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ABSTRACT 

The quantitat ive approach to she l f  l i fe predi ct i on of  foods 

i s  a r e l at i v e l y  new f i e l d  o f  f o o d  t e chn o l ogy and the 

paucity o f  pub l i shed studies in thi s area indicates a need 

for further research . The present study was undertaken to 

deve l op and eva l u a t e  a methodo l o g y  f o r  the she l f  l i fe 

predi ct i on o f  p ackaged dried f o o d s  u s i n g  a quant i t at ive 

approach . 

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

p r e d i ct i o n  o f  packaged dr ied foods , spe c i fical l y  onion 

f l ake s ,  s l i ced  green beans , and apr i cot halves , invo lved 

t h e m a t h e m a t i c a l  m o d e l l i n g  o f  p r o du c t  a n d  p a c k a g e 

charact e r i st i cs as  funct i ons o f  env i r onment a l  condit ions , 

i . e .  temperature and humidity . 

The WVTR and permeab i l ity constants  o f  LDPE ( 6 0 �m) , PET 

( 1 2 �m) and a l aminate o f  both fi lms ( 3 0  � LDPE and 1 2  � 
P E T )  w e r e  d e t e rm i n e d  at  d i f f e r e n t  t e mp e r a t u r e s  a n d  

humidi t i e s . A general mode l was developed whi ch 

sat i s factorily  predicted permeances o f  the three fi lms as a 

funct i on o f  external rel at ive humidity and temper ature . 

The moi sture sorpt ion i sotherms o f  the three p roduct s were 

determined at 2 0 ,  3 0 ,  and 4 0oC .  The GAB mode l adequately 

des c ribed the i sotherms us ing a direct non l inear regression 

analysi s . 

The k inet i c s  o f  the dete r i o r at ive react i on s  l imiting the 

she l f  l i fe o f  the three  dried products and their acceptable 

l imit s  were determined . Storage trial s were conducted on 

the three products  under di fferent re l at ive humidity ( 3 2%  

to  5 9% RH for  dried onion  f l ake s and green beans ; 5 9% to 
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8 1% RH fo r dri ed apri cot ) and temperature ( 2 0 0C t o  4 0 oC )  

conditions . 

Nonenzymic browni ng in onion flakes and chl orophyll  a loss  

in  g r e e n  b e a n s  w e re  b e t t e r  de s c r ib e d  b y  a z e r o - orde r  

r e ac t i o n  mode l . Thi o l sulph i n a t e  l o s s  i n  o n i on f l ake s ,  

nonenzymic browning in apricot , and S02 loss  in both green 

beans and apr i cot s were better  described by a first-order 

re act i o n  m o de l . F o r  oni on f l ake s and green  b e an s , the 

rates of reactions were found to  increase with an increase 

in the wate r  act ivity of the products . Empirical equat ions 

were der ived des cribing the relationship between the rates 

of react i on s  and water  act ivity . The Arrhenius  equat ion 

s at i s fa ct o r i l y  de s c r ibed t h e  r e l at ion ship between rate 

constant s and temperature . 

N o ne n z ym i c  b r own i ng and s u l phur d i o x ide lo s s  i n  d r i e d  

apricots exhibited a trend wherein the rate increased with 

wat e r  a c t i v i t y  unt i l  a m a x imum w a s  r e a ch e d  a n d  t h e n  

decre a s e d  with a further increase i n  water act ivity . The 

r e a ct i on s  f o l l owed the Ar rhen i u s  e qu at i o n  at  a l l  three 

wate r  act ivity levels . 

Mathemat i c a l  models o f  qual ity deteriorat ion in the dried 

foods we re devel oped based on the theoret ical and empirical 

e qu a t i on s  obt a i ned on t he kinet i c s  o f  t he det e r i o rat ive 

react ions as  funct ions o f  storage time , water  act ivity and 

t empe rature . There was c l o se agreement between the actual 

and  p r e di ct e d  she l f  l ive s of the unpackaged dried foods 

s t o re d  under v a r i ab l e  t e mperature and r e l a t ive humidity 

condit i ons . 

