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I, INTRODUCTION

Althcugh numerous items in our supply systems, both military
and commercial, deteriorate during storage, it is not often that the
degree of deterioration is evident to the human senses. An objective
method of indicating the rate and extent of deterioration eppeared to
bs feasible, however, since the deterioration of many items is a func-
tion of temperature and length of storage. An extensive study on
long-tern storage of military rations was conducted by the former
Quartermaster Food and Container Institute and the University of
Georgia (2) for various periods of storage time up to seven years.
The experiment consisted of storage and examination of a total of G3
military ration items, in more than 26,000 cans and 86,000 fiexible
packages. The most outstanding finding was that the storage life of
food products was highly dependent on both the length of time and the
temperature during the storage period. A typicel example was that
the waximum storage life of a canned pound cake was determined to be
6 months at 100°F., 2 years at 70°F., or 4 to 5 years at 47°F.

It should be clearly understood that dependence on time and
temperature of products in'storage is not limited to food items; it
encompasses many medicinal products, ammunition, electronic parts,
photographic films and numerous other items. Virtually any product
which undergoes slow chemical reactions in storage would have strong
dependence on time and temperature.

In our military supply system, the length and temperature of
storage are sometimes beyond our control. Moreover, most storage
areas will show considerable temperature variations, depending on the
time of day, season of the year, location of the warehouse and loca-
tions within the warehouse. A date on the package will tell how long
the product was in storage but will say nothing about the temperature
history. A maximum temperature indicator will show peak temperatures
but not how long the product hac been subjected to the peak tempera-
ture or other temperatu-es. Thus, what is needed is a device which
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can integrate the time-lemperature {T-T) exposure history of supply
items and provide an output related to product delericration. Egen-
sive and complicated electronic equipment can give this informaticn
bul the use of such equipment is precluded in sn extensive supply
system beewuse of its cost. A simple end inexpensive label oe -.ab
vhich could be attached to each carton eand show by & suitasle color
chenge, or appearance of 2 warning messege, when the product is ap-
proaching the end of its useful life, would have great preclicel
value. *

* II, THEORETICAL ASPECTS

The rate of Cp perr ation through plastic films generally
obeys a simple form of Fick's Law:

where Q is the amount of O, passing through a film of area, A, and
thickness, 1, for & time, %, with vapor pressure di:*Terelnce across
the Tilm of Ap, and a permeability constant of the film material, P.

According to the Arrhenius equation, lhe perweability con-
stant, P, is an exponentiel function of the absolut«: temperature T,
as expressed by the equation:

where Py is a permeability constani &l ebsolute zero, E is the energy
of activation of the permeation process, and R is the gas constant.
By substituling P as given in equation (2) into equetion (1), we ob-
tain: E/RT

Q= P Btly  eeie(3)

In equation (3), it is cleerly indicated tlat the amount of .
0, passing through a film, Q, is directly proporiioral to time, t,
and is an cxponential function of the absolute tempcrature T, vhen
the film arca, A, and thickness, 1, and Oy vapor pressure difference,
A p, are constant. Recalling the storage data of cunned pound cake
cited in the Introduction Section, an exponential rate of decrease in
quality (storage 1ife) in relation to increase of storage temperature
was evident. The fact that the storage 1ife of a product, and the
amount of Op permeating through a film, are both exponential func-
tions of temperature is the theoretieal basis of our epproach. By
inclosing a suitable oxygen-rcacting chemical systen. in a pouch made
of plastic filwms, the extent of reaction which occurs depends upon
the amount of oxygen which permeates the film. Since oxygen permea-
tion through & £ilm is time-and temperature-dependent, the extent
of reaction is effectively controlled by time and temperature. If
the reaction produces a visible change, such ag a colored end prod-
uct, we achleve & color-changing time-temperature indicator. The
rate of oxygen permeation aud thus ithe length of time required for
the indicaltor to show chenge con be adjusted at will by varying the
thickness or structure of the plastie raterial waking up the pouch.
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The system can be further adjusted by changing the amount of redneing
or buffering agents used in the axygen-reacting chemical system.

Thus the end-point of such a T-T indicator can be adjusted so that

1t will corregpord to the end-point of the useful life of a storage
item.

