.

Acceptability and taste of hot dog buns were evaluated at five ele-
mentary schools cf the same school district in Manhattan, Kansas. Hot
dogs were prepared just before lunch. Hot dog contained simply a bun,
prepared the previous day and a commercially available, standard
weiner, regularly used in the school district. It was then cut into halves.
The evaluation was made at one school a day with about 50 Grade 5
and 6 students randomly selected as evaluators, each given two half-hot
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Table 1—Protein, ash and fat contents of buns used to test ac-
ceptability

Protein Ash
Content Increase Content Increase Fat
Bun %) *%) *%) ®) (%i
Wheat 14.2 2.4 1.4
Soy-fortified 18.1 27.5 3.1 29.2 1.3

Table 2—Average weights, volumes, specific volumes, colors and
grain scores of indicated test buns

Wt Voi Crust Crumb Grain
Bun 9) (cc) Red Green Yellow Red Green Yellow score
Wheat 43 276 39 16 24 96 86 94 9
Soy-
fortified 42 280 30 10 16 89 81 83 9

dogs with buns made from wheat flour and soy-fortified flour, respec-
tively, identified with symbols such as Aand o, along with ot ter foods
served for the school lunch that day. Students were not told what the
buns were made of and asked only to evaluate the buns as folicws:

EVALUATION OF HOT DOG BUNS
A The buns are acceptable
The buns are not acceptable
_ OnlyA - oro_____ isacceptable
B. ATastes better

o Tastes better
ATastes the same as o

The evaluation wes repeated 2-wk later with the same students at
the same school. Absentees made fewer students participate in the sec-
ond evaluation.

RESULTS & DISCUSSION

Increase in protein and mineral contents
with soy fortification

Analyses of the buns showed that 12% soy-fortified buns
not only contained 27.5% more protein but also 29.2% more
minerals than wheat buns (Table 1). The quantitative increases
show significant improvement in the fortified buns’ nutritive
value. In addition, soy fortification can balance the fortified
buns’ essential amino acids, primarily by supplying lysine from
soy flour. As we reported recently, PER values (corrected)
obtained in rat feeding tests were 1.3 and 1.9, respectively,
for wheat and 12.0% soy-fortified breads in one study
(Shamsuddin, 1972), and 1.1 and 2.2 for wheat and 16.6%
soy-fortified breads in another study (Tsen et al., 1975). Pre-
viously, others also reported improving bread through protein
and lysine fortifications (Jansen, 1969; Jansen and Ehle, 1965;
Rosenberg et al., 1954; Rosenberg and Rohdenburg, 1952;
Hutchinson et ah, 1956, 1959).

Soy-fortified buns were slightly larger than wheat buns.
However, the fortified buns’ crust appeared darker and their
crumb was slightly more yellowish than those of wheat buns
(Table 2). The browning reaction during baking from the addi-
tional protein, amino acids and sugars in soy flour likely ex-
plains the darker colors. The color, however, did not affect
acceptability of soy-fortified buns, as reported here later. The
grain of both bun types was considered excellent.
Acceptability of soy-fortified buns

In statistically evaluating the acceptability of soy-fortified
bun, ps is the proportion of school children who consider the
soy-fortified bun acceptable. Let Y = SA/T where SA =num-
ber of school children who consider soy-fortified buns accept-
able and T = total number of children in the sample.

Table 3—Resu ts of acceptability tests of hot dog buns

School Eugene Field Bluemont Marlatt Roosevelt Woodrow Wilson Totals Grand
Test no. 1 2 Total 1 2 Total 1 2 Total 1 2 Total 1 2 Total 1 2 total
Buns are acceptable 38 33 71 37 38 75 37 40 77 41 36 77 43 44 87 196 191 387
Buns are not acceptable 0] 2 1 3 0 0 0 1 2 0 1 1 4 4 8
Only wheat buns are
acceptable 4 7 11 12 7 19 11 5 16 3 7 10 5 3 8 35 29 64
Only soy-fortified buns
are acceptable 5 5 10 5 1 6 1 1 2 7 2 9 5 3 8 23 12 35
Total 49 45 94 55 48 103 49 46 95 52 46 98 53 51 104 258 236 494
Table 4—Results of taste tests of hot dog buns
School Eugene Field Bluemont Marlatt Roosevelt Woodrow Wilson Totals Grand
Test no. 1 2 Total 1 2 Total 1 2 Total 1 2 Total 1 2 Total 1 2 total
Wheat buns taste better 13 23 36 26 33 59 30 23 53 14 19 33 14 13 27 97 111 208
Soy-fortified buns
taste better 14 7 21 20 8 28 10 9 19 12 11 23 16 20 36 72 55 127
Wheat buns taste the
same as soy-fortified
buns 22 16 38 9 7 16 9 14 23 26 16 42 23 18 41 89 71 160
Total 49 46 95 55 48 103 49 46 95 52 46 98 53 51 104 258 237 495



Y is the maximum likelihood estimate of ps. Data in Table
3 give an estimate of 0.8542 for Y, hence, 0.8542 is the maxi-
mum likelihood estimate of ps. The 95% confidence interval of
ps is (0.8231—0.8853). So soy-fortified buns were rated ac-
ceptable by alarge majority (82-88%) of the children (at 95%
confidence).

Taste of soy-fortified buns

Using data in Table 4, we tested the following hypotheses
to see whether soy-fortified buns tasted as good as wheat buns.

Null hypothesis HO is that the taste of soy-fortified bun is
not so good as that of wheat bun; the alternative hypothesis
Ha then is that soy-fortified buns tasted as good or better
than wheat buns. We used the sign test of Snedecor and
Cochran (1973). Let Y = the number of school children who
considered the soy-fortified buns as good or better than wheat
buns. At P < 0.05, we reject HO when Y is greater or equal to
266. The critical value, 266, is obtained by:

k= 12[(495) + (V495)(1.65)] = 266

Where 495 is the total school children involved in the sam-
ple, and 1.65 is the value from standard normal table. In our
sample Y = 287. So our statistical data show that the taste of
the soy-fortified bun does not differ significantly from that of
the wheat bun.

