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ABSTRACT 

Vi tamin A i s  n u triti ona l l y significa n t  a nd is  used a s  an  i nd icator 

for the per formance of  fa t soluble v i tam ins in prod uc ts  and process es. 

There was a pa uc i ty o f  k i netic da ta rela ti ng to i ts los s i n  food systems 

duri ng therma l processing  a nd therefore it  wa s im port a n t  to. d eve l op 

ki net ic  mod el s tha t  descr ibed destruc tio n ra tes, and their dependence 

on factors such a s  tempera ture  and the microenv ironmen t  o f  the food. 

A rea l  food sys tem, beef liver, was  u sed to s tudy the lo ss  o f  

v i tam i n  A o n  thermal process i ng. Two d i fferent heat i n g  method s were 

emp loyed to ob tain k i netic d a ta - a s teady s tate and an u n s teady s ta te 

proc ed ure. In  the s teady s ta te method, l iver puree w a s  hea ted i n  gla s s 

cap il l ary tubes. The order of reac t i on, rate con stants and their depen­

dence o n  temperature  were determ i ned. U s i ng exper imen tal des i gn techn iques, 

the effec ts of com position (fa t, prote i n a nd moi s ture conten ts, pH and 

copper concentrat ion) on v i tam i n  A lo s s  w ere determined. The ranges of  

compositi ona l var i a ble s were tho s e e x pec ted i n manu factured m0�t products 
conforming to prac tica l and New Zea land l ega l requiremen ts. The unsteady 
state method was  emp loyed to see i f  the s teady s ta te reac tion kinetic 

parameter s  were val id on scal e-up, and i f  s teady s tate resul ts could be 
u sed to pred ict  v i tamin A lo s ses  in commerc i a l  thermal process ing opera tion s. 

For natura l beef l iver puree, v i tamin A l oss  o n  s teady s ta te hea ting 

(103 - 127°C) could b e  descr ibed by f ir s t  ord er k i netic s. The reference 

ra te con s ta n t, k122, had the va l ue 125.0 x 10-5 s-1 and the ac tiva tion 

e nergy wa s 112 + 9 kJmol-1 a t  th e 9 5% l ev e l  o f  confi dence. 

Where fa t, pro tei n  and mo i s ture con tents were s tu died a t  one  level of  

copper and  pH  to  d etermine thei r effec t on  vi tamin A l os s, it  wa s found 

tha t  ei ther moi s ture content or f a t  content cou l d  expla i n  mo s t  of the 

ob served var i a tion .  However, moi s ture con ten t was  the preferred vari able 

to model  the effec t  of composi tion, a s  i t  exp l ained a grea ter proportion 

of the va ria tion . Moi s ture con tent  inc rea sed the rate of vi tam i n  A lo s s  

ilS it i ncreased in  value from 52 - 72%. The a c tiv a t io n energies w0rc v0ry 

similar fo r the m i x tures, a nd o n l y  when the copper l evel  was changed did 



E change. The change in rate mov ing from 102°C to 122°C wa s l e s s  in a 
r un s  where copper was present at h i gh concentrat ions  than when it wa s 

at a low level . Th i s  ind icate s that chang ing  cop per concentrat ion probably 

brough about changes in  the mechan i sm o f  v itam in A los s. 

Under s im i l ar compos it ional and heat ing cond it ion s  to tho se used in 

steady state, p i lot plant cann ing tr i als gave  greater v itam in A losses 

than predicted from the stea dy state data. Part of the di screpancie s 

wa s due to de stab ili sat ion o f the system which led to some heat tran s fer 

by convect i on and to fat m i grat i on to the outer parts o f  the can. Neither 

of  thes e  e ffect s wa s t a ken into account by the pred iction method. The 

remaining di fference s were �roba b ly  due to a change in the kinet ics between 

the steady state and unsteady state exper iment s. 

Kinetic parameter s were c a l cu l ated from the unstea dy state data for 

compar i son with the steady state values . The act ivat i on energies  were the 

samP. hut the re ference rate con stants were d i fferent. The di fference wns 

on ly  sli ght with a l iver mixture of 56% moi st ure content but wa s si gni ficant 

at 69% mo i sture content . Therefore it wa s not pos s ib l e  to relate k1 22 in 

the steady and unsteady state and so the steady state data  did not scal e up 

completely. 
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1. lNIROOUCllON 

1. 

Hea t  proce s s i ng i s  a common me thod of food preserva t i on .  T he 

bilsic funct ion o f  a thcrrna l process is to e l im i na te or reduce micro­
organisms and/or enzyme s tha t would , u po n  s torage , res ult in de ter­

ior at i on of the food or could enda nger t he heal th of the consumer. 

However, unde s irab l e  cha nges to nu tr ie n t s , par t i c u l a r l y  pro te i n s a nd 

v i tam i n s ,  occur c oncu rre n t l y  w i th these de s irab l e  mod i f ica t i ons . 

There is a need to desi gn heat  proces se s  whi c h  give the requ i red 

III ILI·uuiol 011Ll L:IILYIIIIL. Llt.:�Lt·ut..LIUII uul llllllillli�e Llie IIULr·it.:fiL Ju��. 

Suc h  a pr oce s s  de s i g n  need s no t on ly  d a ta on  the therma l de s truc t i on 

of rnicroorg a n i sms bu t a l so d a ta on the therma l des tr uc t i on of 

nu trie n ts . Unfo rtuna tely, a t  the prese n t  t i me, there are few s u c h  

do tu a v a i l ab 1 e . 

T he de term i na t i o n  of the se da ta wou ld  a s s i s t i n: 

( 1 )  Prod uc t i mprovemen t  

ex i s t i ng proce s s . 

to m i n i m i se the n u tr i e n t  l o s s  i n  a n  

(2) New prod uc t deve lopmen t- to ide n t i fy oppor tu n i t i es v i a  the 

des i g n  of new proce s s i ng a nd/or  packag i ng me thod s  ( e.g . 

asep t iG  process i ng ,  re tor tab l e  pouch ) .  

(3)  Grow i ng co nsumer awarene s s  abou t nu tr ients a nd the etfecLs 
of proce s s i ng .  

(4) Manda tory governmen tal requ i remen ts such  a s  n u tr ie n t  label l i ng .  

( Lenz a nd Lu nd, 1 980 ; Suguy a nd Kare l ,  1980 ) . 

T he mos t  sen s i t ive n u t r i e n ts to c h a nges caused by hea t  pr oce s s i ng 

arc prote i ns and v i tam i ns. Hea ti ng, i n  genera l ,  a ffec ts a l l v i tam i ns 

to some ex te n t ,  bu t the hea t  sen s i t ive v i tam i n s  A, B-1 ( th i am i n )  a nd C 

(ascor b ic ac id ) are some t i me s  ta ken a s  i nd i ca tors for the performa nce 

of the other v i tam i n s (K l au i , 1979 ; L u n d , 1979 ) . As corbic a c i d  a nd 

th i am i n are u sed a s  i nd ices for re te n t i on of wa te r  s oluble v i tam i n s  

a nd v itam i n A i s  u sed a s  t he i ndex for fat s o l ub l e  v i tami n s . M o s t  

of  the re search  e ffor t ha s been concentrated on  ascorb i c  a c i d  a nd 

th i am i n beca u se they are c on s i dered to be hea t l ab i l e  a nd a re rel a t ive l y  

ea sy t o  a s say ( Ch i ttapor n ,  1 9 77 ) .  W i th re s pec t to the fa t s o l ub l e  

v i tam i ns , l i t t l e  i nforma t i on i s  ava ilab l e, e s pec i ally wi th  re spec t to 
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the ra te s  of des truc t i on a s  a func t i o n  of tempera ture, wa ter activ ity 

and oxygen (Labuza e t  al . ,  1 9 78 ) . V i tami n A ha s probab l y  been se l ected 

a s  a n  i ndex nu tr i en t  for f a t  soluble v i tam i n s  because i t  i s  ea s i er  to 

mea su re tha n the  o ther fa t soluble v i tami ns - D, E a nd K ;  a nd it has 

impo r ta n t  nutr i t i ona l s ig n i f ic a nce. 

Alt houg h  no  coenzyme role  has been demonstrated, vi tam i n A has 

othe r  f u nc t i ons: 

( 1 )  Ma i n tenance of proper v i s i on .  

(2) Ma i ntena nce of s perma togenes i s  i n  the ma l e . 

(3 ) Ma i n tenance of the place n ta a nd preve n t i on of resor p t i on 

of the foetus i n  the female . 

( 4 ) M a i n tenance of bone developme n t  a nd growth . 

( 5 )  Ma i n tenance of the mucus sec re ting ce l l s  of epithe l i a, 

the b i osynthes i s  of glycoprote i n s, a nd the prevention of 
ker i t i n i zat i on . 

(6) Interact i on wi th  vitamin r i n  rpgulating stability of hinln�i��l 

membranes . 

( 7 )  In terrela ted w i th  thyro id hormone fu nc t ion . 

(U) I nvo l ved i n  produ c t i o n  of cor t i cos teriod s a nd in glyco�enesis. 
( 9 )  Influences syn t he s i s  of serum a nd mu scle prote i ns .  

V i tam i n  A def i c i ency a nd xeroph thalm i a are chron i c  pub l ic hea l th 

problems i n  many develop i ng n a t i on s  ( Paden e t  al ., 1 9 79 ) . Even in  

developed cou n tr i es,defi c i enc ies  ex i s t .  Pen n i ng ton ( 1 976 ) s ta ted tha t 

v i tami n A i s  one o f  the nu tr i e nts mos t common l y  def i c i e n t  i n  US diet 

sur veys a nd i t  m i g h t  serve a s  one of the  i ndices of ade�uacy of diPt. 

Geca u se o f  the nutr i t i onal s i g n i f i c a nce of v i tami n A and i ts use 
a s  a n  i nd i ca tor for the performance of fa t soluble v i tami n s  i n  pr oduc t s  

a nd proces se s, the  object i ve of th i s  s tudy wa s t o  determi ne the k i ne t i c s  

o f  v i tam i n  A l o s s  i n  a food system o n  hea t proce s s i ng. The l i t t l e  

qu a n t i ta t i ve da ta tha t ex i s ted for v i ta m i n A were for pharmaceu t i cal 

prepar a t i ons only (Ga rrett, 1 9 56 ; S h a h  e t  al., 1976 ; Sla ter et al., 

1 9 79 ) . Therefore i t  was very impor ta n t  tha t k i ne t i c  models he deve l o ped 

wh ich  desc r i be des truct ion  ra tes, ilnd the ir depe ndence on  fac:tors such 
a s  temperature a nd the m i c roenvi ronmen t of the food . 
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2. LITERATURE REVIEW 

This chapter outlines factors affecting stability of vitamins, 

particularly vitamin A, during heat processing. Reported losses of 

this vitamin in various products, differing conditions and thermal 

processes are reviewed. Methods used for determining kinetic models, 

and their possible application to the study of vitamin A are discussed. 

2 . 1 V IT AM IN A 

Vitan1in A ,  retinol, occurs naturally only in ani 1 1 1als. lt is 
present in highest concentrations in the liver, with other important 

sources being egg yolk and dairy produce. The carotenoids are 

precursors and do occur more widely, being found in green and yellow 

pigmented plant foods. Approximately 50% of the vitamin A in the 

Western diet is derived from animal tissue as retinol, and the other 

50% is derived from plant materials as provitamin A carotenoids 

(Hurt, 1979). 

The substance first recognised as vitamin A (early in the 1900's) 

is now termed retinol or vitamin A1. It is an unsaturated cyclic 

.1lcuhul with 20 carbon ato111� and S conjugated double bond::.. Thi� 

system of conjugated double bonds is an easy point of attack by 

oxygen. 

The carbon skeleton is a trimethylcylohexenyl ring with an 
isoprenoid side chain. Vitamin A can exist in different isomeric 

forms with different biological activities, the all-trans (full 

bioactivity), the 2-mono-cis (neo) or 13-cis (3/4 activity), the 

6-mono-cis or 9-cis, and the 2,6-di-cis or the 9,13-di-cis (�activity). 

In nature, it occurs predominantly in the form of fatty acid esters 

as the all-trans isomer. 
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I n  a dd i t i on ,  a second mol e cu l ar var i a t i on known a s  A2 (c20H28o) 

ex i s ts i n  the t i s sue of fres hwa t er f i s h  bu t i s  b i o l o gi ca l l y l P.s s 

a ct i ve than A 1 (c20H30o) . 

V i tam i n  A i s  sens i t i ve to a i r ,  ox i d i s i ng a gents , and  u l trav i o l e t 

l i gh t .  I ts dec ompo s i t i on i s  a ccel era ted by i n crea s i ng tempera tu re and 
i s  c at al yzed by m i nera l i ons , i n  rar t i c u l ar copper, and to a lP.ssPr 
ex ten t i ron . At  pH  4 .5 or l ower , parti a l  i s omer i sa t i on of  v i larn i n A 
from the a l l - tran s  form to ci s forms wi l l  o ccur wi th a res u l ta n t  

decrea se i n  v i tam i n  poten cy due to the l ower poten ci es of  the c i s  

i s omers ( de R i tter ,  1976). 

2. 2 FACTORS AFFEC T I NG STAB I L I TY OF V I TAM I NS DUR I NG HEAT PROCESS I NG 

I n  opt im i s i ng the cond i t i ons  of proces s i ng a food , i t  i s  important  

to  remember tha t certa i n  chemi ca l  changes a re i nev i tab l e i f  t he  safety 

of the food a t  the  t i me of i ts consumpti on  i s  to be ensured . However , 

i t  i s  i mportant  to m i n i mi se those changes wh i c h  reduce  the qua l i ty of 

the prod u ct .  Thus  the key va ri ab l es whi c h  i nfl uen ce v i tam i n  l os s  mu s t  
be determi n ed . V i tam i n  l os s  on hea ti ng i s  dependent not only o n  t0mp0r­
a ture a nd t i me bu t a l so on o ther va r i a bles such a s  pH, ox i dat i on -redu cti on 

potent i a l , med i um compos i t i on ,  the presen ce of ca ta l yti c fa ctors su ch 
a:., ltt.:avy lltelctl!:>, LUIIIIJU!:>lllurt ul lht: gctSt:UU!:> pltu�e diiU W<llt:t· dCltvity 

( Lu nd , 197 5; Tannenbaum , 1976). 

Tempera ture i s  perhaps the  mos t  i mporta nt  of these  va r i ab l es  because  

of  i ts broad i nf l uence on  a l l types of  chem i ca l  rea cti ons . Genera l l y ,  

i nc reas i ng the temperature i nc rea ses the ra te of rea c t i on a nd th i s  can 
be expres sed by the Arrhen i u s equat i on . 

The ra tes of  react i on for the des truc t i on of mi croorgan i sms a nd 

c hem i ca l  react i ons are very d i fferent .  Therefore t i me i s  an i mportant  

v ar i a b l e i n  determ i n i ng the amount of  cha nge tha t o ccurs  on hea t pro ces s i ng .  

T i me can a l so have  an  i mporta n t  i nf l uen ce on the rel a t i ve i mporta n ce of 

concurrent react i ons . 
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A nother variabl e, pH, i nflu ences t he r ate of ma ny reactions. It 

h a s  b een  shown to affect the  rate of l os s  on  heating of pantothenic 

acid (Hamm a nd Lu nd, 1978 ) , fol ic acid ( Pai ne-Wil son a nd Chen, 1 979 ) , 

thiamin (Farrer, 1 955;  Fel iciotti a nd E s s elen, 1957 ; Mull ey et a 1 ., 

1975b) a nd a scorbic acid (Lee et a l., 197 7 ) . 

Oxidation-reduction  systems infl uenc e  the destruction of t hi ami n 

(Dwivedi a nd Ar nold, 1 97 3 ) a nd fol acin (Chen  a nd Cooper, 1 979 ) . 

The composition of the prod uct i s  importa nt sinc e  t hi s  d et ermi nes 

t he r eactants  avail abl e for c hemical tra nsformation. Thiami n  destruction 

is affected by the type of food, for examp l e in  pureed meat s a nd vegetab l es 

t hP destructio n occurred at different rates (Feliciotti and E s s e l en, 
l'J�/). The blellll of t'uW lllulet·ial� 111ay l.tlU!)C unexpcc.Lcd inlcr·a<..Liuw. 

e.q. the rate of oxidatio n can  be accel erated or inhibited dependi ng 

on the amount of sa lt prese nt . I n  fabricated foods, the compositio n 

can be controll ed by adding approved chemical s, such a s  acidula nts, 

r.hPlati nq aqents or antioxida nts, or by r emoving undesirabl e r eacta nts. 

The  storage stability of a sc orbic acid i n  tomato juice ha s been found 

to be  i nfl uenced by the pres enc e  of copper ions (Lee et al .,  1 9 7 7 ) .  

The  composition of the ga seou s  phase  i s  importa nt mainly wit h 

respect to the a vai labi lity of oxyge n a s  a reacta nt . I n  situations 

where it is desirable to limit oxyge n, it is  u nfortu natel y almosl 
impos sibl e to ac hieve compl ete excl u sion. The consequences of a sma ll  

amount of residu al oxygen sometimes becomes apparent during sub s eq uent 

behavi our of the prod uct . For exampl e, t he earl y f ormation of a small 

amou nt of dehydroa scorbic acid can l ead to browning during stor ag e. 

O ne of t he most importa nt variab l es contro ll ing reaction  r ates  i n  

food s  i s  water activity (aw) .  Destr uction  of a -tocopherol w a s  r el ated 

to aw by Widicu s  et al., ( 1 980 ) . Wa n ni ng er ( 1 972 ) post ul ated t hat 

moi sture content affected the rate constant but not the  activation 

energy of the stor age stability of a sc orbic acid . Labuza (1980) 

post ul ated that if viscosity of the syst em i ncr ea se s  with d ecr ea si n g  

water activity, the overa l l  rate constant decreases as  we l l . 



2.3 STABILITY OF VITAMIN A DU RING P ROCESSING 

6. 

Two recent rev i ews s ta ted that v i tam i n  A has  good s tab i l i ty d ur i ng 

coo k i ng and proce s s i ng opera t i ons , bu t l os ses do occur when the food s 
are hea ted i n  the presence of oxy gen ( La ng ,  1970; Ba rra tt , 1973). 
Many a u thors have  reported the percentage l os s  of vi tami n A i n  a p rod u c t  

tha t wa s g i ven a parti c u l a r  trea tment ( Ta b l es 2.1 and 2.2). For u n s urp l e­

mented produc ts s uch  a s  mea t a nd egg/egg products , cooki ng � a v c  los�cs 
of 0-14%. Stab i l i ty of v i tami n A i n  forti f i ed produ c ts wa s more v ar i ed 

under cook i ng cond i t i ons . Los s es ra n ged f rom 0-90% depend i ng on the 

product and heating tim� nnd condition!; (Table 2.2). ror eX<JIIIIJle, 
recon s t i tu ti ng enr i c hed nonfa t mi l k  powder by bo i l i ng for 2-30 mi n .  

res u l ted i n  2- 6% l os s  ( Bauernfei nd and A l l en ,  1963), where as he at i ng 
v i tami n i sed marg ar i ne for 40 mi n .  a t  130-160°C gave a v i tami n A l o s s  
of 90% ( Benterud , 1 9 7 7 ) . 

For commerc i a l  therma l proces s i ng opera ti ons , reten t i ons  v ary 
wi de l y .  Neg l i g i b l e  l osses  o f  v i tami n A were reported i n  the pasteur­
i sa t i on ,  s ter i l i sa t i on a nd s pray- dryi ng of mi l k ;  and i n  the s pr ay­

dry i n g  of  who l e  eg g ( Ta b l e 2 . 1 ) .  Canning of composi te foods h ac. 

resulted in losses ranging from 0-100%. Processing, �.g. exlru�iun 
of fort i f i ed produc ts , a ppea rs to q i v e  l o s s es of up to 50% 
( de Mue l enaere a nd Buzzard , 19 69; Lee e t  a l . ,  1978). 

Obv i ous l y ,  the d i fferences found i n  v i tami n A reten ti on were 
cau s ed by d i fferen t  proces s i ng cond i t i on s  a nd d i fferen ces  ·i n the 111·icro­
env i ronment of th e food sys tem . However , the d ata ar e u sun l l .Y  not. 

c ompl ete enough to determ i ne the effec t of v i tam i n  concen tra t i on a nd 
tempera ture on the .rate of therma l des truc t i on of v i tami n A i n  food s . 

Therefore , opti m isa t i on of the process for v i t am i n  reten ti on front 
ex i s t i ng data i s  not  pos s i b l e .  

As i nd i ca ted i n  Sec t i on 2 . 2, v i tami n l oss  on hea t i ng i s  d ependent  

not  on l y on t ime and tempera ture but a l so on other v ar i a b l es .  T ab l e 2.3 
g i ves  deta i l s  of  a dd i t i ona l va ri a bl es wh i c h  a ffect v i tami n A stclbility. 
Genera l l y ,  v i tam i n  A i s  regarded a s  be i ng more s tab l e  i n  b as i c  than 
acidic pH ( O'Brien , 1967; Ha rris and Ki'lrmfls , 1975). Howcv f'r ,  

Hannuka i nen and N 1i n 1vaara ( 1974b) showed the oppos it e  resuH when Lhe 
pH of pork l i ver wa s l owered from pH 6 to 5. 
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Ta b l e 2 . 1 :  Effects of Heat Proces s i ng on Un suppl emented Foods tuffs 

0------------------,------------r-----------------.-----------, 

Reference 

Ford et a l . ,  1 969 

Thompson , 1969 

Cho a nd Cho , 1 970 

Goerner and Oravcova , 
1 970 

Garner and  Kos zac ka ­
Seta ffy ,  1970 

Ar i s tova and Bekhova , 
197 4  

Legge and R i chard s , 
1 978 

U herova a nd Goerner , 
1 979  

Goerner a nd U herova , 
1 980 

Denton  et a l . ,  1944 

Fey a nd Braun , 1 9 74 

K i zl a i t i s  et a l . ,  
1 964  

Hn nnuka i nen and 
N i i n i vaara , 1974a 

CONTINUED ... 

Product  Type 

M I L K 

EGG AND 

EGG PRODUCTS 

MEAT 

Process/Product  

UHT  mi l k  

HTST and U HT m i l k  

30 m i n  /64°C 

1 5  s / 74°C 

230- 300 m i n < 20°c 
1 50 m i n  < 30°C 
120 
Pa s teur i sa t i on 85°C 
Evapora t i o n  46- 57°C 

Con tac t dry i ng 3 s/ 
1 sooc 

Sweetened conden sed 
m i l k  

Huma n br�a s t  mi lk ; 
8mi n/ 4  C- 100°C 

Steam i nj ect i on 
. 36MPa to 1 40°C/ 
3-gs ,  cool ed to 
76 c 

Prepa s teur i sat i on 
85 C ,  th0n UHT 
3 -4s/ 140 C 

Spray- d ry i ng who l e  
egg 

Spray- dry i ng egg 
yol k 

Prodn : s ponge pas try 
s c rambl ed egg , 
boi l ed egg 

Bra i � i ng l i ver to 
77 c 

M i nc i ng a nd cook i ng 
l i ver 

% V i tami n A 
Lo s s  

0 
0 

Sub s ta n tia l 

3 . 9  

7 . 3 
ll.L 

15 
5- 6 

2 . 4 - 2 . 8  

10-17 

0 

2 . 7  

2 . 8  

0 

3 3  

1 4  
13 
3 . 4  

0- 1 0  

1 2 . 4  
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Ta b l e  2 . 1  - conti nued 

Reference Product  Type Proce s s / Produc t % V i tami n A 
Lo s s  

H el l endoorn e t  a l . Ca nn i n g  m ea t  and 
1971 vege til b 1 es 0-100 

de R i tter et a 1 . , Frozen d i nners/pi es 3 
1974 COMPOS ITE  

La buza , 1974 
rOODS 

Cann i n q  soups con t�  
meat lG-LU 

/\uffray et al., 1970 Canned bdby foods SIJ I B.� -



Table 2 . 2: Effec t of Hea t Process i ng on F o r t i f i ed Foods tuffs 

9. 

Reference Product  Type Proc es s/Produc t 'lu V i L<..�lll i 11 
Loss 

Ba ue rnfe i nd e t  al . ,  Coo k i es a nd ca k0s 
1953 ba ked 190 - 205 C 0 - 20 

Fu kush i e t  al., 196 7  Enr iched flour i n  
bread 34.8 

Lie Muelenctere ctnd Extrusion co rn/soy-
Buzzard,  1969 bean/pea nut 

1 1 1ixLure !.J2.!.J 
Co rt e t  al., 1976 Enr i ched flou r i n  

bread 0 
Coo k i ng fort if ied 

CEREAL S AND r i ce 1 

13c ntcrud, 1977  Comme rc i al ba k i ng: 
CEREAL 13ASED bread 10-20 

b i sc u i ts and 

�IWUUC IS sweet rusks 7.0-30 
Hul>in el ul. , l1J77 13r·cad !Jakcd 20 111in/ 

213°C 5 -17 
Corn g r i ts: boil i ng 

wa ter 4 -6 mi n 20-25 
10-30 mi n 25-30 

Corn mea l cooked 
5 m i n 1 3  

Lee e t  a 1 ., 19 78 Wh i te corn extrud .  
a ce ta te; re t i nyl 10 
pa l m i ta te 130°C 10-50 

Paden et al., 1979  Fort i f i ed sugar i n 
ca kes 24 

Pa rr i s h  et a l . ,  1 980 F l our  i n  baked food s 0-20 

13aue rnf iend and Recons t .  nonfa t m i  1 k 
A llen ,  1963 powger  2-30 m i n/ 

100 c 2 -6 

Brooke and Cor t ,  1972  BEVERAGES Tea , 5 and 60 m i n  
boi l i ng 0 -9 6 

Head and Ha nsen , 1979  Fort i f i eS mi l ks ,  
16s/74 C 0 

W i  11 i c h et a l . , 1 9 54 Pea nut  butt0r ;  
hea ted 71

0
C 5 

82 c 7 

Benterud,  1977 M I SCELLANEOUS Wa ter- free mel t 
carbohydra tes and 
reti nyl pa6mi tate 

4 15 m i  n/l000C 
1 5  m i  n/ 1100

C 10 
1 5  mi n/130 C 12  

CON T I NUED . . .  

A 

I 
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Table 2.2 - conti nued 

--· 

Reference Product Type Process/Product 
% V i  ta111 in A 

Loss 

Benterud, 1977  Vitaminised Margarine 
24 min/130-160 C 'JO 
40 m i n/130-160°C 90 
1? min/175-?00°r. so 
20  m i n/ 1 75-200°C 90 

rc�den el cJl., 1979 MlSCLLL/\NLOUS rortified �ugctr i n  
(cont.) 

coffee 
15 mi n/100°C 10-11 

Forti f ied fa t 0 
30 111i n/160-lP.O C 20-110 
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As ret i no l  i s  a h i g h l y  conj ugated s tructure, i t  i s  suscept i b l e  

to ox i da t i on, d i rec t l y  i n  the presence of oxygen and by the ac t i on 

of  perox i des . An t i ox i da n ts enha nce s ta b i l i ty ,  e . g . a scorb i c a c i d  
added to bu t ter  ( A l i fax , 1969 ) . The add i t i on o f  m i nera l sa l ts tends 

to ha ve a desta b i l i s i ng i nfl uence . I ron wa s s hown to have no  effect 

when pork l ivers  were hea ted (Hannukainen and  Niiniva a ra, 197�h) or 

in fortif ied r i ce ,  f l our  a nd corn mea l ( Cort et al., 1976). llowever, 
i n  model sys tem s  such  a s  aqueous so l u t i ons , ferrou s i ons  ca ta l ysed 

l os s  ( Lucy , 1966; F i s her et  a l . ,  1972). Coppe r ,  wa s shown to be 

s i gn i fi can t l y  corre l a ted wi th v i tam i n  A l os s  ( Ha n nu k a i nen a nd 

N i i n i vaara , 197 4 b ) .  

Compos i t i on a l so a ppea rs to ma r k edl y i nf l uence the stability of 
vitami n A a s  shown i n  Table 2. 3 .  The effects of protei n and carhohy­

d ra tes are  confl i ct i ng ,  wherea s wi th  mo i s ture c on ten t there i s  a n  

obvious trend. In the case of  enriched m i l k  powder and mar�arinr, 

v i tam i n  A s ta b i l i ty decrea s ed wi th a n  i ncrea se  i n  mo i s ture content 

(RoiJf'rnfri nrl r�nrl/\llPn, 1%1� fmi"ln11Jri1 0t. r�l . ,  l%7i1). Wi th rrf]i"lr·rls 

to fat, v i tam i n  A l os s  i s  dependent on its perox ide value . Once 
oxi dat i on of the fa t conmences , there i s  concom i ta n t  loss of vitamin 
A .  There are  a l s o a n t i v i tam i n  fa c tors i n  foods such a s  l i pox i dase , 
thyrox i ne and c i tra l . The i r act i on i s  n u l l i f i ed by hea t proces s i ng .  

Though  the factor� i n  Tab l e 2.3 a re po s s i b l y  i mportant  i n  v i tam i n  

A lo<><>. not i'll l would hf' Pncnunt.PrPrl i n  f'VPry foorl rror.p<;<;inf] nrwri"ltinn. 

ror rxampl e in  ca nning , l ig ht, hif)h l evel �  of nitrite, miner.1l ',ttiL:, 
- and an t i v i tami n fac tors are unl i k ely to be i mportant .  



I 
Tab l e  2 . 3 : Fac tors A ffec ti n g  Vi tami n A S tab i l i ty 

Reference 

O'Bri en , 1 967 

Hannu ka i nen  and 
N i i n i vaara ,  197 4b 

Lucy ,  1966 

F i s her et a l . ,  1972 

· I Facto r  Affec ti ng 
I S tabi l i ty 

pH 

OXYGEN  

Gou ssa u l t e t  a 1., 1977  

Ha nnu ka i nen and 
N i i n i vaara , 197 4b 

A l i fax , 1 969 

Gu pta a nd Rao,  1970 

Kl au i , 197 1 

Imamura et a l . ,  196 7a 

0' Bri en , 1967 

conti nued . . .  

UV R ADIAT I ON 

ANT I- AND PRO­

OX I DANTS 

Cond i t i on s  

50 % E tOH sol n vi t A + l i no l ea te 
hydroperox i de .  

M i nced a nd cooked pork l i ver;  pH 
reduced 6 to 5 .  

Ret i no l  i n  E tOH  + d i ssol ved a i r .  

Aqueous co l l o i da l  d i s pers i on of  
ret i no l  p l u s  o2 

Veg .  and  mea t baby food pac ked i n  
g l a s s  and s tored i n  l i gh t  ( 365-
580 nm ) / 10 or 3 7- 40°C for 90 day s . 

Pork l i vers bo i l ed i n  water for 
30 mi n .  

Ascorb i c  a c i d added to bu tter . 

Ora l l i qu i d  v i t prepn pl us  a n ti ox i d .  
he l d  a t  room temp and 45°C .  

V i t  A pa l m i ta te + anti ox i d . /45°C 

Addn o f  cottonseed and coconu t o i l s  
to margari ne 

50 % E tOH so l n v i t A +  l i no l ea te 
hydroperox i de + a n ti ox i d .  

Effect ( s )  on Vi tam i n  A 

Rate of ox i d a ti on i n creas ed a s  pH 
decrea sed . 

Better retn i n  l o wer pH s ampl es . 

Autox i dn ;  ra te i nf l uenced by p hys . 
s ta te o f  reti no l . 

Autox i dn ;  rad i ca l  ca t al ysed . 

Sens i ti ve to l i gh t ;  destn i nh i b i ted  
by co l oured g l a s s  at  � 20° bu t not  
a t  40°C .  

Redox potent i a l  and c opper correl a ted 
wi th  l os s , ascorb i c  aci d and i ro n  
not  correl a ted wi th l os s , NaN02 he l ped s tab i l i s e .  

I ncreased stabi l i ty .  

Ant i ox i da n t  enhanced s tab i l i ty .  

Stab i l i ty depended on type of  ant i oxi d .  

Cottonseed o i l increa sed perox i de 
va l u e ,  worse affec t on s tab i l i ty 

Ox i dn 1s t order ;  protecti on from 
a n ti ox i d .  

...... 
N 
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r 
Referenc e 

Hay as h i  a nd N i s h i i ,  
1 9 7 1  

Grono wska -Senger 
et  a 1 .  , 1978  

Dav i es a nd Warden , 
1954  

Bauernfe i nd a nd A l l en 
1963 

Lucy , 1966 

F i s her et  al . ,  1 9 72  

Cort et  al . ,  1976 

Rub i n  et a l . ,  1 9 7 7  

Ma tth ews and Workman , 
1978  

Manz et  a l . ,  1 980 

cont i nued . . .  

Fac tor Aff ec ti ng 
S tab i l i ty 

ANT I- AN D P RO­
OX IDAN TS 
(cont . )  

C ond i ti ons 

V i t A i n  o i l y  s o l n 

Ra ts fed v i t A a nd perox i d e contg 
l ard 

Mi xed r ati on f eedstuff + mi nera l  
s a l ts /amb i en t  

Recon s tn . o f  enr i ched nonfa t mi l k  
powd er contg added Cu and Fe 

Eff ec t( s )  on Vi tami n A 

Destru cti on d epended on perox i de 
va l ues  

Lard wi th h i g h es t  p erox i d e v a l ue­
poores t u ti l i sa ti o n  o f  v i t A 

Des tru c ti v e  a c ti on of m i n era l s a l ts 

Acce l erated l os s es i n  compa r i son wi th 
no a dded m i n era l s 

Reti no l i n  s a l i ne or  water p l us Fe2+ I Deg rad ati on c ataly s ed by Fe2+ 

Reti no l+i n  aq . co l l o i da l  d i s p ers ions 1 Au tox i d a ti on ca ta lysed b �  Fe2+ 
+ F e2 · 

Forti f i ed f l our , r i c e , and c o rn 
mea 1 + m i n era ls 

Fort i fi ed f l our i n  br ead  

Canned veg . and meat d i nners for 
bab i es 

Cho l i n e and  mi nera l s in l i v es tock 
f eeds ; 4 mon ths a t  a mb i en t  

Stabl e i n  presence of Fe , Zn , Mg and 
Ca i n  f l our , and corn mea l ; a nd i n  
presence of Fe and Zn i n  r i c e  

C a  and Mg mi ght  worsen l os s  

V i t A decrease d wi th i ncr ea s es i n  Fe  

V i t A l os s  of 7 . 7 5% 
..... 
w 
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Reference 

Imam ur a  et a 1 . , 
1967b 

Bh a ttac h arya, 1968 

Bh attac h arya, 1969 

Im amur a  et a l . , 
196 7b 

Bh attac h ary a, 1969 

B auernfe i nd and 
A l l en ,  1963 

Imam ura  et a l . 
1967a 

Imamur a et a 1 .  
1 967 a 

A 1 i fax , 1969 

Gronows k a- Senger 
et a l . , 1 9 78 

Lep kov s ky ,  1 966 

F ac tor  Affect i ng 
Stab i  1 i ty 

PROTE IN 

CARBO HYDRATE 

MO I STURE  CONTENT 

FAT 

ANT IV I TAM I N  A 
FACTORS 

Cond i t i ons  

Addn. s k im  mi l k  to  m arg ar i ne  

Prote i ns ,  after d i fferent tre atments 
add ed to v i t A 

M i xtures of  v i t  A + d i ff .  prote i ns 
+ s urfac tants  

Addn. sk im  mi l k  to  marg ar i ne  

M i x tures of v i t A prepd . w i th c arbo ­
hydr ates and non- prote i n  macro­
mol ecul es 

Stored , enr i c hed nonfat mi l k  powder 

V i t  A added to marg ar i ne 

Addn of cottonseed and coco n ut o i l s  
to margari ne  

B utte r + added ascorbi c ac i d  

R ats fed l ard + v i t A 

L i pox i d ase , thyrox i ne ,  c i tral 

Effec t ( s ) on V i tam i n A 

I nc r e ased s t ab i l i ty ;  s uppressed  
i ncrease of perox i d e  val ue 

Effec t  depended on prepn. of  prote i n ;  
protei n and f at s  offered bet ter 
protec t i on th an pro te i n s  al one  

Prote i n s  retarded autox i dat i o n  

I nc re ased s tab i  1 i ty .; s uppressed 
i n crease  of perox i d e  v al ue 

I Rap i d ox i d at i on 

I ncreased mo i s ture con tent res ul ted i n  
i ncre ased 1 oss  

I nc r e ased mo i s ture con ten t res ul ted i n  
i nc re ased 1 oss  

Cottonseed o i l i ncre ased perox i de v al ue ; 
wo rse affec t on stab i l i ty 

D i s appe ar ance co i nc i ded wi th autoxid at i o n 

I 

phase of f ats � 
L ard with h i ghest perox i d e  val ue -

poores t  ut i l i s at ion 

Ox i d i ses f at and l e ad s  to l o ss :ag grav ates I 
vi t A defi c i ency:ac ts as an antagon i s t 

J 
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To opt i mi se nu tr i en t  retent i on ,  i t  i s  important tha t mea n i ngfu l 

d ata for eva l ua t i ng the k i net i c  pa rameters be ava i l a b l e for the therma l 
destruct i on of nutr i en ts under the va r i e ty of cond i t i ons  found i n  food'> . 