III. MATERTAL3 AND METHODS

A number of cxidizable chemical systems inclosed in & wide
variety of plastic pouches were tested and shown to have practical ap-
plication.possibilities. These systems car be. divided intc the fol-
lowing four groups:

A. Redox dye system.

A number of redox dyes, such as thioindigo end
sodivm anthraquinone fi-sulfonate can develop marked color changes
in our plastic pouch system in response to time and temperature in
storage. An anthraquinone derivative was used in our test work to
convey written messages by means of the color change. It is well
known that in dissolving sodium anthraguinone 5 -sulfonate apd sodium
hyposulfite in aqueous a2lkali, a rich blocd-red solutior is obtained
(3). When it is shaken with air, the red color is gradually changed
to colorless. Because sodium hyposulfite is unstable in solution
during long-term storage, zinc dust was substituted as the reducing
agent. The chemistry of this redox system is shown in Figure 1. The
color change from a blood-red solution to a practically colorless one
due to oxidation was utilized tc convey messages. The words "Discard'
or "Use Up First" were printed on a filter paper in black letters.
This was placed inside a plastic pouch. A quantity of anthraguinone-
zine sclution with the blood-red color was added to the pouch which
was quickly purged with an inert gas such as No or He and heai-sealed.
The black letters written on the filter paper were now covered by the
opaque blood-red solution and therefore completely obscured. Turing
storage, O, in the air gradually permeated the pouch at a rate depend-
ing on the time and temperature of storage, and oxidized the solution
to & colorless form. The hidden letters on the filter paper thus be-
came visible, completing the mechanism for transmitting written mes-
sages. In making up ore liter of anthraquinone-zinc solution, the
following chemicals were used:

Sodium anthraquinone/6-sulfonate hO gm.
Zinc dust 96 gn.
Sodium hydroxide pellets’ 132 gnm.

For an indicator to have practical application
value, stabllity under sunlight and high temperatures is required.
* This means.that the indicator as a chemicel entity shell not decom-
pose due to light or thermal effects. Special tests were set up to
investigate the effect of light by directly exposing pouch samples
filled with anthraquinone-zinc solution to sunlight. The controls
were similar samples covered by black papers. For checking thermal
effects, similar pouch samples stored in a helium atmosphere were
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exposed to a high tezperature. In eddition, 1 =l guerntilies of the
solution were sealed under helium gas in soft glaszs exgovles. Tiey
also vere expozed to sumlight and & high temperaluxe for stabilily
studies.

B. Inorganic syste=.

. 1. Change of Fei-Fe'**. Ferrous chloride sciu-
tion widch is virtuelly whife vas used ir a plastic pouch with 2
vhite filter paper as the beckgrowmd. Oa exposure to alr, this snlu-
tion is slovly cxidized vitk eccogmuying formmtion of a ferric solu-
tion vhick is greenish-yellor in color. After the scluticn kac beern
siending some more, a rusty-brown ferric oxide precipitete is fomed.
A system using ferrous chlorids elore does nol have mach wiility in
our applicetion, since z2olor resulting from the presence of ferric
jon will begin to forz as scom es “he first it of soypre kes reecled.
This early appesracce of color wvil) occur regerdless of the smount of
ferrous chloride used in the pouch. Thus long-lasting irdicetors
cannot be zede from ferrous chloride alcme. Howvever, use can be acde
of another Intercsting properily of ile ferric ifon. This lon reccis
vith phosplizte jon (POy*) to form & colorless complex. Py the use of
& Judicious emount of phosphoric ecid vith the ferroes chloridée in
the pouch, color formaticm curn be delayed. Tiis makes it possidble to
build time into the indicator with as short or &z long am indiceling
time as ve vish. The seauence of reectioms occurs as follows:

Fett ___ € FPettt 4 ¢

Pt + F0,° __  PePOy {colerliess)

When all RO, Z is consumed, excess Fe¥tt (g.men%sh-r.llcv
<olor

llFe“"’,___;aoe - 2Fej0g (rusty-troum)

In cerrying out this study, a picce of filter paper
vas placed in the pouch along with a quantity of FeCl--E,FO, sclu-
tion. Th= pouch is purged vith an ine-t gas and then beAt-sesled
imnediately. In time, enough oxygen permeates the pouch io camglete
the coler-charging process. In eeking up one liter of FeClg!éPOg
agqueous solution, the foilowing cxsvosition wzs used:

FeMl,. WE0 199.2 zg.
H3P$li 9.8 ex.