As found in this study, acceptable buns can be prepared
from soy-fortified flour. Such fortified buns can be effectively
used to improve the nutrition of meals served in school lunch
and other feeding programs.
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FLAME STERILIZA'ION OF SOME TOMATO PRODUCTS
AND FRJITS IN 603 X 700 CANS

ABSTRACT ------

Processing of fruits and vegetables in 603 x 700 cans for institutional
use is a common commercial practice. The present time-temperature
treatments for assuring commercial sterility are often excessive and
unavoidably detrimental to product quality. Using the count reduction
system of process lethality evaluation, canned whole peeled tomatoes
packed in juice and fruits packed in syrup were experimentally flame
sterilized as rapidly in 603 x 700 cans as in 303 x 406 cans.

INTRODUCTION

SINCE THE PROBLEM of acquiring commercial sterilization
in acid foods is one of destroying a population of ncnpatho-
genic microorganism which could cause spoilage, processing
times and temperature established for tomato products and
fruits are not standardized (NCA, 1968a). Canners, with the
guidance of NCA and according to their own experience with
spoilage, vary the severity of the applied thermal treatment.
For example: For whole peeled tomatoes in juice for one can
size, the time-temperature treatment may vary from 22 min at
246°F (118.9°C) at 1.6 rpm to 46.5 min at 210°F (98.9°C) at
15 rpm; for puree packs of whole tomatoes, the process may
be 50 min at 225°F (107.2°C) at 1.9 rpm for 303 X 406 cans,
and up to 100 min at 0.6 rpm for 603 X 700 cans. The
thermal process for fruits packed in syrup varies similarly and
is approximately 1/3 longer for 603 X 700 than for 303 X 406
cans.

With the introduction of Stériflamme (Filper Corp., San
Ramon, CA) for acid foods in California, commercial fiame
sterilization of whole peeled tomatoes in juice in 303 X 406
cans was accomplished in 12 min which included 4 min pre-
heating. In addition, by properly adjusting fiame intensities,
diet or syrup packed cling peach halves and/or slices, and/or
fruit cocktail were simultaneously processed in the same Stéri-
flamme cooker operating from 180—200 cpm per commodity.
In another Stériflamme cooker, whole peeled tomatoes packed
in puree were processed in 404 X 502 cans in 15 mir, with 5
min preheating included, as compared to 26—76 min of agi-
tated retort processing for similar packs.

At present, the largest can size commercially flame steri-
lized is 404 X 502. In this work, the potentials of Stériflamme
processing tomato products and some fruits in 603 X ""00 cans
are investigated.

EXPERIMENTAL

Commercial agitated retort processes

Diced and whole peeled tomatoes in 603 X 700 cans were inocu-
lated with spores of B. coagulans ATCC No. 8038, sealed and commer-
cially processed to determine process lethality. Additional cans were
processed without inoculation and used for quality evaluation (Leonard
et al., 1975c). The tomatoes, diced and whole, for quality evaluation
were lye peeled in a regular cannery operation.

Processes for tomatoes and some fruits were reproduced in a Steri-
tort process simulator (FMC, San Jose, CA). Fill weights, retort temper-
atures, reel speeds, and times of the commercial operation were used
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for each commodity. Heat penetration and spore count reduction data
were obtained in triplicate.

Stériflamme processes

A laboratory model Stériflamme unit, described by Leonard et al.
(1975a), capable of processing one can at a time was used to explore
processing parameters for the various fruits and tomato products. Heat
penetration data and count reduction data with spores of B. coagulans
ATCC No. 8038 were obtained in each test. For diced and whole peeled
tomatoes in juice, additional cans were processed without inoculation
for quality evaluation (Leonard et al., 1975c). These tomatoes were all
commercially lye peeled and comparable to packs described in the re-
tort processing section.

For 303 X 406 cans, the laboratory model Stériflamme was
equipped with a 1/8-in. wide burner positioned 9/16 in. from the low-
est point of the can. For 603 x 700 cans, the burner was 1/4-in. wide
and 112 in. from the lowest point of the can.

To test the influence of an angled position of the burners, 5% Ben-
tonite solution (56 0z) with 33 rubber stoppers (heatsinks, 54 0z) were
used in a 603 x 700 can. The angle position was simulated by burner
movement from right to left, with a span of 3Min./I 5 sec. At the end
of the cycle, the burner returned to original position within 2 sec and a
new cycle began. The point of temperature measurement in this experi-
ment was 1 in. from the end on the longitudinal axis of the can.

Process evaluation

In commercial tests with tomato products, process lethality data
were obtained only in terms of spore counts as decimal reductions,
using the microbiological methods described by Leonard et al. (1975b).

decimal reduction =log, Oa - log, Ob

a = number of spores inoculated B. coagulans ATCC No. 8038
(control can)

b = number of spores surviving the heat treatment (processed
can)

In the laboratory tests with tomato products where heat penetration
data were obtained, process lethality Fa/a and thermal degradation
values CQ were both calculated using the General Method (NCA,
1968h). The value z = 27°F for spores of B. coagulans ATCC No. 8038
wes experimentally determined in tomato juice. For thermal degrada-
tion (C0), the z value was calculated with Q, 6°F =2, and the reference
Q0 =CaJ&8'=1min.

In fruit packs, the z value for B. coagulans spores ATCC No. 8038
had not been determined, thus lethality was obtained in terms of deci-
mal reduction only. Thermal degradation (CO) values were calculated
with 0,8°” =2, as previously described.

Temperature measurement

In-can liquid temperatures were continuously recorded by mounting
Ecklund copper-constantan thermocouples (O.F. Ecklund, Cape Coral,
Fla)) into either end of the can. The point of measurement, unless
otherwise stated, wes 3 in. from the end on the logitudinal axis of the
603 x 700 can.

Preparation of samples

Commercially available 603 x 700 beaded cans were used in all
phases of this study. The bodies and ends of these cans were 107-1b
plate of T-5 (stiff quality) temper.

Cling peach halves and slices. Lye peeled peach halves or slices were
packed cold into 603 x 700 plain tin cans with enameled ends, using 72



oz fruit and 35 0z 40°Brix sucrose syrup. The cans were sealed under
10 in. of vacuum. The samples were prepared for heat penetration
studies, and inoculated with 5 ml of B. coagulans spores ATCC No.
8038 using approximately 1 x 109 spores/ml inoculum.