These para me ters desc r i be  the effec t of nutr i ent  concentra t i on and 

t ime- tempera ture reg i mes on l os s . 

K i n et i c  parameters ca n e i ther 

a model  system or i n  a food sys tem . 

i n  tha t they are better defi ned a nd 

be determi ned for the n u tr i en t  i n  

Mode l  systems have the advantage 

control l ed ,  and ana l ys i s  i s  s i mp l er 
a nd more a ccura te than those i nvol v i ng comp l ex ti ssue sampl es . A ma j o r  
d i sadvantage of the  a pproach  i s  that  i t  f a i l s  to con s i der tha t there 

may be fac tors present  i n  the comp l ex t i s sue  samp l es wh i c h  i nf l uence 
the s ta b i l i ty of the v i tami n .  Consequent l y ,  observa t i ons  made i n  the 

exper i ments  wi th s imp l e model  sol u t i on s  of  v i tami n  A may not necessa r i l y  

app l y  to compl ex ti s s ue samp l es ( Navankasattu sa s ,  1978 ) . 

T h e  f i rs t  exper i men ta l s te JJ  i s  Lo obta i n  da ta for t h e  c h u ny e  i n  

the concentra t i on of reactant  a s  a funct i on of time . From th i s ,  the 

ma thema t i c a l  form of the ra te express i on can be determ i ned . Genera l l y ,  

the d a ta a t  eac h  temperature a re compared to poss i b l e  mode l s  for the 
k i ne l i c s ( o f ten zero- , f i r s t - , o r  � ;ec uml - on l e t· 111ode ls ) . r u t ·  111< 1 ny r o od 

compon e n t s , a f i r s t- order k i ne t i c  mod e l  a d eq u a te l y  d es c r i be s lhe 
des truc t i on ( Stumbo , 1973 ) . Th i s  procedure prov i des a mode l  wh i ch 

descr i bes the k i net i cs of the rea ct i on .  I t  does not neces sa r i l y  

represent  t he  actu a l  mechan i sm of t he  react i on .  

Onc e the concen tra t i on- depe nd ence o f  the ra te a t  f i x ed LeniJJera ture 

ha s been determi ned , the temperatu re- dependence of the react i on rate 

consta n t  i s  eva l u ated . Th i s  can be expres s ed by the Arrhen i u s  equa t i on :  

k = Ae 
E/RT 

where k = ra te constant  

1\ frequency fac tor 
Ea 

= act i vat i on energy 

R = ga s con s tant  
T = a bsol u te tempera ture . 
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T h i s  equa t i on i s  found to f i t many of the ava i l a bl e exrer imen ta l 

k i n et i c da ta ( A i ba et  a l . ,  1 9 73 ) . Da ta c onformi ng to the Arrhen i u s  

equa t i on yi e l d  a s tra i gh t  l i ne when l n  k i s  p l otted aga i ns t  1 / T .  
Food rea c t i ons  genera l ly  observe the Arrhen i u s  rel a t i ons h i p  over a 
certa i n  i ntermed i a te tempera ture ra nge bu t dev i a t i ons from th i s  

rel a t i onsh i p  ca n occur a t  h i gh or l ow tempera tures ( Mc Weeny , 1 96R ) . 
Thu s ,  i t  i s  i mportant  to remember tha t the Arrh en i u s  re l a t i ons h i p  for 
food systems can  be used on l y  over a ra nge of tempera tures tha t ha s 

been  experi menta l l y tes ted . McWeeny l i s ts four rea sons  for dev i a t i on s  

from the Arrhen i u s re l a t i on s h i p  occurri ng , most of wh i c h  a r e  i ndu ced 
by e i ther h i g h  or l ow tempera turPs : 

( i )  enzyme ac ti v i ty may be l os t ,  

( i i ) the  reacti on pa thway may c ha nge or i t  may be i nf l uenced by 

a c ompeti ng react i on ( s ) , 

( i i i )  the phys i ca l  s ta te of the sys tem may change , 
( i v )  one or more of the reacta nts may become dep l e ted . 

H i s fourth rea son ca n on l y  a r i se i f  the ippa ren t  order of reac t i on 

c ha nges . 

The on l y  comprehens i ve k i neti c d a ta for v i tami n A have been  

obta i ned for pharmaceut i ca l prepa ra t i on s ,  not for food sys tems . 

Ga rrett ( 1 956 ) d etermi ned a n  a ct i v a t i on energy for v i tami n A i n  l i qu i d  

mu l t i v i tam i n  preparat i ons  ( pH 3 . 2 ) o f  6 1  kJmol - 1 . I n  1976 , Shah  e t  a l . 

d emons tra ted tha t v i tam i n  A i n  mu l t i v i tami n drops decomposed i n  
accordance w i th a f i rst  order react i on a nd the a c t i v a t i on energy had 

a v a l ue of 95 kJmol - 1 . S l a ter et  a l . ( 1 979 ) mea sured the s he l f- l i fe 

s tabi l i ty of v i tam i n  A i n  mu l ti v i tami n tabl ets a nd determi ned tha t 
d egrada t i on wa s pseudo- f i r s t  order . Ana l ys i s of S l a ter ' s  d a ta gave  a n  

a ct i vat i on energy of 1 18 kJmo�- 1 . 

For food systems , some rate con s tants were ca l cu l ated from the 
l i tera ture . Ana lys i s by the au thor of some publ i s hed da ta on the hea t i ng 

of enr i ched g hee ( Ma qsood et  a l . ,  1 963 ) gave  a f i rs t  order reac ti on for 

v i tam i n  A degrada t ion a t  both 1 00 a nd 200°C .  The ra te c ons ta n ts were 
k = 1 . 09 x 1 0- 3 s - 1 ( hea t i ng ghee i n  boi l i ng wa ter ) a nd k = 1 8 . 70 x 1 0- 3  

s - 1 ( fry i ng g hee a t  200°C ) . For the reconst i tu t i on of a fort i f i ed 

whey- soy d r i nk  m i x by boi l i ng i n  wa ter ( De l l amon i ca et  a l . ,  1 979 ) , a 

f i rs t  order ra te constant  of k = 3 . 07 x 1 0- 3  s - 1 wa s ca l cu l a ted . Th i s  
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var i a b i l i ty i n  the va l ue of the ra te con s ta nts  for di fferent products  

and the  pauc i ty of comprehens i ve k i net i c  d a ta for  v i tam i n A l os s  on  
therma l process i ng of foods i nd i ca tes the importance of  determi n i ng 

k i net i c mode l s for th i s  v i tami n .  

?. . S DETERM I NAT ION OF K T NF.T TC  MOOFI . S  

To d etermi ne the k i neti c �ode l  for des truc ti on o f  food c ompon e n ts 
or charac teri s t i c s  d ur i ng hea t proces s i ng ,  two procedu res  c a n  be u s ed 

- these are  known a s  steady s ta te a nd u n s teady sta te procedu res . I n  

the s teady s ta te method , sma l l samp l es are u s ed so tha t the t i me requ i red 
to reoch  the proces s i ng tempera ture i s  sma l l i n  compa r i son  wi th the 

proces s i ng t ime at tha t tempera tu re . Thus  the hea t i ng proces s  a pprox i ma te s  
a " square"  proce s s  a nd a l l the samp l e i s  exposed to v i rtua l l y the same 
proces s i ng cond i t i on s . In  uns teady sta te processes, l a rger sampl es  

( e . g .  a who l e c an ) a re used a nd both  come- u p  t imes and v a. r i a t i o n i n  
proces s i ng cond i t i ons  wi th pos i t i on a re s i gn i f i ca n t .  I n  many such  

proces se s , s teady s ta te may never be ach i eved . 

I n  L i t e  �. Lendy S Lli L e IJ Y' U L e tl u r e , L i t e  L U i l LLi i t t e t · :, u ::, etl Lu qu i L k l y  

hea t the sampl e to the proces s i ng tempera ture are somet i mes ca l l ed 
therma l dea th t i me conta i ners ( S tumbo , 1 97 3 ; Lenz and Lund , 1 980 ) . 

As a l l  the food i s  a t  con s ta n t  tempera tu re ( i . e .  s teady s ta te )  du r i ng 

proces s i ng ,  the f i na l  data ana l ys i s  i s  s i mp l er tha n for u n s teady s ta te,  

proce s s i ng .  After proces s i ng , the sampl e from each t i me/ tempera ture 
co111b i na t i o n i s  a na l ysed to detenn i ne the c o n c e n tra t i on ot the cl P s i rNI 
nu t. r i rn t . T n  th� u n s tcndy <; t il tf' rrocf'd u r f' , n ny c o n tn i n r r  lllil Y  lw l l '� l 'd 
for proce s s i ng . The t i n- p l a ted m i l d  s tee l can , wh i c h  may or may n o t  

be  l a cquered i n terna l l y  and/or ex terna l l y ,  i s  the conta i ner mos t c ommo n l y  

u sed i n  c ommerc i a l  t h e rma l proce� s i ng opera t i o n s . Oes truc l i o n  o c c u rr - i n y 

duri nq a t herma l l ag ( hea t- up  or cool - down ) i s  pa rt of the f i na l  d a ta 
ana l ys i s .  A s  wi th the steady s ta te procedure ,  the raw da ta c o n s i s t  o f  
concen tra t i on o f  the des i red component ver s u s  proces s i ng cond i t i o n s  

( t. cnl(wr.1 tu r c / t i m c  c omb i nn t i on } . l lowc v c r , ' i n  t h i s  c a !'; c  �Jf' nf' ra l l y o n l y  

the ma s s  average concentra t i on of the c omponent i n  the c a n  before a nd 

n fter rroces s i ng i s  known . To determ i ne the concentra t i on i n  d i fferent  

pa rts of t he  can , a model i s  needed to  pred i c t  t he  temperature d i s tr i -
bu t i on throuq h  the ca n a nd th i s  i n  turn i s  u sect to rred i c: t  t.hP  c:onc:Pn trn t i on . 

Thus  the ca l cu l a t i on o f  the k i ne t i c  model  i s  more comp l ex tha n w i th the 
s teady s ta te procedure ( Ta i rrmanenate , 1 980 ) . 
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The l a c k  of  k i neti c d a ta for food sys tems therefore j u s t i f i ed 

resea rc h  i n to the ra te of v i tami n A l o s s  duri ng therma l proces s i ng .  
I f  d a ta ex i s ted for d i fferent food sys tems , the ex tent of l os s  of 

th i s  v i tam i n  du r i ng  commerc i a l  hea t proces s i ng operat i ons cou l d be 

pred i c ted . Therefore , i n  th i s  study i t  wa s dec i ded to i nves t i ga te 

a food ra ther than a mode l  sys tem . Thi s was because data co l l ec ted 

i n  mode l  sys tems may not re l a te to v i tam i n  A destruc t i o n  i n  foods ,  

where a number of  factors ca n i n tera c t .  

Approx i mate l y  50% o f  the v i tami n A i n  the Western d i et i s  der i ved 

from a n i ma l  t i s s ue .  Beef l i ver , wh i c h  ha s a natura l l y  h i g h  ret i no l  

conten t ( 100- 400 ugg- 1 ) ,  i s  an  i mporta n t  source . Further , i t  i s  

often hea t  processed , i s  rea d i ly  ava i l a b l e ,  and i s  c heap .  I t  wa s 

therefore c hosen a s  the food sys tem to be s tud i ed .  

Both s teady and uns teady s ta te hea t proces s i ng were i nves t i gated . 

The s teady s ta te procedure , because  of i ts ea se  of  f i na l  data a na l ys i s  

and the sma l l amount  of raw ma teri a l  requ i red , wa s empl oyed to charac ter i se 
and qua nti fy the  k i neti c s  of v i tami n A l o s s  i n  na tura l beef l i ver , and i n  

beef l i ver a nd fa t mi xtures . Uns teady sta te heati ng of cans wa s used  to 

see whether the s teady s tate k i neti c pa rameters were a l so va l i d i n  
uns teady sta te hea t i n g ,  and  whether steady s ta te k i net i c pa ramctrrs 

cou l d be used to pred i ct v i tami n A l os ses in commerc i a l  therma l proces s i ng 

opera t i on s . The tempera tu re range s tu d i ed wa s the typ i ca l  cann i ng ra nge 

for meat produc ts - 102 - 1 2 7°C .  Oxygen , pH , ant iox i dants , pro- ant i xoda nts , 

prote i n ,  ca rbohydrate , mo i s ture content ,  fa t ,  a l l have an effect  on l os s  

of v i tami n A o n  heat proces s i ng .  However i n  cann i ng ,  many o f  these wi l l  

not  be i mporta n t . Factors most l i ke l y  to affect the ra te of v i tami n A 
l o s s  on heat p roces s i ng of l i ver were fat ,  protei n  and  moi s ture contents , 

pH and the presence of heavy meta l s s uch  a s  copper .  These factors were 

therefore i nvest i ga ted to determi ne thei r effect on v i tami n A l os s  on 

therma l proces s i ng .  The effect of ca rbohydra te wa s not con s i dered becau se 
of  the l ow l eve l  i n  natura l l i ver a nd formu l a ted l i ver produc ts . 
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The resea rch object i ves were therefore : 

( 1) To determi ne the k i neti c parameters for the l os s  of  v i tami n 

A on hea t process i ng of  natura l  beef l i ver under s teady s ta te 
cond i t i on s . 

(2) To f i nd the effects on the k i ne t i c  parameters , o f  fa t ,  prote i n ,  

mo i s ture con ten t ,  pH and copper i n  l i ver mi x tures . 

( 3) To establ i s h whether k i net i c parameters determi ned i n  s teady 
s ta te hea t proces s i ng cou l d  be used to pred i c t l os ses i n  u n s teady 

s ta te hea t p roces s i ng of  cans . 
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3 .  METHODS 

I n  order to determ i ne the effec ts of  heati ng on v i tam i n  A l os s  
i n  a food system , i t  i s  i mportant  to b e  a b l e  to acc ura te l y  mea sure the 

v i tami n A concen trat i on . Th i s  chapter f i r s t  rev i ews v i tami n A deter­

mi na t i o n  i n  foods  and descr i bes i n  deta i l  the a s say used . Second l y ,  

method s to ana l yze the prox i ma te compo s i t i on o f  l i ver a re � i ven . 
r i n u l l y t h e  two hea t i n g me t h o d s ( s teady a nd uns tea dy s lu lc )  u�eJ Lo 

i nves t i gate the therma l s ta b i l i ty a re descr i bed .  

3 . 1  V I TAM I N  A D E T E RM I NAT I ON 

3 . 1 . 1  L i tera ture Rev i ew of V i tam i n  A Determ i nat i on i n  Food s 

I n  se l ec t i ng a method to determi ne v i tami n A ,  the na ture of the 
food produc t ,  as we l l a s  forms and l evel s of  v i tam i n  A present ,  must  
b e  c on s i d ered . The maj or pa r t  o f  v Ha m i n  A i n  u n s u !J p l eme n leJ f o od s ,  

such  a s  m i l k ,  bu tter , cheese , and l i ver i s  presen t a s  m i xed es ters 

of  v i tami n  A a l cohol ( ret i no l ) . However , in  eggs , the l a rges t p art  

of  the v i tami n A i s  the unes teri f i ed a l cohol , ret i nol , · w i th 
l es ser amounts of  ret i na l dehyde and reti nyl es ters . 

Pnrr i s h ( l q 7 7 )  CJi'IVP. n n  P. X r.P l l Pnt rPViPw of thP rl P tPrlll i nil tion n f  
v i t. . u n i n  A I n  foo d � . Phy� i c u - c h e ln i c t � l 1 1 1e lhods  ho ve r c i J l ti CL 'd L h l �  l > i o l o � i c , l l 

methods w i th l a bora tory a n i ma l s ,  wh i c h  were used dur i ng  the ea r l y yea rs 

of v i tami n i nves t i ga t i ons . However , b i ol.og i ca l  method s a re s t i l l neces ­

sary to  s tudy ava i l a b i l i ty of  v i tami n A i n  foods , to determi ne b i o potency 

o f  d i f fe r e n t  forms a nd i somPr<; o f  v i tilmin A ,  il n d <; i m i l .l r  r rnhl f 'm-; . 

Oetermi na t i ons  by phys i co- chem i ca l  methods a re more ra p i d ,  c o n t ro l l a b l e ,  

and prec i se tha n a n i ma l  procedures . 

Mos t of the common method s u sed to i denti fy and mea s ure v i tam i n  A 

content  a re based on the propert ie s  of  v i tam i n  A ,  wh i c h  i nc l udr. its  

a bsorba nce a t  320  nm , i ts f l uorescence , a nd i ts a b i l i ty t o  f o rm 

r. o l o u r P d  c omrou nd s  w i th a n t i mony t r i c h l o r i cl f'  il nd o t h f' r  rf'ii CJ f'n t. <; . 
A va r i ety of methods ha ve been deve l oped ( Ta b l e  3 . 1 ) ;  excep l t or 
pos s i b l y  gas - l i qu i d  chroma togra phy and some of the s pec i a l  purpose 

methods , they ha ve been u sed w i th varyi ng degrees of success  for 

determi n i ng v i tam i n  A i n  food s . 
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Tab l e  3 . 1 : C l a s s i f i ca t i on of Method s to Determi ne V i tami n A 

(Ret i no l )  Proposed by Parri s h  ( 1 977) 

( i ) Spectrophotometri c :  

( i i ) Ca l or imetr i c :  

( i i i )  F l uorometr i c :  

( i v )  Chroma tograph i c :  

( V ) Others : 

d i rect read i ng 

des truc t i ve i r rad i a t ion  

convert to  anhydroreti nol 

b l u e  co l ou r  - Ca rr- Pr i ce ,  or other 

b l ue- co l our  reagents 

d i c h l orohydr i n reagent  

others s uch  a s  phenol s ,  ferrou s 
compound s , phosphomo lybd i c  ac i d  

d i rec t read i ng 

des truct i ve  i rrad i a t i on 

( used i n  conj uct i on wi th ( i ) ,  ( i i ) 

o r  ( i i i ) )  

adsorp t i on  co l umns 

pa r t i t i on co l umns 

th i n  l ayer 

parer 

gas l i qu i d  

l i q u i d - l i qu i d  

HPLC 

c l cc troc hemi ca l ,  i nfra - red , X - ray  

d i ffra c t i on etc .  for spec i a l  

i rlr n t i f i r.il t i on of i <;omf'r <; , r; t n J r. t .l lr f' 'l . 
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S i nce th i s  rev i ew appeared i n  1977 , method s o f  determ i n i ng 

v i tami n A i n  food s have c oncentra ted l a rge l y  on h i gh pres s u re l i q u i d  

chroma togra ph i c  ( HPLC ) techn i ques . Method s have  been pub l i s hed by 
Cohen a nd Lapo i nte ( 1 978 ) ; Fro l i k  e t  a l .  ( 19 7 8 ) ; Henderson and Mclean 

( 1 9 79 } ; Barnett et a l . ( 1980 ) ; and Thompson et a l . ( 1980 ) . Th i s  

i n teres t i n  HPLC i s  ba sed on  c l a i ms o f  s peed , versa ti l i ty and 
re l i ab i l i ty .  However , these c l a i ms s hou l d  be tempered by the rea l ­

i sa t i on tha t i n  the overa l l v i tam i n  A ana l ys i s ,  hydrol ys i s  and 

extract i ons  a re by far the t i me- con s um i ng s teps , a nd un l es s  food s a re 

nnn l yzcd regu l a r ly  for v i tam i n A con tent , i t  i s  d i ff i c u l t to j u� t i fy 
the expense  of an HPLC un i t . 

W i th  foods , i t  i s  genera l l y not pos s i b l e  to u se one of  the me thod s 
i n  Ta b l e  3 . 1  d i rec tl y .  Th i s  i s  beca use e i ther the concentra t i on o f  
v i tami n A i s  sma l l i n  compar i son t o  o ther c omponents tha t may i n terfere , 

or v i tami n A i s  bound so  tha t i t  cannot be extracted wi thou t pretrea t­

men t .  An a l ka l i ne d i ges t i on i s  genera l l y  u sed i n  the v i tami n A deter­

mi nat i on  for food s to free the v i tami n  from the s tab i l i z i ng matri x ,  

from the l i p i d s  i n  wh i ch  i t  m i ght  be d i s so l ved , or from s u b s tances i n  

the food that mi ght  i n terfere wi th the extra c ti on . Sa pon i fi ca t i on does 

no t ma teri a l l y des troy v i tami n A i n  most  na tura l or supp l emented food s . 

The e s ter i fi ed v i tami n A i s  converted to the a l cohol i c  form , ret i no l ; 

v i tam i n A i s  then determ i ned a s  reti nol , wh i c h  y i e l d s  resu l ts by 
ca l ori metri c or spectrophotometr i c  procedures s i m i l a r  to those obta i ned 
on the es ters . 

The Carr- Pr i ce a n t i mony tr i c h l or ide  ca l or i metri c proced ure 

( Carr a nd Pri ce , 1926 ) i s  by far the most  wi de ly  accepted method to 

determi ne  v i tami n A i n  food s . · I t  i s  the off i c i a l  AOAC method for feed s , 

premi xes a nd food s .  The Carr- Pri ce , or s i m i l a r  cal or imetr i c method , 

i s  better than  the s pectrophotometr i c  method i n  ana lyz i ng samp l e  

extracts  w i th  re l a t i ve l y  l ow quant i t i e s  of  v i tam i n  A i n  the presence 

of s teri ods , v i tami n  E ,  etc . , where spectrophotometri c  resu l ts a re 

fa l se l y  h i g h , even after chroma tography . 
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D i sadvan ta ges  a nd prob l ems a ttr i buted to the Carr- Pri c e  method 

i nc l ude : rap i d ly fad i ng b l ue co l our , sen s i t i v i ty of the reagen t lo 
mo i sture ,  forma t i on of wa ter- i n sol ub l e prec i p i ta tes on g l a s swa re from 

the react i on of reagent and  mo i s ture , i n terference from caroteno i d s , 

and cost  of the reagent .  However , there are so l u t i on s  to these  prob l ems . 

I n thi s s tudy a mod i f i ca t ion of the offi c i a l  AOAC me thod , emp l oy i ng 

the Carr- Pri ce  c a l orimetr i c p rocedu res , wa s used to determ i ne the v i tami n 
A con tent of beef l i ver a nd beef l i ver m i x tures . I t  wa s chosen beca use  

i t  i s  a wel l - recogni sed and w i de ly  a ppl i ca b l e  techni que . HPLC  l oo ked 

prom i s i ng ,  but  wa s not cons i dered because  a un i t was not a va i l a b l e  a t  

the commencement  o f  research and refi nement o f  techn i ques had yet to 

be pub l i shed . Thu s the as say method u sed wa s ba sed on tha t descr i bed 

by Haggett ( 1 9 76 ) . Th i s procedure wa s a devel opment of method s u sed 

i n  the V i tami n A s say La bora to r i es of Roche Products Pty L td ,  Au s tra l i a .  

The pr i nc i p l e  i s  that the food homogena te i s  f i r st  sa pon i f i ed wi th 

ethano l i c  pota s s i um hydrox i d e .  After extract i ng a nd wa s h i ng the 

unsa pon i f i a b l e ma tter , the trans- ret i no l  i s  separated by th i n  l ayer 

chroma togra phy . I t  i s  quant i ta ti ve l y  recovered i n  ch l oroform . 
Tran s - reti nol  i s  co l or imetr i ca l l y mea sured a ccord i ng to the Carr- Pr i ce  

method a t  6 10 nm ( Carr a nd Pr i ce ,  1 9 26 ) . The a c tua l  method i s  g i ven 

i n  the fol l owi ng secti ons . 

3 . 1 . 2  Reagents 

U n l ess otherw i se s ta ted a l l  aqueous so l ut i ons were prepa red wi th 

g l a s s  d i s ti l l ed wa ter . 

3 . 1 . 2 . 1  Ethano l  (9 5%) 

A l dehyde- free by Schi ff ' s  tes t .  

3 . 1 . 2 . 2  Pota s s i um Hydrox i de Sol ut ion  (50% ) 

L a bora tory grade pota s s i um hydrox i de ( 500g ) wa s d i sso l ved i n  

wa ter and made u p  to 1 l i tre o f  sol u t i o n . 

3. 1 .2.3 D i ethyl Ether 

Peroxi de free . 
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3 . 1 . 2 . 4 Ether- Sa tura ted D i s t i l l ed Wa ter 

[) i s t i l l ed Wil ter ( 1  1 )  Wil 5 V i 90 rOIJ «; l y S hil lr fln Wi t h  f>P trn l r> I JITI r> t hr>r  
3 3 ( ea 100 cm ) a nd perox i de- free d i ethyl e ther ( 200 cm ) for 2 m i n  i n  

a separa ti ng fu nnel . The bottom l ayer wa s u sed a s  requ i red . 

3 . 1 .  2 .  5 �c_l_C2D�xa_�� 
Ann l yt i cn l  rea 9ent . 

3 . 1 . 2 . 6  Ethyl Aceta te 

Ana l yt i ca l reagen t . 

3 . 1 . 2 . 7  Chroma tography Sol vent 
Cyc l ohexane ( 375 cm3 ) and e Lhy l aceta te ( 125 cm3 ) were a dded to 

a q l n ss s toppered cyl i nder a nd sha ken . The ta n k s  were f i l l Prl to a 

depth of 1 cm . The so l vent wa s comp l e te l y  renewed a fter 6 - 8 deve l o p ­
ments . 

3 . 1 . 2 . 8  Spott i ng Sol vent 

Petro l eum ether ( 20 cm3 ) ,  tri ethy l ami ne 

etha nol ( 2  cm3 ) were mi x ed together .  

3 . 1 . 2 . 9  Th i n  Layer Chroma tography P l a tes 

3 ( 2  cm ) and abso l u te 

Ki ese l ge l  G (Merck ) wa s dr i ed on  a tray for 1 hr a t  1 00°C . 

To the dry K i ese l gel  ( 50 g )  wa s added water ( 1 00 cm3 ) and  wa s v i gorou s l y  

sha ken for 1 mi n .  A t  the same t i me , to Ki esel guhr ( 1 7 g )  ( conta i n i ng 
10% cal c i um s u l pha te ) wa s added wa ter ( 32 cm3 ) a nd wa s a l so s ha ken 

v i gorou s l y  for 1 m i n .  The p l a te s preader wa s d i v i ded i n to two unequa l 

compartments  ( 5 : 1 ) ,  i n to wh i c h the two so l u t i on s  were poured . G l a s s  
p l a tes ( 20 x 20 cm) were s pread to a depth o f  0 . 6  mm . After s pread i ng 
they were a i r  d ri ed . The p l a tes were ac t i va ted a t  100°C for 2 hrs 

i mmed i a te l y  pr i or to u se .  

3 . 1 . 2 . 10 Petro l eum Ether 

Reagent  g rade ( 40 - 60°C fract i on ) .  

J .  1 . ? .  1 1  C h l oroform 

Reagen t grad e .  I f  n o t  c l ea r ,  wa s pur i f i ed by d i s t i l l a t i o n , the 

fi rst and l a s t  10% be i n9 d i sca rdPd . 
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3 . 1 . 2 . 1 2 Reference S tanda rd 

Trans - reti no l pa l m i ta te ; c rysta l l i ne ,  S i gma grade ; Type I ;  

synthet i c 5 13000 �gg - 1 ; conta i ned BHA and  B HT to retard ox i dat i on . 

S tored a t  0 - 5°C . 

3. 1 . 2 . 1 3  Antimony Tri ch l or i de  (Carr- Pri c e) Reagent 

E i ther : 
( i ) 100 cm

3 ampou l e  Carr- Pri ce reagent  ( BDH ) or 

( i i )  reagent grade ant imony tri c h l or i de crysta l s from 

unopened , ti g ht ly  s toppered bottl e .  An t i mony tri c h l or i de c ry s ta l s 

( l OO 9 )  were added to c h l o roform and d i l uted to 500 cm3 . I t  wn s 

wa rmed under refl ux  on a wa t e r  ba lh ,  a nd s h a ken to d i s so l ve lhc  
crys ta l s .  Coo l ed , and a ce t i c  a n hydri de ( 1 5 cm

3
) added . I f  

so l u t i o n  was not  c l ea r ,  i t  was fi l tered , centri fuged , o r  a l l owed to 
s e tt l e  and then decan ted . 

3 . 1 . 3  Standard i sa t i on 

The top of  the  ampou l e  conta i n i ng t he USP Reference Sta nda rrl of 

re t i no l  wa s knoc ked off and the o i l ex pres sed i n to a sma l l  ta red 

bea ker . It wa s we i ghed accura te l y .  The o i l was transferred to a 

vol umetri c f l a s k  a nd d i l u ted to vol ume w i th  c h l oroform . D i l ut i on s  

o f  t he Standard s o l ut i on were made wi th c h l oroform s o  tha t a l i <wots  

t rPa tP rl a s  rlP.s c r i hPd l a tPr 9n VP ah c;orhanr.P<; i n  t hP. 0 , 1 - 0 . 7  ra n�P a t  
- 1  G lU 1 1 1 1 1 . 1\l.J::.u rl.Jd nce Wd !:> ! J i u l lell ct Utl i n !:> L 1 1 U  n� L i n u l c1 1 1  · I f  Li 1 i � . 

p l o t  wa s a stra i gh t  l i ne , a fac tor wa s ca l c u l a ted for determi n i nq 
the re t i no l  content  i n  beef a nd beef l i ve r  m i x tures ( see Sec t i on 
3 . 1 . 4 . 3 ) . 

3 . 1 . 4  Method fo r Determ i n i ng Trans - Ret i no l i n  Bee f L i ver Pu ree 

3 . 1 .4 . 1 Sapon i fi ca t i on and E x tract i on  o f  Unsapon i fi a b l e  Ma tter 

Samp l e  wa s we i g hed i n to a 250 cm3 round bo ttomed f l a s k .  Ethano l 

( 50 cm
3 ) and pota s s i um hydrox i de so l u t i on ( 1 5  cm

3 ) were arl rlrrl � nrl mi x rrl . 
l l  Wd S sdpon i f i ed 1· or 30 1 1 1 i n  i n  d Wd ter ba ll l  a t  b !:> - / U°C . 1\ f le r ·  
c;il ronifir.il tion , t h P  fl il c; k  Wil <; r. ool rrl to  room trmrPril t l l rf' 1 1 nrlrr rtmn i n CJ 

wa ter . 
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The contents  o f  the f l a s k  were trans ferred to a 500 cm
3 s e pa ra ti n � 

fu nnel  by ri n s i ng w i t h  e tha n o l  ( 30 cm3 ) fol l owed by d i s t i l l rrl w� t r r  

( 10 cm
3

) .  O i ethyl  e ther ( 80 cm
3

) wa s a dded a nd s ha ken v i gorou s l y  f o r  
2 m i n ;  retro l eum ether ( RO cm

3
) wa s added a nd s ha ken gen t l y  ( ilhOI J t 1 0  

to a nd fro mot i on s ) .  I t  wa s l e f t  to s ta nd u n t i l the l ay e r s  s e JJ a ra Led . 

The bottom aqueou s  l ayer wa s removed . The ex tra c t  wa s was hed w i th  

ether- s a tura ted wa ter :  ( i )  50 cm
3

, ( i i )  70  cm
3

, ( i i i )  100 cm3 . 
The wa ter wa s mere l y  poured th rough  the extra c t  for the  f i r s t wa s h i n g ,  

gen t l e a g i ta t i o n  ( 2 - 3  to a nd fro mo t i ons ) for the second wa s h  a nd 

more v i gorous ( 8- 1 0 )  for the f i na l  wa s h . 

3 
The o rgan i c  extract  wa s t ra n s ferred to a 250 cm s toppered cyl i nder 

a nd the vo l ume , V f , noted . The sepa ra tory fu nnel  wa s r i n sed w i th sma l l  

qua n t i t i es o f  petrol eum e ther and  added to the ex tra c t  i n  the s toppered 

cy l i nd e r .  The e x tra c t  wa s d r i ed w i th a n hyd rous sod i um s u l pha te fo r 

1 . 5 - 2 . 0  hrs . The  o r�an i c  l ayer wa s evn pnra ted a t  a tem pero Lu n� of 
�0°C , a l ong w i th  a pe tro l eum e t h e r  r i n se  ( 30 cm

3
) of th0 rl0 � i r. r . � n t .  

Lo 1 c n1 1 . l m1 1 1ed i a te l y  s pu t t i n (j so l ven t ( 1  cn 1 1 ) wa s a dded . 

3 . 1 . 4 . 2  Th i n  L ayer Chroma tography 

The a c t i va ted p l a tes were s c r i bed a l ong  a l l  edges for ea 2 mm 

a nd then scored ea 2 cm from the top . The  s ampl e wa s lo� d ed w i th a 
p,F, tf' I J r  Jl i JlPttP  il S  rl t h i n h n nrl .i iJ<; t. hr l nw t hP i nPrt. s t r i Jl h ni J nrl il r y . 

nw f l a s k  wa s wa 5 hed w i th srot t i ng c;o l vrn t ( 0 . 1 r:m3 ) il n rl wil r: h i n 'l r:  
l oaded onto p l a te i mmed i a te l y  be l ow samp l e band . I t  wa s run to i nert  

bou nd a ry w i t h  a c e tone to  conc en tra te band then  p l aced i n  a ta n k  and  

l e f t  to deve l op i n  t h e  dark  to the  scored l i ne . 

The  wet p l a te was rap i d l y  ins pe c ted under u l tra v i o l e t  l i g h t  

( 366 n m )  a nd the ba nd  corres pond i ng t o  ret i n o l  ( fl uoresc ed green i s h ­

ye l l ow )  ma rked ; s c ra ped off q ua n t i ta t i ve l y  and  trans fered t o  s i n tered 

g l a s s  c r uc i b l e  c o n ta i n i ng c h l o roform ( 1 0 cm
3

) .  I t  wa s e x tra c ted w i th 

fur ther c h l orofo rm ( 30 cm3 ) i n to a 50 cm3 s toppered cyl i nder , r� nd 

Illu de U IJ  to a spec i f i ed vol ume ( V ) , wh i c h wa s no ted . 
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3 . 1 . 4 . 3  The Ca rr- Pri ce Method . 