2. Change of Cuo-Cu'. It is & ¥nows phencuencn
that copper metal ?Cuoi disacives in ezmopia ic fors copper-2emonis
complexes in the presence of oxygen (1). If 2 message vrittea o
peper is covered with copper foil and placed in 2 pouchk slsog witx
an amuonia soiution, the vritten cegsz2gze vill be rewceled in time s
oxygen pormeetes the pouch and czuses the removel end the saiuiicn of
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the copper foil witk the formation of copper-zamonia complexes. Re-
ections inside the plastic pouch are as follows:

cut __0_2.... cu't 4+ e
. Cu' 4 20, ——» CulRE;)," (colorless)

In mekicg =p ooz liter of ammonia resent solu-
tion for our sxperiment, the compcsition exployed wes: dissolve 150
pofB*CI in vater t0o 500 =1, 23 eadd S00 =l of comcentrated R’Hh(ﬂ
sciution (28-30¢ ia3). ;

C. Eszyme system.

It is coomonly ¥kncown st the enzyme glucose oxidase
atts in the presence of moleculer mygon to catalyze the folloving
reactice:

Gluccse + By0 + Oy fl3eee ,, Eloconle 4 gy0,

The acidity dercloped due o the formation of glu-
coaic acid c=n be easily dstected >y en acid-bece indicator, such as
azethy? red (color ckenge Pl rangs, k.2 - 6.3, red-zellow). By using
differect aucurts of bLufferins ugent in the syrsiesz, the pH developed
as € result of the oxidalion can te waried. Inclosed in a pouch are
soluvtions of gluccse, glucose oxidase, a buffer, a few drops of
zethyl red, end a strip of filter paper. The formatice of gluconic
a2id in the pouch skifis *hc pH dowmverd thus causing thke included
indicator methyl red to tura red {fros the origizal light yellow)
wihilch is the end point of the indicator. Solutions used were pre-
pared &5 follows:

1. Glucose: 2% solution.

2. Glucose cxidese: 100 ml of activity teking up 1 =1
0,/ bour at S6°F.

3. Methyl red: 100 mz/100 =l ethyl alcohol.

k. Phrosphate Laffer: 0.05 molar mzfﬂbol".a()ﬁ, PE 7.

D. PRubber sheet systenm.

Rubler cxidizes readily and decomes brittle, espe-
cizlly If it is strctehed under stress. It develcps transverse cuts
vhick mmy sever it completely. Some chsuicels movn as antlioxidants
ean retard tie oxidatiom process if edded before oxidetion starts.
Tese pherumem were vsed to demomsirate another tiwe-temperature
irdicating ystem. Opuque sheets of vilcarized natural rubber ware
prejared vith anticxidani lefi out according to the formula (5):
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Parts, weight basis

Natural rubber latex 100

Zinc oxide 1
Zetaz (zinc mercaptolenzothiazole) 1
Ethasan (ethyl zimate) 1

Sulfur 1

: Cured 20-25 minutes at 225°F. in the oven, the
sheet vas about .006 inch ihick. A piece of the rubber sheet vas
stretched across the top of a shallow aluminum cup with edges folded
down over the side and held tightly in place with a rubber band.
Underneath the opaque rubber sheet was a plece of colored paper or a
written message. The wmounted cup was placed inside a plastic pouch
for storage. When the stretched rubber sheet oxidized, it split a-
part and revealed the color or message underneath.

IV. RESULTS AND DISCUSSION

Test results are presented in four groups in accordance with
the headings used in the "Materials and Methods" section.