Fruit cocktail. Commercially packed 603 x 700 cans of sealed but
unprocessed fruit cocktail were transported to the processing labora-
tory. The fruit cocktail was transferred to new cans to obtain heat
penetration and decimal reduction data.

Pear halves. Peeled and cored pear halves were packed cold into 603
X 700 plain tin cans with enameled ends using 68 oz pear halves and 39
0z 36°Brix sucrose syrup. Both heat penetration and decimal reduction
data were obtained.

Whole peeled tomatoes in juice or puree. Round and var. 13L (pear
shaped) tomatoes were commercially lye peeled, hand selected for
wholeness, firmness and color and packed into enameled 603 x 700
cans. Tomato fill weight was 95 oz. The round tomatoes were ex-
hausted 9 min at 208°F, covered with 185°F single strength tomato
juice and sealed. For heat penetration data, a thermocouple wes
mounted through the center of the can bottom and the tomatoes were
packed around 1t without being pierced. The cans were inoculated with
5 ml of spores of B. coagulans ATCC No. 8038 using approximately 1
X 109 spores/ml inoculum. The inoculum was distributed over the
tomatoes. Net closed weight of each can wes 107 oz.

Var. 13L tomatoes were packed in puree. The tomatoes were ex-
hausted 13 min at 210°F and covered with 1.06 (13.2°B) tomato puree
at 185°F. Cans were inoculated and prepared for heat penetration
study as previously described.

Diced tomatoes in juice or puree. Lye or hot water peeled tomatoes
were diced into 1/2 in. cubes. Diced tomato fill weight was 93 oz for
juice, and 67 oz for puree packs. The cans were exhausted 14 min at
210°F and covered with 185°F single strength tomato juice or 1.07
(15.2°B) puree. The inoculum was mixed in with the diced tomatoes.
Net weight of each can was 107 oz. Tomatoes were lye peeled in the
cannery operation and hot water peeled in the laboratory.

Evaluation of the double seams

Each can processed was supported on its double seams and rotated
up to 80 rpm in the flame sterilizer. The double searms of processed and
unprocessed control cans were evaluated using a seam micrometer and a
projector (NCA, 1973a).

Double seam integrity

The No. 10 cans were filled with a basal medium to which glucose
and ammonium chloride were added (Stanier et al., 1963). Ten cans
were heated in the flame sterilizer to 220°F (104.4°C) without rota-
tion, then spray cooled. When the cans ends returned to concave posi-
tion ('V1400F) while cooling, the double seams were smeared with a
suspension of Aerobacter aerogenes until the can cooled completely to
<90°F (32.2°C). The test was repeated with cans which were rotated
10-|i|3_0 rpm. The cans were incubated at 86°F (30°C) and observed for
swelling.

RESULTS & DISCUSSION

IN A SYSTEMATIC APPROACH, several commercial rotary
pressure and atmospheric cooker processes were evaluated us-
ing the Steritort process simulator. From the heat penetration
data, thermal degradation Cfii8 and F%J2 values were calcu-
lated. Corresponding spore count reductions were simultane-
ously determined. The data are shown in Table 1

Using the single can Steriflamme machine, comparable com-
mercial sterility in terms of spore count reduction was at-
tempted in various products. The 603 x 700 cans were pre-
heated to >200°F (93.3°C). Processing parameters (e.g., can
rotation, flame intensity and residence times) were modified
until heat penetration, as monitored during the process, was
steady and similar in character to heat penetration curves ex-
perienced in 303 x 406 cans (Leonard et al., 1975a). Flame
process schedules which finally achieved equivalent or better
than commercial sterility in No. 10 cans are listed in Table 2.
For comparison, some commercial data on 303 x 406 cans are
also listed. Using flame processing, it was possible to achieve
commercial sterility in 603 x 700 cans as rapidly as in 303 x
406 cans.

In Steriflamme processing No. 10 cans, can rotational
speeds were considered to be a potential source of problems.
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The cans were rotated on their double seams, and there was a
definite concern for the integrity of the double seams. As
rotational speeds were increased, the flame intensity could also
be increased, enough to considerably shorten the process time.
However, each rpm in natural can rotation for No. 10 cans
meant approximately 19 in./min of track (or machine) length,
either leading to a gigantic machine or requiring the installa-
tion of flat top conveyors at every level to provide the high
can rotational speeds within a reasonable space. Communica-
tion with Steriflamme machine designers assured us that, if
necessary, the cans may be rotated on the body, but natural
can rotation should be kept minimal. At first, 22 rpm was
recommended as maximum speed, but at the end of the season
it was changed to 10 rpm. The results of tests aimed at achiev-
ing commercial sterility within the given parameters are shown
in Table 3. The variables available (e.g., sample preparation,
residence times and gas pressures) were many and the season

Table 1—Evaluation of rotary pressure cooker processes in 603 X
700 (No. 10) cans.

Processing condition

Retort Reel Minimum Minimum Minimum

Time temp speed E222 value CO value decimal

Commodity (min) °F) (rpm) (min) (min) red.
Peach halves 30 212 1.70 N.A.a 15.9 4.8
Peach slices 18 218 2.55 N.A.a 15.4 5.0
Pear halves 30 212 1.50 N.A.a 11.0 2.4
Fruit cocktail 18 221 2.55 N.A.a 9.0 5.7
Whole peeled 28 242 1.70 92.2 42.7 5.7

tomatoes

in juice 22 225 2.00 7.4 12.2 5.2
Diced 26 237 1.70 93.9 43.9 5.7

tomatoes

in juice 42 210 0.71 0.7 4.0 21
Diced

tomatoes

in puree 53 227 2.35 2.1 6.1 4.2

a Data not available

Table 2—Steriflamme processes which accomplished comparative
commercial sterility in foods in 303 X 406 and 603 X 700 cans

Laboratory Steriflamme
(603 X 700 cans)

Commercial Steriflamme
(303 X 406 cans)

Preheat Riser Hold Preheat Riser Hold
(min)  (min) (min) rpma (min) (min) (min) rpmb

Peach halves 3-4 2-2.5 5-6 45-35 6 4 0 30
Peach slices 3-4 2-2.5 5-6 45-35 6 4 0 30 & 60
Fruit

cocktail 3-4 2-2.5 5-6 45-35 6 4 0 30 & 60
Whole peeled

tomatoes in

juice 4 2 6 38 3 3 3 30 & 80

a Longer residence times in sections correspond to slower can rotation.
~The higher rotational speed was applied in the riser and 1/3 of cool-

ing.
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was short. Although the data listed in Table 3 indicate the
feasibility of flame sterilizing foods in No. 10 cans, they are
only starting points in optimizing the processes.