The s pec trophotometer ( H i ta c h i , mode l  10 1 )  was adj u s ted to 

0% a b sorbance  a t  610 nm us i ng ch l o ro form ( 1  cm
3 ) a n d  C a r r - P r i c c  

reagent ( 3  cm3 ) .  The tube conta i n i ng c h l oroform so l ut i on of v i tami n 

A ( 1  cm3 ) wa s p l aced i n  the i n s trument .  Carr- Pr i ce reagent ( 3  cm3 ) 

wa s added i n  1 -2  sec . The a bsorba nce wa s read  a t  f i r s t  t ra n s i tory 

pause poi n t  ( a bsorbance i n  the ra nge 0 . 20 - 0 . 50 )  ea 10 sec after 

commencement  of add i t i o n . The so l u t i on s houl d have been c l ear  

a nd b l u e .  Other col ours i nd i ca ted i somer i sa t i on of ret i no l . 

where 

( i )  Absorbance Correcti on for Samp l e  Losses : 

A = a bsorbance correct ion  c 
As samp l e  absorbance 
v .  1 

= i n i t i a l  vo l ume of d i ethy l  ether and  petrol eum 

( � 1 60 cm3 ) 
v f f i na l  vol ume 

( i i ) Concentra t i on  

of  orga n i c  

i n  Sampl e :  

Concn 

so l vents , cm 3 

- 1 
]Jgg 

where a = i n tercept  va l ue from s tandard curve 

B = con s tant  from s tandard curve 

w = ma s s  of  s amp l e  ta ken , g 
V vol ume of  c h l oroform extra c t ,  3 cm 

3 . 1 .  5 Accura c� of the Assa� Procedure 

ether added 

3 . 1 . 5 . 1  ��coverJL 

No s i g n i fi cant  

extract i on  s tage of  
of Haggett ( 1978 ) . 

l o s ses occurred duri ng  the sapon i f i ca t i on and  

the a s say procedure . Th i s agrees w i th  the fi nd i ngs  
Recovery from th i n  l ayer c hromatogra phy p l a tes 

wa s i n  the range 94- 98% , and wa s determ i ned by add i ng a known quan t i ty 

of v i tam i n A to the p l a te and proceed i ng w i th  the a s s ay from Sect i on 
3 . 1 . 4 . 2  to 3 . 1 . 4 . 3 .  
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3 . 1 . 5 . 2  I somers 

The Carr- Pr i ce a s say as s uch  does not d i st i ngu i s h  between the 

v i tam i n  A i somers and so o n ly  total  v i tami n A i s  determ i ned . Thus  

noth i ng i s  known a bout  the b i o l og i ca l potency . By us i ng th i n  l ayer 

chromatography i t  wa s re l a t i ve l y  ea sy to detect trans - ret i no l by i ts 

chara c ter i s t i c  ye l l owi s h- green f l uorescence a t  366 nm and c ha ra c ter i s t i c  

Rf va l ue of 0 . 460  to 0 . 548 when concen tra ted i n to a band by acetone 

and t hen devel oped i n  cyc l ohexan e- ethyl  aceta te (3 : 1 )  so l vent .  I t  wa s 

not i c ed that hea ted l i ver sampl es  gave add i t i onal  fl uorescent and  

absorpti on ba nds when  observed u nder UV . However ,  on l y  v i tam i n  A ,  

determ i ned as trans - ret i no l , wa s mea sured a s  onl y th i s band was removed 
fron1 the th i n  l ayer p l a te .  An a dd i ti ona l c heck that i somers were not 

mea sured was observa t i on of the c h l oroform extrac t- Carr- Pri ce  so l ut i on , 

wh i ch wa s c l ear  a nd b l ue . Other co l ours , e . g .  red , p i nk/purp l e ,  

i nd i cate i somer i s at i on o f  ret i no l . 

3 . 1 . 5 . 3  Reproduc i b i l i ty 

Reproduc i b i l i ty of the Ca rr- Pri ce method i s � 3 - 1 0% depend i ng 

u pon the product ( AVC , 1966 ) .  For beef l i ver  puree and  beef l i ver  

m i x tures , rep l i ca t ion  of ana l ys i s wa s v i rtua l ly a l ways wi th i n  8 �g g- 1 

of the mean wh i ch i s  a var i a b i l i ty of  up  to 5% i n  the determi ned 
ret i nol  concen tra ti on . 
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To determ i ne the effect of compo s i t i on on the l oss  of v i tami n A 

on hea t i ng ,  i t  wa s importa n t  to know the a ctua l compos i t i on o f  the  

l i ver so tha t i t  cou l d  be a d j u sted to  the des i red fa t ,  protei n and 

mo i s ture l evel s etc . Ana l yses  were ma i n l y  ba sed on those  of  Lhe 
AOAC ( 1980 ) or mod i f i ca t i on s  of them . 

3 . 2 . 1 pH Determi nat i on 

The pH wa s meas ured a t  20
°

c on a n  expanded s ca l e  pH meter ; model  
PHM26c ( Ra d i ometer ) , wi th a 2 buffer adj ustmen t at pH 7 . 0  a nd 4 . 0 .  

3 . 2 . 2  Redox Potenti a l  ( Eh ) Determi na t i on 

0 0 Eh wa s determi ned i n  the  ra nge 1 8  to 22  c .  usua l l y u t  20 C .  

I t  wa s mea sured by a PHM26c pH meter ( Ra d i ometer ) u s i ng a p l a t i num 
e l ec trode P 1 0 1  a nd a ca l ome l el ectrode ( Le i s tner a nd W i rth , 1 965 ) . 

Eca l ome l + 249 + 58 . 1 ( pH - 7 )  mV 

3 . 2 . 3  Moi s ture Determi na t i on 

Ai r oven method ( AOAC , 24 . 003 , 1 980 ) . Ca 5 g sampl e dr i ed a t  100°C 

for 16 hours . 

3 . 2 . 4  Crude F at  Determ i na t i on ( Sox h l e t )  

Dri ed samp l e  from 3 . 2 . 3  ex tracted wi th petro l eum ether ( bo i l i ng 

po i nt range 40 - 60°C )  for 5 hours ( AOAC , 24 . 005 , 1 980 ) . 

3 . 2 . 5  Prote i n  Determi na t i o n  ( Kjel da h l )  

AOAC , 24 . 027 , 1 980 . 

3 . 2 . 6  Copper Determi na t i on ( Z i nc  D i benzyl d i th i oca rbama te Method ) 

Pea rson , p 81 , 1 976 . 
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The pro x i ma te compos i t i on of the base raw ma ter ia l wa s a l tererl 
b y  < H t l '  o r· mo r e  o f  the fo l l ow ·i n � reil � cn l !> . l l n l c � �  o l hcrw h 1 �  ··. t . l l . 1 'd , 

a l l  aqueou s so l ut i ons  were prepared wi th  g l a s s  d i s t i l l ed water . 

3 . 3 . 1 pH Adjus ters 

( i )  ea  1 M HCL : D i l ute 86 . 2  cm3 of 36 . 5% ( 1 1 . 6 M ) HC L to 1 1 wi th 

water . 
( i i )  ea  1 M NaOH : Di sso l ve 10  g NaOH pe l l ets i n  wa ter and  d i l u te 

the sol ut i on to 250 cm3 wi th  wa ter . 

( Cm- 3) 3 . 3 . 2  Concentra ted So l u t i on of Co�r Ions 200 �g . 

D i s so l ve 0 . 1 57 g of  C uso4 . sH 2o ( BDH Ana l yt i ca l Reagent )  wi th wa ter 

and d i l u te to 200 cm3 . 

3 . 3 . 3  Fat  

C ommerc i a l l y rroduced l a rd . 

3 . 3 . 4  Prote i n Source 

Beef l i ver  prote i n  concentrate ( 88 . 5% pro te i n ,  8 . 3% moi s ture ) wa s 

prepa red accord i ng to To l edo • s  ( 1 973 ) l ow tempera ture extra c t i on proc e s s  
for a n ima l prote i n  c oncentra tes . Prerara t i on wa s a 3 s tage  so l ven t 

r x t .rac t i o n  a t  11 5°C , u s i n � Wi'Y.. ( by WP i g h t )  i �. o prnp.1 no l . T IH' · .o l V I ' I I l - t. o ­

so l i d s ra t i o was 4 . 3 : 1 .  After eac h  extract i on s tage , the so l ·i d s a nd 

extract  were separa ted by vacuum f i l tra t i on . After the l a s t  ex trac t i on 
� L.1� e ,  l l l e  �o l l d �  weY'e S J-l read e v e r l l y  I n  d J 1 1 1 1 1 1  l ayer·  on d I Jdll t l t HJ 

vacuum d ri ed a t  0 . 35 bar  a t  40°C for 2 h r .  

3 . 3 . 5  Wa ter 

G l a s s d i s ti l l ed wa ter . 
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To determ i ne the k i net i c  mode l for des truc t i on of food contponen ts 

or ch�r� c ter i s t i c s  d ur i ng hea t trea tmen t ,  two procedures c a n h0 I J � rd -

a s teady s ta te procedure where therma l dea th t i me cans or tubes a re 

common ly  u sed or an u n s teady s ta te procedure where food i s  hP.r:� terl i n  

a ny conta i ner  ( Lenz  and  L und , 1980 ) . I n  the s teady sta te proced u re , 

hea t i ng and coo l i ng to a nd from the de s i red tempera ture s hou l d  be 
i n s tantaneous so tha t no s i gni f i ca n t  destruc t i on occ urs dur i ng the 

h ea t - u p and  coo l i ng peri ods . I n  prac t i ce , t h i s i s  d i ff i cu l t  to 
obta i n .  

3 . 4 . 1 S teady Sta te Hea t i ng Theory 

The prob l em of therma l l ag s  i n  s teady s ta te procedures has  been 

tac k l ed i n  d i fferen t ways . 

( i ) Therma l l a g s  can be i gnored , shou l d  they be sma l l  a nd 

i n s i gn i f i cant  and resu l t  i n  on l y  sma l l errors to the 
proces s i ng effec t .  

( i i )  Procedu res can be found to correct for these l o gs .  
( i i i )  The thermal  l ag peri ods  can be reduced so tha t e i ther they 

can be c on s i dered neg l i g i b l e  or  the i r correc t i on need s not  

be  so exten s i ve .  

Therma l l ag s  c a n  genera l l y  be  i gnored i f  the thermores i s tor  

( Stumbo , 1948 ) , c a p i l l a ry tube ( S tern a nd  Proc tor , 1954 ) and  f l a s k  
method s ( Levi ne et  a l . ,  1927 ) a re empl oyed . I n  the fi r s t  two mP.thods 

very sma l l  samp l e s i zes  a re used ( 0 . 1 0  cm3 ) ,  a nd in the l a s t  one l ow 

tempera tures ( <  100°C )  are empl oyed wi th the a s sumpti on tha t not muc h 

des truc t i on occurs  du r i ng the c ome- up  t i me .  Some workers who have 

used these method s , i gnored therma l l a gs and obta i ned k i n e t i c  data , 

i nc l ude : Lys ter ( 19 7 0 )  who i nves t i ga ted t he  d enaturat i on of  

('I.- l ac ta l bum i n  and  �- l actog l ob u l i n  in  hea ted m i l k  in  cap i l l ary tubes ; 
Mul l ey e t  a l . ,  ( 1 9 75a ) who s tud i ed the k i ne t i c s  of th i am i n  degrad a t i on 

by hea t u s i ng a thermores i s to r ;  and Eagerman and Rouse  ( 1976 ) who 

used the f l a s k  method to de term i ne hea t i na c t i vat i on- t i me re l a t i on s h i ps 

for pect i nes tera s e  i nacti va t i on of c i trus j u i ces . The fl o s k  method 

wa s a l so used by Chen and Cooper ( 1 9 79 ) . 
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Therma l l ags have a l s o been i gnored when the hol d i ng t i me at  a 
s rec i fi ed tempera ture i s  cons i dera b l y  grea ter tha n the c ome- u r t i mf> 
e . g .  Na va nkasa ttusas  ( 1 978 } who i nves t i ga ted the s ta b i l i ty of  vi tami n 

B6 i n  the therma l proce s s i ng of foods , and Saguy et  a l . ( 1 978 )  who 

s tud i ed the therma l k i ne t i c  degrada t i on of beta n i n and beta l am i c  a c i d .  

Procedures for correct i ng  for therma l l a g s  fal l i n to three genera l 
ca tegor i es - graph i ca l  method s , numer i ca l  methods a nd experi menta l 

man i pu l a t i on .  Graph i ca l  method s were used by Farkas  et a l . ( 1 962 ) , 

Sa per e t  a l . ( 1962 ) ,  Gu pte et a l . ( 1964 ) and Burnette and F l i c k ( 1 978 ) . 

Two numer i ca l  methods can  be used to correc t for therma l l a g s .  
Those tha t a s sume a " z "  va l ue and empl oy devel oped method s to obta i n  

a n  equ i va l en t  t ime a t  a spec i f i ed tempera ture ( Sognefest  and Benj ami n 

( 1 944 ) ; Ta n a nd Franc i s  ( 1 962 ) ,  and L i n  et a l . ( 1970 ) ) ;  and those 

ba sed on i terati ve  procedures wh i eh  u l t i ma te l y  determ i ne "z" V d  1 u e s  

and equ i va l ent proces s i ng t imes  ( Resende et a l . ,  ( 1969 ) and Haya kawa 

et a l . ,  ( 197 7 ) ) .  The i terat i ve procedures were devel oped to account 

for the therma l l a gs as  z v a l ues cou l d  not be u sed when i t  i s  the z 

va l ue wh i c h i s  to be determ i ned . Experimenta l man i pu l a t i on to correct 

for thermal  l ags i nvo l ve determi n i ng the come - u p t ime and  then s tart i ng 

a c tua l t im i ng from th i s per i od . T h i s  method wa s u sed by Fe l i c i o tt i  

and E s se l en ( 1 957 ) and  Hamm and  Lund  ( 1978 ) . 

The  th i rd way of  tac k l i ng th i s  prob l em i s  to reduce the l ag per i od s . 

Th i s can  be done by u s i ng very sma l l sampl es  bu t there may be a prob l em 

wi th regards to a n a l ys i s  because  of the sampl e  s i ze .  I f  the samp l e i s  

to be heated i n  water or o i l  ba th s , then the  conta i ner cou l d  e i ther be 

prehea ted pr ior  to add i t i on of  the samp l e ,  cons tructed from a mater i a l  

of h i g h  thermal conduc t i v i ty such  a s  meta l a nd/or be th i n  wa l l ed ,  

a g i tated to i ncrea s e  the ra te of  heat tra n s fer ,  or a booster heater 

cou l d  be u sed to rap i d ly  br i ng up  the ba th  temperature . 
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3 . 4 . 2  U ns teady S ta te Hea ti ng Theory 

I n  the uns teady s tate ,  i t  i s  i mpos s i b l e  to reduce the l a g t ime 

and i t  var i es w i th d i fferent pos i t i ons  i n  the conta i ner . The temper­

a ture of  the food i n  a conta i ner  i s  dependent not on ly  on t ime but 

a l so on pos i t i on .  The tempera ture d i s tr i but i on i n  the conta i ner a t 

a ny g i ven process  t i me mu s t  be d e termi ned , a s  the ca l cu l a t i on of the 

k i neti c parameters i s  ba sed on the ma s s  a verage retenti on concen tra t i on .  

Two methods to determ i ne the tempera ture d i s tri but i on a re ex per i 11 1en ta l 

mea surement  and theoret i ca l  pred i ct i on . These methods have been 

rev i ewed by Ta i mma nenate ( 1980 ) . Ex peri menta l mea surement  of temper­
a ture ha s devel oped from the use of thermometers to thermocoup l es , 

where more po i n ts i n  the can may be fo l l owed by conti nuous record i ng 

potent i ometri c  dev i ces . However there i s  a l i m i ta t i on on the number 

of po i n ts  tha t can  be  fol l owed , and on the t i me i n terv a l  of recorded 

tempera ture . Therefore , a theoreti ca l determi na t i on i s  needed fo r 

ca l cu l a ti ng tempera ture - d i s t r i bu t i o n  i n  the ca n .  

Prov i ded hea ti ng  wi th i n  a can i s  by conduct ion  on l y ,  bo th a n aly t i ca l 
and  n umer i ca l  method s ex i s t to pred i c t  tempera tu re d i s tr i bu t i on i"I S  i"l 

funct i o n  of t ime and pos i t i on ( Ta i mmanenate , 1 980 ) . These , a nd t he i r  

use a re desc r i bed i n  Sect i on 7 . ·2 . 3 .  

3 . 4 . 3 Steady S ta te Heati ng Method 

To m i n i m i z e the t h c rnlil l l a �  d u r i n� hcil l i n� il nd  c ool i n� , c on L.t i r w l · � �  

had to be chosen wh i ch were read i l y ava i l a b l e  and re l a t i ve l y  chea p ,  
i nert , hea t- sea l a b l e ,  and have a wa l l  th i c kness th i n  enough  to a vo i d  

exces s i ve therma l res i s tance  to  hea t penetrati on and yet s trong enough 

to w i thsta nd i n terna l pres s ure c rea ted when hea ted to 1 27°C . G l a s s  

v i a l s  made from ca p i l l a ry tub i ng were c ho sen . These tubes were hea ted 

i n  a n  o i l bath  for s tated t i me s  and temperatures . The food produc t 

was a t  consta n t  temperature ( s teady- s ta te ) dur i ng p roces s i ng a fter 

the i n i ti a l  come- u p  per i od .  
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3 . 4 . 3 . 1  Prepara t i on of V i a l s 

Boro- s i l i ca te g l a s s  ca p i l l a ry tub i ng ,  w i th an  i nternal  d i ameter 

of 3 mm a nd an  ex terna l di ameter of 5 mm , wa s cut i n to 1 30 mm l ength s . 

One end of  the l ength wa s heat sea l ed wi th  a na tura l gas  f l ame . 

Approx ima te l y  0 . 5  g of  beef l i ver puree or  beef l i ver pu ree mi x tu re , 

wa s pu t i n to each v i a l  u s i ng a Pa s teur p i pette a ttached to a 10  cm3 

disposab l e syri nge , a nd ens uring no smear i ng of the samp l e  occurred 
ell the top end .  The vi a l s  were then hea t sea l ed under vacuum ( hectd­
space 45  mm )  a nd s tored in the frozen s ta te ( - 18°C )  u n t i l requ i red 

for hea t processing.  

3 . 4 . 3 . 2  Heat i ng Apa ratus 

A d d•ag ramma ti c represen ta t i on of the a ppa ratus u sed is  shown i n  

F i gure 3 . 1 .  The tempera ture in the i nsu l a ted o i l ba th  wa s thermo­

s ta t i ca l l y control l ed to + 0 . 2°C u s i ng a Var i ac or a " S i mmerset"  

tempera ture control l er .  A V o s s  s t i rrer wa s used t o  ens ure a n  even 

tempera ture di s tr i bu t i on throughout the bath . The v i a l s  were p l aced 
i n  a ho l der made of 2 meta l s heets w i th hol es punc hed equ i d i s ta n t l y 
i n  them . The s heets were connec ted wi th a meta l rod a t  ea ch corner . 

Eac h  tube was separa ted from the other by 1 . 5  cm to ens ure tha t the 

hea ting medium cou l d  eas i l y  circu l a te between them . 

3 . 4 . 3 . 3  Determi na t i on of the Tempera ture- T ime Profi l e  i n  the V i a l s  

A v i a l  prepared in a s i mi l a r fash i on to the tubes conta ining 

beef l i ver puree ( BLP )  was u sed to fo l l ow the tempera ture- t ime prof i l e  

of the BLP dur i ng heati ng a nd coo l i ng .  A 2 4  gauge copper- constanta n  

thermocoupl e wa s i n serted i n  the tube w i th  the sens i ng j uncti on 

i mmersed in  the puree approxima te ly  at the goemetric centre of the 

samp l e .  The v i a l  was sea l ed w i th epoxy res i n .  The thermocoup l e wa s 

connected to a record i ng potent i ometer ( 1 2 point Honeywe l l - Brown 

wi th a 72 second print cyc l e ) which pr i n ted i ts temperature du ring 

hea t i ng and coo l i ng .  

The tempera ture- t ime profi l e  of the v i a l  during the come- up  time 

was ca l cu l a ted us i ng a f i n i te d i fference program , the l i s t i ng of wh i ch 

can  be seen i n  Append i x A . 2 .  The program eva l ua ted the tempera tures 

through the gl a s s  wa l l  and the l i ver  every 2 seconds a nd showed that 
the t i me for the s l owes t  hea t i ng poin t  i n  the samp l e  to r i se  to w i th i n 

0 . 1 °C of the hea t i ng med i um wa s 60 second s . 
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Components : 1 .  Therma l l y  i nsu l a ted conta i ner 

2 .  Hea t i ng el emen t ,  450W 

3 .  Voss  s t i rrer , 200- 2 50V , 0- 33 s - 1 ( Vos s I n s trumen ts , U . K . )  
4 .  Ca p i l l a ry ho l der 

5 .  V i a l  and thermoc ou p l e  

6 .  V i a l  conta i n i ng beef l i ver puree 
7 .  Tempera ture recorder 

8 .  Tempera tu re contro l l er 

9 .  O i l hea t i ng med i um ,  10 . 3  l i tre s 
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F i gure 3 . 1  Hea t i ng a ppara tu s  for s teady s tate hea t i ng 
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3 . 4 . 3 . 4  C o nd i t i ons o f  Hea t i ng and Coo l i ng 
I n  a l l steady s ta te heat i ng exper i ments , the fo l l owi n g  genera l 

procedure was prac t i sed . The c a p i l l a ry h o l der wa s prehea ted i n  a n  

a i r- oven t o  mi n im i ze tempera ture drops i n  the med i um once th i s  and 
the samp l es were p l a ced i n  i t . For ea ch  ru n ,  e i ghteen to twenty 

v i a l s were hea ted a t  the spec i f i ed tempera tu re i n  the range 102-

1 270C ,  typ i ca l  mea t c a nn i ng tempera tures . A t  pre- sel ected t i mes 
3 or 4 tubes , random l y  cho sen , were wi thdrawn from the ho l d er � nd 
p l unged i n to a c ru s hed i ce/wa ter ba th . After  coo l i ng ,  the tubes 

were wa s hed a nd s to red i n  the dark at - 1 8°C unt i l ana l yzed for 

tran s - ret i no l  content . Immed i a te l y pr i or to ana lys i s ,  the v i a l s  
were opened a nd t h e  U L P  b l o wn ou L u nder  a s trean1 o 1  C Ol l lpr e ::. ::. e u  o i r · 
i n to 2 50 cm3 round bottom f l a s k . Ana l ys i s for trans - ret i no l  wa s 

then conduc ted a cc ord i ng to the method des cr i bed i n  3 . 1 . 4 .  Co n tr o l  

sampl es , wh i c h were not hea ted , were trea ted i n  a s i m i l a r  manner to  
t he  tes t  ones . 

3 . 4 . 4  U ns teady Sta te Hea t i ng Method 

Pr i or to hea t proces s i ng i n  the a u toc l a ve , severa l  pre- proc e s s i ng 

s trrs were necessa ry and these , a l ong wi th the a c tua l therma l rroce s s i ng 

cond i t i ons are desc r i bed . 

3 .  � .  � . 1  Prc - Procc s  s i ng Cond i t i ons-_ 

l l i a wed b e e f  l i v e r  111 i x Lu re �  were �u L i n to code J d n L i - ::. u l p l i u t ·  c ,u , �, 

( 74 x 1 1 2  mm ) . Dur i ng fi l l i nq , a net hea d s pa ce of zero mm wa s sough t  
to m i n im i ze can to can var i a t i ons i n  the tempera ture responses  o f  the 

samp l es . However , on proces s i ng ,  the hea d s pace wa s no l onger neg l i g i b l e .  

Th i s  wa s because  the wa ter ho l d i ng c apac i ty of the mea t decreo sed on  

hea ti ng wi th the c onsequence tha t there wa s shr i nkage of  the mea t ,  a nd 

fa t a nd wa ter re l ea se .  After fi l l i ng ,  bu t pr i or to sea l i ng ,  thP. c � ns 
were c overed w i th c l i ng wra p fo l l owed by a l um i n i um fo i l ,  a nd s u s �ended 

i n  a 60°C wa ter ba th to prehea t the l i ver . On equ i l i bra t i on ,  the cans  

were vacuum sea l ed at  a pressure of 0 . 5  ba r .  They were then  pu t bac k  
i n to the wa ter bath for the tempera ture t o  re- equ i l i bra te to 6U°C. 
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3 . 4 . 4 . 2  Proc es s i ng Cond i t i ons 

The ca n s  ta ken from the wa ter ba th were processed i n  a retor t ,  

0 . 80 m l ong x 0 . 55 m i n terna l d i ameter ( l a bora tory- sca l e ,  hor i zonta l 

a u toc l ave , Berry Eng i neer i ng Ltd .  N . Z . ) .  Th i s  i nvo l ved pu tt i ng fou r 

1-Jre hea ted ca n s ( 2  w i th theruJocou !J l es l oca ted i n  the i r  geome tr ic cen tre 
a nd 2 to be used for v i tam i n  A a na l ys i s )  i n to the retort a nd proc e � s i ng 

il t 1 1 2  or  1 20°C to ac h i eve a n  F va l ue of 2 or 6 ( Sec t i on 7 .  ? )  . 

The retort  wa s vented for 2 m i nutes  a nd zero hea t i ng t i me ta ken a s  the 
t i me when the retor t s team tempera ture reached 1 00°C .  I n  coo l i ng ,  the 

retort pre s sure was reduced to a tmospher i c  a nd the retort  f i l l ed to 

RO - RS'Y.. of i t s vo l lJrnf' wi th coo l i nCJ wa ter . Th i s  wa ter l eve l  wa s 

l l ld ·i n ta i ned by a con t i nuous f l ow o f  co l d  wa ter . The to ta l coo l i n g 

t ime wa s 40 m i nu tes . 

To fo l l ow the tempera tu re- t ime prof i l e  of the beef l i v er m i x tu res , 

2 of the ca n s  i n  ea ch  run  had centra l l y l oca ted thermocou p l es . A 

ten s i on method of thennocoup l e  moun t i ng was u sed ( 13oard, 1 96S ) . T h e  
two wi res pas sed through d i ametr i ca l l y o pposed ho les i n  the  can  wa l I s  

and were sea l ed wi th a hea t res i s ta nt  epoxy res i n  adhes i ve .  Sta nda rd 

24 gauge copper- con sta n tan  thermocoup l es were u sed .  These were connec ted 

to a 1 2 - po i n t Honeywe l l - Brown record i ng potent i ometer opera t i ng on a 

72 second pr i n t cyc l e  dur i ng the proces s i ng r u ns . The centre tempera ture 
of the l i ver was mea su red a nd recorded by the potent i ometer . 

C ontrol  s amp i es ( 2  fu rther cans ) were s ubj ected to exac t ly  the 

same trea tment  as the four proces sed ones except they were not pu t 

i nto the retort . The seamed contro l s ,  a fter be i ng he l d  a t  60°C for 

the same t ime a s  the tes t  sampl es , were wa ter coo l ed for 40 m i nu tes . 

Af ter c oo l i ng ,  the con tro l a nd proces sed c a n s  were frozen a nd s tored 
at  - 18°C u nt i l a n a l yzed for tra n s - reti nol  content . They were comp l e tely 

thawed a nd the can  contents thorough l y  mi xed before du p l i cate samp l es 

were ta ken for a n a l ys i s .  



4 .  CHARACTER I SAT I ON OF THE K I N ET I CS  OF V I TAM I N  A 

LOSS ON STEADY STATE HEAT I NG  OF L IV ER 

4 . 1 I NTRODUCT I ON 
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Publ i s hed da ta ( Ta b l es 2 . 1 a n d  2 . 2 ) gave on l y  tota l v i tam i n A 
l os ses  i n  pa rt i cu l a r  proces ses . I n  o rder  for pred i c t i ons to be 
made of l os ses i n  any process ,  i t  wa s n ecessa ry to character i se 

a nd q uant i fy the tempera ture , t i me and c oncentra t i on dependence 

of  i ts l os s .  

Na tu ra l beef l i ver wa s the food sys tem chosen  to i n ves t i ga te 

v i tam i n A l o s s . F i ve hea ti ng  t i mes a t  eac h  of f i ve temperatu res, i n  

the range 1 03 - 1 27°C ,  were u sed to determ i ne the order of reac t i on ,  

c a l c u l a te ra te consta nts  a nd determ i ne  the a ct i va t i on energy from 

the  Arrhcn i u s equa t i on .  S teady s ta te hea t i ng u s i ng sma l l g l a s s  

v i a l s wa s u sed . These  conta i ners hea t ra p i d l y  to the proces s i ng 
temperature wi th  v i rtua l l y no hea t i ng l ag .  After equ i l i bra t i on a l l  

the food produc t  i s  a t  con s tant  tempera ture ( i . e .  s teady s ta te ) d ur i ng 
proces s i ng . Th i s  work  ha s been pub l i shed i n  h_f_q�. , 4_6 , 32 , ( 1 98 1 ) , 

and a copy of  the paper i s  g i ven i n  Append i x  A . 1 .  



4 . 2  EX PER IMENTAL 

4 . 2 . 1 �ampl e Prepa ra t i on 

.19. 

F resh beef l i ver had v i s i b l e  fa t a nd c on nec t i ve t i ssue  removed . 

The l i ver wa s c u t  i n to 1 . 0 cm cubes a nd pureed i n  a Wa r i ng B l e n d o r  

for e a  90 seconds .  The prox i ma te compo s i t i on of the puree wa s :  

Mo i s ture Content 
C rude Prote i n  

E xtrac ta b  1 e Fa t 

Ash  a nd Ca rbohydra te 

p H  

= 69 . 6 /,  
1 9 . 6'X, 

= 2 . 4% 

= 8 . 4% ( by d i fference)  

5 . 8 1 + 0 . 0 1 

The puree wa s then f i l l ed i n to v i a l s a s  s pec i f i ed i n  sec t i on 3 . 4 . 2 . 1 .  

4 . 2 . 2  Therma l Proce s s i ng C ond i t i ons  

The  v i a l s  were hea ted and cool ed a s  descr i bed i n  sect i on 3 . 4 . 3 . 4 .  

For ea c h  tempera ture , three v i a l s  were removed a t  f i ve d i fferen t 

t i me s  a s  shown i n  Tabl e � . 1 .  

Tab l e  4 . 1 :  Tempera ture- T i me Combi na t i on s  for Therma l Process i ng of 

Beef L i ver Pu ree 

Temperature ( oC )  T i me (m i n . ) 

102 . 9 0 1 5  30 60 90 1 20 

1 1 1 . 0  0 1 5  30 45 60 75  

1 18 . 3  0 1 5  2 5  3 5  4 5  55  

1 22 . 1  0 10 18  2 5  32 40 
1 26 . 7  0 10 16 22  28  34  
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4.3 RESU LTS AND D I SCUSS I ON 

4.3 .1 Tempera tu re-T i me P ro fi l es o f  Hea ted Tubes 

Experimenta l temperatu re-t i me profi l es of heated beef l i ver puree 

in g l a s s  v i a l s during heat ing and coo l ing a re shown in F i gu re 4 .1 .  

These profi l es were typ i ca l  of the heat i ng profi l es of the sys tem . 

F i gure 4 . 2, a l so  s hows a temperature p ro fi l e  du ring the come-up 

t i me, but it wa s determined by mode l ling the hea t trans fer with i n  
the v i a l  wa l l  a nd the samp l e  u s i ng a f i n i te d i fference program 

( Append i x  A . 2 ). Th i s was done because the come-up  t ime wa s so short  

( ea 60 seconds ) and hence _ di fficu lt to mea su re .  

The t imes ta ken to reach  a ctua l temperature , a nd 90% o f  the 

des i red temperature ( a s  ca l cu l a ted by the f i n i te d i fference program ) 

are s hown in Tab l e  4 . 2 .  

Tab l e  4 . 2 : Length  of"Come-Up"Times in Heated Tu bes 

TIME  TO REACH 
TElv1 PERA TU RE 

OF RUN ( °C )  0. 1°C o f  Steady State 90% o f  Steady State 
Tempera ture at Temperature a t  

Sur face  (. s )  Centre ( s )  Surface ( s )  Centre ( s )  

10 2 . 9  54 60 9 15  

111.0 54 60 9 1 5  

118 .3  54 60 9 1 5  

1 22.1 54 60 9 1 5  

126.7 5 4  60 9 1 5  
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Cons i dera t i o n  of  the hea t transfer c h ara c ter i s t i c s  through the 

g l a s s  v i a l ( Tab l e  4 . 2  and F i gure 4 . 2) i nd i ca ted tha t the tempera ture 

d i fference between the centre o f  the l i ver a nd the g l a s s - l i ver i n terface  

dur i ng  the i n i t i a l  hea ti ng  peri od wa s ea 20°C a fter three second s a nd 

ea 3�C after th i rty second s .  I n  f i fteen seconds , 90% of  the des i red 

tempera ture wa s reac hed , a nd after 60 second s the centre of the samp l e  

wa s a t  the s teady s ta te tempera ture . Thus , a s  the therma l l a9 s  were 

very sma l l  i n  compar i son w i th the tota l proces s i ng ti mes  (m i n i mum of 

34 m i nu tes ) , i n s ta n taneous hea t i ng and c oo l i ng were a s sumed . 

4 . 3 . 2  Extent of  Reac t i o n  Dur i ng Come- Up T i me 

I ncorpora ted i n to the f i n i te d i fference program to ca l c u l a te the 

tempe ra ture- t i me profi l e  of  the v i a l  wa s a numer i ca l  i n tegra t i on  to 

eva l uate  the extent of reti no l  l o ss  tha t  occurred dur i ng the come- up  
per i od .  Th i s  cou l d  then be  compa red wi th the ex tent  of  l os s  wh i c h 

wou l d have occurred i n  t h i s t i me i f  hea t i ng had been i ns tantaneo us 

( Tab l e  4 . 3 ) . Ki n et i c  pa rameters estab l i shed i n  Sec t i on 4 . 3 . 3  were 

used i n  th i s c a l cu l a t i on .  

Ta b l e  4 . 3 :  Extent  of V i tami n A Loss  i n  S i x ty Seconds " Come- Up" T_i_n�e 

i n  Hea ted Tubes 

EXTENT OF V I TAM I N A LOS S ( % )  DUR I NG · COME - U P  

TEMPERATURE - - - - -- -
Account i ng  for 

( oC ) Actua l Heat Tra nsfer Assumi ng I n sta n ta neous 

L i ver Surface L i ver Cen tre C ome- up  

102 . 9  0 . 83 0 .  70  1 . 03 

1 1 1 . 0  1 .  75  1 .  55  2 . 23 

1 1 8 . 3 3 . 36 2 . 96 4 . 2 7 ' 

1 22 . 1  4 . 62 4 . 09 5 . 90 

1 26 . 7  6 . 74 6 . 00 8 . 63 
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The d i fference i n  the  extent of  v i tami n A l os s  from tha t pred i c ted 

for i ns ta n taneous hea t i n g  and tha t ac h i eved exper imenta l l y ,  wa s no t 

s i gn i f i ca n t  compared wi th the repea ti b i l i ty of  the v i tami n A a s say , 

where repl i ca ti o n  wa s w i th i n  8 �gg- 1 wh i c h  wou l d  i nd i ca te a var i a b i l i ty 

of  up  to 5% i n  the determi ned concentrat i ons . A squa re proces s wa s therefore 

a s s umed . 

4 . 3 . 3  E s t i ma t i on of  Pa rameters C ha rac ter i s i ng Therma l Lo ss  of V i tam i n A 

The o rder of the degrada t i on of trans- ret i no l  i n  beef l i ver puree 
wa s exp l ored graph i ca l l y  by p l ott i ng d i fferent  fu nct i on s  of  the 

concen trat i on aga i n s t  t i me of hea t i ng at con s ta n t  tempera ture . (Ac tua l 

concentra t i o n s  of trans - ret i no l before a nd a fter process i ng a rP. shown 

i n  Append i x  A . 3 ) . A p l o t  of l n  c versus t i me generated a s tra i gh t  
l i ne over t he  enti re ra nge o f  hea t i ng ti me ,  thus  i nd i ca t i ng tha t 

v i tami n A l os s  on hea t i ng  cou l d be descri bed by f i rst order k i neti c s . 

Suc h a f i rst  order react i on i s  defi ned as : 

l n  c = - k t  + l n  c 0 

where v i tami n A concentra t i on a t  t ime t o .  - 1  
C O  �gg 

- 1  c = vi tami n A concentrat i on a t  ti me t = t ,  wgg 
k ra te con s ta n t ,  - 1  s 

t = t ime . s .  

The reac ti on ra te constant  wa s ca l cu l a ted from the s l ope o f  the l i ne . 

The i n te rcept  of th i s l i ne a t  t ime  zero was l n  c0 a s  i n s ta ntaneous hea t i ng 

and c oo l i ng were a s s umed . The rea son s  for t h i s a s s umpt i on  a re ou t l i ned 

i n  Sec t i o n  4 . 3 . 1  a nd 4 . 3 . 2 . U s i n g  the va l ues  of  c0 determ i ned from the 

i ntercepts , p l ots of  l n  c0/c vs t i me were prepared ( F i gure 4 . 3 ) .  As  a 

c heck that  vari a t i o n  from the fi rst  order mode l  was due to u ncerta i n ty 

i n  expe r i mental  meas urements on l y ,  a probab i l i ty p l ot ( F i gure 4 . 4 ) o f  

% res i d ua l s  wa s cons tructed , where : 

% res i d ua l s  = ( c  - c b ) / c  pre o s pre 

a nd c pre 
cobs  

= p red i c ted concentra t i o n , �gg- 1 

= observed c oncentra t i on , �gg- 1 
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F i gure 4 . 3  Degrad ati on r ates for v i tami n A i n  beef l i ver pu ree on he ati ng , 
s howi ng the na tura l l ogari thm of the concentra t i on ra t i o a s  a 
functi on of  time for v ar i ou s  temperatures 
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The p robab i l i ty p l o t wa s a s tra i �ht  l i ne i nrl i cn t i n� thn t rlPv i n t i nn s  
from t h e  f i rs t  order k i ne t i c mode l fol l owed a norma l  d i s tr i bu t i on . 