A. Redox dye system.

10 m1 of supernatent liquid of anthraquinone-zinc
solution described in the "Materials and Methods" section, was placed
in a pouch, 3-5/8 x 4-3/h inches. A piece of filier paper with a
written message "Discard” was also included in the sawe pouch. The
message word "Discard” was obscured by the opaque blood-red color of
the anthraquinone-zine solution and therefore was invisible. In
storage, Op gradually permeated the pouch and oxidized the solution
so that 1t became colorless. The hidden message ("Discard") on the
filter paper thus became visible. Results of the storage at dif-
ferent temperatures are shown in Table 1.

Table 1. Time in days required for the message word.
"Discard"” to appear in the anthraquinone system.

_ _ Storage Temperatures .
Pouch Materials 32°F, T5°F. 1 100YF. | 130°F,
.001 in. Mylar/.002 in. No appearance | 120 67 30
polyethylene (single pouch) |[within 134 days | days days
days

Inner pouch: .00l in. Mylar/
.002 in. polyethylene

Outer pouch: .00l in., poly- |No appearance within 134 days |58 days
ethylene/.002 in. Aclsr/ .
.00075 in. Mylar/2.2 1b.
polyethylene (double pouch)

The storage samples described in Table 1 were photo-
graphed and are shown in Figure 3. Results conclusively indicate that

6
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the appearance of the message word is directly respondirg to both the
storage temperature and time in storage.

Extensive tests were made to determine light end
thermal effects ou the stability of anthraquinone-zinc system. Re-
sults are summarized as follows: (1). Pouch samples filled with an-
thraguinone-zine solutlon were directly exposed to sunlight in the
summer for.100 days. The controls were similar samples covered by
black papers. Results: Test samples and controls were identical in
color reaction whether they were directly exposed to sunlight or kept
in the dark. (2). For checking thermal effects, pouch samples stored

in a helium atmosphere were exposed to high temperature of 130°F- for
100 days. Results: They were not appreciably different from the ones

stored in the similar atmosphere but exposed to only 70°F. (3). 1m
quantities of the solution were sealed under helium gas in soft glass
ampoules. They were exposed to the following conditions: 320F

TOCF.; directly exposed to the sunlight; outdoors, but kept in the
dark; 130°F. room, directly under a sun lamp; 1306F roon, dark. Re-
sults: All ampoules showed very little or no color changes under the
above test conditions for 120 days. The evidence available indicates
that there would be no light or thermal stability problems with an
indicator made from anthraquinone--inc solution. The implication is
that this system can be used outdoors as well as indoors.

B. Inorganic system.

1. Change of Fet*-Fel**. 10 ml of FeCl,-H PO,
solution described in "Materials and Methods" section, along élth a
piece of filter paper, were placed in a pouch, 3-3/4 x b inches. The
initial color was virtually white. On oxidation, it changed to
greenigh-yellow, and then finally to rusty-brown. The appearance of
rusty-brown is regerded as the end-point at which the storage item
would be considered to be unsatisfactory for its intended use. Re-
sults are shown in Table 2.

Table 2. Time in days required for the appeerance of the
" rusty-brown color in FeClg-H3POh solution.

Storage Temperatures

Pouch Materials 32°F. I T5CF, 100°F. 130%F,
.001 in. Mylar/.002 in. No change in | 70 Lo 21
polyethylene (single pouch) [125 days days days days

Inner pouch: .001 in. Mylar
~002 in. polyethylene

Quter pouch: .00l in. poly- fNo change in 95 )
ethylene/.002 in. Aclar/ 125 days days days
.00075 in. Mylar /2.2 1b. .

] The samples described in Table 2 were photographed
and are shown in Figure 4. Pouch samples of FeCl PO were exposed
to sunlight, ard also to high temperatures under %eléum stmosphere,
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as vas done with the anthraguinone system. Results showed that they
were both light-and heat-stable. Basically, there sre 3 dilstinct
colors which occur in FeClQ-H PO, solution durlng storage: the 1ni-
tial virtually white color; tﬁe &ntermediate greenish-yellow; and,
finally, rusty-brown. If we provide a reference color chart accom-
panied with written information, a meeningful rotation of storage
items may be achieved. One proposed reference color chart with writ-
ten information 1s shown in Figure 5. In this proposed system, as
long as the indicator remains virtually white and matches the first
color chip, the product inside the container 1s safe for use; when
the indicator changes to greenish-yellow and matches the second chip,
the product is sti1ll good for use but should be rotated and used up
as soon as possible; when the indicator finally changes to rusty-
brovn and matches the third color chip, the product has deteriorated
to a stage which makes it unsatisfactory for its intended use and
therefore should be discarded.