Several possibilities of improving flame processing of 603 X
700 cans were tested. Some variables, e.g., vacuum and head-
space, that are taken lightly in the canning of acid foods,
showed considerable influence.

Vacuum

In flame sterilization of canned foods, the achievement of
high vacuum is very important to prevent permanent distor-
tion (buckling) of can ends during thermal processing (Boyd
and Bock, 1952; NCA, 1968a, c, 1973b). In retort processing,
buckling is controlled when counter pressure is imposed on
cans, counteracting the internal pressure developec during
heating, whereas in flame sterilization, the can becomes its
own pressure vessel without any imposed counter pressure,
and the strength of the can ends and the amount of air allowed
to remain in a can become critical factors. A definite advan-
tage of higher vacuum in flame sterilization is that it permits
processing at higher temperatures for shorter time. In 603 X
700 cans with 5 in. of vacuum, less than 220°F could be
reached in the covering liquid before buckling. By increasing
the vacuum to 10 in., the processing temperature could be
raised to 230—236°F.

To achieve adequate vacuum in 603 X 700 cans for our
experiments, exhausting of the particulates, hot filling of the
covering medium and steam flow closing were satisfactory,
using cans from concurrent commercial operation.

Headspace

The headspace achieved in this work was small but ade-
quate and not necessarily optimum since it was predetermined
by the commercial filling weights used. Although the cans pro-
vide additional headspace as the ends expand in response to
the internal pressure developed during heating, the optimum
headspace needs to be established. Over-filling hindered uni-
form heat transfer and distribution in the product and caused
buckling. Slack filling with high vacuum facilitated better heat
distribution, but either extreme is not a good manufacturing
practice. The USDA (1946) grade requirements limit the maxi-
mum gross headspace allowed while NCA (1968c, 1973b)
emphasizes the importance of having headspace which allows
for product expansion and movement in agitating (retort)
processes.

Burner size and position

In preliminary tests (Table 2), before the economics of can
rotational speeds were considered, 603 X 700 cans of to-
matoes were flame sterilized in 9 min using the 1/4-in. wide

Table 3—Evaluation of experimental Steriflamme processes in 603 X 700 (No. 10) cans

Processing conditions

Minimum Minimum
Preheat Rise Gas pres, Hod Cool E2Vi va.ue CO value Min decimal
min @ rpm min @ rpm psig min @ rpm min @ rpm min min reduction Repl.
Peach halves
6 @22 4 @60 1 15 @22 15 @22 N.A.a 13.9 4.7 4
6 @ 22 4@ 60 2 8 @22 15 @22 N.A.a 18.1 total kill 1
Peach slices
6 @22 4 @60 8 @22 10 @ 22 N.A.a 18.4 total kill 1
6@ 22 4 @60 1.5 4 @22 10 @22 N.A.a 14.4 4.9 1
Pear halves
4@ 10 4@ 10 1.5 4 @ 10 15 @ 10 N.A.a 5.0 2.0 3
Fruit cocktail
6 @22 4@ 60 1.75 none 15 @22 N.A.a 5.7 3.7 1
6 @22 4 @60 1.75 4 @22 15 @ 22 N.A.a 6.4 total Kill 1
Whole peeled tomatoes in juice
4@ 10 4@ 60 1.5 6 @10 15 @ 10 11.8 12.4 4.6 2
4@ 10 4@ 10 1.5 15 @ 10 15 @ 10 13.5 15.8 4.8 3
6 @22 4 @60 15 4@ 22 15 @ 22 11.7 11.9 4.6
Whole peeled tomatoes in puree
3@22 3 @60 15 3@22 15 @ 22 12.9 11.2 3.8 2
4@ 10 4@ 60 1.5 6@ 10 15 @ 10 43.0 22.8 3.0 2
4@ 10 4@ 10 2 6 @10 15 @ 10 22.4 14.9 total kill 1
Sliced tomatoes (stewed) in juice
6 @22 4@ 60 1 4@ 22 15 @22 5.4 8.3 4.9 2
Diced tomatoes in juice
3@22 3 @60 15 3@ 22 15 @22 14.2 12.2 5.8 3
6@22 4@ 60 1 4@ 22 15 @ 22 5.9 9.6 5.5 5
4@ 10 4@ 10 15 15 @ 10 15 @ 10 1.1 4.9 1.6 3
Diced tomatoes in puree
4@ 10 4@ 80 1.5 6 @13 15 @ 10 6.7 10.5 5.2 3
4@ 10 4@ 60 1.5 6@13 15 @ 10 N.A.a N.A.a 2.9 3

a Data not available



Fig. 1—Comparison of heat penetration data obtained in
continuous and intermittent flame heating of canned whole
peeled tomatoes in juice in 603 X 700 cans.

burner and a combination of 30 rpm in preheating, holding
and cooling, with 80 rpm in the rising section of the process.
This was more rapid than the 12 min commercial process for
303 X 406 cans, using the 1/8-in. burner at constant 38 rpm.
Wider burners for larger cans were advantageous, however,
using two 1/8 in. wide burners spaced 2—3 in. apart appears
more promising, and should be tested when the equipment
becomes available.

As an improvement to centered continuous burner position,
the effect of burners positioned at an angle was evaluated. The
rate of temperature increase averaged 33.4°F/min with the
centered burner position and only 31.4°F/min with the simu-
lated angle burner position (significantly lower on the 1%
level). The mechanism of heat transfer in Steriflamme needs to
be thoroughly investigated.