They were therefore random l y  d i s tr i buted and  thi s i mp l i es they a rose  

from experimen ta l u ncerta i n ty .  The maj o r  c ontr i bu t i ng factors were 
proba b l y  va r i a t i on i n  each v i a l a nd the i nherent  error i n  t h e  a s say 

method . 

ThP fi rst  order rate cons tants n re s hown i n  Tn b l e  4 . 4 .  C nmrn rPrl 

w i th  the f i rs t  order reac t i on coeffi c i en ts ca l cu l a ted from the da ta of  

Maq sood et a l . ,  ( 1963 ) , l os s  of  vi tami n A wa s more rap i d  i n  hea t i ng  
0 0 - 5 - 1 ghee a t  100 C tha n hea t i ng beef l i ver pu ree a t  102 . 9  C ( 1 09 x 1 0  � 

c f  1 7 . 9  x 10- 5 s - 1 ) .  

Tab l e 4 . 4 :  F i rs t  Order Reac t i on Ra te Con s tan ts  for Trans - Ret i nol  i n  

Na tura l Beef L i ver Puree 

Temperature ( oc ) k 

1 02 . 9  

1 1 1 . 0  

l lB .  3 
1 ? ?  . 1 
1 2 G . 7  

a 9 5 �  c o n f i dence l i m i ts 

( - G  - 1 )  X 10  S 

1 7 . 9  + 0 . 7  -

38 . 6  + 1 .  3 

nB . O  + 2 . H  
% . 1 + ? . n  -

l u L . J  I 1 . 7  -

h � ?  = Correl a t i on coe ff i cient  squa red . 

t1 Ri , , 

0 . 992 

0 . 99 3  

o . qH4 
o . qq s  
0 . 99 9  

The act i vat i on  energy a nd the f requency fa c tor were der i ved from 

the Arrhen i u s  equa t i on defi ned n s : 

whf're k = 

1\ 
Ea 

= 

R :::: 
T 

ra te con s tn n t ,  

- E  /RT 
k = Ae a 

s - 1 

f requency fac tor ,  s - 1 

act i va t i on energy of  the therma l 

un i vers a l  - 1  - 1  
ga s c o n s ta n t ,  Jmo l K 

a bso l u te tempera ture , K .  

l os s , Jmo l - 1  
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V a l ues of  l n  k were pl otted a ga i ns t  the i n verse of  abso l ute 

tempera ture ( F i gure 4 . 5 )  and E de termi ned from the s l ope n f  th0 a 
l i ne and  A from the i n tercept . The act i va t i on energy determ i ned 

from the Arrhen i us p l o t  wa s 1 1 2  � 9 kJmol e- 1 ( 26 . 9  � 2 . 1 kcn l mo l - 1
) 

w i th 9 5% con fi dence . An a l terna t i ve method o f  da ta ana lys i s  lu f i nd 
Eu wa s a l so u sed . The Arrhen i us equa t i on wa s s ubsti tuted i n to the 
f i r · . t. n r r l r r  morl r l  � i v i n � :  

= 

After ma n i pu l a ti on th i s  yi e l ds : 

- E  /RT 
Ae a t 

l n  
[ l n  

�/
c ] = l n  A - :� 

A p l o t  of  the l eft hand s i de of  t h i s equa t i on v s  1 /T y i e l d s  Ea a nd 

A from the s l ope and i n tercept res pect i ve l y .  

Th i s  a pproach  wa s tri ed , a s  l i nea r regres s i on a s s umes tha t va r i ance 

i s  even l y  d i s tr i buted whereas i t  wa s not  for the l n  k v a l ues u sed i n  the 

Arrhen i us p l o t .  Th i s  c a n  he s een by exami na t i on o f  the d a ta i n  Ta ble 4 . 4 .  

As a l l concentra ti on  data were equa l l y rel i a b l e  i t  wa s c ons i dered 

tha t the a l terna t i ve tra nsforma t i on may have c rea ted a be t t e r  d i :., L r i ! J u t i on 
o f  va r i a nce tha n the Arrhen i us p l o t .  When the ca l c u l a t i on s  were c a r r i ed 
o u t. t .h r  r ;, l r. u l ;, tNI n r. t. i v n t i on r n r rrJ.Y w., ... i cl r n t i r. n l . i n cl i r .1 t i nf) t h ,-1 1  f f l ! '  
d i f f erence i n  accuracy o f  the k da ta had no t i n f l uenced the /\ r r hen i u s 
p l o t  r. a l cu l a t i on .  

The a c t i va t i on enerqy for v i tami n  A i n  mu l t i v i tam i n . ta b l e t �  of 
l l A kJmol

- 1 ( ca l cu l a ted from the da ta of S l a te r  e t  a l . ,  ] q ]q ) f0l l w i t h i n  
the 95% conf i dence l i m i ts of  the exper imenta l l y  determ i ned E and so  

a 
there wa s no  s i gn i fi can t d i fference between the two va l ues . However 

th i s  va l ue of Ea for v i tami n A i n  beef l i ver puree d i s agreed w i th 
Garrett ' s  determi ned Ea of  6 1  kJmol - 1 for v i tami n A i n  a l i qu i d  
mu l l i v i Lillll i n  p r c ril r il t i o n .  D ·i f fer f 'nL < ' S  i n  ;, c l." i vo1 L i on r nc · r� i ! " .  W< 'n '  
reported for other v i tami ns when hea ted i n  d i fferent med i a .  I n  the 
�
L
se of  th i ami n ,  a n  a c t i va t i on energy o f  123 kJmo l - 1 wa s repo rted for 

��ospha te buffer a nd 1 1 4  kJmo l - 1 for beef puree (Mu l l ey et a l . ,  19 75a ) . 
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F i g u re 4 . 5  Arrhen i u s  p l o t  for l o s s  o f  v i tami n A i n  beef l i ver puree , 
showi ng the na tura l l ogar i thm of the fi rs t order ra te constant  
a s  a func t i o n  o f  the i n verse  o f  abso l u te tempera ture 



However , t h i s e st ima ted E may be con s i dered comparabl e to E a 1 1 a 
parameters i n  the range 42 - 1 26 kJmol - ( 10- 30 kca l mo l - ) 

genera l l y  recogn i sed for therma l degra dat i on of  other v i tami n s  
( Lund , 1 977 ) .  

49 . 

The frequency fac tor  A ,  was found to be 8 . 1 3 x 10 1 1  s - 1  wh i l s t 
for mu l t i v i tam i n  tabl ets  A had the va l ue 4 . 98 x 1 0 1 1  s - 1 . Th i s  

d i fference cou l d  be due to severa l fac tors such  a s  di fference i n  s ta te , 

d i fference i n  component compos i ti on and other i ntri n s i c . properti es such  
a s  pH . 

As  the frequency fac tor i s  der i ved from extrapo l a t i on of the non­

l i near Arrhen i us equa ti on ,  i t  i s  conven i ent  to use a mod i f i ed form i n  

wh i c h a reference ra te con stant  rep l aces  the frequency factor . T h i s 

mod i f i ed form of the Arrhen i u s equat i on i s :  

k = k exp [-� ( � - � ) ]  ref R T T f re 

I n  th i s  s tudy k f wa s chosen a s  re 
upper l i m i t of tempera tures s tud i ed .  

k 122a s  1 22°C wa s to be nea r the 

For an a ct i vati on energy of 1 1 2  
- 1 1 1  - 1  kJmol and a n  A of  8 . 1 3  x 10 s , k 1 2 2  was 

4 . 4 CONCLUS IONS 

1 2 5 . 0  x 1 0- 5  s - 1 . 

The k i neti cs  of v i tami n  A l os s  on heat process i ng were character i sed 

and quant i f i ed us i ng a s teady s tate procedure . I t  wa s found tha t for 

beef l i ver puree over the tempe ra ture range 103- 1 27°C ,  the observed 

ra te of l o s s  coul d be descr i bed by f i rst order k i neti c s . The reference 
- 5 - 1  ra te con s ta n t ,  k 1 22 , wa s 1 25 . 0  x 10  s . The va l ue o f  the frequency 

fac tor wa s 8 . 1 3  x 101 1  s - 1  The act i vati on energy for the tempera ture 

dependence of the rate consta n t  was 1 1 2 + 9 kJmo l - 1 . 

These k i neti c pa rameters were not i dent i ca l  to those reported for 

v i tami n A i n  other med i a .  I t  i nd i c a tes that other factors a part 

from tempera ture and t i me of process i ng ,  a ffect v i tami n  A l os s  on 

hea t i ng .  As  v i tam i n  A l os s  fo l l owed the Arrhen i u s expres s i on i t  wou l d  
not be neces sary to u se  a s  many proces s i ng temperatures i n  the subsequen t 

s teady s ta te heat i ng experiments . 



5 .  EFF ECT OF PROX IMATE COMPOS I T I ON ON THF 

LOSS OF V I TAM I N  A DU R I NG STEA DY STATE HEAT I NG 

5 . 1 I NTRODUC T I ON 

50 . 

Ha v i n g  e s tab l i s hed tha t the observed ra te of  v i tami n A l os s  on 

hea t i ng c ou l d  be desc r i bed by fi rst  order k i neti c s ,  the next s te p  
wa s to  l oo k  a t  other var i a b l es - a part  from t i me a nd tempera ture -
tha t m i gh t  a ffect  l os s .  

F a c tors reported to i nf l uence reti nol s ta b i l i ty i n  food s , ( A s  
outl i ned i n  Secti on 2 . 3 ) i nc l ude the redox potent i a l  of the sys tem ; 

pH ; fa t ,  protei n ,  moi s tu re and ca rbohydra te conten ts ; m i nera l sa l ts ;  

meta l i on s ;  l i g h t ;  perox i des ; a n t i ox i da n t s ;  a nd n i tri tes a nd n i tra tes . 
There are a l s o ant i v i tam i n  A fac tors i n  food s such a s  l i pox i dase ; 

thyrox i ne wh i ch aggrava tes v i tami n A defi c i ency ; a nd c i tra l wh i c h  a ct s  

a s  a n  a n tagon i s t  to v i tam i n  A .  

Some of the a bove fa c tors , though pos s i b l y  i mporta n t  i n  ret i nol  

degrada t i on ,  were not con s i dered i n  th i s s tudy for one or more of the 

fol l owi n g  reason s :  

( i ) un l i ke ly  to be encoun tered i n  norma l  therma l process i ng 

operat i ons  such  a s  can n i ng ,  e . g .  l i g h t , h i g h l eve l s o f  

n i tri te and  n i tra te , m i neral  sa l ts .  

( i i ) thei r a c t i on wou l d  be nu l l i f i ed by hea t proce s s i ng , e . g .  the 

ant i v i tam i n s thyrox i ne a nd l i pox i da s e .  

( i i i ) d i ff i c u l t t o  mea s ure , e . g .  na tura l a n t i ox i da n ts such  a s  

tocophero l .  

( i v ) d i ff i cu l t to control , e . g .  perox i des . 
( v ) thei r presence i s  known to affect a nother factor wh i c h wa s 

under s tudy ,  e . g .  n i tr i te/n i trate a nd sa l t  ha ve an e ffect on 

the redox potent i a l  of the system , wh i ch wa s to be mea sured . 



5 1 .  

Consequen t l y ,  the l i s t of  fac tors mos t  l i k e l y  to affec t the rn te 

of v i tam i n  A l os s  on hea t proces s i ng i n  l i ver  wa s reduced to fa t ,  prote i n  

a nd moi s ture contents , pH , a nd the presence of hea vy meta l s  such a s  
c opper . The effect o f  carbohydra te wa s not cons i dered becau se  of the 
l ow l eve l  i n  na tura l  l i ver and formu l a ted l i ver produc ts . A n  orthogona l 

ex per imenta l des i gn cou l d  not be u sed to i nvest i ga te the effec t of the 

f i ve va r i ab l es ( mo i s tu re , fa t and pro te i n  contents , pH a nd copper ) 

because  mo i s ture , fat a nd protei n l eve l s  cou l d  not be va r i ed i ndependen t l y .  

I n  study i n g  compos i ti ona l factors , a m i x ture des i gn i s  norma l l y  u sed . 

I n  order to s tudy a l l f i v e  fac tors s i mu l ta neou s l y ,  i t  wou l d  be neces sary 
to repen t the mi xture d e s i gn a t  bo t h  h i q h  a nd l ow l evel s of the n thPr 

two va r i a b l es .  The amoun t  of work  i nvol ved i n  s uch  a des i g n wa s proh i ­

b i ti ve l y  h i g h ,  so i t  wa s dec i ded to set  pH a nd copper a t  one l eve l  a nd  

i nvest i ga te mo i s ture , fa t and prote i n  on l y .  T he  tesu l ts from th i s  s tudy 
cou l d  then be u sed to e s ta b l i sh whether i t  wa s necessary to repea t the 

ful l  mi x tu re des i g n  a t  rl i fferent l �vr.ls of rH o nd copper . Th i s  c hn p ter 
therefore quant i f i es the effec t of prox imate compos i t i on on  the k i ne t i c s 
of  v i tami n A l o ss  dur i ng s tea dy s ta te hea t i ng of beef l i ver  m i x tu res w i th  

copper a nd pH he l d  con s ta n t .  Hea t i ng wa s conducted at  three tempera tures 

wi th i n the  ra nge used for cann i ng mea t products . Thi s ena b l ed the order 

of  rea c t i on , reac t i on ra te cons ta nts a nd a ct i va t i on energy to be 

ca l cu l a ted . 

S . 2  EX PER I MCNTAL 

5 . 2 . 1  Sampl e  Prepa ra ti on  

Fresh  beef l i ver wa s c h i l l ed to  ea  1°C ,  and  connect i ve t i s sue  a nd 

v i s i b l e  fat  were removed . The l i ver wa s then c u t  i n to 3 . 0  cm c ubes , 

pureed i n  a c h i l l ed c ond i t i on i n  a Stephan mi xer (Model  UM 1 2 ) , 

pac ked a nd then bl a s t  frozen a t  - 40°C .  Dur i ng proce s s i ng ,  the puree 

wa s pro tected from l i gh t .  A pro x i ma te a na l ys i s  of the l i ver wa s made .  

The mi xtures ( a s  des cr i bed i n  Sec t i on 5 . 2 . 2 ) were prepa red by n rld i ng 
Lu L h e  l i ver , fa t a nd/o r bee r I i ve r  IJro Le i n  c oncen L rd Le ( 1 1 1e ll uJd u i v � l l  i 1 1 
SP.c: t i on 3 . 3 ) . and mi x i ng i n  a Wn r i nC") R l endor for 2 - 4  m i n s  u nt i l n n  

homogeneous puree was obta i ned . The b l ended m i x ture wa s removed il nd 
rewe i ghed . The copper concentra t i o n ,  pH a nd moi sture were then 

adj u s ted . The mi x tu res  were a na l yzed for the i r fat , prote i n a nd 

mo i s ture contents a nd thei r pH a nd Eh measured . Samp l es  were then 

f i l l ed i n to v i a l s  as d e scri bed i n  Sec t i on 3 . 4 . 3 . 
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The extreme vert i ces  des i gn of Mclea n a nd Anderson ( 1966 ) wa s 

used . The s peci f i ca t i on of the experimenta l p l a n  i s  s hown i n  
Ta b l e 5 . 1 .  The prox i ma te compos i t i on of the base  raw ma teri a l  wa � :  

Ex tractab  1 e Fat  = 1 .  9% 

C rude Prote i n = 1 9 . 1%  
Moi s ture Conten t = 7 1 . 6% 

Ash  a nd Ca rbohydra te 7 . 4% ( by d i fference )  

Copper - 1  = 6 mg kg  
pH  = 6 . 07 

Eh = - 1 84 mV 

The proporti ons o f  the fi rst  t hree components were cons tra i ned so 

tha t they compl i ed wi th  New Zea l and l ega l  and  pra c t i c a l  requ i rements 
for c anned mea t products : 

10% � fa t conten t � 2 5% 

1 ?% � prote i n  c o n te n t  c ?0% 

50% ' moi s ture content < 70% 

However , a s  the base  raw ma ter i a l  had a c arbohydrate a nd a s h  

c ontent  o f  7% , the t ( fa t  + prote i n + moi s ture ) wa s on l y  93% . n o t  1 00% . 

Therr fore th i s  componen t wa s to rema i n  a pprox i ma te l y  a t  th i s  l eve l 

a nd o n l y  the effect of fa t ,  protei n and mo i s tu re contents  to be 

i n V P <; t i � il tP.d . 



5 3 . 

Tab l e 5 . 1 :  Compo s i t i on of M i x tures i n  Ex treme Verti ces Des ign 

Fa t Prote i n  Moi s ture 
Fea s i b l e So l u t i ona Vertex ( X ) (' Y., ) Content  

( % ) 
1 1 0  1 2  -

2 1 0  20 63 + 

3 2 5  1 2  56 + 

4 2 5  20 -

5 1 0  - 50 

6 10  1 3  70  + 

7 2 5  1 8  50 + 

8 2 5  - 70  

9 - 1 2  50 

1 0  1 1  1 2  70 + 

1 1  2 3  2 0  50 + 

1 2  - 20 70  

Centroi db 1 7 . 33 1 5 . 83 59 . 84 + 

a + i nd i cates  a so l u ti on wi th i n  the l eg a l  and practi c a l  constra i nts  

b Centro i d  wa s ca l c u l a ted by a vera g i ng the fea s i b l e  verti ces 

Of the fea s i b l e  ru ns , verti ces 6 and 1 0 ,  and verti ces 7 and 1 1  

were very s im i l ar i n  compos i t i on and hence were a veraged . Thus  a f i na l  

mod i f i ed des i gn w i th a new centro i d  wa s u sed . Th i s f i na l  d es i gn i nvol ved 

i nves t i ga t i on of  the rate of degrada t i on i n  f i ve m i x tures , four po i n ts 

a pprox imately  a t  the extremes of the con s tra i nts  and a centre poi n t .  

The actua l  compos i ti ons  a re s hown i n  Tab l e 5 . 2  and  a l so o n  F i gure 5 . 1 .  
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X 2  = 100 

X 1  = = 0 

X 2  

X 3  = 100 �--�--���----���--------------------� 
7 5 . 27 53 . 76 

X 2  = 0 

F i gure 5 . 1  Extreme vert i ces des i gn for beef l i ver m i x tures of  d i fferen t 
fat ,  prote i n  and mo i s ture contents 

e Des i red compos i t i on 
6 Achi eved compos i t i on 

X 1  = coded fa t content , % 
X2  = c oded prote i n content ,  % 
X 3  = c oded moi s ture conten t ,  % 

= 1 00 
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Tabl e 5 . 2 :  P rox i ma te Ana lys i s  of M i x tures i n  the Mod i f i ed Ex treme 
Vert i ces  Des ign 

Fat  Prote i n  Moi s tu re A s h  and Carbo . E h Vertex 
( % ) ( % ) 

Content  ( % )  ( mV )  
( % )  ( by d i fference )  

1 1 0 . 9  2 1 . 6  6 3 . 2  4 . 3  - 147  

2 27 . 9  1 1 . 7  56 . 0  4 . 4 - 14L  
3 10 . 0  1 3 . 0  7 2 . 2  4 . 8  - 1 50 
4 26 . 1  20 . 2  5 1 . 7  2 . 0  - 1 6 1  

Centro i d  18 . 6  1 5 . 2  6 1 . 0  5 . 2  - 145  

The pH of  canned mea ts i s  u n l i k e l y  to l i e  outs i de the range 

5 . 6  to 7 . 0 , so  th i s  v ar i ab l e wa s set at a mi d po i nt  va l ue of  6 . 3 . The 

actual  pH va l ues ra nged from 6 . 32 to 6 . 40 ,  and  averaged 6 . 36 .  The 
1 

New Zea l a nd l ega l l i m i t for copper i s  30 mgkg - L , and the raw materi a l  

had a c oncentra ti on o f  6 mg kg- 1  so  the mi dpo i n t  l eve l wa s chosen a s  

18 mg kg- 1 

V i a l s of  the beef l i ver mi x tures , fol l ow i ng  the s pec i f i ca t i on of  

the  experi menta l p l an ( Tab l e 5 . 2 ) , were heated for the t i mes a nd a t  

the tempera tures s hown i n  Tabl e 5 . 3 . A t  each  sampl i ng t i me three 

tubes were removed . C on trol l ed hea t i ng and c oo l i ng were carri ed out  
a s  descri bed in  Sect i on 3 . 4 . 3 .  wi th the  centro i d  compos i t i ona l po i n t  

rep l i ca ted a t  each t i me- tempera ture comb i na t i on to provi de d a ta for 

est ima t i on of experi menta l uncerta i n ty .  Ana l ys i s  for tra n s - reti no l  
fo l l owed Sec t i on 3 . 1 . 4 . 

Tn h l P. S . ] :  T_e!fl_p_e_t:a_tu.r:..�-_T_i !ll.e. _C_omh i _n.il _t_i _o_n_s _ _f_o_r _ _  Th_erma 1 _ P_ro c_e s s  i ng o f  the 

E x t reme V e r t i ces M i x ture Des ign 

Tempera ture ( oC )  T i me ( m i n u tes ) 

102 . 1  0 100 200 300 400 

1 1 2 . 0  0 70  1 40  2 1 0  280 

1 22 . 0  0 4 5  90  135 180 



5. 3 R E SULTS AND D I C U S S I ON 

5 . 3 . 1  Es t ima t i on of Parameters C harac ter i s i ng Therma l Loss  of 

Trans - Ret i no l i n  Beef L i v er M i x tures  

so . 

The l oss  of v i tam i n  A ( mea sured a s  tra n s - reti no l ) i n  beef l i ver 

m i x tu res on hea t i ng ,  wa s adequa te ly desc ri bed by f i r st  order k i ne t i c s  
a s  the a�ount of va r i a t i on not expl a i ned by th i s  mode l  wa s sma l l  

( a verage R2 = 0 . 983 ) . P l ots  of l n  c le  versus  t i me a t  v a r i ous  0 
tempera tures , for the des i g n  poi n ts , are s hown i n  F i gures 5 . 2  - 5 . 4 .  
(Ac tua l concentrat i ons  of ret i no l  before a nd after proces s i ng a re 

shown i n  Append i x  B . 1 ) .  The c a l cu l a ted a pparen t f i rst  order ra te 

cons tants are s hown i n  Ta bl e 5 . 4 .  

Ta b l e  5 . 4 :  Appa ren t  F i rs t Order Ra te Con s ta nts for Tra n s - Ret i no l  i n  

Beef L i ver Puree a s  a Func t i on of Compos i t i on 

( x  1 o- 5 s -1
) wi th 95% Confi dence 

--- - - - - - -... 
k L im i ts I 

Vertex a t  V ar i ous Tempera tures 

1 02 . 1°C R2 1 1 2 . 0°C R 2 1 22 . 0°C R 2 a 
I 

1 1 . 7 1  + 0 . 18 0 . 986 4 . 49 + 0 . 32 0 . 993 1 0 . 27 + 0 . 90 0 . 99? - - -
2 1 . 1 2 + 0 . 1 2 0 . 990 2 . 3 2 + 0 . 30 0 . 984 5 . 80 + 0 . 50 0 . 99 3  - -
3 2 . 54 + 0 . 08 0 . 999 6 . 1 6 + 0 . 32  0 . 997 1 2 . 84 + 0 . 40 0 . 996 
4 0 . 7 2 + 0 . 04 0 . 998 1 .  30 + 0 .  28 0 . 92 5  4 . 53 + 0 . 60 0 . 9 79  - - -

Centro i d  1 . 1 2 + 0 . 10 0 . 99 1  3 . 44 + 0 . 1 4 0 . 999 9 . 22 + 0 . 20 0 . 999 -
( Q n t ro i rl  1 .  0 3  � 0 . 2 2  0 . % 5 3 . 07 I 0 . 24 0 . 99? 7 . 1 2  +- 0 . 7 0 0 . �90 � 

a R2 = correl a t i on c oeff i c i en t  s qua red . 

The l os s  of  v i tam i n  A on  hea t rroces s i n9 n t  en c h  9 i ven trmrPril turr> 
was d i fferent for ea c h  des i g n po i n t ( Ta b l e 5 . 4 )  w i th vertex 3 ( l ow fa t ,  
h i g h  mo i s tu re content )  be i ng the h i ghest  a nd vertex 4 ( h i g h fa t ,  l ow 

moi s ture content )  the l owe s t .  Th i s  i nd i c a ted tha t a t  the pH a nd copper 
concen tra t i on under s tudy , c ompos i t i on a ffec ted the ra te of v i tami n A 
l o s s . 
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V3  

1 . 0 

V2  

u 
......... 0 u 

c V4 ....-

0 . 6  

100 200 300 400 

T i me (mi  n ) 

F i gure 5 . 2 Degradat i on rates for v i tami n A i n  beef l i ver m i x tures a t  1 22 . 0°C ,  
s howi ng the n a tura l l ogar i t hm of the concentra t i on ra ti o a s  a 
functi on of  t i me 

0 = V l  = vertex 1 
� = V2 = vertex 2 

• = V3 = vertex 3 

0 = V4 = vertex 4 
D 

} Centro i d  = 
• 
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V 3  
0 . 6  

V 1  
u 

- 0 . 4  0 
u 

V 2  a nd Centro i d  
c Cen tro i d  r-

0 . 2  V4 

100 200 300 400 

T i 111e ( mi n ) 

F i gure 5 . 3  Degraga t i on rates for v i tami n A i n  beef l i ver m i x tures a t  
102 . 1 C ,  s howi ng the na tura l l ogar i thm o f  the concentra t i on 
ra ti o a s  a fu nc t i on of t ime 

u 
-0 

1 . 0  

0 . 8  

u 0 . 6  
c 

0 . 4 

0 . 2  

100 200 300 
T i me ( m i n )  

400 

F i gure 5 . 4  Degrada t i on ra tes for v i tami n A i n  beef l i ver mi x tures a t  1 1 2 . 0°C ,  
s how i ng the na tura l l oga r i thm of  the concentra t i on ra t i o  a s  a 
func t i on of  t ime 
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The ac t i va t i on energy a nd frequ ency factor wa s c a l cu l a terl for 
each  compos i t i ona l poi n t  by l i near l ea s t  squares regres s i on .  The 

a l terna t i ve p l o t :  

v1hc rr. {\ = 

En = 

R = 

T 

E a l n  A - RT  

frequency fac tor , <; - 1 

ac t i va t i on energy , J fiiO l - 1 
gas  con s ta n t , J 

- 1  - 1  
K mo l 

a bso l u te tempera tu re , K 

wa s u sed as  i n s pec t i on of Ta b l e 5 . 4  s howed tha t var i a nce  i n  l n  k wa s 

not even l y  d i s tr i bu ted . 

E s t i ma ted va l ue s  of the a c t i v a t i o n  energy a nd frequency fo e to r  i1 r 0 
shown i n  Tab l e 5 . 5 .  As can  be seen from th i s  ta b l e ,  a l l  va l ues  for E0 
wr:re c l ose  together a nd i t wa s rosc; i h l e  tha t the d i ffprences hPtWPPn them 

were due to exper i men ta l  unc e r ta i n ty on l y .  There fore the d a ta were 
rea na l yzed to f i nd one average a c t i va t i on e nergy . The va l ue obta i ned 

wa s 1 1 2  + 8 kJmol - 1  at the 9 5% l eve l  of conf i dence . The Arrhen i u s  

pl ots  for the des i g n  poi nts  u s i ng th i s  average a cti va t i on energy 

a re s h own i n  F i g u re 5 . 5 .  T h i s v a l ue for E i s  i denti ca l to thn t a 
found i n  Sect i on 4 . 3 . 3 . for v i tami n A l o s s  on  s teady s ta te hea t i ng of 

na tu ra l beef l i v er  puree . 

Ta hl e 5 . 5 : E s t ima ted Va l u es of the E8 a nd A Parameters of the Arrhen i u s  
Cyua L 1 on for Lhe T hernw l Los s o f  Tra ns - R c t i no l  i n  fl r > c • f  I i v r>r 
M i x tures  Over the Tempera ture Range 102 - 122°C 

Vertex E ( kJmo l - 1 ) a A ( x 1 09 s - 1 ) 
a 

1 1 07 + 1 3  1 7 . 2  -
2 99 + 1 3  O . fl  -
3 1 0 1  + 8 3 . 5  --
4 1 2 1  + 37 443 . 0  -· 

Cen tro i d  1 22 + 1 2  1 1 48 . 0  -

a 95% c onf i dence l i m i ts 
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V 3  

V 1  

Centroi d 
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V 4  

2 . 68 X 10- 3 

F i gure 5 . 5 Arrhen i us p l ot for l os s  o f  v i tam i n  A i n  beef l i ver mi x tu res on 
heati ng , s howi ng the natura l l ogar i thm of the f i rs t  order ra te 
con s ta n t  a s  a func t i on of  the i nverse of abso l u te temperature 
( a verage Ea ) 
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H i l l  and  Gr i eger- B l ock  ( 1 980 ) i nves t i g a ted the accuracy wi th 
wh i c h  Ea c a n  be found as a func t i o n  of  the uncerta i n ty i n  the da ta 

u sed . They sugges t that  to measure Ea over a 10°C i nterv a l  to 

w i th i n � 0 . 5% genera l l y requ i res tempera tu re uncerta i n t i es of l es s  
tha n  + 0 . 03°C a nd ra te constant  uncerta i nt i es of  0 . 3% wh i c h 
neces s i ta tes  a n  ana l yt i c a l  prec i s i on of � 0 . 1 % over an extended 

range of concentra t i on  c hanges . I n  the current  work , proc e s s i ng 

tempera tures were mea sured to + 0 . 2°C ,  and repl i ca t i on of a na l ys i s  

wa s wi th i n  8 �gg- 1 , wh i c h  wou ld i nd i ca te a var i a t i on of u p  to 5% 

i n  the concentra t i ons  used i n  the determ i na ti on  of E . Therefore , a 
the una vo i d a b l e uncerta i n ty i n  a ny deri ved d a ta wa s ex pected to be 

s i gn i f i c a n t .  The adequacy o f  the mode l  u s i ng the avera ge Ea 
( 1 1 2  kJmo l - 1 ) wa s tes ted by compa r i ng pred i c ted v a l ues of the ra te 

consta n t  w i th the exper imenta l d a ta : 

% dev i a t i on = 
kmea s ured kpred i c ted x 1 00 k mea sured 

Where the pred i c ted rate consta n ts were obta i ned from the model  

u s i ng the average E , the average dev i a t i on wa s 1 2% ;  wherea s i f  the a 
i nd i v i du a l  Ea va l ues were used , the a verage dev i a t i on wa s 1 0% . The 

extra uncerta i n ty i ntroduced by us i ng the a verage E wa s therefore a 
sma l l .  Th i s  i nd i ca tes  tha t Ea wa s o n l y  wea k l y  dependent on  compos i t i on .  

U s i ng the a vera ge acti va t i o n  energy of 1 1 2  kJmol - 1 , the e st ima ted 
f f t d f 4 9 - 1 00 . 0  X 1 09 s - 1 h . requency ac ors range rom . a s  s own 1 n  

Ta b l e  5 . 6 .  

Tab l e  5 . 6 :  E st i ma tes  of A for Eac h  Des ign Po i n t Us i ng a n  Aver·age E 
1 a 

( 1 1 2  kJmo , - ) 

Des i gn Poi nt  A ( x  1 09 s - 1 ) 

1 75 . 0  

2 39 . 9  

3 1 00 . 0  

4 4 . 9  
C en tro i d  50 . 8  
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As for the ra te cons ta n t ,  the prox i mate compos i t i on affec ted the 

va l ue of the frequency factor wi th i t  be i ng h i g hes t at  vertex 3 ( l ow 

fa t ,  h i g h  mo i s ture content ) ,  and l owes t  a t  vertex 4 ( h i g h fa t ,  l ow 

mo i � ture conten t ) . A t  the pH and copper concentra t i on u nder  s tudy , 
compos i t i on a ffected the va l ue of A .  I n  compa r i son , the va l u e for 

the frequency factor determi ned i n  Sec t i on 4 . 3 . 3  wa s 8 13  x 1 09 
s

- 1
. 

( F a t  content = 2 . 4% ;  Moi s ture content = 69 . 6% ) . 

5 . 3 . 2  Effec t of Sys tem Compos i t i on on Reac t i on Ra te 

L i nea r re l a t i on s h i ps  were f i t ted for ra te c on s tants ( a t  1 02 . 1 ,  
0 1 1 ? . 0  a n d  1 2 2 . 0  C )  v e r s u s  the fa t c o n te n t ,  m o i !i t u r c c o n t r n t ,  r .1 t . : 

moi s ture ra t i o  and ( mo i s tu re - f at  content )  of the des i g n  po i n ts .  
The fi rs t  two p l ots of  k versus fa t conten t a nd k versus mo i s ture 

con ten t ,  a re s hown i n  F i gure  5 . 6  a s  these a re the s impl e st  represen t­

a t i ons wh i c h  adequa te l y  descri be the ra te con s ta n t  n s  a f u n c t i on of 
compos i t i on .  

The rate  con s ta n t/mo i s ture con tent rel a t i on s h i p  wa s s ta t i s t i ca l l y 

s i g n i f i ca n t  a t  the 99% l eve l of conf i denc e .  I ncrea s i ng the mo i s ture 

content i n  beef l i ver m i x tu res cau sed a n  i nc rea se  i n  the ra te of l os s  
o r  v i tam i n  A a t  the g i ven temp er a tu r es .  T h i s  f o l l ows t h e  t r e n tl  rev i ewed 

by La bu za ( 1 980 ) and cou l d  be , a s  he pos tu l a ted , ca used by v i scos i ty 

c ha nges  or so l u b i l i sa t i on of c a ta l y s ts/reac ta n ts , or conc en tra t i o n i n  
the sma l l f a t  pha se .  T he c orre l a t i on c o e 1 t i c i en ts 1 or the I i n ea r·  

re l a t i onsh i p s between the rate cons tant  a nd fa t content were l ower tha n 

tha t for mo i s tu re con ten t ,  wi th fa t be i ng s i gn i f i cant  a t  the 95% l eve l  
a t  102 . 1°C a nd a t  the  99%  l eve l at  1 22°C .  As  the  fat  conten t of  the 

mi x ture i ncrea s ed ,  the l os s  of v i tami n  A decrea sed . However , a s  the 

fa t a nd mo i s ture contents a re a l i a sed , e i ther c ou l d  exp l a i n  most of the 

obs erved var i a t i on , bu t moi sture con te n t  wa s the preferred var i a b l e  
needed to mode l  the effect  of compos i t i on a s  i t  exp l a i ned a g rea ter p ro ­

por t i on of  the  va r i a t i on ( a verage R2 = 0 . 92 for mo i s ture con ten t c f  a vera ge 

R2 
= 0 . 79 for fa t conten t ) . No s imp l e  l i near re l a t ions h i ps c ou l d  be 

es ta b l i s hed between ra te cons ta n ts a nd e i ther the pro te i n  c o n te n t , 

fa t : protei n ra t i o  o r  prote i n : mo i s ture c ontent  ra t i o .  
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F i g u re 5 . 6 :  P l o t  of a ppa rent fi r st  order ra te consta nts for v i tam i n  A 
l os s  a s  a fun c t i on of compo s i t i on a l  factors a t  var i ous  
temperatures 

A ,  k 102 = 0 . 087 ( W  - 45 . 40 )  x 10-
· 5 s - 1 ; R2 = 0 . 862} 

13 ,  k 1 1 2  = 0 . 24 l ( W  - 46 . 43 )  X 1 0- 5  S - 1 R2 
= 0 . 97 1  k v s  Mo i s ture  Con ten t ' 

c ,  k 1 2 2  = 0 . 425 ( W  - 4 1 . 34 )  x 10- 5 s - 1 ; R2 = 0 . 928 ( l•J ) 

D ,  k 102 
= 0 . 07 2 ( 37 . 78 - F )  x 10- 5 s - 1 ; R2 = 0 . 667} 

E ,  k 1 12 = 0 . 2 1 0 ( 35 . 38 F )  x 10- 5  s - 1 ; R2 = 0 . 840 k vs  Fa t Con ten t  

F ,  k 122  = 0 . 383 ( 40 . 39 - F )  x 10- 5 s - 1 ; R2 = 
0 . 86 1  ( F )  
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The rate d a ta were a l so a n a lysed as  a c oded m i x ture des i gn 

accord i ng to the methods of Snee ( 19 7 1 ; 1973 ) .  The data were coded 
such tha t £( F + P + W )  = 100% . As the des i gn wa s non- orthogona l ,  the 

bes t- f i t equ a ti ons  were determ i ned by a tr i a l  and error method , test i ng 

term by term . Genera l l y the bes t- fi t equa t i on was the l i nea r form , a s  
the i n troduct ion  o f  other terms d i d  not reduce the tota l s um o f  squa res 

of res i dua l s .  The decoded l i n ea r  equat i o n s  for the three rate cons tants 

were : 

k 102 
= ( 0 . 043W - 0 . 040F - 0 . 0 30 P )  X 10- 5 s - 1 , R2 

98% l eve l  

k 1 1 2  = ( 0 . 1 12W - 0 . 1 23F - - 0 . 066P ) 

s i g  a t  99% l evel 

k 1 22  = ( 0 . 2 16W - 0 . 209F - 0 . 059P ) 

98% and  W a t  99% l eve l 

where F = fat content ( % )  

P = prote i n  con tent ( % )  

W = mo i s ture content ( % )  

- 5 X 10  S 

X 10- 5 s 

- 1 R2 
• 

- 1 R2 
• 

= 0 . 944 , w s i g a t  

= 0 . 99 1 ,  F and w 

= 0 . 990 , F s i g  a t  

, 

Aga i n  pro te i n was not s i gn i f i c a n t ,  i nd i ca t i ng tha t  l oss  wa s connected 

wi th the fa t and  moi s ture content  compos i t i ons , a nd so  th i s  reduced to a 
two var i ab l e m i x ture des i gn and cou l d  be ana lysed as suc h . 