Another test was set up to show that the time re-
quired to observe a color change of the FeCly-H.PO) solution would
vary with the amount of solution placed in poucges with a given oxygen
permeability. The amount of solution placed in each pouch varied
from 1 ml, 2 ml, 5 ml, 10 ml, to 20 ml. Pictures in Figure 6 clearly
show that the larger the amount of solution in each pouch, the longer
the time required for color to change at each storage temperature.
This proves conclusively that the color change does depend on: (1).
The oxygen-absorbing capability of the solution and amount; and (2).
The temperature at which the indicator is stored and (3). The time
of examination. With the same amount of solution in a pouch, the
color-changing property depends solely on time and temperature.

2. Change of Cu®-Cu’. Results of our testing indi-
cated that the ammonia which was used as the complexing agent for cop-
per permeated the film pouch and was lost to the outside atmosphere
very rapidly. For example, in placing 10 ml of ammonia reagent solu-
tion as described in the "Materials and Methods" section, in a pouch
wade of .0005 in. Mylaa/.003 in. H/D polyethylene, the permeation
rate was 6.8 ug/100 cn=/2k hr at T5°F. (by ascid titration). In some
instances, ammonia also showed chemical reactions with adhesives ordi-
narily used in pouch film lamination, thus causing film delamination.
Despite these disadvantages, the copper-ammonia system 4id indicate
a unique property as 8 T-T indicator., After the copper foll was oxi-
dized and dissolved 1n the presence of ammonia, the appearance of the
written message originally covered by the copper foll was striking.
Moreover, the copper foil technique offers a possibility of making up
a multi-stage indicator by laminating 3 or 4 folls together in a
seriés, each carrying a written message. The successive written mes-

sages will appear after each foil dissolves away, thus establishing

a multi-warning system for a storage item. Because of the short-
comings of ammonia when used in film pouches, as mentloned above,
other complexing agents sultable for copper and yet compatible with
filwm pouch materials will be sought.




HU and LOCONTI

C. Enzyme system.

A simple test was set up to examine the validiiy of
the enzyne system. In a 2 x 4 inch polyethylene pouch of .002 in.
thickness the following quantities were inclosed alorg with a piece
of filier paper (solution concentrations are listed in the “Materials
and Methods" section): glucose 1.0 ml, glucose oxidase 0.5 ml, methyl
red 3 drops, and phosphate buffer and water to make up to 2 ml as
shovmn in Table 3. i

W

. The initial solution color.inside the pouch was
light y2llow. The glucose was oxidized in the presence of the enzyume
glucose oxidase to gluconic acid, causing the solution pH to drift
downward, thus, in turn causing the indicator methyl red to turn red.

Teble 3. Time required for the appearance of red in the
glucose oxidase system inside plastic pouches

(at T0°F.).
Phosphate Buffer Water Time for the solution to
ml ml turn red (Minutes)
0 2.00 10
0.05 1.95 15
0.160 1.90 20
" 0.50 1.50 60
1.00 1.00 90
2.00 0 210

Table 3 shows that the lowering of solution pH is
directly responding to the amount of buffer solution added. Pouches
made of polyethylene have a rapid 02 diffusion rate, and the enzywme
system under study is very sensitive to O, concentration. Further
testing of glucose oxidase at 100°F. and E30°F. in pouches less
permeable by oxygen and for a longer period of time did not show the -
temperature effects which wculd be expected due to the increasing
o.ygen permecability at higher temperatures. Presumably, this result
wvas due to enzyme inactivation by high temperature. The inherent
Instability of enzymes at higher temperatures cagts doubts on the

long—lasting groperty of enzyme system above 100°F. Therefore, it
is suggested that this system is best suited for items normally

stored at low temperatures, such as frozer or refrigerated products.

!

i D. Rubber sheet system.