As an alternative to the application of high speed can rota-
tion, intermittent heating was tested. The time of process was
constant except in the rising section. The cans were heated at
10 rpm, using 1.5 psig gas pressure for 4 min to simulate the
continuous burner pattern, and 2.5 psig for 30 sec with 15 sec
breaks through 4 min 15 sec, to simulate an intermittent
burner pattern. The cans of diced tomato packed in either
juice or puree buckled at 10 rpm when processed by inter-
mittent heating at 2.5 psig. No increase in bacterial spore re-
duction or response on the heat penetration curve, as com-
pared to continuous heating, were observed. When the experi-
ment was repeated with whole peeled tomatoes in juice, the
cans did not buckle and a good response on the heat penetra-
tion curve was observed (Fig. 1). Again, the intermittent
burner pattern showed no advantage over the continuous in
terms of either processing temperature achieved or the reduc-
tion of bacterial spores.

Can rotation

Processing whole peeled tomatoes in juice or puree, and
fruit halves or slices in syrup in 603 X 700 cans was effective
at minimum 10 rpm, given good vacuum and adequate holding
time (Table 3). However, processing of diced tomatoes,
whether in juice or in puree, was not adequate at 10 rpm
unless high speed rotation was applied in the rising section.
The responses of diced tomatoes in juice and in puree to rota-
tional speed in the rising section are presented in Figure 2.
Each can was preheated 4 min at 10 rpm, had 4 min on the
riser at the indicated rpm using 2 psig gas pressure, and 6 min
holding at 10 rpm over minimum flame. Buckling was not a

FLAME STERILIZATION IN 603 X 700 c/4/vsS-831

Fig. 2—Influence ofcan rotation during rising on the lethality
of a flame process for diced tomatoes packed in puree and
juice, in 603 X 700 cans.

problem at lower rpm’s with the gas pressure used, but over-all
underprocessing, as indicated by decimal reduction, was evi-
dent.

Influence of can rotation on the double seam

The factory ends of the cans used in gaining data for Figure

Table 4—Quality of whole peeled and diced tomatoes packed in
juice in 603 X 700 cans, given the indicated thermal processes

Rotary
pressure

Steriflamme Steriflamme cooker

Whole peeled tomatoes

Process 9 min 14 min 22 min @225°F
Process lethality

(decimal reductions) 3.4 4.6 3.5
Drained wt (oz) 8a99 86.41 81.91
1% signif. levela b b a
Shear press firmness tests

(in. Ib X K) 1.75 1.81 1.08
1% signif. level3 b b a
Agtron E5M color

(green/red)b 30.3 314 32.7
1% signif. level® a a,b b

Diced tomatoes

Process 9 min 14 min 42 min @210° F
Process lethality
(decimal reductions) 5.8 5.5 2.1
Drained wt (0z) 74.24 71.01 65.38
1% signif. level® b b a
Shear press firmness test
(in. Ib X K) 3.22 3.23 2.81

Not significantly

different (10%) — —
Agtron E5M color

(green/red)b 31.5 31.7 33.4
1% signif. level® a a b

® Letters in common do not differ significantly at the level indicated.
b Lower values indicate better color.
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2 were torn down and examined. Rotational speed did not
seem to adversely influence the dimensions of the double
seams. The percent overlap averaged higher in the flame proc-
essed cans than in the controls. The difference, however, was
not statistically significant.

The cans which had the double seams smeared with a sus-
pension of Aerobacter aerogenes showed no evidence of
double seam failure either. The cans tested showed no evi-
dence of contamination in over 6 months. The small sample
size however does not permit a definite conclusion.

Quality of flame sterilized whole and
diced tomatoes in juice

The qualities of flame and retort processed tomato samples
were evaluated in terms of drained weights, firmness and color
(Leonard et al., 1975c). The data are presented in Table 4. The
averages are on evaluations of six cans for each commodity
and process. Process lethalities shown were single decimal
reduction determinations, representing the corresponding
time-temperature relationships.

For whole peeled tomatoes, the increased flame process did
not significantly influence quality although the lethality was
increased considerably. However, the quality of flame steri-
lized when compared to retort processed tomatoes, was signifi-
cantly better for the attributes measured. For diced tomatoes
the results show similar trends in which the quality of flame
processed samples was better and higher lethality levels were
achieved. The data confirm the earlier findings of Leonard et
al. (1975c).

CONCLUSIONS

THIS RESEARCH indicated that fruits and various canned
tomato products in 603 x 700 cans may be flame sterilized as
rapidly as the same product in 303 x 406 cans. The quality of
the flame-processed foods can be expected to be better than

their retort-processed counterparts when the processing pa-
rameters are such that the food would be processed at a higher
temperature for shorter time. Good manufacturing practices
are advantageous for flame processing 603 X 700 cans. The
influence of can rotation on the double seams needs to be
confirmed with larger samples.
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TRANSIENT STATE HEAT TRANSFER IN STACKS OF

HEAT PROCESSED FOOD STORED

ABSTRACT

Temperatures in selected locations in the stacks of canned tomato juice
and jarred relish, which were placed in an uninsulated warehouse
shortly after their production, were determined experimentally.
Through careful examination of temperature data collected, mathemati-
cal formulas were derived for predicting the temperature response of
heat processed food in a warehouse stack. For this derivation, a formula
for transient state heat conduction in an infinite slab was used. Since
the apparent Biot number and thermal diffusivity values of a warehouse
stack were required for predicting product temperature by using the
derived formulas, a method was developed to determine these two para-
metric values. A set of computer programs (Fortran V) were prepared
for the computerized prediction of product temperatures by using the
derived formulas because they are too complex for manual calculations.
There is reasonable agreement between theoretically predicted and
experimentally determined temperatures. The maximum difference
between the two is 10F° or less during the initial period of warehouse
storage. The computational procedure developed in the present investi-
gation will provide invaluable means for determining the proper ware-
house storage of heat processed food.

INTRODUCTION

HEAT PROCESSED FOOD is one of the most stable food
products currently available in the market. However, according
to results presented by several investigators (Ball et al., 1963;
Brenner et al., 1948; Cecil and Woodroof, 1963; Dalai, 1964;
Luh and Sioud, 1966; Moschette et al., 1947; Timbers, 1971;
Vandercook, 1971; Westcott et al., 1955), the organoleptic
and nutritional qualities of heat processed food deteriorated at
accelerated rates when it was stored at high temperatures. It
has also been observed that storing the food at or about 100°F
is highly detrimental to its quality.