5 . 3 . 3  Effect of  Sys tem Compo s i t i on on Acti va t i on Energy 

As  i nd i ca ted i n  Sect i on 5 . 3 . 1 ,  a n  average Ea of 1 1 2  kJmo l - 1 wa s 

fou nd for the d i fferent beef l i ver mi x tures . The extra u ncerta i n ty 

i ntroduced by us i ng an  a verage act i va t i on  energy wa s sma l l ,  i nd i ca t i ng 
tha t Ea wa s o n ly  weak ly  dependent on compo s i ti on at a pH of  6 . 3  and 

copper concentrat i on of 18 mg kg - 1 

I n  fac t  when the acti va t i on  energ i es were cons i dered as  d i fferent ,  
no s i gn i fi ca n t  l i near rel a ti o n s h i ps ex i s ted between Ea and a ny of the 

compos i ti ona l fa c tors ( fa t ,  protei n ,  mo i sture contents ) or compo s i t i ona l 

ra t i o s  ( fa t : mo i s ture , fa t : prote i n ,  prote i n : mo i sture ) . The p l ots were 
tota l l y random i n  nature i nd i ca t i ng l i t t l e causa l re l a ti onsh i p .  
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5 . 3 . 4  Effec t of  Sys tem Compo s i ti on on F requency Factor 

L i near re l a t i onsh i ps s im i l a r  to tha t for the ra te constants  

( Sec t i on 5 . 3 . 1 )  were fi tted for  the frequency fac tor , A .  T h i s wa s 

to be expected from a con s i derati on of  the Arrhen i u s rel a t i on s h i p ,  
where k = Ae - Ea /RT . I t  ha s been s hown that  the a ct i va t i on energy , 

u nder the cond i t i ons  of the m i x tu re des i gn , wa s unaffected by 

compos i ti on .  Henc e ,  k a A ,  a nd so fac tors affect i ng k ,  shou l d  

a ffec t A .  

E i ther moi s ture content or fa t content cou l d  expl a i n  mos t o f  

the observed v ar i a t i on bu t t he  bes t fi t l i nea r re l a t i ons h i p wa s A 

a ga i n s t  moi s tu re content wi t h  a n  R2 of  0 . 948 . I ncreas i ng moi s ture 

content  ( 52 - 72% ) ca used a n  i ncrea se  i n  the frequency factor for the 

therma l l os s  of v i tam i n  A .  Other l i near  rel a t i on s h i ps for the 

frequency fac tor  i nc l uded A v s  (moi s ture con tent  - fat  content ) ;  a nd 
A vs  fa t : moi s ture ra t i o .  No  l i near re l a t i ons h i ps exi s ted between 

A and protei n conten t ,  fa t : protei n ra t i o ,  or prote i n : mo i s ture ra t i o .  

M i x ture des i g n a na l ys i s  o f  the da ta wa s a l so done .  However , frorn 

a n  exami na t i on of a l l the mode l s ,  mo i s ture content seemed to he the mo s t  

s i gn i fi cant  fac tor  i n  i nf l uenci ng the va l ue of A ,  a n d  the mag n i tude of 

i ts effect appeared to swamp other fa c tors wh i ch m i gh t  be i mporta n t .  

A s  s ta ted i n  Sec t i on 4 . 3 . 3 .  the frequency fa ctor i s  dPri v ed hy 
extr� p l o l a t i on of the non- l i near Arrhen i u s equa t i on a nd i t  i s  convPn i en t  

t o  u s e  a mod i f i ed form i n  wh i ch a reference ra te cons ta n t  rep l a ces  the 

frequency fac tor . For a n  average a ct i v a t i on energy of 1 1 2 kJmo l - 1 , a 

pred i c ti ve equ a t i on for the reference ra te consta n t  ( k 1 2 2 ) a s  a func t i on 

of the compos i t i ona l vari a b l es wa s formu l a ted . The fi na l mode l a dopted for 

k 1 2 2  wa s that  wi th  a mi n i mum of terms ' i n  wh i c h the add i t i on of ex tra 

parameters d i d  not reduce the tota l s um of squa res  of res i dua l s  
s i g n i f i ca n t l y .  Th i s  was :  

( ) - 5 - 1 k 1 2 2  = 0 . 696 W - 48 . 84 X 1 0  S 

where W = mo i s ture content ( % )  a nd pH and  copper were hel d a t  6 . 3  and 
- 1 2 1 8  mgkg respect i ve l y .  For  th i s  model R = 0 . 94 7 . 
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The k i neti c s  of  the  l os s  on hea ti ng of v i tami n A were determi ned i n  

l i ver and  fat  mi x tures u s i ng a s teady s ta te p rocedure a t  1 02 . 1 ,  1 1 2 . 0  

and 1 22 . 0°C .  Three c ompos i t i ona l va r i a b l es ( fa t ,  prote i n a nd mo i s ture 

conten ts ) were s tud i ed u s i ng a cons tra i ned m i x ture des i gn . Copper 

concentra t i on ( 18 mgkg- 1 ) and pH ( 6 . 3 ) were he l d consta n t . The l os s  

o f  v i tam i n  A wa s adequa te ly  desc r i bed by f i rst  order k i net i c s . A t  t h e  
pH  a nd copper concentra t i o n  under  s tudy , compos i t i on a ffec ted the  ra te 

of l os s . I nc rea s i ng the  mo i s ture con tent  i n  beef l i ver puree m i x tures  

cau sed an  i ncrea se i n  the ra te of  l oss of v i tam i n  A at  a ny of  the 

g i ven tempera tures . 

The experimenta l l y determi ned act i v a t i o n  energ i es ranged from 
- 1  

99- 1 22 kJmo l . As  E wa s on l y  wea k l y  dependent  on  compos i t i on i t  wa s 

poss i b l e to fi nd one :verage a c t i v a t i on of 1 1 2 + 8 kJmo l - l ( a t  the  9 5% 
confi dence l evel ) ,  tha t descri bed the  data a l mo s t  a s  we l l  a s  the 

i nd i v i d ua l va l ues . The a verage dev i a t i on wa s 1 2% ,  wherea s i f  the 

i nd i v i dua l  E va l ues were used the  average d ev i a t i on wa s 1 0% .  The a 
extra uncerta i n ty i n troduced by u s i ng the a verage Ea wa s t herefore 

sma l l .  The average va l ue i s  i den t i ca l  to tha t found i n  Sec t i on 4 . 3. 1  

for hea t i n g  na tura l beef l i ver under s teady s ta te cond i ti ons . 

I n  the same way a s  the ra te  constant  wa s a ffected by sys tem 

compos i t i o n ,  so wa s the frequency facto r .  f\s A i s  found by ex tra po l a t i o n 
of the Arrheni us  p l o t  a ny errors i n  E are magn i fi ed i n  A .  Therefore , a 
a reference ra te cons ta n t ,  k

1 22
, from wi t h i n t h e  exper i menta l  range 

wa s u sed . The reference ra te cons tant  a s  a func t i on o f  compos i t i on 

wa s descr i bed by : 

5 - 1 k 1 22 = 0 . 696 ( W  - 48 . 84 )  x 1 0- s 

- 1 where pH  wa s hel d a t  6 . 3  and copper concen tra t i on a t  1 8  n� kg , a nd 

where c ompos i ti on wa s cons tra i ned as s pec i f i ed i n  Sec t i on 5 . 2 . 2 .  
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Moi s tu re content  was found to be the o n l y  var i ab l e  needed to 

mode l  the effect  of  compos i t i on on v i tami n A l os s  dur i ng hea ti ng a c  

prote i n  content wa s u n i mportan t  a n d  c hanges i n  fa t content  cou l d  

onl y be made  by chang i ng moi s tu re c onten t a s  we l l .  Therefore , i t  

wou l d  not be necessa ry to repeat the fu l l  m i x tu re des i gn a t  comb i n ­

a t i ons  of  pH a nd copper , t he  nex t var i a b l e s  to be  stud i ed .  



6 .  EFF ECT OF COPPER AND pH ON THE LOSS OF V I TAM I N  A 

I N  D I F F ERENT B E EF L IVER M I X TU RES DUR I NG 

6 . 1  I NTRODUCT I ON 

STEADY STATE HEAT I NG 

68 . 

S teady s ta te heat i ng of  beef l i ver m i x tures a t  m i d po i nt  pH and  

copper l evel s ,  i nd i ca ted tha t moi s ture c on tent wa s the on ly  va r i a b l e  

needed to mode l  the effect of compos i t i on o n  v i tami n A l os s  dur i ng  

hea ti ng .  As pH a nd copp�r were thought  to  be  other  fac tors l i ke l y  to 

i nf l uence stab i l i ty of th i s v i tam i n ,  they a l ong wi th mo i s ture con ten t ,  

were more fu l l y i nves t i ga ted i n  the next  exper i mental  s tage . 

The des i gn of thi s ex per i ment wa s a fu l l 23 fac tor i a l  w i th copper 

concen trati on  at two l eve l s ,  6 and 30 mgkg- 1 , pH at 5 . 6  and 7 . 0 ,  and 

moi s tu re content at 55 and 68% . The max i mum l eg a l  l i m i t for copper i n  

New Zea l and mea t produc ts i s  30 mg kg - 1 and the ba se raw ma ter i a l had a 
concentra ti on of 6 mgkg - 1 . I t  i s  un l i ke l y  tha t meat  products  have a 

pH o uts i de the range 5 . 6  to 7 . 0 .  The parti c u l a r  l evel s for copper 

concen trati on a nd pH were chosen to cover these fu l l  ranges . The two 

l eve l s of mo i s ture content  were se l ected a s  they were approx ima te l y  

the same as  verti ces  2 a nd 3 used i n  the m i x ture exper i ment .  Steady 

s ta te hea ti ng a t  102 a nd 1 22°C for ti mes u p  to 330 mi nu tes wa s u sed 

to de termi ne the order of  rea c ti on , ra te con s ta n t  and the tempera ture 

dependence of the ra te of l os s  of v i tam i n  A .  
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69 . 

Fresh  beef l i ver ( the same a s  tha t used i n  Secti on 5 )  was c h i l l ed 

to ea 1 °C ,  a nd connect i ve t i ssue  and  v i s i b l e  fa t were removed . The 

l i ver was then cut i nto 3 . 0  cm cubes . I t  wa s pureed i n  a c h i l l ed 

cond i t i on i n  a Stephan mi xer ( Model  UM 1 2 ) ,  pac ked i n  p l a s t i c  bag s  
and b l a s t  frozen a t  - 40°C .  Dur i ng proces s i ng , the puree wa s protec ted 

from l i g h t .  A prox i ma te ana l ys i s of the l i ver wa s made . 

The mi x tures ( a s  de�cri bed i n  Sec t i on 6 . 2 . 2 ) were prepared by 

add i ng l a rd to the pureed l i ver ( Sect i on 3 . 3 ) , a nd m i x i ng  i n  a 

Wari ng B l ender for 2 - 4 mi �utes u nt i l a n  homogeneous puree was obta i ned . 

The b l ended m i x ture was removed and rewe i ghed . The pH and  moi s ture 

were adj u s ted by add i ng  the correc t amoun ts of the rele v a n t  rea g e n t s  
( Secti on  3 . 3 )  a nd m i x i ng i n  by ha nd . The spec i fi ed amoun t  of copper 

was added to the l i ver . The m i x tures were ana l yzed for the i r  fa t ,  

prote i n  and  moi s ture c ontents , and  the i r pH and Eh mea s u red . Samp l es  
were then  f i l l ed i n to v i a l s a s  descri bed i n  Secti on 3 . 4 . 3 .  

6 . 2 . 2  Des ign of  23 Fac tor i a l  Experi ment  

In  the m i x tu re experi ment  ( Sect i on 5 ) , moi s ture content  wa s found 

to be the on l y  var i a b l e needed to model  the effect of prox i mate 

compos i ti on on v i tam i n  A l os s  dur i ng heat i ng . Consequen t l y  th i s  fac tor , 

and the two new factors pH and  copper , were c hosen to be more fu l l y 

i nves t i ga ted . The des i gn of th i s exper iment  was a fu l l  23 fac tor i a l  
wi th copper concentra t i on a t  two l evel s ,  6 and 30 mgkg- 1 , pH a t  

5 . 6  a nd 7 . 0 ,  and  mo i s ture con tent  a t  55 and  68% . The moi s ture content 

and fa t were vari ed , and an  a ttempt  was made  to keep the prote i n ,  a s h  
and carbohydrate c omponents a pprox i ma te l y  consta n t .  Prote i n wa s he l d 

a t  ea 1 5% ,  and  c arbohydrate a nd a s h  e a  3% for the l ow moi s ture content 

po i nts and ea 8% for the h i gh moi s ture content poi nts . The two l eve l s 

of moi s ture conte n t  were chosen  a s  they were approx i ma te l y  the same a s  

verti ces  2 a nd 3 u sed i n  the m i x tu re exper iment . The centre po i n t 

for th i s  des i gn wa s the same a s  that i n  the mi xture experi ment .  The 

ac tua l spec i fi c a t i on of the experi menta l p l a n  i s  g i ven i n  Tab l e 6 . 1  

and the pro x i ma te ana lys i s  of the des i gn po i n ts i n  Tab l e 6 . 2 .  
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Ta b l e  6 . 1 : 23 Factoria l  Des ign for Beef L i ver M i x tures a t  D i fferent  

pH a nd Copper Level s 

Des i gn Po i nta Code Leve l  

a b c 

1 - 1 - 1 - 1 

a + 1  - 1 - 1 

b - 1 +1  - 1 

a b  + 1  +1 - 1  

c - 1 - 1 + 1  

ac  +1 - 1 +1 

be - 1 +1 +1 

a be +1  +1  +1 
- ---< 

a Cod i ng :  a = copper c on centra t i on ; - 1 - 1 +1 30  mg kg - 1  = 6 mgkg ; = 

b = p H ;  - 1 = 5 . 6 ;  +1 = 7 . 0  

c = moi s ture c ontent ;  - 1 = 55% ; +1  68% 

Ta bl e 6 . 2 :  Prox i ma te Ana l�s i s of 23 Factor i a  1 Des ign M i x tu res 
' 

Code F a t  Moi s tu re Prote i n  A s h  and Ca rbo . 
Content (% ) E h ( m  V )  pH 

( % )  ( % ) ( % )  ( by d i fference )  

1 24 . 3  57 . 8  1 4 . 8  3 . 1  - 1 59 5 . 59 

a 26 . 4  54 . 8  1 5 . 5  3 . 3  - 1 68 5 . 57 

b 27 . 2  53 . 5  1 6 . 0  3 . 3  - 1 16 7 . 05 

ab 26 . 8  54 . 1  1 5 . 8  . 3 . 3  - 97 7 . 03 

c 9 . 7  67 . 2  1 4 . 5  8 . 6  - 1 26 5 . 6 1 

ac 9 . 7  6 7 . 4  1 4 . 4  8 . 5  - 1 22 5 . 60 

be 9 . 3 68 . 6  1 3 . 9  8 . 2  - 1 4 1  7 . 06 

a be 9 . 5  67 . 8  14 . 3  8 . 4  - 1 3 4  7 . 02 
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V i a l s  of  beef l i ver m i x tu res , fol l owi ng the spec i f i c a t i on of 

the experimen ta l p l an ( Ta b l e 6 . 1 )  were hea ted for the t i mes at the 

tempera tures s hown in  Tabl e 6 . 3 ,three v i a l s bei ng wi thdrawn at eac h  

samp l i ng t ime .  The 1 22°C run had d i fferent  heat i ng t i mes for the 

l ow a nd h i g h  moi s ture content poi nts . It wa s observed from the 102°C 

run , tha t l onger heati ng t i mes  were needed for the l ow mo i s ture 
co ntent po i n ts to obta i n  s i g n i f i cant  l os se s  of v i tami n A nece s s a ry 

for as say purposes . Con tro l l ed hea ti ng a nd cool i ng were carr i ed out  

a s  descr i bed i n  Secti on 3 . 4 . 3 . 3 , a nd ana l y s i s  for trans - reti no l  

fol l owed the  me thod g i ven i n  Sect ion  3 . 1 . 4 .  

Tab l e  6 . 3 : Temperature- T i me Combi na t i ons for Thermal Proces s i ng of 

23 Fac tor i a l  · M i xtures 

Tempera ture ( OC )  T i me (m i ns ) Des i gn Po i n ts 

102 . 0  0 1 1 0  220 3 30 Al l 
1 22 . 0  0 50 100 1 50 Low MCa : 1 , a , b , ab  

0 40  80 1 20 H i gh MC : c , ac , bc , a bc 

a MC = moi s ture content ,  % 

NOTE : Beca use  of  the l eng th of t ime req u i red to obta i n  the ex per i menta l 

data , and  the fac t  tha t  v i tam i n  A l oss fo l l owed fi r st  order k i net i c s  

a nd  t he  Arrhen i us express i on i n  prev i ous work ( Secti ons 4 a nd 5 ) , 

onl y two p roces s i ng tempera tures were used . 
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6 . 3 . 1  E st ima t i on of Parameters Cha rac ter i s i ng Therma l Lo s s  of 

Trans - Reti no l i n  Beef L i ver Puree as a Funct i on of Coppe� 

pH a nd Compos i t i on 

The l os s  of v i tami n A on hea t process i ng wa s adequate l y  descri bed 

by fi rs t o rder k i net i c s  as the amount  of var i a t i on not expl a i ned by 

th i s  model  was sma l l ( average R2 = 
0 . 99 1 ) .  P l o ts of l n  c0/c 

versu s t i me at var i ou s  tempera tures for the des i gn po i n ts , are 

shown i n  F i gures 6 . 1  and 6 . 2 .  (Actu a l  concentra t i ons of trans - ret i no l  

before a nd after process i ng are g i ven i n  Append i x C . l ) . The 

va l ues for apparent f i rs t  order ra te constants d i ffered for each 

des i gn po i n t a nd are presented i n  Ta b l e  6 . 4 .  

Tab l e  6 . 4 :  Apparent F i r s t  Order React i on Ra te Constants for Tran s ­
Reti no l i n  Beef L i ver Puree a s  a Funct i on of  Copper,  pH 

a nd Compos i t i on 

Code Level  k ( x  1 0- 5  s - 1 ) w i th 95% Confi dence L im i ts 

Des i gn Po i n ta a t  Vari ous Temperatures 

a b c 102 . 0°C R2 1 22 . 0°C R
2 

1 - 1 - 1 - 1 1 . 1 1 + 0 . 1 6 0 . 97 4  4 . 55 + 0 . 1 6  0 . 999 - -
a +1 - 1  - 1 1 . 29 + 0 . 10 0 . 994  2 . 19 + 0 . 1 4 0 . 994  - -
b - 1 + 1  - 1 0 . 83 + 0 . 1 2 0 . 980 4 . 53 + 0 . 66 0 . 975  - -

ab  + 1  + 1  - 1 1 . 1 1 + 0 . 04 0 . 998 2 . 28 + 0 . 40 0 .  9 7 1  

c - 1  - 1  +1  2 . 7 5 + 0 . 16 0 . 996 18 . 36 + 0 . 88 0 . 998 - -
ac  + 1  - 1 + 1  3 . 78 + 0 . 38 0 . 988 1 5 . 53 + 0 . 34 0 . 999 

be - 1 +1  +1 2 . 57 + 0 . 16 0 . 996 1 7 . 82 + 0 . 82 0 . 998 - -
a be  +1  + 1  + 1  2 . 43 + 0 . 10 0 . 999  8 . 38 + 0 . 70 0 . 993  - -

a Cod i ng :  a = copper concentra t i o n , b = pH , c = mo i s ture content .  
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I t  wa s a s s umed that the Arrhen i us equat i on app l i ed . · The 

val ues for the exper imenta l ly determi ned a c t i va t i on energ i es ranged 

from 36  - 1 2 1  kJmol - 1 ( 8 . 5 - 29 . 0  kca l mo l - 1 ) - Tab l e 6 . 5 .  

Tab l e  6 . 5 : Exper i menta l ly Determi ned Act i va ti on Energi es  for Trans ­

Reti no l  i n  Beef L i ver Puree a s  a Functi on of  C_o_pp_e_r_, _ _p_H 
and C ompos i t i on 

Des i gn Po i n t E ( k Jmo l - 1 ) a 
a 

1 9 1 + 7 -
a 36 + 1 2  -
b 1 1 7  + 1 8  

ab  36  + 2 1  -
c 1 1 8  + 9 -

ac 97  + 1 2  -
be 1 2 1  + 7 

a be 72 + 7 -

a 95% conf idence l i mi ts 

A s  can be s een , there were two d i s ti nct  groups  i n  th i s  range wh i ch 

had s im i l a r Ea va l ues , i . e .  des i gn po i n ts � and �; and Q_,� and be . 

Us i ng the l ogar i thm i c  transformat i on  of  the Arrhen i u s  equat i on ( Secti on 

4 . 3 . 3 ) i t  was po s s i b l e to determ i ne a verage act i va ti on  energ i es of 

36 + 12 kJmo l - 1  ( 8 . 6  + 2 . 8  k ca l mo l - 1 ) for des i gn poi n t s  a and a b , and  -
- 1  - - 1  

- -
of 1 18 + 7 kJmol ( 28 . 3 + 1 . 8  kca l mo l  ) for b ,  c and  be . The other 

three p�i n ts , 1, ac , a bc were i n  the m i dd l e (9l, g7 andl2 kJmol - 1  

respec t i ve l y ) .  The s i gn i f i ca n t  d i fference i n  compos i t i on between the 
three groups wa s i n  the copper concentrat i on and pH . 

The es t i ma ted val ues for the frequency factor , u s i ng the a verage 

for eac h group  a nd i nd i v i dua l a c ti vat i on energ i es are g i ven i n  Ta b l e  6 . 6 ,  
a nd i t  i s  a pparent tha t  the frequency factor d i ffered for each des i gn 
poi n t .  

• 
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Tab l e 6 . 6 :  Experimenta l ly Determi ned Frequency Factors for Trans ­

Reti nol Los s  i n  Beef L i ver Puree a s  a Functi on of  Copper , 

pH and Compo s i t i on 

Des i gn Po i n t A ( s - 1 ) A ( s - 1 ) 
( I nd i v .  Ea ) ( Av g .  Ea ) 

1 5 . 80 X 1 07 
-

a 1 .  1 5  1 .  28 

b 1 . 60 X 1 01 1  2 . 86 X 10 1 1 

a b  1 .  33 1 . 18 

c 8 . 6 1 X 1 0 1 1  1 . 04 X 10 1 1  

ac 1 . 25 X 1 09 -
be 2 . 22 X 1 01 2  9 . 48 X 101 1 

a be 2 . 48 X 1 05 
-

6 . 3 . 2  Effect of Copper, pH a nd Compo s i t ion  on  Reacti on Rate 

The effect of copper , pH a nd moi s ture content on the ra te con s ta n ts 
wa s determi ned by s tanda rd Ya tes a na l ys i s ( Wa l po l e and Myers , 1972 ) 

o f  a 23 fac tori a l  exper i ment .  Each  ma i n  effect  a nd i n teract i on effect 

ha s a s s oc i a ted wi th  it  a s i ng l e  degree of freedom . Therefore i t  i s  
pos s i bl e  to wri te 23 - 1 orthogona l s i ng l e- degree-of- freedom contra s ts 

i n  the trea tment combi nat i on s ,  eac h  represent i ng vari a t i on due  to some 

ma i n  or i n teracti on effect .  Thus , under the usua l i ndependence and  

norma l i ty a s s umpti ons i n  the  experi menta l  mode l , tes ts  can  be  used 

to determ i ne i f  the contra st  refl ect s  sys tema t i c var i a t i on or merel y  

c hance or random vari a t i o n .  

A t  102°C ,  i nc reas ed moi s ture content ( 55 - 68% ) a n d  i ncrea sed copper 

concentra t i on (6  - 30 mgkg- 1 ) i ncrea sed the ra te of v i tami n A l os s , 

wherea s i ncrea sed pH ( 5 . 6 - 7 . 0 )  decrea sed i t , a s  shown i n  Tab l es 6 . 4  
a nd 6 . 7 .  
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Tab l e 6 . 7 :  E s t i ma ted Contra s ts (by Yates Ana lys i s) of k 102 for 

V i tami n  A Loss  i n  Beef L i ver M i x tures Fol l owi ng a 23 

Factor i a l  Experi ment  

Vari ab l ea E s ti ma ted Contra s t  

1 1 5 . 87 

a 1 . 35 

b - 1 . 99 

ab - 1 . 07 

c 7 . 19 

ac 0 . 43 

be - 1 . 07 

a be - 1 . 27 

a a = c opper concentrat i on ,  b = pH ,  c = mo i s ture content  

A s  can be seen  from Tab l e  6 . 7, �  ( mo i s ture conten t ) , wa s the 

domi nant  effec t .  The other two ma i n  effec ts � ( copper ) a nd � ( pH )  

had much sma l l er contrasts . A s  no rep l i ca ti on wa s done , the on l y  

way s i gn i f i cance cou l d  be determi ned wa s by a s sumi ng that the 

i n terac ti on terms ab , �· �. and a bc ,  were neg l i g i b l e  a nd thus 
us i ng these as the error term . Th i s mea n t  on l y  ma i n  effects cou l d  

be tes ted for s i gn i fi cance , and i n  t h i s case  o n l y �· mo i s ture conten t ,  

wa s s i gn i f i can t .  I t  wa s s i gn i f i ca n t  a t  the 99% l evel of confi dence . 

The ent i re da ta set was a l so a na l yzed i n  terms of coded v a l ues 

wi th  t he centre po i n t  from the mi x ture des i gn ( Secti on  5)  u sed to 

e s t ima te error . From the regress i on equa t i on mo i s ture content wa s 
the on l y  s i gn i f i cant  effect ,  the  coeffi c i ent  be i ng s i gn i f i ca n t  a t  

the 90% l evel . Therefore the bes t f i t decoded model for k 102  a s  

a fu nc t i on o f  the experi menta l cond i ti ons  was :  

( ) - 5 - 1 k 102 = 0 . 14 W - 47 . 93 X 10  S 

where W = moi s ture content ,  % 

( 6 . 1 )  
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I n  compari son , the m i x ture des i gn wh i c h was conduc ted a t  the 

m i dpoi n t  l evel s of copper and  pH used i n  th i s exper i men t ,  produced 

; a regress i on equat i on for k 1 02 of  the form : 

( ) - 5  - 1 k 102 = 0 . 087 W - 45 . 40 X 10  S ( F i gure 5 . 6 )  

Hea ti ng i dent i c a l  sampl es a t  1 2 2°C aga i n  confi rmed that h i gh 

mo i s ture content  des i gn po i n ts had h i g her reac ti on ra te con s ta n ts 

tha n the l ow mo i s ture content po i n ts ( Ta b l e 6 . 4 ) . Th i s trend fo l l ows 

tha t e s tab l i s hed i n  the mi x ture experi ment  ( Sect i on 5 ) . Ta b l e 6 . 8  

g i ves  the est imated con tra s ts of k 1 2 2 , a nd thus a n  i nd i ca t i on of the 

s i gn i f i ca nce of the ex per i menta l  va ri a b l es .  

Ta b l e 6 . 8 :  E s t imated Cont ra s ts ( by Ya tes Ana lys i s )  of k 1 2 2  for V i tam i n  

A Loss  i n  Beef L i ver Mi x tures Fol l owi ng a 2 3 Fa ctori a l  

E xperiment 

Vari a b l ea E s t i mated Contra s t  

1 73 . 64 

a - 16 . 88 

b 7 . 62 

� - 6 . 50 
c 46 . 54 

ac 7 . 66 

be - 7 . 76 

a be 6 . 72 

a a = copper concentra t i on , b = pH , c = mo i s ture content  

As can be seen from the a bove tab l � �  ( mo i s ture content ) wa s the  
dom i nant  effect .  Un l i ke k 102 , � ( copper ) a l so has  a h i g h  contra s t  
va l ue ,  i ts effect bei ng  t o  decrea se v i tami n A l o ss  a s  i t  i tse l f  i s  
i nc rea sed i n  va l ue from 6 to 30 mgkg- 1 As for k 102 , s i gn i f i cance 

wa s determi n ed by comb i n i ng the i n teract i on terms and u s i ng them a s  

the error term . The s i gn i fi cant  ma i n  effects were copper a t  the 90% 

l evel  and mo i s ture content  at the 99% l evel of confi dence . F rom the 

regres s i on equa t i on for the 23 factor i a l  experi ment ( k 122  as the 
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res ponse var i ab l e ,  a nd us i ng the who l e data s et  and the centre po i n t 

from the  m i xture des i gn i n  the a n a lys i s ) , mo i s ture content  was 

s i gn i f i ca n t  a t  the 99% l evel a nd c opper concentrat i on a t  the 9 5% 

l evel . None of the o ther coeff i c i ents wa s s i gn i fi cant .  The bes t 

fi t decoded mode l  wa s therefore : 

k 1 22 = 0 . 89 ( W  - 0 . 20 Cu - 48 . 20 )  x 1 0- S s - 1 ( 6 . 2 )  

where W = moi s ture content ( % )  

C u  = copper concentrat i o n  ( mg kg- 1 ) 

Th i s  l a s t  form of  the equat i on i s  s i mi l a r  to that for k 102 except 

tha t i t  has  an  add i t i ona l term i . e .  one for copper . 

A t  h i gh copper concentra ti ons , the effect of  tempera ture on  the ra te 
of reac t i on wa s d i fferent  to tha t at l ow c opper concentra t i on s . Th i s  
i mp l i es a d i fferen t  a c t i va t i on energy a nd hence pos s i b l y  a c ha nge i n  the 

mec ha n i sm of reac t i on , a l though the mea sured da ta s ti l l  f i tted a n  
a pparent f i rs t  order mode l . 

As the experi ment wa s conducted a t  two tempera tu res - 102 a nd 1 22°C 

i t  wa s poss i b l e  to ana l yse the des i gn i n  terms of  a 24 fac tori a l . Thus  

the  factors were : 

a = copper c oncentra ti on , mgkg- 1 

b = pH 

c = moi s ture content ,  % 

d = temperature , 0c 

The contra s ts a s  es t i ma ted by Yates a na l ys i s are s hown i n  Tab l e  6 . 9 .  



Tabl e 6 . 9 :  E s t i ma ted Contra sts  (by Yates  Ana lys i s) of the R ate 

for V i tam i n  A Loss  i n  Beef L i ver M i x tures Fo l l owi ng 
a 24 Factor i a l  Experiment  

Var i a b l e E s t i ma ted Contra s t  

1 89 . 5 1 
a - 1 5 . 53 

b 5 . 70 

a b  7 . 57 
c 53 . 73 

ac - 7 . 23 

be 6 . 55 
a be - 7 . 99 

d 57 . 7 7 

ad - 1 8 . 23  

bd 9 . 68 
a bd - 5 . 43 

cd 39 . 35 

a cd -B . 09 

bed 8 . 69 

a bed 5 . 4 5 
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Ma i n  effects ! ( copper ) , � (mo i s ture conten t ) , � ( tempera ture ) 

and second order effects  � ( Cu * temp ) and � ( mo i sture * temp } ha ve 

the l a rges t  contra s ts ( Ta b l e  6 . 9 ) . Comb i n i ng a l l the three and  fou r 

factor i nteract i on terms to use a s  the error term and so determi ne 
s i gni fi cance , �  and ad were s i gn i fi ca n t  a t  the 90% l evel , � a t  the 

99% l eve l a nd c a nd d a t  the 99 . 9% l evel of conf i dence . Tempera tu re 

had the greatest po s i t i ve i nfl uence on v i tami n  A l oss , fo l l owed by 

moi sture con tent . The i ncrease i n  ra te wi th  i nc rease i n  mo i s ture 
content may be part i a l l y  exp l a i ned by the fact  tha t i ncrea s i ng aw 
( hence mo i s ture content )  causes so l ub i l i za t i o n  a nd concom i tan t l y  

i ncrea sed mob i l i za ti on of ca ta l ysts / reacta nts  tha t may a t ta c k  
v i tam i n  A ( La buza , 1980 ) . A s  v i tam i n  A i s  fa t sol ubl e a n  i ncrea se 

i n  mo i sture content i mp l i es a concentrat i on of the v i tami n i n  a 



81 . 

d im i n i s h i ng fat phase . Th i s  trend of mo i sture content fol l ows that  

e s ta b l i shed i n  the m i x ture experi ment ( Sec ti on 5 . 3 ) . 

Copper too ( es t i ma ted contra st  of - 1 5 . 53 ) , wa s shown to be 

i mportant i n  a ffec ti ng v i tami n A l o ss . At  1 22°C h i gh copper concentra ti on 

had an a pparent protecti ve effect on v i tami n A ,  a s  the ra te of  l os s  

i n  go i ng from 1 02 to 1 22°c wa s not a s  grea t  a s  ex pected i f  corper hn d  hPe n 
a t  a l ower l evel . Th i s  i nd i ca tes tha t the mechan i sm by wh i ch v i tami n 

A wa s des troyed on hea t i ng  was compl ex . 

I t  i s  pos s i b l e  tha t degradat ion wa s l i p i d  med i a ted a nd perha ps 

meta l ca ta l yzed . The ra te of  l i p i d  ox i d at i on i ncrea ses wi th  a n  

i ncrease i n  aw a nd i t  i s  pos s i bl e  tha t th i s  i s  rel a ted to the i ncrea s i ng 

l os s  of v i tam i n  A wi th i nc rea s i ng mo i s ture con tent .  Th i s  a ppa rent 

a noma ly  wi th regards  to the effect of copper at 1 02 and 1 22°C wa s 
s i m i l a r to that  reported by Marcuse and Fredr i c k son ( 19 7 1 )  who s howed 

tha t for l i no l e i c  ac i d  ox i da ti on i n  emu l s i on s  a t  l ow oxygen pres sure , 

add i t i on of copper i ons  genera l l y acce l erated the rate of  l i p i d  
ox i dat i on bu t a s  the copper concentra ti on i ncrea sed , copper i on s  were 

s hown to have a n  a nt i ox i da t i ve tendency . As v i tam i n A i s  fa t so l ub l e ,  

the effect o f  copper on the mechan i sm may be s i m i l a r i n  beef l i ver 
mi xtures . 