To demonstrale the validity of this principle, spe-
cially compounded rubber sheets mounted on -aluminum ciips as described

in the "Materials and Methods" section were stored at 130°F. One

set of mounted rubber sheets was directly exposed to air, and another
kept. under hzalium gas. The mounted rubber sheets exposed to air-
broke spart within a week, while the onee stored under heli m gas
showed no sign of breaking during a l-month storage, as shown in
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Figure 2. Although these tests have proven that the rudber sheet
sysiem cen be adcplted for indicating time and temperaturs effects,
mechanical impacts such as dropping, vibratiou, and rutbing (some-
time unaveoidsble durirng the transporting end handling of coatuiners)
cad also cause the ruvber sheet to break premeturcly. Therefore, its
application to irdiceting time &nd temparature storage history is
limited to statlonary objects. It might be used to monitor condi-
tions inside a warehouse, or in a speclsl storags area.

5 V. CORCLUSIORS

b —

* A. Our originul concep: cf developing T-T ({ime-te=pere-
ture) indicating syctems which can be releted to préduct deteriora-
tion has been established and proven for scveral possible systems.
Our approach, in its simplest teres; is that both useful 1ife of a
storage iterz and the amount of oxygen permesting a piastic film are
exponential functicus of terperature. By inclosing a suiteble oxygen-
reacting chenical system in a plastic pcuch, thc afcunt of reaction
wvhich occurs depends upon the amount of oxygen permesiing the film
vhich in turn is effectively controlled by time and temperature. In
practice, the chericel system ixclosed in a plastic pouch could be
attached to the exterior of a storage container or placed in a spe-
cial storage area where known itews are stored.

B. The concept feasibility has been expiored and proven
tarough studies of the folloving four cxidizable cheulcal systems:
(1). redox dye system; {2). snormamnic syster; (3). exzymc system; and
(4). rubcer sheet syrtoa.

1. The redox dye system, using an anthragur.:ane-zine
solution, has proven capable of conveylng written messzges to indi-
cate the end of the useful life of e storage item. The vritten mes-
sage vas Tirst covered by the blood-red ccior of anthrahydroguinone
selt. In ztorage, the sclution was oxidized to beccome colorless due
to the formation of entkraguinoue salt. The eessage suddenly be-
comes visible. The appearancc of the messag2 1ike "Discard”, or "Use
Up First” is both striking and unegquivocal.

2. The ino 'ganic system, through the color chenge in
tvo stages of FeClo-H POy soluticn can &lso be use> to convey infor-
mation. The first stage colcr change, from white to grecnish-yeliow
could be used as & warning signal thet the storege product should be
used up as soon as possible. When the cnlor change arrives at the
second stage, from gree~ish-yellow to rusty-brown, the storage prod-
uct has reeched the end of ite useful life end should be discarded.
These color changes cculd be easily identified with the belp of a
refercnce color chari as shown in Figure 5.

3. - Both anthraquinone-zinc and FcCl-Q-H3P01; systlens
have been shown %o be stable to light and heat. Therefore, they

10
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could be used oulbdoors as well as indoors. Thelr applications are
elmost unlirited,.

Y. The enzyme and rubber sheet systems also could be
adoplted for indicating tlme end temperature. However, their practical
ayplizations are limited to sypecial situati%nsi, The enzyme systenm,
in general, 1s best sulted for indicaling {ime oud temperature Tor
the storage of Trozen or refrigerated products. The mounted rubber
shcet systew is best sulted to stationary objeects, such as inside a
varchouse or in epecial areas of a warehouse.

C. These studles have shown that the basic design concept
provides excellent versqtility; The length of time for the indicator
to show a change can be adjusted al willl just by changing the com-
position, structure or thickness of the plastic material waking up
the pouch. Syslems can be further adjucted to provide & desired
tine-temperature cycle by changing the amount of reducing agent used
in the redox dye system or by changing the amount of buffer solution
uzed in the cnzyme system. Therefore, the incorporation of T-T indl-
cating cystem into our supply line will provide a warnlng syslem and
thus greatly facilitate stock rotation in warchouses and depots
around the world. Net results can be the eliminatlon of unnaccessary
slorage wastes and the increasc of product rellability in items taken
from storage.,
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