The mean temperatures of the food are usually higher than
100°F at the completion of heat processing. This relatively
high temperature is required for evaporating residual water
droplets on the surface of containers. In many industrial oper-
ations, products are placed in carton or other boxes immedi-
ately after production and stored in warehouses before distri-
butions through marketing channels. The residual heat of the
food should be removed as soon as possible during warehouse
storage to eliminate any appreciable loss in quality.

In so far as published literature is concerned, only a few
research workers have investigated temperature histories of
canned foods during storage in commercial warehouses
(Monroe et al.,, 1949; Porter, 1956; Reister et al., 1948).
Monroe et al. (1949) determined air-temperatures during vari-
ous storage in warehouses as well as the temperatures of
canned food in a small six-can lot. Based on the analysis of
temperature data collected, they concluded that the tempera-
tures of canned food in a storage warehouse could be esti-
mated from the maximum and minimum air temperatures.
This is likely a good estimation of food temperature when
products are stored for a long time and when heat transfer in

IN A COMMERCIAL WAREHOUSE

the products equilibrated with surrounding atmosphere. How-
ever, their method is not applicable for predicting transient
state food temperatures during relatively short periods of
warehouse storage since food temperatures are most likely not
within the maximum and minimum air temperatures when the
food is brought into the warehouse. Porter (1956) investigated
changes in canned food and air temperatures in standing rail-
road boxcars during the summer at Yuma, Arizona. Although
this investigation is not on food temperature during com-
mercial warehouse storage, results obtained might be applica-
ble to some of the warehouse storage. There were considerable
differences between the maximum air temperature and maxi-
mum food temperatures, and it took as long as 2 months for
the temperature of canned food samples to reach equilibrium
with ambient temperatures. Reister and his coworkers (1948)
investigated the warehousing of canned citrus products. The
product was piled four pallet-loads high, with a 6-in. space
between tiers. They found that mean air temperatures were
dependent upon vertical location in the warehouse: the closer
to the roof of the warehouse, the higher the mean air tempera-
ture.

These published data may provide useful information on
food temperature during warehouse storage, but are not
readily applicable for predicting food temperature in the initial
phase of the storage. In the present investigation, a procedure
is developed for this prediction through the careful examina-
tion of temperature data collected.

TRANSIENT STATE FOOD TEMPERATURE
EXPERIMENTALLY DETERMINED

Text procedure

The temperature history curves of heat processed food were de-
termined during storage in a commercial warehouse. These curves de-
termined are utilized for developing a procedure for predicting the
transient temperatures of food stored in a warehouse.

Products used for the present investigation are 303 x 406 cans of
tomato juice and 2 oz jars of relish. The food was processed in a
commercial cannery in New Jersey on summer days of 1968. Immedi-
ately after processing, 24 cans or jars of finished product were filled in
a carton. Cased products were then brought to a nearby commercial
warehouse for initiating storage tests.

The warehouse was of a common storaPe type, an uninsulated metal
building not equipped with any special ventilation or temperature
control features, except a heating system is used in winter months.

Temperatures were monitored at several locations in warehouse
stacks using a potentiometric recorder and copper-constantan thermo-
couples. The typical locations of the thermocouples in a stack are
shown in Figure 1

The configuration of the stacks used in this particular warehouse
wes the type known as a “pull-pallet” or “slip-sheet.” No conventional
wooden pallets were used except between the floor and the first layer
of cases. Pallet loads were separated by a single sheet of cardboard and,
consequently, there was no circulation of air between the layers of the
stack. A 2—4 in. space was left between the rows of stacks to provide
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Fig. 1—Location of thermocouple junctions placed in a warehouse
stack of heatprocessed food.

air circulation, resulting in a stack configuration about 4 ft thick, 30 ft
long and 16 ft high.

Thermocouples were placed in pallet loads as they arrived at the
warehouse from the processing and packing facilities just prior to being
placed in the stack. Following completion of the stack, all thermo-
couples were connected to the recorder.

A complete set of data was obtained from the test for canned
tomato juice. However, because of electrical failure, no data were col-
lected between 48 and 136 hr of storage of the jarred relish.

Experimental temperature history curves

Results, which were obtained from the test with canned tomato
juice, are presented below. The temperatures of the pull-pallet stack of
cases as Well as surrounding air temperatures are shown in Figure 2
Even though data were collected for more than 1 month, those col-
lected during the latter part of the storage test are not given in this
figure because of the relatively slow rate of change in the product
temperatures. The surface temperature of the stack fell rapidly toward

the air temperature and oscillated within the range of the air tempera-
ture after four diurnal cycles. Center temperatures fell quite slowly,
with a period in excess of a month required for it to approach the mean
of the ambient air. Virtually no diurnal temperature fluctuation was
observed at the center of the stack and even at x/£ = 0.5, half-way
between the surface and mid-plane, the diurnal temperature variations
were damped out.

The air temperature within the warehouse shows fair variation
depending upon location as pointed out by Reister et al. (1948). The
amplitude of the temperature oscillation is much greater near the top of
the stack than near the bottom. The mean air temperature is somewhat
higher nearer the ceiling. However, the vertical temperature gradient in
surrounding ambient air has little influence on the center temperatures
at the four levels observed, Figure 3. Differences in temperature at the
stack mid-plane and at levels between 2 and 14 ft above the floor are
small, with the maximum difference in the order of 5 F°. The two
intermediate levels at about 6 ft and 10 ft above the floor had the
slowest cooling rate. For the first 12 days of storage, the centers of the
top and bottom pallets were very similar. After 12 days, the tempera-
ture of the top pallet decreased more slomy and approached the tem-
perature of the two intermediate levels. By the end of the test period
(40 days), the temperature of the top pallet was the warmest, about 1
P in excess of the mid-level and 3 P above that of the low level.

Results obtained with jarred relish are similar to those described
above. Some results with this product are given later under “Estimation
of stack temperature.”