Accord i ng to Harr i s a nd Karmas ( 197 5 ) , v i tam i n  A i s  regarded a s  

be i ng more s ta b l e  i n  ba s i c  than a c i d i c  pH . However , Ha nnu ka i nen a nd 

N i i n i vaara ( 1 974b )  showed that arti f i c i a l l y  l ower i ng the pH  i n  pork 

l i ver from 6 to 5 i ncrea sed v i tami n  A retent i on on cook i ng .  As ca n 

be seen from Tab l es 6 . 7  - 6 . 9 ,  pH wa s not s ta ti s t i cal l y  s i g n i f i cant  

i n  i nf l uenc i ng v i tami n  A s tab i l i ty i n  beef l i ver m i xtures u nder the 

part i cu l ar cond i t i on s  of  temperature a nd copper concentrat i on . 
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6 . 3 . 3 Effect of Copper , pH a nd Compo s i t i on on Acti vati on Energy 

As  s hown by Tab l e 6 . 5 ,  the experi menta l var i ab l es a ffected the 

ac t i va t i on energy , even when a verage act i vat i on energ i es were determ i ned 
for des i gn  po i nt s  �· ab a nd �. £• �· To eva l uate wh i c h of the 

ex per imenta l var i a b l es were s i gn i f i ca n t  i n  affect i ng Ea ' the da ta ( u s i ng 

average Ea 1 s where a ppropri a te )  were re- ana l ysed i n  terms of a 23 fac tor i a l  wi t h  

act i vat i on energy a s  the respons� vari a b l e .  Tab l e  6 . 10 g i ves t he 

es t i ma ted contra s ts of Ea . 

Tab l e  6 . 10 :  E s t i ma ted Contra s ts (by Ya tes Ana lys i s) of Ea for V i tam i n  A 

Lo s s  i n  Beef L i ver Puree Fo l l owi ng a 2
3 Fa c tor i a l  Experi men t 

Vari ab l ea Es t i ma ted Contra st  

1 oeo 
a . - 204 

b 2 

ab - 52 

c 124 
ac 70 

be - 52 

abc 2 

aa = copper , b = pH , c = mo i s ture content 

Ma i n  effect s  a ( copper ) and c ( mo i s ture content )  had the h i ghest  - -
contra s t  va l ues . I ncrea s i ng copper concentrat i on ca used a l ower i ng 
of the act i va t i on energy , wh i l s t i ncrea s i ng moi s ture content had the 

oppos i te effec t .  The other ma i n  effect � ( pH )  on  i ts own d i d  not 

a l ter Ea , but i ts i n terac t i on terms � a nd be had h i gh con tra s t  va l ues . 

For the coded regress i on equat i on for the i
3 fac tor i a l  exper i ment 

the R
2 va l ue wa s 0 . 935 bu t no factors were s i gn i f i cant  a t  the 95% 

confi dence l evel . In  tes t i ng t h i s ,  the fu l l  mode l , there wa s on ly  

one  degree of  freedom and  i t  wa s con s i dered that  the  l ac k  of s i g n i f i -
can t coeff i c i ents may have been due to the sma l l amoun t  of i nformat i on 

ava i l ab l e for c heck i ng s i gn i f i ca nce . Therefore an a l terna t i ve method , a 
ha l f- norma l p l ot ( Dan i el , 1959 ) , was u sed to see i f  any of the seven coeff i c i en ts 

were s i gn i f i cant .  By th i s  tes t ,  mo i s ture content ( W )  and poss i b l e  copper 
were s i gn i f i cant .  
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Mo i s ture content  i ncrea sed Ea , wherea s copper decrea sed the 

va l ue of the a c t i v at i on energ i es .  

Th i s  suggests  that v i tam i n  A l os s  may be l i p i d  med i a ted and 

perha p s  meta l c a ta l yzed , because  meta l c a ta l yzed l i p i d  ox i da t i on 

ha s a l ower Ea than l i p i d  ox i da t i on not meta l ca ta l yzed ( 63 - 105 
kJmo l - 1 cf 147 - 167 kJmo l - 1 , Labu za , 197 1 ) .  Apart  from des i g n 

po i n t  � , the other des i gn po i n ts hav i ng h i gh copper concentra t i on s  

h ad  muc h  l ower ac ti va t i on energ i es .  Poi nts  a and � , wh i c h  had 
the l owes t  act i va t i on energy , a l so had a l ow moi s ture content i . e .  

a h i g h  fat  content ( ea 26% ) . The act i va t i on energy changed wi th 

mo i s ture content .  A l l the l ow mo i s ture content des i gn poi nts  had 

on average a l ower ac t i va t i on energy than the h i g h  mo i s ture content  

po i n ts  ( 70 kJmol - 1 cf  10 1  kJmo l - 1 ) .  Th i s  resu l t  i s  cons i s tent  wi th 

the f i nd i ng s  of  Labuza ( 1 980 ) , but  not i n  agreement wi th  the mi x ture 

exper i ment ( Sect i on 5) i n  wh i c h mo i s ture content ( a nd the o ther 
compo s i t i ona l factors , fa t a nd prote i n )  were found to a ffec t Ea 
o n l y s l i gh tl y ,  when copper a nd pH were hel d a t  the i r  m i d po i n t l eve l s .  

When copper and pH l eve l s were cha nged , mo i sture content had an  
ef fec t on Ea . 

6 . 3 . 4  Effect of Copper, pH a nd Compos i ti on on Frequency Factor 

A s  a g enera l  trend , the  h i g h moi s ture content poi nts  had h i g h  

frequency fac tor va l ues ( Ta b l e  6 . 6 ) . However , no a ttempt wa s made to 
model  the frequency factor as a funct i on of the expe r i me nt� l conrl i t i o n s  
beca u s e  th i s  parameter i s  found by extrapo l a t i on of the Arrhen i u s p l o t  

and  i s  very sens i t i ve to changes i n  Ea . Va l ues for A ra nged from 
1 . 18 x 1 0° to 1 . 04 x 101 2  s - 1 for rate constants wh i ch vari ed by on ly  

90% . The var i a t i on wa s h i g h l y  non l i near wi th respec t to the process  

parameters . Th i s s hows the  u nder l y i ng d i ff i cu l ty of u s i ng the  frequency 

fac tor a s  a reference poi nt when i t  l i es we l l ou t s i de the experi menta l 

cond i t i ons . 

No p red i c t i ve equat i on s  for Ea a nd a reference rate constant  ( k 1 22 ) 

tha t i nc l uded on l y  s i gn i f i cant  effects , c ou l d  be found to f i t the d a ta , 

because  of the compl ex manner i n  wh i ch changes i n  the l evel o f  copper 
changed the rate constant . 
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The k i net i c s  of the l os s  on hea ti ng of  v i tami n A were determi ned 

i n  l i ver a nd fat  m i x tures of  va ry i ng  pH • s  and copper concentra ti ons . 

The ra te fol l owed apparent f i rs t  o rder k i neti cs  a nd i t  var i ed wi th  
the c hanges i n  compos i t i on ,  parti cu l a r l y  wi th  mo i sture content  bu t 

copper a l s o had a s i gn i f i ca n t  effect .  H i gh  moi s ture content  des i gn 

po i nts  had h i g her react i on ra te con s tants  than the l ow mo i s ture content 

poi n ts .  The c hange i n  ra te of l os s  of  v i tami n A i n  mov i ng from 1 02 to 

1 2 2°C was l es s  i n  runs where copper wa s present a t  h i gh concentra t i ons 

than when i t  wa s a t  a l ow l evel . Th i s  i nd i ca tes tha t the mecha n i sm 

by wh i ch v i tam i n  A wa s l os t  on hea t i ng was comp l ex .  

The act i v a t i on energ i es for the tempera ture dependence of  the rate 

constants ra nged from 36 - 1 22 kJmo l - 1 w i th cha nges i n  compos i t i on .  
Des i gn po i n ts b ,  c and be ( l ow copper , h i g h pH , l ow mo i s ture content ;  - - -- . 
l ow copper and l ow pH , h i gh moi s ture conten t ;  a nd l ow copper , h i gh  pH  

and h i g h  mo i s ture conten t ) , had an  average E of  1 18 + 7 kJmo l - 1 , a -
wh i c h  was s i mi l a r  to tha t from Sec t i on 4 and Sect i on 5 .  For hea ti ng 

. 1 na tura l beef l i ver Ea had the val ue 1 1 2  kJmol - , and for hea t i ng beef 

l i ver and fat mi x tures the average wa s a l so 1 1 2 kJmo l - 1 . On ly  i n  th i s  

s tudy where the copper l evel  wa s c hanged , d i d  bpth the mo i s ture. content  
and copper a l ter the Ea va l ue .  

• 0 1 2  Va l ues for the frequency factor ranged from 1 . 18 x 1 0  to 1 . 04 x 10  

s - 1 and  were rel a ted to  c hanges i n  compos i t i on .  However , no a ttempt 

wa s made to model  A a s  a fu nct i on of the experi menta l cond i t i ons because  

th i s  parameter i s  found by  extrapol a t i on of  the  Arrhen i u s  p l ot a nd i s  

very sens i t i ve to c hanges i n  Ea . 

Under the exper i menta l cond i t i ons  s tud i ed i n  th i s 23 factori a l  

des i gn ,  i t  wa s not pos s i b l e  to formu l a te pred i c t i ve  equat i ons  for Ea 
a nd kref for v i tami n A l os s  on hea t i ng ,  because  of the copper effect .  

I t  can be concl uded that under these cond i t i on s  of copper concentrat i o n  

( 6 - 30 mgkg - 1 ) ,  p H  ( 5 . 6 - 7 . 0 ) a nd mo i s ture content ( 55 - 68% ) , v i tami n 

A l os s  on hea t i ng wa s comp l ex .  Apa rt from the effects  of  hea t ,  l os s  

may a l so have been l i p i d  med i a ted ·a nd  meta l c a ta lyzed . 



7 .  EFFECT OF U NSTEADY STATE HEAT I NG ON 

V I TAM I N  A LOSS IN  BEEF L IV ER M I XTURES 

7 . 1  I NTRODUCT I ON 
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The pri nc i p l e  a i m  of the s tudy wa s to f i nd a method of pred i ct i ng 

v i tam i n  A l os s  duri ng heat proces s i ng of  canned products . I t  was 

thought that i t  mi g h t  be feas i b l e  to pred i c t  l os ses  on cann i ng by 
u s i ng k i ne t i c  data obta i ned from s teady s tate experiments . The  

pu rpose of th i s  pa rt of the study wa s to  prove whether th i s cou l d  
be done . 

The data from the s teady s ta te experi ments  were obta i ned under 

spec i f i c  food sys tem compos i t i ons a nd heat i ng temperatures . Therefore , 

the uns teady s ta te s tudy had to be made i n  the same range of exper imen­

ta l cond i ti on s  for a ny usefu l compar i son to be made . 

I t  wa s dec i ded to use  a ful l 23 factori a l  des i g n to i nves t i gate 

the effects of  three vari a b l es on v i tami n A l os s  under uns teady s ta te 

cond i ti ons ( p i l o t p l a n t  ca nni ng procedures ) and a l so to compa re the 

res ul ts wi th s teady s ta te procedu res under s i m i l a r  cond i t i on s . 

Process i ng tempera ture wa s set a t  two l evel s ,  1 12 and 1 20°C ,  i n tended 

equ i va l ent proces s i ng t i me ( F
0

) a t  2 and 6 m i nutes , and moi s ture 

content a t  56 and 69% . Two ti mes a nd two tempera tures were c hosen 

i n  order tha t the k i ne t i c  parameters cou l d be e s tabl i shed . Heat i ng 
beef l i ver m i x tures was expected to be ent i re l y  by conduc t i on , so  
the  h i gher tempera ture of 1 12 and 1 20°C a nd r� l ati ve ly  l ow F0 
va l ues were used because  of the pos s i b l e  del e teri ous sensory a nd 
phys i ca l  changes tha t wou l d  occur  a t  l ow tempera ture- l ong t i me 
proces s i ng .  The two l evel s of moi s tu re content were se l ected a s  

they a pprox i mated those u sed i n  t he  mi x ture experiment ( Sect i on 5 ) . 

Uns teady s ta te hea ti ng wa s done i n  a p i l ot p l a n t  sca l e s tat i onary 

retort , a nd the percent  retenti on of v i tam i n  A after proces s i ng was 

determ i ned experi men ta l l y and compa red wi th  tha t pred i c ted us i ng the 

s teady s ta te k i net i c da ta in conj unct i on w i t h  f i ni te d i fference 

ca l cu l a t i on s  of temperature d i s tr i but i on i n  the can .  



7 . 2  EXPER IMENTAL  

7 . 2 . 1 Sampl e Preparat i on 

Extraneous fa t a nd connect i ve t i s s ue were removed from fres h 

beef l i ver . The l i ver wa s c u t  i n to 3 . 0  cm cubes a nd pureed i n  a 

ch i l l ed cond i t i on i n  a Stephan m i xer (Model UM 1 2 ) ,  d i v i ded i n to 

two equa l qua n t i t i es as two m i x tures were to be mad e ,  pac ked i n  

p l a s t i c  conta i ners , frozen a nd s tored a t  - 3 0°C unti l requ i red for 
use . A prox i ma te a na lys i s  of the l i ver was made and i t  had the 

fo l l ow i ng compo s i ti on :  

Ex tractab l e  Fa t 

C rude Prote i n 

Moi s ture Content 

= 2 . 0% 

= 20 . 2% 
= 70 . 1% 

A sh  a nd Carbohydra te = 7 . 7% ( by d i fference ) 
Copper 

pH 

= 16 mg kg- 1 

6 . 09 
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The two mi xtures ( a s  descr i bed i n  Sec t i on 7 . 2 . 2 )  were prepa red 

by a dd i ng l a rd a nd a copper so l ut i on ( Sect i on 3 . 3 )  to the l i ver 

and b l end i ng i n  a Stephan mi xer unti l an h omogeneous puree was 

obta i ned . The pH and moi s ture were adj usted by add i ng the correc t 

amounts  of the rel evant reagents  ( Sect i on 3 . 3 ) . The m i xtures were 

ana l ysed for thei r fa t ,  prote i n  and mo i s ture contents , and thei r pH 

mea sured . They were then frozen and s tored at - 30°C unt i l requ i red 
for ca nn i ng tr i a l s .  

7 . 2 . 2  Des ign of  2 3 Factori a l . Experiment  

The three var i abl es i n ves t i gated i n  the  factor i a l  experi ment were 

proces s i ng temperature, F , a nd moi s ture content .  The proces s i ng 0 
tempera ture i n  th i s  case wa s t he retort  temperature a nd i t  wa s set  

a t  1 1 2 a nd 1 20°C ,  wh i c h was wi th i n the  heati ng range u sed for the 

s teady s ta te experi ments . Because the temperature of a therma l 

process  norma l l y  var i es w i t h  t i me ,  i t  i s  conven i ent  a nd neces sary to 

have some way of compar i ng the re l a t i ve s teri l i s i ng capac i t i es of  

d i fferent hea t processes . A u n i t of  l et ha l i ty ,  F ,  wh i ch i s  the  hea t 
trea tment  rega rded as  neces s ary for destroyi ng m i cro - orga n i sms , i s  

u sed . F0 i s  the equ i va l ent  proces s i ng t i me i n  m i nu tes a t  a con s tant  
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tempera ture o f  1 2 1 . 1 °C ,  fo r m i c ro-orga n i sms whose destruc ti on rate 
wi th tempe ra ture i s  descri bed by the A rrhen i u s re l a ti onsh i p w i th an 

- 1  Ea of 290 kJ mo l . I n  common c a n n i ng tec h n o l ogy,  thi s i s  sta ted 
a s  z of 1 0°C . I n  th i s  experi men t the F0 va l ue s  were se t a t  2 a nd 
6 m i nutes . 

Moi sture content l ev e l s o f  56 a n d  69% were chosen a s  t h ey were 
a p prox i ma te l y  the same as  verti c e s  2 and 3 u sed i n  the m i x ture exper i ­
ment ( Sec t i on  5 )  and a l so the 2 l evel s u sed i n  the 23 fac to r i a l  steady 
s ta te experiment ( Sec t i on 6 ) . C opper a nd pH were no t v a r i a b l e s i n  
the des i g n  bu t they were set a t  the l evel s u sed i n  the mi x tu re expe ri ­
men t ,  18  mg kg - 1 a n d  6 . 3  res pec t i v e l y , a s  i t  wou l d  have been too 
compl i ca ted a n d  t i me c on sumi ng to sca l e  up the stea dy sta te expe r i ments of 
both Sec t i on s  5 a nd 6 .  The a c tua l spec i fi ca t i on of the expe r i me n ta l  p l a n  
i s  g i ven i n  Ta b l e  7 . 1  a n d  t h e  prox i ma te ana l ysi s o f  the d e s i g n p o i n ts 
i n  Tab l e  7 . 2 . 

Ta b l e 7 . 1 :  Layout for 2 3 Factor i a l  Design for Unsteady S t a te Hea ti ng 
of Beef L i ver Mi x tures 

Codi ng V a l ues 
Desi gn  Po i n t T0m) F MC a b c ( c ( m9n ) ( % )  

1 - 1  - 1  - 1 1 12 2 56 
a + 1  - 1 - 1 1 20 2 56 
b - 1  +1 - 1 1 1 2  6 56 

a b  + 1  +1 - 1  120 6 56 
c - 1  - 1  + 1  1 1 2 2 69 

a c  + 1  - 1 + 1  1 20 2 69 
be - 1  +1 + 1  1 1 2 6 69 

a b c  + 1  + 1  + 1  1 20 6 69 
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Tab l e  7 . 2 :  Prox i ma te Ana lys i s of 23 Fac tori a l  M i x tures for U ns teady S ta te 

Fa t MC Prote i n  A s h  & Carbo Copper Des i gn Po i n ts ( r,, ) ( % )  ( 'X, )  ( by d i ff . ) pH ( mgkg - ) ( % )  
1, a ,  b ,  ab 26 . 9  56. 1 1 4 . 9  2 . 1 6 . 32 1 8  

c ,  ac , be , a be 11 . 6  69 . 4  15 . 1  1 . 9  6 . 33 18  

C ans of beef l i ver m i x tures , fo l l owi ng the  s pec i f i cat i on of  the 

exper i menta l p l a n  ( Tab l e  7 . 1 ) ,  were processed accord i ng to the proce­

dure g i ven i n  Sect i o n  3 . 4 . 4 .  Run abc wa s repeated beca use the tran s ­

reti no l  content i n  the contro l s i . e .  unprocessed cans , wa s l ow i n  

compar i son wi th  the other h i gh  moi s t�re content contro l s  a nd a n  error 

wa s cons i dered pos s i b l e .  I n  fact  the dup l i ca te agreed c l o se ly  w i th 
the o r i g i na l . Contro l a nd proces sed c an s  of the beef l i ver mi x tures 
were ana l ysed for tra ns - ret i no l  fo l l ow i ng  the method g i ven i n  Sec ti on 

3 . 1 . 4 .  

7 . 2 . 3  Therma l D i ffu s i v i ty Determ i nat i on  

To be  a b l e  to  ca l cu l a te the tempera ture d i s tr i bu t i on a t  d i fferent  

t i mes , a therma l property ,  t he therma l d i ffu s i v i ty ,  a i s  needed . The  

tempera ture of the beef l i ver  mi xtures wa s mea sured by a thermocoupl e 

p l aced a t  the geometri c  centre of the ca n .  The exper imenta l tempera ture/ 

t ime da ta was used to ca l cu l a te a ,  u s i ng the a na lyti ca l s o l u t i on of the 

heat transfer equa t i on .  To do th i s ,- i t  wa s a s s umed tha t the ma teri a l  

hea ted sol e l y  by conduct i on , the therma l d i ffus i v i ty rema i ned c ons tant 
over the en t i re proces s , and the extern a l  hea t trans fer res i s ta nce wa s zero . 

where 

Ta immanena te ( 1 980 )  descri bed the techn i que i n  deta i l .  I n  

l n  Y = 

y = 

t = 

a = 

8 1 
= 

con s tant  

8 - 8 .  1 
e - e .  a 1 

t i me ,  s 

therma l 

2 
aB1 t (7 + 

d i ffus i v i ty ,  

po s i t i ve root of the 

2 an 
) 

4 h2 

2 - 1 m s 

f i r s t  order 

( 7 . 1 )  

Bessel  ' s  fu nc t i on  

summary :  

= 2 . 4048 
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a = can rad i u s = 0 . 037  m 

h = ha l f- he i ght of the can = 0 . 058 m 

e = centre temperature , °C 

e i  = i n i ti a l  tempera tu re , 0c 
f) = retort tempera ture , °C a 

F rom a p l ot of  l n  Y aga i ns t  t i me ,  t ,  the s l ope of the regres s i on 
equa t i on on the l i near port i on wi l l  be equa l to - (aB 1/a 2 + an2/4h 2 ) .  

Knowi ng s 1 and the d i mens i ons of  the can , the therma l d i ffu s i v i ty can  

be  c a l cu l a ted as  i l l us trated bel ow :  

( 2 . 4048}2 2 
+ TI s l ope - a 

( 0 . 03 7 ) 2 4 ( 0 . 058 ) 2 
= 

- s l o�e m2 - 1 ( 7 .  2 )  a = 
50 1 1 . 1  s 

Th i s  method ha s been u sed by other workers ( Ol son and Jack son , 1942 ; 
Te i xe i ra ,  1969 ) . I t  shou l d  be noted tha t the thermocoupl e does not 

need to be a t  the cen tre of  the can to obta i n  the tempera ture da ta . 

I n  add i t i on ,  on l y  part of the l n  Y vs t i me p l ot i s  s tra i gh t ,  and i n  
th i s  porti on on l y  one term i n  the ser i es so l u t i on i s  s i gn i f i c a n t .  

Th i s  s tra i ght  l i ne sect i on  i s  used t o  ca l cu l a te a .  
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A computer program wa s devel oped wh i c h  c a l cu l a ted the bac ter i a l 

l etha l i ty a nd v i tam i n  A retenti on i n  a conduct i on - hea ted food . A 

f i n i te d i fference a pprox i ma t i on to the parti a l  d i fferenti a l  equa ti on 
for uns teady s ta te hea t cond uc t i on i n  a f i n i te cyl i nder wa s used . 

Th i s  ca l cu l a ted the temperature d i s tr i but i on throug hou t the conta i ner 

at i n terva l s  i n  t ime . The ra te equa t i on for bac ter i a l l e tha l i ty a nd 

v i tam i n l os s  wa s appl i ed over s hort t i me i n terva l s  a s sum i ng consta n t  

tempera ture i n  sma l l vo l umes wi th i n the c a n  for the time i n terva l . 

The f i na l  s pore des tru c t i on a nd percent  v i tam i n  retenti on was obta i ned 

by i n tegra t i on over the conta i ner vo l ume a nd over process  t ime of the 
spore and v i tami n concentra ti ons i n  d i fferen t pa rts of the ca n .  

I n  determ i n i ng the temperature d i s tr i bu t i on , an  ana l yt i ca l or a 

numer i ca l  f i n i te d i fference method cou l d  bP u sed . I n  the hea t i 1 19 p h ct s e , 

the ana l yt i c a l  so l u t i on wi l l  g i ve ex ac t temperature pred i c t i ons  

prov i ded : 

( i ) the  therma l d i ffu s i v i ty i s  known exact ly  a nd i s  consta n t ,  

( i i ) the mater i a l  i s  homogeneou s a nd compl ete ly  fi l l s  the ca n ,  

( i i i ) a l l  heat transfer i s  by conduc t i on ,  

( i v ) the surface tempera ture of the mater i a l  i n  the can  equa l s  

the retort tempera ture ,  
( v ) the retort tempera ture changes i ns ta n taneou s l y  a t  t ime 

zero to the  requ i red va l ue and rema i ns con s ta n t  a t  th i s  

v a l ue .  

I n  contra s t ,  f i n i te d i fferences by defi n i t i on ,  a pprox i ma te the 

parti a l  d i fferenti a l  equa ti on descr i b i ng hea t transfer , a nd thu s 

i nvol ve  a pprox i ma ti ons . Prov i d ed the space  i ncrements 6x a nd 6r , 
a nd the t i me i ncrement  6t a re c hosen wi se l y ,  the ma themat i c a l  a pprox ­

imat i on s  a re sma l l a nd i ns i g n i f i ca n t  compa red wi th error i ntroduced 

by the f i v e  a s sumpti ons  above . 
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I n  the cool i ng pha se ,  the ana lyti ca l method so l ut ion  super imposes 

a cool i ng ca l cu l a t i on on the hea ti ng profi l e  ( Ta immanena te , 1 980 ) . 

Th i s  i s  to a pprox i mate the non- un i form tempera ture d i s tr i bu t i on a t  
the onset of cool i ng .  I n  contrast ,  the f i n i te d i fference ca l cu l a t i on 
uses  the ac tua l tempera ture profi l e  a t  the end of hea t i ng as  i ts 

i n i t i a l  cond i t i on  for cool i ng .  

Another d i ff i cu l ty i n  the appl i ca t i on of the a na l yt i ca l  so l u ti on 

a t  the onset of cool i ng i s  tha t the ser i e s  so l u t i on i s  s l ow to converge , 

a nd a n  a pprox i ma te a na l yt i ca l sol u t i on for s hort t imes mu s t  be a ppl i ed 

( Ta immanena te , 1 980 ) . 

There are s l i g ht  d i fferences i n  the pred i c t i ons by the two method s . 

Ex p l i c i t  fi n i te d i fferences  tend to overpred i c t the extent of  c ha nge  
c ompa red wi th t he  ana l yt i c a l  sol u ti on (Myers , 1 97 1 ) bu t the d i fference 

between the two methods i n  heat i ng pha se  pred i c t i ons found by 

Ta immanena te ( 1 980 ) never exceeded 0 . 4°C· and wa s 0 . 1°C on average . 

Errors in  tempera ture pred i c t i on wi l l  on l y  ma tter i f  they l ead  to 

errors i n  the c a l cu l a ti on of the v i tami n A retent i on .  I t  was expected 

tha t the act i va t i on energy wou l d  be s i mi l a r  to the s teady s ta te exper i ­

ments ( 1 1 2 kJmol - 1 ) .  The error i n  a ca l cu l a ted ra te constant can  be 

e s ti ma ted a pprox i ma te ly  from : 

- E  ( �8 ) /RT2 

% Error = 100 ( 1  - e a ) 

where T tempera tu re , K 

�e = tempera ture pred i c t ion error 

An error of 0 . 5°C wou l d  l ead to a percent  error i n  the ra te consta n t  

of 5 . 3% a t  80°C ,  a nd 4 . 3% a t  1 20°C .  For F 0 va l ues o f  2 mi n a nd 6 m i n ,  

pre l im i na ry pred i c t i ons  u s i ng the f i n i te d i fference method a nd the 

s teady s ta te d a ta sugges ted tha t v i tami n  A retent i on  wou l d be between 

70 - 90% . I f  the v i tam i n  A retent i on  i n  a process  wa s 80% , then tha t 

pred ic ted by a cons i s tent  0 . 5°C tempera ture overpred i c t i on wou l d  be 
79% . Th i s d i fference wou l d  not be d i s ti ng u i s hed by the a s say method 

u sed for v i tam i n  A where d i fferences  between repl i cates were u p  to 5% . 
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Th i s ,  coup l ed wi t h  the f i ve necessary a ssumpti ons , meant  that  

both method s ( ana l yt i c a l  and f i n i te d i fference )  pred i c ted suff i c i en t l y  

accurate tempera ture/t ime profi l es .  The c ho i ce between t h e  two method s 

wa s therefore made on the ba s i s  of  wh i ch needed l es s  compu t i ng resourc e .  

Due to the d i ffi cu l t i es  i n  app ly i ng a n  ana lyt i c a l  so l u t i on a t  the onset  
of  the  c oo l i ng pha s e ,  the  a na l yt i ca l method requ i red con s i dera b l y  more 

compu ter process  t i me ,  so  the f i n i te d i fference method wa s chosen . 

7 . 3 . 1  F i n i te D i fference Method 

The genera l uns teady s ta te heat tran sfer equa ti on i n  a f i n i te 

cyc l i nder wi th con s ta n t  therma l p roperti es i s :  

where c = 

e = 

t = 

A = 

X = 

r = 

( 7 . 3 )  

- 1 n - 1  
s pec i f i c  heat ca pac i ty on a voiometr i c  bas i s ,  Jm � �c � 

temperature , 0c 
t ime ,  s 

- 1 - 1  therma l c ondu c ti v i ty ,  assumed con s ta n t , Wm K 
d i s p l acement i n  ax i a l  hea t f l ow ,  m 

d i sp l acement i n  rad i a l  hea t f l ow ,  m 

Where therma l propert i es a re con s ta n t ,  a s i mp l e  expl i c i t f i n i te 

d i fference scheme for equat i on ( 7 . 3 )  i s :  

e�+� n n n n - e . .  A e .  1 · - 2e . .  + e .  1 . 1 !J 1 lJ = - ( 1 + ,J. 1 l J 1 - ,J ) 
t.t c ( t.x ) 2 

+ 

en n n - 29 . .  + e . .  1 � ( 1 ,j+1 1 l J 1 l J - ) c (t. r )  2 + 

n n 
� .!_ ( e . " +1 

- e . . 1 1 lJ 1 ,J-
) C r 2t.r ( 7 . 4 )  

f(A )  + f ( B )  
� 

= + f ( C ) 



whene i 
j 
r 

= d i s ta nce a l ong the hei g h t ,  m 
= d i s tance a l ong the rad i u s ,  m 
= ( n - 1 ) L\r , m 

x = (m - 1 ) L'lx , m 
e n 

• tempera ture a t  t i me t ,  °C 
e "+1 = tempera ture a t  t i me t + L'lt , °C 
Cl = therma l d i ffu s i v i ty ,  wh i c h i s  t ,  m2 s - 1 
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I t  i s  a s sumed tha t the tempera ture d i s tr i bu t i on i n  the ca n i s  
symmetr i c a l  a bou t the geometri ca l centre . Severa l s pec i a l  cases  

m u s t  be cons i dered . Where j = 1 ,  equ a t i on ( 7 . 4 ) wa s mod i f i ed by 
A l ba s i ny ( 1960 ) by a s sumi ng : 

T h i s y i e l ds : 

8� 1 1 - 28� 1 + 8� 1 1 = a( 1 + , 1 ,  1 - , ) 
( L'lx ) 2 

en e" 
4Cl ( ( i '2 - i ' 1) ) 

( L'lr ) 2 

+ 

Where i • 1 ,  the tempera ture i s  ca l cu l a ted by : 

en+1 e "  e" - e " i ,j - l,j 2 j 1 j  
L\t = 2a ( ' 2 ' ) + f ( B )  + f ( C1) 

( L\x )  

( 7 .  5 )  

( 7 . 6 )  

( 7 .  7 )  

The tempera tu re a t  the centre ( i  = 1 ,  j = 1 ) can be ca l cu l a ted by : 

e"+ 1 e "  e" - e" e" - e "  
1,1  - 1,1 = 2a( 2, 1  1 , 1 ) + 4a ( 1 , 2 1,1 ) L'lt · ( L\x ) 2  ( L\r ) 2  

( 7 . 8 )  
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The computer program was cons tructed by i ncorporat i ng the above 

equa t i ons and a s s um i ng the i n i t i a l  tempera tu re at a l l poi nts  wa s equa l 

throughout  the ca n ,  wh i l e  the tempera ture a t  the can surface wa s equa l 

to the retort temperature dur i ng hea t i ng , and equa l  to the cool i ng wa ter 

tempera ture dur i ng cool i ng .  The program wa s wri tten i n  FORTRAN I V  

l anguage for a Burroughs 86700 computer . Deta i l s  are g i ven i n  

Append i x  D . l .  

7 . 3 . 2  Ki neti c Ca l cu l a t i on 

As sumi ng that  the c hanges i n  ba cter i a l  numbers and v i tam i n  

concentrati on can  be descri bed by f i rs t  order k i neti cs , the concen­

tra ti on  change w i l l  be : 

where c = concentra t i on 

d e  
d t = - k t 

k = rea c t i on ra te coeffi c i ent  

t = t i me 

( 7 . 9 )  

I nterna l l y ,  the can i s  d i v i ded i n to a number of sma l l vo l umes . 

Wi th i n  each of  these vol umes , i t  i s  a s s umed tha t the tempera ture 

g rad i ent i s  neg l i g i b l e  so tha t an  a verage temperature for each  sma l l 
vo l ume can be u sed . 

I n  order to pred i c t  the extent of change i n  each of these sma l l 

vol umes , the rate cons tant  k ,  i s  i ntegra ted wi th respect to t i me .  

( 7 . 1 0 )  

I n  uns teady s ta te hea ti ng , the temperature var i e s  wi th  t i me a nd 

so  does k .  Therefore , the l eft hand s i de of equat ion  ( 7 . 1 0 )  mus t be 

eva l uated numer i ca l l y .  Th i s  i s  done by a s sumi ng tha t for a sma l l  

i n terva l of t i me �t , the temperature i n  the sma l l el ementa l vol ume 

rema i ns con s ta n t  a nd so does k .  The product k�t therefore represents 

the contr i bu t i on to � occurr i ng i n  tha t t i me s tep . The vari a t i on of 

k wi th tempera ture i s  a s sumed to fol l ow the Arrhen i u s  re l a t i ons h i p .  

I n  the tota l process  t i me t ,  the number of t i me s teps N i s  determ i ned 
from : 
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N = t/t.t ( 7 . 1 1 )  

and v i s  c a l cu l a ted a s :  

n=N 
11 = �= 1  knt.t ( 7 . 1 2 )  

Once V fo r the proc ess i s  known , c /c0 wh i c h  i s  the fra c t i ona l 
reten ti on ,  c a n  be ca l c u l a ted from equa t i o n ( 7 . 1 0 ) . 

I n  th i s  ma nner , v a l ues o f  V or c c a n  be c a l cu l a ted for ea c h  
el ementa l  v o l ume t.v wi th i h  t h e  can . I f  i t  i s  req u i red to f i nd the 
ma ss a v erage va l ue of c for the can as a who l e at the end of the 
proc e s s ,  the i nd i v i du a l  va l u e s  of c a re used i n :  

where 

where 

1 i ::rm 
= V �= 1 

j =m 
L: 
j = 1 

c . .  t.v . .  l , J l , J 

j =2 , m- 1 ;  t.v . .  = rr6x6r2 ( ( j - � ) 2 - ( j - 1�) 2 ) 1 , J 

j = 1 ·, A V • 1 - TT A 2 A o - -4 L.lr L.lX 1 , 

j =m ; t.v 1 , m = ( m  - 1�)rr t.x t. r2 

I n  spec i a l  c a ses where i = 1 ,  i = m , the val ue  of t.v . .  1 , J 
ca l cu l a ted from equa t i ons ( 7 . 1 4 ) , ( 7 . 1 5 } , ( 7 . 16 )  i s  h a l ved pri or 

( 7 . 1 3 )  

( 7 . 1 4 ) 

( 7 . 1 5 )  

( 7 . 1 6 )  

to use i n  equ a t i o n  ( 7 . 13 ) . These mod i f i c a t i ons ta ke account o f  
d i f fer i ng vol ume s  a ssoc i a ted wi th centr a l  ax i s  a n d  surfa ce nodes . 

Th i s  method i s  si mi l a r  to tha t u sed by Tai mmanena te ( 1980 ) . 
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7 . 4 . 1  Compar i son of Pred i c ted and Experi menta l T ime- Temperature 
Prof i l es 

Experi men ta l temperature/ t i me da ta were col l ec ted a t  o n l y  the 
geometr i c  centre of the cans . D ata co l l e ct i o n  a t  other po i n ts i n  

the can  wa s con s i dered unneces sary for two rea sons . F i rs t l y ,  the 

pos i t i o n  of the thermocoupl e i s  i mma teri a l  for therma l d i ffus i v i ty 

mea suremen ts . Secondl y ,  a l l pred i c t i on s  of  temperature were ba sed 

on a s s umpt i on s  tha t a wa s con s ta n t ,  heat i ng  wa s by conduc t i on on l y ,  

the ma te r i a l  wa s homogeneous and comp l etel y f i l l ed the can . I f  

these a s s umpti ons a re va l i d ,  exper i menta l a nd pred i c ted tempera tures 

wi l l  agree i rres pec t i ve of po s i t i on .  I f  they are not va l i d ,  agreement 

wi l l  not occur at the centre or a ny o ther pos i t i on .  Therefore centre 

tempera ture mea surements repea ted i n  severa l cans , yi e l d  as much 

i nforma ti on as severa l measurements at d i fferent po s i t i on s  i n  one ca n ,  

and the former are ea s i er to carry ou t .  

As the fi rst s tage o f  data a na ly s i s ,  the therma l d i ffu s i v i ty wa s 

ca l c u l a ted . The resu l ts a re s hown i n  Tab l e  7 . 3 . 

Tab l e  7 . 3 : Therma l D i ffu s i v i t i es for Beef L i ver M i xtures a t  Vari ous  

Temperatures 

- - -
Des i gn Poi n t  

1 

a 

b 
ab 

c 

a c  

be 

a be 

Retgrt Temp . 
( c )  

1 1 2 . 0  

120 . 0  

1 1 2 . 6 
120 . 0  

1 1 2 . 0  

1 18 . 0  

1 12 . 0  

1 2  0 .  0 

Therma l 9 i f�u s i v i ty 
( x  10- m s - 1 ) 

1 . 68 , 1 . 60 

1 . 99 ,  1 . 89 

1 .  7 4 ,  1 . 84 , 1 .  72 , 1 .  84 
1 . 80 ,  1 . 84 

1 .  83 , 1 .  79 

2 . 06 ,  1 .  99 
a -

2 . 06 ,  1 . 87 , 2 . 00 ,  2 . 0 1  

a For run b e  there were mea surement  prob l ems due  to thermocoupl e damage , and  
hence no rel i a b l e tempera ture da ta . 
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For the l ow moi s ture content po i n ts  ( 1 ,  a ,  b ,  ab )  the average 

thermal  d i ffus i v i ty was 1 . 79 x 10- 7 m2 s - 1 wi th a s tandard dev i a t i on 

of  0 . 1 1  x 1 0- 7 m2s - 1 . The h i gh mo i s tu re content poi nts  had an  average 

a of ( 1 . 9 5 � 0 . 1 1 )  x 10- 7 m2s - 1 . These va l ues of a were s i mi l a r  to 

d a ta g i ven by Tei xei ra e t  a l . ( 19 7 5 ) a nd Lenz ( 19 77 ) .  The d i fference 

between these two means  wa s tes ted a nd found to be s i gn i fi ca n t  at 

the 99% con f i dence l eve l . 

The average therma l d i ffu s i v i ty for the i nd i v i du a l  des i g n po i n t s  

wa s a l so tes ted aga i ns t  the  mean for the l ow mo i s ture con ten t a nd h i gh 

mo i s ture con tent  poi nts . No va l ues were s i gn i f i c a nt ly  d i ffere n t  a t  

t h e  9 �'/u l eve l from the mean thenna l d i f fus i v 1 t i es . I t  wa s there f o re 
dec i ded to u s e  the average l ow a nd h i g h mo i s ture d i ffus i v i t i es for 

the re l evan t beef l i ver m i x tures for the proces s i ng cond i t i on s  s tud i ed .  

Tyr i ca l  c e n tre tem p e ra tu re - t i me p r o f i l e s for t h e  two d i f ferent  

l i ver compos i t i ons  - run 1 and  run c - are s hown i n  F i gures 7 . 1 and 

7 . 2 .  The process i ng cond i t i ons for these two runs  were v e ry s i m i l a r  

a s  s hown i n  Tab l e  7 . 4 .  

As ca n be seen , the ca l cu l a ted tempera tures were c l ose  to the 

mea sured tempera tu res i n  the hea ti ng phase . I n  the fi rs t ten m i nu tes , 

the rred i c ted cen tre tem pera ture wa s a p p rox i m a te l y  two d c g r P e s  l owr.r 

t h a n  the experimenta l tempera ture bu t a fter tha t ,  wa s exa c t l y the same 
for run 1 a nd 0 . 5 - 1 . 0°C d i fferent for run c .  Dev i a ti on s of thP 

pred i c ted temperatures from the ex per i men ta l tempera tu res cou l d  ha ve 
been ca u sed by the a ss umpt ion  of c on s tant therma l d i ffus i v i ty not 

be i ng va l i d a nd by errors in the thermocoup l e  measurements . These 
errors po s s i b l y  i nc l ude  i naccura te pos i t i on i ng of the thermocoup l e  

j unct i o n , a nd  conduc t i on a l ong the w i res . Th i s l at ter case  wou l d  

b e  h i ghest  a t  the beg i n n i ng of both the heat i n g  and the coo l i ng 

phase a s  the temperature d i fference  between the outs i de of the ca n 

and the j unc t i on wa s h i g h ,  e . g .  1 1 0 . 2°C c f  1 6 . 7°C for run 1 a l  the 
onset  of co o l i ng .  
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F ·i gu re 7 . 1 C om pa r i son of exper i m e n ta l centre tempera tures a nd pred i c ted 
centre tempera tu re� for a l ow mo i s ture mi xture a t  a retort  
tempera ture of 1 12  C ( run  1 )  
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F i gu re 7 . 2 ComP,ar i son of exper imenta l  centre temperatures a nd pred i c ted 
c entre tempera ture0 for a h i g h  moi s tu re m i x ture a t  a retort  
temperature of 1 1 2 C ( run  c )  
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At temperatures be l ow 90°C ,  the v i tami n  A l os s  wa s neg l i g i b l e  

and s o  the  l ac k  of agreement between experi menta l and pred i cted 

tempera tures l a te i n  the coo l i ng pha se  was cons i dered u n important .  

I t  wa s therefore unnecessary to  mod i fy the program and to  form f i t 

the l a tter part of the cool i ng pha s e .  

Poor agreement  a t  l ow tempera tures wa s thought  to b e  ca used by 

a c hange i n  the mode of  heat tran sfer i n  the cans . On open i ng some 

of the ca n s , the mea t  emu l s i on had  destab i l i sed a nd there wa s some 

free l i qu i d  present as shown i n  F i gure 7 . 3  a nd 7 . 4 .  Th i s  wa s more 
s i gn i f i cant  for the h i gh tha n for the l ow moi sture con tent cans . 

The presence of free l i qu i d  i nd i ca te s  tha t the a s sumpti on of on ly  

conduct i on h eat  transfer occurr i ng wa s i nva l i d .  The extent  of 

dev i a t i on from conduct i on heat trans fer wou l d  be expec ted to be 
grea ter i n  the h i gh moi sture content  ca ns . I rregu l ar i t i es  i n  

coo l i ng h ave been reported by other workers ( Boa rd et a l . ,  1 �60 ; 
Ta i ntnanena te , 1 980 ) . 

7 . 4 . 2  C ompa ri son of  Pred i cted and Exper i menta l V i tami n  A Retent i ons  

Cans  of  beef l i ver  m i xtu res were processed accord i ng to  the 

cond i t i o n s  shown i n  Ta b l e 7 . 4 , a nd  then a na l ysed for trans - reti no l 

con tent .  The tota l t ime ta ken to compl ete th i s  work wa s four mon ths , 
so  the cans  were frozen a fter proces s i ng unti l they cou l d  be ana l ysed . 

To  s ta ndard i se the i n i t i a l proces s i ng cond i t i ons , the temperatures 

of the l i ver  as i t  wa s put i n to the retort was - 60°C .  A l though the 
des i gn spec i fi ed that the retort tempera ture s hou l d  be  1 1 2  or 1 20°C ,  

run b wa s heated a t  1 1 2 . 6°C a nd run  ac  a t  1 1 8°C due to probl ems i n  

contro l l i ng the retort  pres sure accurate l y .  

I t  was d i ff i cu l t t o  experimenta l ly obta i n  the requ i red F0 . These 

vari ed , es pec i a l l y  for the l ow va l ues e . g .  1 . 6  for run  a to 3 . 0  for 

run ac . Th i s  probl em arose because  i t  wa s d i ff i cu l t to ascerta i n  the 

l i ke l y  contri bu ti on of  coo l i ng to F , when the l ength of  the heat i ng 0 
phase  to ach i eve a certa i n  tota l F0 va l ue wa s c hosen . 

QASSEY UNIVERSITY 
jJ8_lJ.M:( 
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F i gure 7 . 3  Proces sed l ow mo i s ture content  beef l i ver s howi ng the 
mea t matr i x a nd exudate ( ru n  1 )  

F i g ure 7 . 4  Processed h i gh moi s ture c on tent  beef l i ver s howi ng the 
mea t ma tri x and exudate ( ru n  c )  
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Ta bl e 7 . 4 :  Process i ng Cond i t i ons  for 23 Fac tor i a l  Uns teady Sta te 

Experiment 

D . a I n i ti a l  Retort Hea ti ng b Coo l i ng Cool i ngc Pred i c tedd 
es 1 gn Tsm) Tsmp T i me H2o Temp T ime F Po i n t ( c ( C )  ( mi n . )  ( oc )  (m i n . )  ( mi R .  ) 

1 59 . 4  1 1 2 . 0  76 . 0  1 6 . 7  40 . 0  2 . 1 

a 60 . 2  1 20 . 0  48 . 5  1 7 . 9  40 . 0  1 . 6 
b 60 . 3  1 1 2 . 6  102 . 0  / 1 7 . 2  40 . 0  5 . 5  

ab  60 . 5  1 20 . 0  64 . 0  1 7 . 6  40 . 0  6 . 3  

c 60 . 2  1 1 2 . 0  7 3 . 5  16 . 8  40 . 0  2 . 4  

a c  6 1 . 0  1 1 8 . 0  57 . 0  1 7 . 6  40 . 0  3 . 0  

be 60 . 5  1 1 2 . 0  1 1 1 . 0 1 7 . 3  40. 0 6 . 7  

a be 60 . 9  1 20 . 0  60 . 0  1 7 . 4  40 . 0  7 . 0  

a be  rep 60 . 2  1 20 . 0  60 . 0  1 7 . 9  40 . 0  6 . 9  

aCod i ng :  a =  retort tempera ture , b = F0 , c  = mo i s ture con tent 

bThe i n terva l  between  the t i me when the retort tempera ture reached 1 00°C ,  

to the  t i me when the  coo l i ng wa ter wa s turned on . 

cThe i n terva l between the t i me when the cool i ng water wa s turned on  to 

the end of  cool i ng i . e .  after 40 mi n .  

dF0 eva l ua ted from s i mu l a t i on program , for the parti c u l a r  process i ng 

cond i t i on s . 

The  experi men ta l l y determ i ned and the pred i c ted v i tam i n  A retent i ons 
as  a res u l t of proces s i ng a re shown in Tab l e 7 . 5 . The pred i c ted v i tami n 

A retent i ons were from us i ng the f i n i te d i fference program ( Secti on 7 . 3 ) 

wh i ch i ncorporated the  s teady s ta te parameters from the mi xture exper i ­
ment ( Se ct i on 5 ) . The  i nd i v i dua l s teady s ta te parameters ( Tab l e 5 . 5 ) 

were u sed . For the l ow mo i s ture content l i ver ( eq u i v a l ent  to vertex 2 )  
9 - 1 - 1  va l ues were : A = 0 . 8  x 10  s , Ea = 99  kJmo l . The h i g h  mo i s ture 

content  l i ver m i x tures  ( equ i va l en t  to vertex 3 of the m i x ture experi me n t )  
9 - r - 1  had s teady sta te pa rameters of  A = 3 . 5  x 1 0  s , Ea = 1 0 1  kJmol . 
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Tab l e 7 . 5 : V i tami n  A Va l ues a nd Exper imenta l  and Pred i c ted Retenti ons  

for Each  Des ign Po i n t 

Des i gn Po i n t 

1 

a 

b 

a b  

c 

a c  

b e  

a be 

a be rep 

Tra n s - Ret i ny l 
Concn (�gg - ) 

Contro l  Proces sed 

201 . 3  1 72 . 0  

202 . 6 1 70 . 8  

201 . 1  1 74 . 8  

202 . 4  1 74 . 8  

209 . 3  1 74 . 6  

200 . 8  1 66 . 4  

201 . 1  1 73 . 8  
200 . 3 1 72 . 0  

2 1 7 . 7  1 3 2 . 5  

2 18 . 8  1 4 1 . 7  

2 1 3 . 9  1 1 9 . 7  
2 1 2 . 6  1 1 1 . 5  

2 1 6 . 2  86 . 0  

2 16 . 0  86 . 7  

184 . 2  1 05 . 5 

184 . 0  1 1 0 . 8  

193 . 3 1 1 2 . 3  

185 . 0  1 1 5 . 7  

a Mean w i th 9 5% confi dence l i m i ts 

Expta l . DetermA Pred . % 
% V i t A Re ten t V i t  A Retent  

84 . 7  + 2 . 2  90 . 5  -

86 . 4  + 2 . 3  90 . 9  -

84 . 2  + 2 . 2  8 5 . 7 -

85 . 5  + 2 . 3  86 . 7  -

63 . 5  + 2 . 1  79 . 2  -

53 . 5  + 2 . 0  78 . 8  -

40 . 0  + 2 . 0  67 . 4  - . 

72 . 3  

59 . 5  + 1 .  7 -
72 . 3  

Run abc wa s repea ted because  of the l ow trans - ret i no l  content i n  

the control s i . e .  unproces sed cans i n  compar i son wi th the o ther h i gh 

mo i s ture content contro l s ( c ,  ac , be ) . As can  be seen , the concentra t i o n  

wa s s ti l l  very s i mi l ar for t h e  two a bc runs and there appeared to be 
no d i fference i n  the two sets of data . No  exp l ana t i on  cou l d  be postu l a ted 

for these l ow va l ues , but as v i tami n A l o s s  on  steady s ta te hea t i ng 

wa s c ha ra cter i sed a s  bei ng f i rst  order ( Sec t i on 4 . 5  and 6 ) i ts percent 

retent i on wa s i ndependent of i n i t i a l  concentra t i on . 
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D i fferences between the con trol  concentrat i on s  cou l d  ar i se from 

three sources : 

( i )  errors i n  the v i tami n A assay procedure ,  

( i i ) sampl i ng errors , 

( i i i )  d i fferences i n  trea tments . 

I ns pect i on of  Tabl e 7 . 5  suggested tha t the l a st fac tor wa s i ns i gn i ­

fi ca n t  i n  compar i son wi th the o thers . A l l l ow moi s ture con tent  va l ues 
were v i rtua l l y  the same a nd a l l h i gh mo i s ture content va l ues , except for 

abc , were s i mi l a r .  W i th i n  eac h  of the three groups , the var i a t i on i n  

control  sampl e va l ues  represented ana l ys i s a nd sampl i ng errors on l y .  

Therefore , a n  a verage contro l  concentra t i on cou l d  be u sed for each  grou p .  

These va l ues were 202 , 2 1 6  and 187 �gg- 1 S ta ndard dev i a t i ons desc r i b i n g 

the s pread around the va l ues  were 2 . 7 ,  2 . 3  a nd 2 . 5  �gg- 1 respec t i ve l y .  

A s  the ana lys i s  method and sampl i ng tec hn i ques were the same for  each  
group ,  the same va r i at i on ( s tandard dev i a t i on )  wou l d  be expec ted wi th i n 

eac h  g roup . The three d i fferent va l ues a rose from the sma l l sampl e s i zes . 

I t  wou l d  be expected tha t i f  a grea ter number of cans were a va i l ab l e .  the 
true s tanda rd dev i a t i on wou l d  be c l ose to the mean standard dev i a t i on ,  
ca l cu l a ted by wei g h ti ng  the three esti ma tes i n  proporti on to the s an1p l e  

s i ze s  ( 3  �gg- 1 ) .  Th i s  wa s a s s umed to be the  s tandard devi a t i on descri b i ng 

uncerta i nty i n  both the contro l and processed sampl es . U s i ng  these data , 
the 95% confi dence i n terva l  on  the i n i t i a l  ( control ) concentra t i on s  were 

ca l c u l a ted as � 2 . 1 ,  � 2 . 5  a nd � 3 . 0% respec ti ve l y .  S i m i l a r l y ,  the s ta ndard 

dev i a ti on i n  the mean processed val ues was ± 4 . 2% for runs 1 to be and 

+ 3 . 0% for abc . F rom these s tandard dev i a t i ons , a 95% confi dence i n terva l  
on the percent  retent i ons  wa s ca l cu l a ted . T h i s i s  the  fi gure s hown i n  

Tab l e 7 . 5 . 

From Tab l e  7 . 5  i t  was c l ea rl y  ev i dent that  moi s ture content ( c )  

was the mos t  s i gn i f i ca nt  factor i nf l uenc i ng v i tami n A l oss . H i gh 

moi s ture content l i ver m i x tures ( po i nts  c ,  a c , be a nd abc ) produced 

the g reatest  l os se s  of v i tami n  A on cann i ng .  Th i s  wa s con s i s tent  w i th 
the s teady s ta te resu l ts ( Secti on 5 and 6 )  i n  wh i ch i t  was found that  

i ncrea s i ng moi s tu re content i nc reased the rate of  l os s .  
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The effect of the exper i menta l var i a b l es , retort tempera ture , 
F0 , a nd moi s ture con tent  on  the exper imenta l  v i tami n A retent i on wa s 

determi ned by s ta ndard Yates a na l ys i s  of a 23 factor i a l  exper i ment  

as  s hown i n  Tab l e  7 . 6 .  

Ta b l e 7 . 6 :  E st imated Contra s ts (by Ya tes Ana lys i s) of % V i tami n A 

Retent i on i n  Beef L i ver M i x tu res  Fol l owi ng a 23 Factor i a l  
Exper iment  

Va r i a b l e E st imated Contra s t  

1 5 57 . 3  

a 1 2 . 5 

b - 18 . 9  

a b  29 . 1  

c - 1 24 . 3 

ac  6 . 5  

be - 16 . 1  
abc 29 . 9  

A s  can  be seen from the a bove tab l e ,  c (mo i sture con ten t ) wa s 
the domi na nt  effect ,  i ts act i on be i ng to dec rea se vi tami n A reten t i on 

as i t  i n creased i n  va l ue from 56 to 69% . As the exper i ment was not 

rep l i ca ted , s i gn i f i cance wa s determ i ned by c omb i n i ng the i n teract i on 

terms and  u s i ng them a s  the error term . The on l y  s i gn i f i ca n t  term 

wa s mo i s ture con tent at the 99% l eve l of confi denc e .  

7 . 4 . 2 . 1  D i fferences Between Pred i c ted a n d  Experimenta l V i tami n A 

Re ten ti ons 

Tab l e 7 . 5  a l so c ompares the exper imenta l l y determi ned and the 

pred i c ted  v i tami n A retent i ons . The agreement  wi th the l ow moi s ture 

content  po i nts i s  better than for the h i gh mo i s ture l i ver m i x tures . 
Two of  the l ow mo i s tu re con ten t runs  ( b ,  a b ) were wi th i n  the es t i ma ted 

u ncerta i n ty .  However , for the h i gh moi s ture content l i ver m i xtu res , 

i n  a l l cases  retent i on was over- pred i cted . Pos s i b l e  rea sons  for th i s  
i nc l ude : 



( i )  the actua l heat transfer d i d  not match the mode l l ed 

cond i ti on s  and 

1 05 .  

( i i )  c ha nges  i n  the k i net i c  parameters from steady state to 

uns teady s ta te . 

I t  wa s observed that i n  the h i gh moi s ture content samp l es , a 

s i g n i f i ca nt  phys i ca l  c ha nge had occurred i n  the ma ter i a l  after hea ti ng 
( F i gure 7 . 4 ) . F ree l i qu i d  ex i s ted and there appeared to be part i t i on i ng 

of the fat .  Therefore the a s sumpti on tha t a l l heat tran sfer wa s by 

conducti on wa s probab ly  i nva l i d .  As v i tami n A i s  fa t sol ub l e ,  i t  wou l d  

have been expected to ha ve mi grated wi th the l i qu i fi ed fa t wh i ch moved 

towards the surfa ce of the can . Here i t  wou l d  ha ve rece i ved harsher 

process i ng cond i ti ons , than  i f  i t  had rema i ned u n i form l y  d i s tr i bu ted 

throughout the prote i n ma tr i x .  The s i mu l a t i on model  a s sumed no 

m i g ra t i on a nd therefore wou l d  under- pred i c t  retenti on even i f  the 

s teady s tate k i net i c pa rameters hel d .  I n  the l ow mo i s ture content  cans , 

o n l y s l i gh t  des ta b i l i sa t i on of  the mea t ma tri x had occurred ( F i gure 7 . 3 ) . 

The pure conducti on model  g i ves the max i mum retenti on o f  v i tami n A ,  

a s  th i s  process  g i ves the l owest  average treatment  throughout  the who l e 

can . Converse l y ,  pure convect i on g i ves  the  mi n i mum v i tami n A reten t i on  
a s  i t  g i ves t he  h i g hes t average hea t trea tment throughout t he  ca n .  

Tab l e  7 . 7  s hows the pred i c ted retenti ons  for both cases . I f  the s teady 

s ta te k i ne t i c  pa rameters a re a l so true for uns teady s ta te hea t i ng ,  
the ac tua l ma ss  average retent i on mu s t  l i e between pure conduc t i on  

a nd pure convec t i on .  Th i s  i s  not the ca se for the h i gh mo i s tu re ru ns , 

b ut  the l ow moi s tu re da ta j u s t  l i e wi th i n  the range . I t  ca n therefore 

be conc l uded tha t there wa s a defi n i te change i n  k i neti c pa rameters 

between steady s ta te a nd uns teady s ta te for the h i gh mo i s ture ma ter i a l . 
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Tab l e 7 . 7 :  Actua l and Pred i c ted V i tami n  A Retent i ons for the Des ign 

Poi n ts i f  Hea t i ng was Pure Conduct ion  or Pure Convect i on 

Pred i c ted % V i tami n A 
Des i g n Po i n t Retenti on Expta l . % V i tami n  

A Retenti on 
Conduct i on Convect i on  

1 90 . 5  86 . 9  84 . 7  + 2 . 2  

a 90 . 9  84 . 5  86 . 4  + 2 . 3  

b 85 . 7  82 . 1  84 . 2  + 2 . 2  � 
ab  86 . 7  80 . 1  85 . 5  + 2 . 3  � 

c 79 . 2  7 2 . 6  6 3 . 5  + 2 . 1 

ac  78 . 8  68 . 3  53 . 5  + 2 . 0  � 
be 67 . 4  6 1 . 7  40 . 0  + 2 . 0  � 

a be 7 2 . 3  60 . 9  59 . 5  + 1 . 7 � 

I n  order to eva l ua te un s teady s ta te parameters ,  one of  the two 

model s ,  pure conduct i on or compl ete mi x i ng ,  i . e .  ·convec ti o n ,  mus t  be 

a s s umed . The nature of the ma ter i a l  and the shape of the temperature­

t i me graph ( F i gures 7 � 1  a nd 7 . 2 ) suggest that pure conduct i on  i s  the 

better model . The .method suggested by Ta i mmanenate ( 1 980 ) cou l d  then 

be used , but the ca l cu l a ted k i net i c  parameters wou l d  be subj ect  to 

uncerta i nty i ntroduced by the nature of the actua l hea t transfer . 

7 . 4 . 3  Ki neti c Parameter Determi na ti o n  for Uns teady Sta te Heat i ng of 

Low and H igh Mo i s ture Con tent 1i ver 

The v i tami n A retenti on ca�not be pred i c ted by the computer program 
( Sec t i on  7 . 2 . 3 )  u n l es s  the k i net i c  parameters , kref ( k 1 22 ) a nd Ea a re 

known . Therefore for the uns teady s ta te , these parameters had to be 

a s s umed , used i n  the program to ca l c u l a te the pred i c ted retenti on and 
then compared w i th  the exper imenta l resu l t . An experimenta l des i gn 

was u sed to determi ne the k 1 22  and Ea for each  l ow moi s ture content 

po i n t  ( 1 ,  a ,  b ,  a b )  a nd each  h i g h  moi s tu re content  des i gn po i nt 

( c ,  a c ,  be , a bc ) .  The pred i cted retenti on  for each  proces s i ng run 
was dependent  on  on ly  k 1 22 a nd Ea . Therefore , to  determ i ne the  a c tua l 

k i n e t i c  parameters for v i tami n  A l os s , unsteady s tate condi t i ons , the 

re l a t i onsh i p between the res i d ua l ( d i ffer�nce between the exper}menta l ly 

determ i ned and pred i cted retent i on )  and k 122 and· Ea was eva l u ated u s i ng 
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mu l ti p l e  regres s i on a na l y's i s  ' to obta i n  a second order response surface 

mode l  and the res i dua l  was mi n imi zed by the d i fferent i a t i on of  the 

emp i r i ca l  rel a t i onsh i p .  

To f i t a second order response surface , a t  l east  three l eve l s of 

eac h  var i a b l e a re requ i red . A centra l compo s i te des i gn wa s used a s  
i t  fu l fi l s  these requ i rements . I n  th i s  s tudy , k 122 a nd Ea were the 

two var iab l es i nvol ved . The des i gn  i s  s hown i n  F i gure 7 . 5 ,  where X 1  

i s  a c oded vari ab l e  o f  Ea and X 2  a coded v ar i ab l e of k 122 . 

Va l ues of Ea chosen for the des i gn po i nts encompassed ranges 

pre v i ous ly  esta b l i shed ( Sec t i on 5 a nd 6 )  from s teady s tate work a nd the 

cen tre poi n t ,  0 , was ta ken to be 105 kJmo l - 1 and the other des i gn po i n ts 

i n  i ncrements of + 10  kJmol - 1 . The cod i ng for X 1  wa s therefore : 

Ea - 105  
X 1 = ----:-:::---10  

and i t  was used for both  the l ow a nd the h i gh mo i s ture content  po i n ts . 

F rom the s teady s tate wor k  ( Secti on 5 )  for l ow mo i sture content 
( 5 ) 1 . h 

. - 5 - 1 6% 1 ver , t e va l ue for k 1 2 2  wa s 6 . 72 x 10  s . I n  the cann i ng 
tr i a l s ,  the actu a l  v i tami n A l oss averaged 1 . 46 ti mes more tha n the 

pred i c ted u s i n� the s teady s ta te parameters .  Therefore , the cen tre­

po i n t ,  0, wa s ta ken as  9 . 02 x 1 0- 5 s - 1 and the other des i g n  po i n t 

v a l u es were i n  i ncrements of � 25% of th i s ,  i . e . � 2 . 25 x 1 0- 5 s- 1 . 

Therefore the k i neti c rea c t i on rate con sta n t  a t  1 2 2°C a t  eac h  l eve l  

was c oded by : 

- 5 k 1 2 2  - 9 . 02 X 10  
X2 = for l ow mo i s ture content 

2 . 25 x 10- 5 mi x tures 

In the case of the h i gh moi s ture content l i ver , the s teady s ta te 

k 122 was 16 . 1 1 x 10- 5 s - 1 .  The unsteady s ta te work gave an a verage 

v i tam i n  A l oss  1 . 79 t imes more than pred i c ted u s i ng the steady s ta te 
parameters . Therefore the c entrepoi n t ,  0 ,  was ta ken a s  27 . 70 x 1 0- 5 

Other des i gn po i nt va l ues were i ncrements of + 25% of th i s  i . e .  

� 6 . 93 x 10- 5 s - 1 . So the cod i ng wa s :  

- 1 s 
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F i gu re 7 . 5  A centra l compo s i te des i gn to f i t a second order response  
surface 



X2 = 
k122 - 27 . 70 X 10- 5 

6 . 93 X 1 0-S 
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for h i gh mo i s tu re content 
mi xtures 

The ac tual  centra l compos i te des i gn l ayout for the l ow a nd h i gh 

moi s ture po i n ts i s  shown i n  Tab l e  7 . 8 .  

Ta bl e 7 . 8 :  Centra l Compos i te Des ign for Low and High Moi s ture Con tent 

L i ver M i x tures 

Des i gn X 1  X 2  
( kJmo l - 1 ) 

k 122 ( x  1 0- 5 s - 1 ) 
E Po i n t Coded Ea C oded k 1 22 

a Low MC l l i g h MC 

1 +1  + 1  1 1 5 1 1 . 27 34 . 63 

2 - 1 + 1  9 5  1 1 . 27 34 . 63 

3 + 1  - 1 1 1 5 6 . 7 7 20 . 7 7 
4 - 1 - 1 95 6 . 7 7 20 . 7 7 
5 0 0 105  9 . 02 2 7 . 70 

6 0 +2 105  1 3 . 52 4 1 . 66 

7 0 - 2 105 4 . 52 1 3 . 84 
8 +2 0 1 2 5  9 . 02 2 7 . 70 

9 - 2 0 85 9 . 02 2 7 . 70 

The above des i gn wa s u sed for each  of the l ow moi sture c on tP. n t  
run s  i . e .  for 1 ,  a ,  b and  ab ;  and for  each  of the h igh  moi s ture content 
run s  c ,  ac , b e ,  and a bc 8 v9

. The re s i dua l  ( Y )  wa s then ca l cu l a ted for 

a l l po i n ts i n  the des i gn where Y wa s defi ned as : 

Y = % Reten t i onexperi menta l - % Retenti onpred i c ted 

These res i dua l s a re shown i n  Tab l e s  7 . 9  and 7 . 10 .  
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Ta b l e 7 . 9 : R eten t i on Res i d u a l s for Low Moi s ture Con ten t Runs  

Res i dua l s for Runs : Average Des i gn Po i nt Res i d ua l 1 a b a b  

1 0 . 5  2 . 6  6 . 5 9 . 4 4 . 7  

2 3 . 2 3 . 8 9 . 8  1 0 . 8  6 . 9  

3 - 5 . 4  - 3 . 4 - 2 . 1  0 . 9 - 2 . 5  

4 - 3 . 7  - 2 . 6  0 . 1  1 . 8 - 1 . 1  

5 - 1 . 3  0 . 1  3 . 7 5 . 8 2 . 1  

6 4 . 8  6 . 0  1 2 . 3  1 4 . 1  9 . 3  

7 - 7 . 9 - 6 . 3  - 6 . 0  - 3 . 4  - 5 . 9  

8 - 3 . 4 - 0 . 8  1 . 1  4 . 8 0 . 4  

9 I 1 . 1  1 . 3 6 . 7  7 . 0 4 . 0  

Ta b l e  7 . 10 :  Retent i on Res i dua l s for H igh Moi s ture Conten t Runs 

Res i dua l s for Runs : Average Des i gn Po i nt Res i du a l  c ac be a bcavg 

1 3 . 1  - 3 . 1  - 1 . 5  1 3 .0 2 . 9 

2 8 . 6  0 . 2  4 . 1  1 5 . 3  7 . 1  

3 - 1 0 . 5  - 1 7 . 1  - 18 . 9  - 3 . 3  - 1 2 . 5  

4 - 6 . 3  - 14 . 7 - 1 4 . 0  - 1 . 5 - 9 . 1 

5 - 0 . 9  -8 . 3  -6 . 8 6 . 5  - 2 . 4  

6 1 1 . 7  4 . 4  7 . 9 20 . 5  1 1 . 1  

7 - 1 7 . 0  - 24 . 6  - 28 . 3  - 1 3 . 1  - 20 . 7  

8 - 5 . 6  - 1 1 . 0  - 1 2 . 3  4 . 6 - 6 . 1  

9 4 . 3  - 5  ._1 - 1 . 1  8 . 9  1 . 5 
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A quadra t i c  equat i on wa s f i tted , rel a t i ng the res i d ua l  ( Y )  to E . a 
a nd k 1 2 2  by mu l t i p l e regress i on . I f  the a vera ge res i du a l  wa s pos i t i ve ,  

the s i gn of the i nd i v i dua l res i dua l s  rema i ned unchanged , a nd i f  the 

a verage was negati ve  the s i gn of a l l i nd i v i d ua l
, 

res i dua l s  wa s c hanged . The 

regres s i on equa t i on wa s fi tted us i ng the i nd i v i dual  res i du a l s ,  not 

the average . Because  of  the d i fferences wi th i n  each des i gn po i n t , a l l  

had  to be  taken i n to cons i dera t i on .  Beca use  of  other i nherent i naccura ­

c i es , su ch  as  the a s say method a n d  the mode of hea t tra n s fer , k 1 22 a nd 

. Ea were not  determi ned for each  des i gn po i n t ,  bu t were c a l cu l a ted for 
the who l e  des i gn .  Thus k 1 22 a nd Ea were determi ned by m i n i mi s i ng the 
res i dua l . 

The fu l l coded mode l  for the l ow moi s tu re conten t beef l i ver wa s :  

Y = 2 . 358 - 0 . 663  X 1  + 1 . 238 X 2  - 0 . 016  X 1 2 + 1 . 328 X22 
- 0 . 888 X 1 X 2  

M i n i mi s i ng Y ,  gave k 122 a nd Ea of 7 . 40 x 1 0- 5  s - 1 a n d  97  kJmol - 1  

respec ti vely .  

For the h i gh mo i s ture content  beef l i ver the fu l l  mode l  was : 

Y = 3 . 908 + 0 . 6 50 X 1  2 . 575  X2  + 0 . 097 X 1 2 + 3 . 103 X 22 1 . 875 X 1 X2 

- 5 - 1 M i n i mi s i ng Y ,  ga ve a k 122 of  2 9 . 85 x 1 0  s and a n  Ea of 102 
- 1  kJmo 1 . 

Tab l e 7. 1 1  compa res the uns teady sta te k i neti c pa rameters for l ow 
and h i g h  moi s ture content l i ver m i x tures wi th those from s teady s ta te 

hea t i ng of mi xtures of  s i mi l a r  compos i t i on .  

Tah l e  7 . 1 1 :  K i neti c Parameters for Two D i fferent Beef L i ver M i x tures 

Low Moi s ture Conte nt  H i g h  Moi s ture Content 
Method of L i ver L i ver 

Hea t i ng 
( kJmol - 1 ) k 122 ( kJmo 1 - 1 ) k Ea Ea 12? 5 - 1 ( x  10  - 5s - 1 ) ( x  1 0  s ) 

U n steady Sta te 97 7 . 40 10 2 29 . 85 
Steady State 99 6 .  72 101 1 6 . 1 1  ( i nd i v .  Ea ) 
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For the h i gh and l ow mo i s ture content l i ver mi xtures , the 

v a l ues  for the act i v a t i on energy were very s i mi l a r for both steady 

and uns teady s ta te proces s i ng ,  i nd i ca t i ng tha t Ea was rel a t i ve ly  

i nsens i t i v e  to  the method s of hea t i ng .  Th i s  was not the  ca se  for the 

reference ra te c onstant ,  k1 22 . There wa s very l i ttl e d i fference for 
- 5 - 1 the l ow mo i s ture content sampl es , wi th a k1 22 of 6 . 72 x 1 0  s for 

- 5 - 1 steady sta te hea t i ng a nd 7 . 40 x 1 0  s for uns teady s tate hea t i ng . 

I n  the case  of h i gh mo i s ture content m i x tures , k 1 22 for s teady s ta te 

wa s 1 . 85 t i mes  sma l l er i . e .  underpred i c ted a ctua l l osses fou nd i n  

unsteady s tate proces s i ng .  There wa s certa i n l y  a change i n  the k i ne t i c  

pa rameters from s teady state to unsteady s ta te for the h i g h  mo i s ture content 

samp l es .  However,  i t  s hou l d  be noted tha t Tabl e 7 . 1 1 va l ues a re not accura te as  

pure conduc t i on wa s a s s umed . 
I n  conc l u s i on , k i net i c parameters establ i shed us i ng s teady sta te 

procedures mu s t  be ver i f i ed by cann i ng tr i a l s  a s  the parameters may not 

a ppl y on sca l e- up and there cou l d be c hanges i n  the phys i ca l  structure 

of the produc t ,  wh i c h  may l ead to c hanges i n  the mode of hea t tran sfer . 

7 . 5  CONC LUS IONS 

The i nvest i ga ti on of the effec ts of retort  temperature , equ i va l ent  

proces s i ng t i me , F 0 , and mo i sture content on v i tami n A retent i on showed 

that mo i s ture content wa s the mos t s i gn i f i ca n t  factor . V i tam i n  A 

retent i on decreased as  mo i s ture content i ncrea sed i n  va l ue from 56 to 

69% . Th i s  wa s cons i s tent wi th the steady s ta te resu l ts ( Sec ti on 5 a nd 

6 ) .  