DEVELOPING A PROCEDURE FOR PREDICTING
TRANSIENT STATE FOOD TEMPERATURE
DURING WAREHOUSE STORAGE

THERE ARE complicated physical processes involved in heat
transfer from a stack of heat-processed food to the surround-
ing atmosphere in a warehouse. Heat is likely transmitted from
food in metal containers to the atmosphere through the com-
bination of conduction, convection and radiation. A mathe-
matical model for the heat transfer, based on these three trans-
port processes, is highly complicated and it is extremely dif-
ficult to derive usable solutions for estimating food tempera-
tures for this model. Even if we obtain solutions, they have

Fig. 2—Experimentally measured tempera-
tures at selected locations in mid-height lev-
el of a warehouse stack of canned tomato

juice.
center P P 0
midway o S— o
surface —

air



greatly limited practical use because of the computational ef-
forts required.

In order to develop a usable and reliable formula for esti-
mating food temperature, we carefully examined the tempera-
ture history curves of warehouse stacks, which were obtained
in the present investigation. The slow cooling rate at the center
of the stack and the marked damping of the daily temperature
fluctuations indicate that heat conduction is a major mecha-
nism for heat transfer in the stack. It is also observed that the
stack may be assumed to be approximately homogeneous,
even though it is a composite of food, containers, void spaces
and cartons, and that the effective thermal diffusivity value of
the stack is not large and/or the surface film conductance is
low.

A body of brick shape may be considered as that of the
cross-sectional volumetric element which is formed when three
infinite slabs perpendicularly intersect each other. In previous
investigations (Hayakawa, 1974), we observed that heat con-
duction in the body of brick shape could be approximated
with that in an infinite slab if the following conditions are
met.

(1) This infinite slab is identical to one of the three inter-
secting slabs, whose thickness is the smallest among them.

(2) This smallest thickness is at most one-half of those of the
other two slabs.

(3) Biot number applicable to the body of a brick shape is
greater than or equal to 2 when the half length of its
shortest edge is used as a characteristic dimension for esti-
mating this number.

Heat transfer in warehouse stacks is approximated by the
following one-dimensional heat conduction equation because
of the above stated observations.

Heat conduction equation:

ae _ a0

at  “ ax2 (@.1)
Boundary condition:
S X=0 d t>0 12
dx 0 an (12
— =H| Vsin (cut+e)+Rt +p- 0l 13
g - P Vsin ) P 13
x=8andt>0
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Fig. 3—Experimentally measured tempera-
tures at vertical locations on a warehouse
stack of canned tomato juice.

Initial condition:

0=0 t=0 and 0<x<8 ()]

Eq. 1.2 is applicable to the central plane of the stack and
indicates that temperature distribution in the stack is sym-
metrical with respect to this plane. According to our observa-
tion, ambient temperatures in the warehouse did not only
oscillate diurnally but also the center of this oscillation
changed linearly with time. Therefore, Eq. 1.3 is assumed to
approximate the boundary condition applicable to the ex-
posed surface of the stack. In this equation, the following
expression is used to represent the changes in the ambient
temperatures:

Oam=Vsin (cut +€) + Rt +p (1.5)

According to our observation, the initial temperature distri-
bution in the stack was almost uniform, therefore, Eq. 1.4 is
assumed. It should be noted that all temperature variables in
the above equations are obtained by subtracting the initial
temperature o: the stack from thermometric temperature. Eq.
11 was solved analytically by applying Laplace transforma-
tion. The solution obtained is given below.

ro2
0 = vess+Vost+(;-)OR+P0p (2.1)
where
0S5 = sin (Fo/Fm+e+0 - n) 2.2
1/Fm) cose - R1sine cos (B
2Bi £ g ) @p) mexp (-(3?Fo)

IE + 1/Fm2) 03] +Bi2+Bi) * cos
(23)
OR = Fo+(1/2) (p2- 1- 2/Bi)
sogig . =@

- —37F0 24
j=l Bj (Bi2+ Bi+ Rj) cos R exp ( ) @4

. COs (Bjp) sec 3
= 1- exp (-/3?Fo 25
0p = 1- 2B £ " T e (/37F0) (25)
and where
B = hek (26)
Fo = at/g2 27)
Fm = a/(82a) (28)
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M = [| cosh(£p) cos (Ep) |2+ | sinh (Ep) sin (Ep)| 2]M (29)

N = [| £sinh£cos £+ Bi cosh£cos£- £ cosh£sin £42
+ | £sinh£ cos £+ Bi sinh£ sin £+ £ coshE sin £] 2] Vj(2.10)

£ = EV cj/(2a) =V U@ Fm) (2.11)
P = xfi (212)
0 = arctan [| sinh(Ep) sin (fpl™ /| cosh (Ep) cos (Ep)| ] (2.13)

>

= arctan [| £sinh £cos £+ Bi sinh£sin £+ £ cosh£sin £4/
| £sinh £cos £+ Bi coshE£cos£- £cos£sin£] ] (219

In Eq. 2.1, 9ssand Ost, respectively, represent quasisteady
state temperature distributions and transient state temperature
distributions in a slab, which is exposed to this ambient tem-
peratures: sin (cot +e). The expression in the third term, is
related to the temperature response of a slab when it is ex-
posed to linearly changing ambient temperatures. The expres-
sion in the last term, dp, is transient state temperature distri-
butions in a slab when there is a step change in ambient tem-
peratures. Formulae, which are identical to Eq. 2.1 through
25 may be obtained by applying Duhamel’s theorem to a
proper temperature response function (Carslaw and Jaeger,
1959).

Since the warehouse is uninsulated, air temperature at in-
ternal storage space is directly influenced by changes in
weather conditions. Because of this influence, the amplitude
of sinusoidal variation, V, and the rate of linear change, R, in
air temperature likely change during storage. In addition to
this, there may be sudden changes in air temperature when
warehouse doors are opened for a relatively long time or when
trapped hot air in the warehouse is exhausted by using a venti-
lation fan. Therefore, another formula is derived by assuming
the following surrounding air temperatures.