The pred i c ted v i tam i n  A retent i ons were h i g h er than the experi menta l ly  
determ i ned v a l ues for the h i gh mo i s ture mi xtures . There wa s muc h  c l oser 

agreement w i th the l ow mo i s ture sampl es , and two runs ou t of  four a c tua l l y 

fel l wi th i n  the est imated uncerta i nty . For the h i gh mo i s ture sampl es , 

i t  wa s postu l a ted that over- pred i c a t i on wa s caused by a change  i n  mode 

of heat transfer , v i tami n A m i grati on  i n  the fa t phase , a nd proba b l y  a 

c hange i n  the k i neti c parameters from steady s ta te to uns teady s tate . 
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I t  wa s observed tha t i n  both the l ow a nd h i gh mo i s tu re content 

sampl es , a phys i c a l  c hange had occu rred in the mater i a l , though  l es s  

pronounced i n  the former . Free l i qu i d  wa s present , wh i ch i nd i ca ted 
tha t the heat transfer wa s a comb i na t i on of c onduct ion a nd convec t i on .  

When the two extreme l i m i ti ng ca ses  were cons i dered separate l y ,  i . e .  

pu re conduct i on or pure convec t i on , i t  wa s found that  the l ow moi s ture 

data l ay w i th i n  the rang e  of pred i c ted retent i on s , bu t the h i g h  mo i s tu re 
content d a ta d i d  not .  Th i s  cou l d  on l y  occur i f  there wa s a def i n i te 

c ha nge i n  k i net i c  pa rameters between s teady state and u n steady state 
for the h i g h  moi s ture ma ter i a l . 

The  nature of the mater i a l  a nd the temperature- t ime graphs  

suggested that conduct i on was the predom i nant heat tran sfer mode and 

pure conduct i on wa s therefore a better mode l  to descri be the hea t 

transfer than  convec t i on .  The conduc ti on mode l  was used i n  determi n i ng 

the uns teady sta te k i net i c  parameters . For the l ow mo i s tu re content 

sampl es , the uns teady s tate parameters were very c l ose i n  va l ue to 

those e s ta b l i s hed u s i ng s teady state procedures for a s im i l a r compos ­

i t i ona l  l i v er m i x ture  ( Secti on 5 ) . The a c t i v at i on energy wa s a l mo st  

i denti ca l , a nd the reference ra te constant es ta b l i s hed from u n steady 

state cond i ti ons wa s o n l y  10% h i gher than the s teady sta te ra te consta n t .  

I n  the ca se  o f  the h i g h  moi s ture c ontent s amp l es ,  the Ea v a l ues  were 

a l so s i m i l a r under both s teady a nd uns teady s ta te heat i n� - 1 0 1  cf 102 kJmo l - 1  

- bu t the reference 

k 122  = 1 6 . 1 1  X 10 - 5 

for u n s teady s ta te .  

transfer mode .  

rate constants  were apprec i a b l e d i fferent :  
- 1  - 5 - 1 s for steady state a nd k 1 22 = 29 . 85  x 1 0  s 

These va l ues a re on ly  approx i mate due to a m i xed hea t 

I f  k i net i c parameters are es tabl i s hed by s teady s ta te methods , i t  

i s  i mportant  to yer i fy these by conducti ng cann i ng tr i a l s .  There may 

be c hanges  on s c a l e- �p i n  the k i ne t i c  parameters , and the phys i ca l  
sta te of  the sys tem may change ,  wh i ch cou l d  l ead to compl ex hea t tra n s fer . 
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8 .  D I SCUSS I ON AND CONCLUS IONS 

Hea t i ng beef l i ver puree i n  the temperature ra nge 1 02 - 1 2 7°C 
caused l os s  of v i tami n A ( mea sured a s  tra n s- reti nol ) .  Th i s  l os s  wa s 

a dequatel y descr i bed by a f i r st  order rea c t i on k i net i c model  a nd i ts 

tempera ture dependence fo l l owed the Arrhen i us expres s i on .  

When on l y  the prox ima te compos i t i on ( fa t ,  protei n and  moi s ture 

c on tents ) of beef l i ver wa s a l tered , a nd the pH a nd copper concentra t i on 

h e l d  con s ta n t ,  the re l a t i ve ra te of react i on changed , bu t the ac t i va t i on 
energy d i d  not .  I nc reas i ng the mo i s ture content from 5 2  to 7 2% cau sed a n  

i ncrea se  i n  the rate of l os s  o f  v i tami n A a t  a ny of the s tud i ed temper­

a tures . As the fat content of the mi x tures i ncrea sed from 10 - 28% , 

v i tami n A l os s  decrea sed . The prote i n conten t had no effect , so i n  
fa t ,  pro tei n ,  mo i s ture con ten t  mi x tures , i t  wa s the percentage fat and 

mo i s ture content s  tha t were s i gn i f i ca nt i n  v i tami n  A l os s .  An i ncrease 

i n  one genera l l y requ i red a decrea se  i n  the other , so e i ther a l one cou l d  

exp l a i n  mos t  of  the observed var i a t i on .  Mo i sture content  wa s the preferred 

var i a b l e  to mode l  the effec t of compo s i t i on as i t  exp l a i ned a grea ter 

proporti on of the vari a t i on .  Los ses i n  na tura l beef l i ver ( fa t  conten t ,  

2 . 4% ,  mo i s ture content ,  69 . 6% )  were h i g her tha n those for beef l i ver 

and  fat  m i x tures wi th a s i mi l a r mo i s ture con tent . For na tura l beef 

l i ver k 1 2 2  = 1 2 5 . 0 x 10- 5 s - 1 • and for a l i ver and fat mi x ture ( fa t . 

1 0 . 0% ,  moi s ture conten t ,  72 . 2% )  k 1 22 = 1 2 . 84 x 1 0- 5 s - 1 The ac t i va t i on 
energ i es d i d  not  va ry grea t l y  between the two sys tems a nd were 1 1 2 a nd 
1 0 1  kJmo l - 1 respect i ve l y .  

The effect  o f  moi s ture and f a t  compos i t i on  o n  v i tami n  A l os s  i s  

i mportan t  and requ i res more deta i l ed s tu dy a t  wi der ranges of  these two 

var i ab l es i n  part i cu l ar between 2 and 1 0% fa t .  I t  cou l d  be a s s umed that 

the v i tami n A ,  a s  a fat sol ub l e v i tami n ,  wou l d  be present ma i n l y  i n  the 

fa t pha s e , but  i f  there i s  a l a rge quant i ty of moi s ture , the fat 
g l obu l es cou l d  be  d i s persed throughout the water phase .  Th i s cou l d  be 

a n  exp l a na t i on of  the greater l os s  of v i tami n A a t  h i gh mo i s ture con ten t .  
Therefore the phys i c a l  s tru c ture of the food may a l so a ffec t the l os s  

o f  v i tami n A on  heat proces s i ng ,  a nd further resea rch cou l d  b e  done on 

d i fferent  types of  d i spers i on of fa t i n  the food ma tr i x .  
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When the effects of copper , pH a nd moi sture content on the l os s  

of  v i tami n  A on  heat process i ng were i nves t i gated , t he  k i net i c  rel a t i on­

s h i ps were d i fferent .  When the copper concentra ti on wa s c ha nged , the 

Ea changed s i g n i f i cant ly  from 1 2 1  to 36 kJmol - 1 . Aga i n  i ncrea s i ng 

mo i s tu re content i ncreased the rate of l os s  of v i tam i n  A but copper 
a l so had an effec t .  The effec t of copper was comp l ex .  When copper wa s 

hel d a t  one l eve l , the act i va t i on energ i es of mi xtures w i th d i fferent 

mo i s ture contents were s im i l ar ,  bu t d i fferent copper c oncentra t i on s  
cau sed c ha nges i n  E . The change i n  ra te o f  l oss  of v i tam i n  A mov i ng a o from proces s i ng temperatures of  102 to 1 2 2  C wa s l es s  i n  ru ns  where 

copper wa s present  a t  h i gh concentrat i ons  than when i t  wa s a t  a l ow 
l rve l . Thi s i nd i ca tes tha t c ha ng i ng copper concentra t i on prohn h l y  

broug h t  abou t c ha nges i n  the mec ha n i sm o f  v i tami n A l os s ,  wh i ch i s  
l i ke l y  l i p i d  med i a ted and meta l c ata lysed . Th i s  i s  because  the a c t i va� 

t i on  energy dropped to a pprox i ma te l y  30% of  prev i ou s l y  determ i ned 
v a l ues . As on l y  two l evel s of copper were i nvesti ga ted , fu rther k i net i c  

s tud i es at  d i fferent l evel s of  copper , moi s ture conte n t  and  fat  content ,  

are needed to  determi ne under wh at  cond i t i ons the  appa rent k i neti c s  change . 

Becau se  v i tami n  A l oss may be a fa t i n i t i a ted mechan i s m ,  i t  cou l d  be 

affected by d i fferent types of  fat depend i ng on the i r  satura ti on and 

l eve l  of perox i des . The exper i ments i n  these s tud i es need to be repeated 

i n  other food sys tems to see wha t effec t fats a nd o ther  food con s t i tuents 

may ha ve on the v i tami n A l os s  on  hea ti ng .  

When s teady s ta te pa rameters were used to pred i c t  v i tam i n  A l osses 
under unsteady s ta te condi t i ons , i t  wa s found that retenti ons  were over­

pred i c ted , espec i a l l y  for h i gh moi s ture content ( 69% ) l i ver m i x tu res . 

Th i s  o verpred i c t i on cou l d  not be expl a i ned by dev i a ti ons  i n  the ac tua l  

hea t transfer from the  condu c t i o n  model  a s sumed , and therefore i nd i ca ted 

tha t a t  the same · compos i ti ons  the k i neti c . pa rameters were d i fferent i n  

u n s teady s ta te and  steady s ta te .  For the l ow mo i s ture content m i x tures , 

steady and uns teady sta te parameters were s i mi l a r .  A l though the Ea 
for the h i g h moi s ture content  sampl es wa s s i mi l a r under both sets  of 

hea ti ng c ond i ti on s ,  the va l ue of the reference rate con s ta n t  wa s 

a ppreci a b l y  d i fferent .  M i nor changes i n  the fat and moi s ture contents 
a nd the phys i ca l  s ta te of the · system a l tered k 1 22 . Th i s  s howed the 

d i ff i c u l ty i n  a pp l y i ng s teady s tate resu l ts to the uns teady s ta te 

cond i t i on s  found i n  hea t process i ng of  can s .  
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Al though i t  i s  s i mp l er to use the s teady s ta te procedure because 
of ease  of f i na l  d a ta ana l ys i s  a nd the sma l l amount  of raw mater i a l  

requ i red , i t  i s  i mperat i ve to va l i da te f i nd i ngs u s i ng the uns teady 

s ta te heat i ng method as  i t  i s  under these cond i t i ons tha t  food i s  

norma l l y  therma l l y processed . The food system mu st  ha ve exac t ly  the 

same form in both the s teady a nd uns teady s tates to use  the k i neti c 

parameters from s teady s ta te data i n  pred i c t i ng the effects of  uns teady 

s ta te heati ng . Th i s  i s  an a rea of food sc i ence wh i ch �equ i res a g reat 

deal  more s tudy because of the i mportance today of not on l y  know i ng 

i f  a food ha s been adequately s ter i l i sed but that i t  i s  s t i l l  prov i d i ng 

the nutr i ents expec ted by the consumer . 
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APPEND IX A . l :  Publ i s hed Paper Summar i s i ng the Fi ndi ngs i n  Secti on 4 

Kinetics of Vitamin A Degradation in 
Beef Liver Pu ree on Heat Processing 

S. A. W I L K I NSON, M .  D.  EAR L E, and A. C.  C L E LAND 

------- ABSTRACT ------­
The effects  of he ating on Vitamin A (measured as t rans-re t inol) 
in beef liver puree were investigated . The liver puree was heated 
in capillary t u ues at five temperatures in the range I 0 3 - 1 27"C, the 
typical canning t e mpera ture range for meat products. I t  was found 
that in this sy stem and over the temperature range studied , 
tht' ob�crvcd ra te of degrada tion followed first ordl!r k inetics. The 
u�t iv a t io n  l! rH.:rgy fo r the tempe rature dependence uf the rate con­
stan t was I 1 2  t 9 kJ/molc. 

I NTRODUCTION 
V IT A M I N  A is  one  of the fat-soluble v i tamins .  A l t hou gh no 
coenzy me role has been demo nstrat ed , it is ne cessary for 
t h e  m a i n t e n a nce f)f proper vision , bone development and 
grow th , e p i t h e l ial  tiss u e ,  and for n:prod ul"l ton . It occurs 
n at u ra l l y  o n l y  in an im als , b eing p resen t in highest com;en­

t ra t i o n s  i n  t h e l iv e r .  Its p recu rsors, th e carotenoid s,  do  how­
ev e r occur m o r<.: w id ely being fou nd in  green and y e l low 
pig1 1 1en tcd p l a n t  food s .  Pc n ningto n ( 1 976 )  l iste d vitamm A 
as o n e  of t h e  seven index nutr ien t�  used in d i e t a ry eva lua­
t iOn . B e cause of t hc nutritional sign ificance of v it a m i n A ,  
i t  i �  i rn port a n t  t o  k r10w the losses OCl:U rring i n  the process­
ing of foods. 

TwrJ re ce n t re vie ws stated that  vitamin A has .good st a­
b il i ty d uring cook i n g  and p rocessing operat ions,  bu t losses 
d o  occur  w h e n  t h r:  foods arc hrat ed in the prese n c� of ox y ­
gen ( l .ang,  1 9 7 0 ;  Barra t t ,  1 9 7 3 ) .  Re t en t i on s of vitamin 

A bet w een 50 and 1 00% were fou n d  for h eat ing o f  vitamin 
e n riched food products such as cereal products ( Bauner­

fe rnd and C o rt , 1 9 7 4 ; 1 1arpc r ,  1 97 8 ) ; pca n u t  b u t t c r (Wi l l ich 
et  al . ,  1 9 5 4 ) ;  and vitamin prcparations ( Ben te rud , 1 \1 7 7 ) .  
Brabing l i v e r  to a n  internal t emperature of 7 7° C resu lted 
in 90- 1 00% re ten t ion ( Kizlaitis  et al. ,  1 964)  w h e reas m inc­
ing and cooking resulted in 8 7% reten t ion ( Hannukainen 
an d N i i nivaara , 1 9 74).  

Widely d i ffer ing retentions for vitamin A in  food proc­
essing have been reported . Negl igib le losses of vitamin A 
were report ed in the pasteurisation ,  sterilization and spray­
d rying of milk ( Ford et al . ,  1 969 ; Th ompson , 1 969),  and 
in the spray-d ry ing of whole egg ; but there was only 67% 
re t e n tion on the sp ray-d ry i ng of egg y olk ( Denton et  a l . ,  
I Y 4 4 ) .  For  can n ing , Labuza ( 1 97 4 )  report ed t h a t  i n  soups 
w n t ain ing m e a t ,  retention was bet ween 8 0-8 5% aft e r ster­
iht:at ion , whereas Hellendoorn et ul. ( 1 9 7 1 )  showed that 

grcat�r losses (0- 1 00%) occu rred on the can n ing of meat 
and vcge t a ble meals.  O u ting the p repa ra t ion and prese rva­
t ion of c a n ned baby food s ,  it was fou n d  t h at of the six 

vi tam ins st  ud1ed , A and C were the most labile during proc· 
essing, and after canning the average vitamin A retention 
wa� 46 ± 8 . 5% ( A uffray e t  al., 1 9 78),  

Obviuusl y , th e differences found in vitamin A reten tion 
were caused by differe n t  processing cond itions, b u t there 
are no d a t a  in the literat u re on the effect of vit amin con­
cen t ra tion and temperature on the rate of thermal destruc-

Authors Wilk inwn end Eerls BfB with th11 Dt1pt. of Food Technol· 

ogy, and A u thor Clt�land is with ths Dspt. of BiottJChnologv, Massev 
Univ. , P<Jimerston North, Now Zt���IBnd. 
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lion of  v i tam in A in food sy stems.  An alysis  by t h e  p rese n t  
au thors of some pu b l ished d a t a  o n  the heating o f  ghee 
( Maqsood et al . ,  1 9 6 3 ) gave a fi rst order reac t ion for v i ta ­
min A degrada tion a t both I 00 and 200° C. The ra te con­
stants were k = I 09 x I o-5 s- 1 ( heat lug g.hcc in  boil iug 
water) and k -= 1 8 70 " I 0- 5  s- 1 ( fry i n g  ghee at  200° C ) .  
Ga rre t ! ( 1 95 6)  d c t..:rrn inc<l au uct iva t ion e n e rgy fo r v i t a m i n 
A in liq uid m u l t iv it a m i n prepara t ions of 6 1  k J / rno l ( 1 4 . b  
k cal/ mo l) . Slater et a l .  ( 1 979 )  measured the shclf-l i l �:  sta­
bil i ty  of  vitamin A in  rnu l t iv i tu tn i n t able t s  n n tl  d !! t c rmined 
th at degradation was pseudo-first o rd e r . Ana lysis by t he 
prese n t  authors of Sl a te r 's data  gave an act i va t ion energy 
of 1 1 8 k J /mo l ( 2 8 . 1 k cal/ mol ) . 

The lack of k in e t ic d ata for food syste m s t h e rcfore jus­

t i fi e d research in to the rate of v it a m in !\. d t:grJd .t t i o n  d u ri ng 
thermal processing. I f  rate da ta  e x iste d for d iffe re nt  food 
systems, · the ex te n t of destruct ion of t h is v i t a m i n  d u ri n g  

com m ..: rcia l heat  p rocessing opera t io n s  cou ld bc p re d i c ted . 
I mportant condit ions to study w e n: t h e refore t h ose l i a ble 
to br.: en coun t ered in the s ter i l iza t ion o f  meat r ruJ u l'l �  in 
the te- mpe ra t u re range 1 03- 1 2 7°C . E x pe r i me n t a l  work to 
d e te rm ine and chaructc rize the k inet ics of v i t a tn tn A (h 'gra ­
d ation at five te mpera t u res in t h is r.lllge was t h e r efore d u m: .  

EXPERIM ENTAL 
Sample preparat ion 

Fresh beef liver (pH = 5 .8 1  1 0 .0 1 ) was � u t  into 1 .0 cm cubl!S 
and pu reed in a Waring Dlendor for ea 90 sec. Puree (0.5g) was 
filled in boro silirate glass vials ( 3  mm in tcmal diameter, I mm thick 
and 1 30 mm long) with a 45 mm hcadspac.c. · 1 he vt. t ls were heat 
sealed under vacuum . 

Tlt.ermal processing system 

The vials were heated at specified tempcraturl!s ( 1 02.9,  1 1 1 .0 ,  
1 1 8.� , 1 22 . 1  and 1 26 . 7"C) in a thmnostat icaUy cont rolled oil 
batb (t 0 . 2° C). Consideration of the heat transfer characteristics 
th rough the glass vial indicted that the temperature cliffcrcnce be· 
tween the center of the liver and the glass-liver interface during the 
initial heating period was ea 2cf C after 3 sec and ea 3°C after 30 
sec. In 1 5  sec, 90% of the desired tempera ture was rcnchod and so 
nearly instantaneous heating and cooling w�s �<\u rnc d .  ror each 
temperature , three vials were removed at  f1vc different times and 
Immediately cooled in a crushed ice/water bat h .  A fter cooling, the 
vials were wuhed and stored in the dark a t - I  �·c until analyzed 
for re tinol content. Control samples, which were not heated were 
treated In a almilar manner to the test ones. 

Determination of total trana·retlnol 

In beer liver puree 

The assay method used was basically that described by l laggett 
( 1 976). This procedure was u dcvc lnpmcnt of method, uscct in the 
Vitamin Assay Laboratories o f  Roche Products Pty Ltd ., Australia . 

The frozen vial was opened and the beef liver puree blown o u t  

under a stream of compressed nir in to a round bot tom Oask .  The 
beef liver puree and glass tubing were saponified with ethanolic 
potassium hydroxide (aldehyde free) for 30 min. After cooling, 
the unsaponiflable mutter wns extracted with pe rox ide free dicthyl 
ether and then with petroleum ether (40-60°C). The extract was 
then washed with ether saturated water and the ether evaporated off 
to give a concentrated ex tract. 

The retinol was separated from the carotenoids and other inter-



fu dn).; suh.• tnm·cN by t l t ln·lay r dtronuttojlrnplty . K lcMCIIlcl (; t Mcrck ) 
th in-laye r pla tes were ��:tivntod at 1 00" C for 2 hr.  The �:oncentratcd 
extrad (ea 1 cmJ) ,  d isso lved in l cm3 spottin!! solvent ( petroleum 
ethcr : absul u tc cthanol : tricthyluminc, 2.0 : 1  : 1 ), WIIS npplied as a 
IJuntl to the p late . The flask wa� wn�hed with I cm3 of spottint: 
solven t  and the wash ings were then loaded onto the plate just below 
t he band. The pla t e  wa� developed in the durk with cyclulwun o :  
e t h y l  ace t ate  ( 3 : 1 )  a n d  t h e  t rans-rct inol band indcnl.ified with U.V.  
li�th l .  Trans·retinol w a s  quantitatively recovered from the separated 
band with chlorofo r m ,  and was wlorimetricaUy measu red according 
to the CuH·I'rice me t holl ut 6 1 0  n111 (Carr and Price, ! 926). 

Trea tment or d ata 

The u t d •·r  of the d••g radation of trans-retinol in beef liver pu ree 
un hear p roce ssing wus e x p lored gruphit:ali)' by plotting different 
fun..:t ions of the concentration against time of heating at constant 
tempera t ure . A plot of logeC0/C ( to normalize data) versus time 
grnerated a straight line, thus indicating first order kinetics for 
degrada t io n  of t rans-retinol during thermal processing. Such a fust 
orde r reaction is defined as: 

log.,(C0/C') = kt 

The rea <" l ion ru tc �on stunt wus dete rmined from the Nlupo of the 
l ine ( call'ula tcd by rejlresslon analysis with all th�: lines forced 
through zero as Instantaneous heating und eoollns was usumcd). 

The a•· t iv u t ion cm'rll)' uttd the froqullncy factor were derived 
from the Arrhenitu equation dcl1ned as; 

k � Ae-Ea; l{'f 
where k = rate constant (s-·1 ) ; A "' frequency factor (s-1 ) ;  Ea. • 
adivatiun energy (J mul- 1 ) ; R " gas constan t (J K ·-1 mol -1 ) ;  
T = ubsulutc temperature ( K ) .  

T o  de tennint tlw act iva tion ener11Y, log.,k waa plotted 111111imt the 
inwrsc nf absolu te temperature and E3 deduced from the slope of 
the· Hue.  T i r e  fto<juctrcy factur wu doto r mlncd frum t i t o  ltttcrcopt 

ol the ubov� plv l .  

H ESU LTS & OISCUSSION 
T i l E  CONU: N T R A TION relationsh i p s  w i t h time are sh ow n 
in l : igun: I .  The re a �: t i o n  rate const a n t s  calculated from t h t�  
resul ts arc shown in Table l .  T h e  h igh correla tlor\ coc ffl­
dents ind r-:ate t h a t  o v e r  the t e m pera t u re range studied t h .:  

k ulct i�.:s of v it a m i n A d egrad a t ion in beef l iver puree were 
.:onsiste n t  w i t h  fmt order k i n e t ks.  Compared with the 
re a.: t ion L·odficients  calculated from the data of Maqsood 
et a l .  ( I  % 3 ) ,  degrad at ion of v i t a m i n  A w as more rapid in  
h <' : t l  ing ghL'C a t  I 00° C th an heat ing h·; c f  l iv" r pu rec at '  
1 00° c. 

To est imate t h e  error in t h e  raw d a t a ,  a probabil i ty p lot 
w as const ructed o f %  rcsit.l uals,  d efined as :  

( Cpre - Cobs )/Cpre 
where Cprt = p red ic te d conce n t r a t io n , and Cub> � o bse rved 
conce n l rd t ao n .  'I he probabil i t y  plot w a� a stra igh t l tnl.! ln­
J a -: . a t t t t� t h u t  n i l  d e v t u l t l l tl l t l l l t t  t h .:  l im· w u s  ru nJo1 1 1 .  The 

d cvia t iom w e re: ati�umcd to be d u e  t o  ex pcriment. a l  u n ce,r.· 
t :1 in t y  only . The maj o r  con t ri b uting factors could be varia­
t aon in com p osit ion of t he liver between each vial and the 
inhe r e n t  e r ror  in  the  assay me t hod . 

The u d iv a t inn cne rt�Y !.lc tc rm incd from t he A r rh e n i u �  

plot f F i)l .  2 )  was 1 1 2 t 9 kJ /mol ( 26 .9 ± 2 . 1  kcal/mol) 
with ()5% co n fide n ce . The adivation energy for vitamin A 
in mul t iv i t a min tablets o f  1 1 8 kJ f m o l ( cah:ulated from the 
d a t a  o f  S l a t e r  t t  a l . ,  1 9 79)  feU within  the 95% con fiden ce 
l imi t s  so t hen: w as n o  sign ificant d i fference be tw een the 
t w o  val u�s.  

D i fl c rc n �:c:� in adiva l ion ene rgies were re ported for 
o t h e r  v a t u m in s  w h e n  hcuted in d i ffe ren t me d ia .  I n  the 

ca�c of t h ia rn m ,  an activat ion energy of 1 2 3 kJ / rnol ( 2 9 .4 
la :al/ mo l J was reported fo r phosphate b u ffe r a !ld 1 1 4 kJ/  
mol ( 2 7 . 3 kcal/mol)  for b e e f  puree ( M ulley et a l . ,  1 97 5 ) .  

T h e  frequency fac t or, A, was foun d t o  b e  8 . 1 3  x 
1 0 1  r s- 1 .  T h e  freq ue n cy fa..:tor is a fft: -: ted by t h e  mo le�:u la r 

stru.:t u re of the  rca�.: t an ts , and ronsequcnlly there a n: con-

1 3 1 . ' 
VI TAMIN A DEGRADA TION ON Nf: A T  PROCESSING . . .  

Hidcruhl� vnrint ions in i t  from sy stc 1 1 a  t o  ,;y s t e rn  due to 
c h an ges in st ructures of t h e  reactan ts. This is e x e m plified 
by com pariso n o f  the present data  with the pharmaceutical 
da ta of Slate r  et 11!. ( 1 979). For vi tamin A in beef liver 
purl!l!, A had tho vttluu 8. 1 3  1e J Q I I a- 1  whilst for lhll multi· 
vi tamin tablets, A was 4.98 x J 0 1 1 s- 1 . This d i fference 
l'Ould be d ue to several fal:t.ors such as d i fferen ce in com po­
nent  com position and other in t rinsk p roperties such as p H .  

-Con tinued on pagtl 40 · 
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T I M E  
Fig. 1 -Degfildation ra tas for vitamin A In beef 1/var puree on heat­
Ing, a·ho wing the notural logarithm of tha concun trotion ratio IJG o 
function of tim1 for VllfiOul tlmpDrfHurtls. 

Tabl11 1 - First ordar raaction rate constonts for trons·ratlnol with 

95'!6 con fklDnct limitl 

Temp 
("CJ  
1 02 .9 
1 1 1 .0 
1 1 8 .3  
1 22. 1 
1 26 . 7  

.,. 
1 
..! 
.M .. 
<.:> 
0 ..... 

•6  

· 7  

• 8  

· 9  

( 1 7 .9 1 0 . 7 )  x 1 0 ·- G 
(38.6 1 1 .3) )( 1 0- 5 

(68.0 i 2.8) )( 1 0 - 5 
(96 . 1 t 2 .6) )( 1 0- 5  

( 1 62 .3 t 1 .7 )  )( 1 0-· ll 

T E M P E R A T U R E  

Correlation 
eo ell icien t 

0.992 
0.!)! ) 3  

0.989 
0.995 
0.999 

Fig. 2-Arrhenius plot for degradation o f  vitamin A in beef liver 
puroa on haating, showing tha natural logarithm of tha first o rdar 

ratl conrtlmt as 1 function of thl inverss o f  nb�oiuca tllmperaturu • 
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VI TAMIN A DEGRA DA T!ON ON HEA T PROCESSING . . .  From page 33 ----------------

The comparison of the experimental results with the 
pharmace u tical d ata of Slater et  al .  ( 1 979)  and the analogy 
of thiamin , ind icate that other factors apart from those 
studied , affect the degradation of vitamin A on heat p roc­
essing. Hence,  further work is planned to quan t i fy the varia­
tion in k i n e t ics as a fu nction of other fadors such as p rod­
u ct composition and p H .  
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APPEND I X  A . 2 :  Computer L i s ti ng for Tempera ture-T ime Profi l e  and 

E xtent of Reac ti on i n  G l a ss V i a l  Program 
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APPEND IX  A . 3 : Concentrat i o n  of  Trans - Reti nol i n  Na tura l Beef L i ver 

Puree Before a nd After Therma l Proces s i ng 

Tab l e  A . 1 :  Concentra t i on of  Trans - Reti no l  After Heat i ng for V ar i o u s  T i mes 

Temperature ( °C )  T ime ( m i n )  Tran s - Ret i no l  Concen tra ti on - 1  ( J l99 ) 
0 181 , 1 7 7 , 1 70 

1 5  1 52 ,  1 4 7  
3 0  1 1 0 ,  1 1 8 ,  1 1 8 ,  1 24 ,  1 1 7  

102 . 9  60 94 , 98 , 96 

90 7 1 , 78 , 66 , 65 , 73 , 76 

1 20 44 , 43 , 46 , 5 1 , 48 

0 60 , 7 2 ,  74 

1 5  46 , 5 2 ,  52 

1 1 1 . 0  30 38 , 33  
4 5  22 , 29 , 25 ' 25  

60  1 9 , 1 6  
7 5  1 1 ,  1 4 , 1 1 ,  1 3  

0 58 , 5 7 , 50 , 48 , 49 , 44 

1 5  29 , 3 1 , 25 , 29 

1 18 . 3  2 5  2 3 ,  2 3 , 2 2 ,  20 

35 1 1 , 9 ,  1 1 ,  1 1 , 1 3 ,  13  
45  8 ,  9 ,  9 ,  9 
5 5  4 ,  5 '  6 

0 3 1 9 , 3 1 8 ,  320 , 321 
10 168 , 1 7 1 ,  180 

1 22 . 1 1 8  1 1 1 ,  1 05 , 1 09 

2 4  96 , 89 , 95 ' 70 '  74 , 7 5  
32  56 , 5 7  

40 29 , 2 9  

0 273 , 263 , 270 , 277  t 274  

10  1 08 '  1 1 0 '  1 1 1 , 106 ' 105 , 1 1 0 ,  1 1 1  

1 26 . 7  16  6 1 ' 60 , 63 , 53 , 54 ' 5 7  
22  29 , 3 1 , 3 1 , 3 1  
28 1 8 ,  1 8  

34 1 0 , 1 0 ,  10  
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NOTE : There were d i fferences  i n  the i n i ti a l  tra n s- reti no l concentra t i ons . 

These were due to a l oss  i n  eff i cacy of  the Carr- Pri ce  reagent 
over t i me .  I t  wa s es tabl i s hed tha t v i tam i n  A l oss  fo l l owed f i r s t  

order k i neti c s  a nd so the rea c ti on wa s i ndependent of  i n i t i a l  
concentrat i o n .  Because o f  the l ength o f  t ime needed t o  obta i n  
the d ata i t  wa s dec i ded no t to repea t the experi ment .  
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APPEND I X  B . 1 :  Concentra t i on of Tra n s - Re t i nol  i n  Beef L i ver  M i x tu res  

Before a nd After Therma l  Proces s i ng (Mi xture Des ign) 

Tab l e  B . 1 :  Concentra t i on of Tra n s - Re t i no l A f ter Hea t i ng for V a r i o u s  

T i mes a t  1 02 . 1
°

C 

Vertex T i me (m i n ) 1rans - Reti no l  Concentra ti on - 1  ( 1J99 ) 

0 282 
lOO 240 

1 200 221  

300 2 1 0 , 209 

400 19 1  

0 2 18  

100  207 

2 200 1 86 

300 1 76 

400 1 70 

0 2 6 5  

60  2 40 
3 200 1 90 

300 1 6 9  

400 1 4 5  

0 2 37 

4 1 00 2 29 

300 209 

400 1 98 

0 2 76 
80 264 

Centro i d 
lOO . 2 53 
300 2 2 3 . 2 30 

0 2 7 2  

Centra i d  200 239 
300 229 
400 2 19 
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Tab l e 8 . 2 :  Concentra t i on of  Trans - Reti no l After Heati ng for Var i ous 
Ti mes  a t  1 12 . 0°C 

Vertex T i me (mi n )  Trans - Ret i no l  Concentra t i on - 1 ( �gg ) 

0 29 1 ,  282 

70 237 

1 140 189 
2 10  1 55  

280 142 

0 249 

70 22 5 

2 140 198 

2 10 196 
280 166 

0 26 5 ,  265 
70 199 

3 1 40 148 

210  122  

280 98 

0 227 , 233 , 222  

70 223  
4 140 199 , 203 

2 10 205 

280 1 76 

0 299 

70 260 
Centro i d  2 10 190 

280 1 70 

0 290 , 276 

70 259 
Cen tro i d  140 22 1  

210  196 

280 164 
--- -- � - -- -
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Ta bl e B . 3 : Conce n t ra t i on of Tra n s - Ret i n o l  After Heati ng for V a r i o u s  

T imes  at  1 22 . o0c 

Vertex T i me (mi n ) 

0 

45 

1 90 

135  

180 

0 

2 90 

135  

180 

0 

45  

3 90 

135  

180 

0 

45 
4 90 

1 3 5  

180 

0 

45 
Centro i d  1 3 5  

180 

0 

45 

Centro i d  90 

1 3 5  

180 

Tra ns - Reti no l  Concentra ti on - 1  ( f-199 ) 

285 

209 

1 5 7  

1 14 

103 

24 7 ,  249 

1 9 1  

1 59 

1 2 7  

253  
164 

1 2 5  

96 

62 

241  

209 

201  

1 77 , 167  

138  

332  

261  

155  
1 24 

282 

2 1 7  

1 7 7  

1 58 

135  

·-

· - . -- - - - - -
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APPEND I X  C . 1 :  Concentra t i on of  Trans - Ret i no l  i n  Beef L i ver M i x tures 

Before and After Therma l Process i ng (23 Fac tor i a l  Des ign) 
Ta b l e  C . l :  Concentra t i on of Trans - Reti no l  After Heat i ng for Var i ous  

T i mes at  102°c · 

Des i gn Poi nta T ime ( mi  n ) Trans - Ret i nol Con centra ti  on ( - 1 �gg  ) 
0 1 79 , 1 92 

1 1 10 1 74 

220 1 6 1  

330 1 52 ,  146 

0 2 1 7 , 2 18 

a 1 1 0  204 

220 185  

330 1 6 7  

0 23 1 ,  236 

b 1 10 2 2 1  

220 2 1 4  

330 1 95  

0 2 1 3 , 2 1 1  

a b  1 1 0 1 98 

220 1 82 

330 1 7 1  

0 267 , 270 

c 1 1 0  2 1 7  

220 1 9 1  

330 1 5 5  

0 256 , 243  

ac  1 10 209 . 205 

220 1 49 

3 30 1 1 4  

0 258 , 254 

be 1 10 220 

220 1 7 7  

330 1 56 

0 259 , 252 

a be 1 10 2 1 5  

220 1 86 

330 1 58 

a Cod i ng :  a = copper concentrat i on , b = pH , c = moi s ture c ontent 
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Ta b l e C . 2 :  Concentra t i on of Trans - Reti no l  A fter Heati ng for Va ri ou s  

Ti mes a t  122°C 

Des i gn Po i nta T i me ( mi n )  Trans- Ret i no l  Concentrat i on ( - 1 ]Jgg ) 

0 162 . 160 
50 139 

1 100 1 23  
1 50 107 

0 172 , 172  

a 50 162  

100 1 54 
150 140 , 141  

0 201 , 202 

b 50 167 . 167 
100 1 51 
1 50 1 40 

0 179 , 170 

ab 50 167  

100 1 5 1  

1 50 1 4 1  

0 259 . 268 

c 40 160 

80 106 
1 20 73  

0 252 , 249 

ac 40 166 

80 1 1 9 ,  1 18 
1 20 82 

0 220 , 239 

be 40 1 50 

80 94 
1 20 65 

0 180 , 1 7 1  

a be 40 1 47 

80 1 2 1  

1 20 93 

a Codi ng : a = copper concentra ti on , b = pH , c = mo i s ture content 
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