1sin(cat+e ) +R t+p,
t. =F0)<t<t2

msin (cot+ )+ Rm(t- tm)

m=I m (31
+_,£I Rj (tj+i - tj) +_2I Pj
J= 1=

m=2 3...n and tm<t<tmx (32

A formula, which is applicable to the above air temperature,
is:

e - EI [(Vi-Vti)

| ess (Fo - FOj)e.= Foj/Fm + e,

+ 6st (Fo - Foi)<q= Foi/Fm +e, 1
Foj) + P;0p (Fo - FOI)]

tm<t < tm @)

B2
+a— (Rj —Ri-r) eR (Fo -
m=23 .,n and

where R0 = Foj = V0 =0, and where 0ss(Fo —Foj)gi=p0./pm
+ ej represents the value of 65 which is obtained by the
following substitutions of Fo and e in Eq. 2.2.

Fo =Fo - Fojand e = Foj/Fm +e,
$st (F° - Foi)e. = Foj/Fm + ei represents the value of Ost

which is obtained from Eg. 2.3 through similar substitutions.

Determination of apparent thermophysical properties
of warehouse stack

In order to predict the temperatures of a warehouse stack
by use of the analytical solutions derived, the values of the

Fig 4—Two curves used to estimate apparent Biot number and
thermal diffusivity ofa warehouse stack ofcanned tomato juice.

following thermophysical parameters of the stack are required:
Thermal diffusivity and Biot number. A computerized proce-
dure was devised to estimate these values. Since it is rather
difficult to estimate the values from the physical properties of
component material, they are determined directly from an ex-
perimental temperature history curve at an internal location in
the stack. Even though a heat transfer experiment in a ware-
house is required to determine the parametric values, these
values may be used for estimating the temperature response of
warehouse stacks of various geometrical configurations at any
internal location when they are subjected to various seasonal
and/or daily variations in ambient air temperatures. The com-
puterized method devised in the present investigation is de-
scribed below.

Temperature history curves of product at one internal loca-
tion in a warehouse stack are estimated by using Eqg. 4 and by
using experimentally observed surrounding air temperatures in
order to compare them with an experimental temperature
history curve applicable to the same internal location. For this
estimation, various Biot numbers and thermal diffusivity
values in the following ranges are assumed: 0.1 < Bi< 100 and
0.001 < a < 01 (ft2/nr). From each temperature history
curve estimated, one sum of square of differences between
theoretically computed and experimentally observed tempera-
tures is calculated. A thermal diffusivity value, which produces
the minimum sum of square of differences, is then determined
for each Biot number assumed, since a curved surface, which
shows a relationship among Biot number, thermal diffusivity,
and the sum of squares of differences, does not have a unique
minimum point but has an infinite number of minimum points
along a bottom line of a valley-like configuration. The simul-
taneous use of temperature history curves at more than one
internal location does not give unique thermophysical prop-
erty values since all computed curves of the sums of squares of
differences are almost parallel to each other. Therefore, an
additional criterion is used to determine these values. Surface
conductance for naturally convective heating or cooling of the
building wall is approximately equal to 2 Btu/(hr ft2F°)
(Anonymous, 1972). Using the same conductance, the Biot
number applicable to warehouse stack is:



Table 1—Constants used for estimating assumed air temperatures
around warehouse stack of canned tomato juice (low level)

i t; (hr) Vi(F?) Ri(F°/hr) Pi

1 0 -37.5
2.90 -0.01825

2 137 4.2
3.00 -0.1370

3 210 3.6
3.00 -0.06444

4 300 0.5
2.25 0.05000

5 330 0
2.30 0.0

6 400

Bi =2 Bk = 2 ¥/(cred)
or a = 2£/(Bicd) ®)

When Eg. 5 is used together with the curve, which shows
the relationships between thermal diffusivity values and the
minimum sums of squares of differences in temperatures, we
determine the two physical parameters of a warehouse stack.
For a stack of canned tomato juice, we have: £=2 ft, c = 0.96
Btu/(IbF°), d = 48.67 Ib/ft3. The value of specific heat, c, is
obtained from Dickerson (1968) by assuming that the specific
heats and densities of air and paper-board are negligibly small
when they are compared with those of tomato juice. The
density, d, is estimated as:

d (ratio of void space) x (density of tomato juice)
0.785 x 62 =48.67 Ib/ft3.

For this estimation, we assume that the density of tomato
juice is approximately equal to the density of water since the
densities of all components except tomato juice have a negligi-
ble contribution to the estimation of the stack density. The
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ratio of void space is estimated through the geometrical analy-
sis of a carton filled with the product.

Curve 1 in Figure 4 is calculated from Eg. 5. Curve 2 is
obtained by applying the criterion on the minimum sum of
squares of temperature differences. To estimate the sums of
squares, we use temperature data, which are applicable up to
600 hr of storage. From the intersection of curves 1and 2, we
have:

Bi=9469 and a=0.009042 ft2/hr.

Bi=2725 and a=0.03928 ft2/hr.

The above values are obtained through the use of experi-
mentally determined density since the shape of a glass jar is
not geometrically simple.

The following thermophysical property values of a stack of
jarred relish are also estimated through similar calculations.

Estimation of stack temperature

Temperatures at selected locations in warehouse stacks of
sample products are estimated by using Eq. 4. A set of Fortran
IV computer programs are prepared for this estimation be-
cause of lengthy calculations required. This set consists of
programs for computing 0SS Ost, Or, 6p, and as well as one
for plotting computed temperatures in a chart-form by a
Calcomp digital plotter.

Figure 5 shows typical results of a stack of canned tomato
juice. To compute stack temperatures, assumed air tempera-
tures are used. These assumed temperatures are obtained
through mathematical analysis of experimentally measured air
temperatures. Constants used for calculating the assumed air
temperatures by Eqg. 3.1 and 3.2 are given in Table 1 There is
reasonable agreement between predicted and experimentally
determined temperatures. It is observed that there are less than
10F° difference between the predicted and measured tempera-
tures at locations examined during the initial period of storage.
Predicted temperatures at the central location in the midheight
level of the stack differ only slightly from measured tempera-
tures, since the latter ones are used for estimating the thermo-
physical parameters of the stack. At 300 or later hours of
storage, there are greater than 10F° difference between pre-
dicted and measured temperatures at a location midway from a

Fig. 5—Theoretically predicted and experi-
mentall