I n  o rder t o  predi ct the she l f  l i fe o f  the dried product s 

packaged in polymeric f i lms , a computer iterat ive technique 

·w a s deve l oped whi ch comb ined the mode l s  de s c r ibing the 

p ermeabi l it y  charact e r i st i cs of the packaging f i lms , the 

s o rp t i o n p r op e r t i e s  o f  t h e  p r o du c t , t h e  k i n e t i c s  o f  
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de t e r i o r at i o n i n  t he p r o du c t s a n d  t h e  m a s s  t r an s p o rt 

equat ion . By s olving these equat ions numerica l l y  with the 

aid o f  a compute r ,  mo i sture gain , qual i t y  l o s s  and she l f  

l i fe o f  t h e  product s were sat i s factor i ly p redi cted under 

various storage condit ions . 
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CHAP TER 1 

INTRODUCTION 
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T he t e rm ' she l f  l i fe ' i s  genera l l y  unde r s t o o d  to  be the 

durat ion o f  that period,  between the packaging o f  a product 

and i t s  consumpt i on ,  f o r  whi ch the quality o f  the product 

remains acceptable to the product user . The predict i on of  

t he she l f  l i fe o f  packaged foods i s  o f  obvious importance 

to the food industry . She l f  l i fe studies are an es sent ial 

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

attempt ing t o  provide the l ongest , pract icabl e  she l f  l i fe 

c on s i stent with c o s t s  and the pattern o f  handl ing and use 

by di stributors , ret a i l ers and consumers . 

T radit i onally ,  most foo d  companies who determine the she l f  

l i fe o f  packaged foods do s o  by conduct ing actual storage 

t e s t s  whi ch are spe c i f i c  t o  a product /package combinat ion 

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

condit i o n s  unt i l  t hey become unacceptable . I n  cont rast , 

s ome compani e s  s imp l y  determine the shel f l i fe by making 

judicious guesses based on experience . 

However ,  over the past decade there has been an increas ing 

interest in quant itat i ve approaches to the ana l y s i s  of food 

qua l it y  deterioration during proce s s ing and storage which 

has been mot ivated in part by a growing consumer awarenes s ,  

and i n  part by mandato ry governmental requirement s i n  many 

countries . Devel opments have also been made in acce lerated 

t e st ing methods , which s igni ficant ly decrease testing t ime . 

The ana lyt ical approach t o  food qual ity dete r iorat ion and 

she l f  l i fe predict ion allows a wider scope o f  invest igation 

which may l e ad t o  a l t e rnat ive p r o c e s s e s  and p a c k a g i n g  

mater ial s ,  di ffe rent storage condit ion s ,  or  more e f ficient 

o p e r a t i o n s , t h u s  m i n i m i s i n g u n de s i r ab l e  c h a n ge s a n d  

opt imi s ing quality retent ion i n  the foods . 
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Despite  thi s interest  in quant itat ive approaches , the use 

of analyt ical methods in she l f  l i fe predict i on in the food 

i n du s t ry i s  not w i de spread,  due in p a r t  t o  the l a ck o f  

bas i c  data on the e ffect o f  extrinsic  factors on the rates 

o f  det e r i o r at ive r e a ct i on s , in part to ignorance of the 

methodo l ogy requ i red ,  and in part to a healthy scept icism 

o f  the advant ages t o  be gained from u s ing s ophi sti cated 

she l f  l i fe predict ion procedures .  

The app l i ca t i on o f  quant i t at ive app r o a che s to  the she l f  

l i fe determinat ion o f  foods packaged i n  polymeric fi lms i s  

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

di ffe rent temperature s and humidit ies on film 

p e r m e ab i l i t i e s  i s  o ft e n  u n ava i l ab l e . Even if it i s ,  

a c co unt i ng f o r  the s e  e f f e ct s  comp l i c at e s  the s it u at i on 

further . At pre sent , food companies choose their packaging 

materials  largel y  on a trial  and error method which usua l l y  

r e s u l t s  i n  ove rprotect i on and thus hi ghe r than nece s s ary 

packaging cost s . 

The bas ic approach t o  she l f  l i fe predict ion i s  based on the 

fo l l owing five as sumpt ions ( Karel , 197 5 a ) : 

F i r s t , p r opert i e s  o f  t h e  food wh i ch det e rm i ne qu a l it y  

d e p e n d  o n  t h e i n i t i a l  c o n d i t i o n o f  t h e  f o o d  a n d  o� 

react i ons whi ch change the se propert ies with t ime . These 

react i ons , in turn , depend on the internal environment o f  

the package . It  i s  as sumed that det eriorat ive mechani sms 

l imit ing she l f  l i fe and the i r  dependence on environmental 

p a r amet e r s  ( i . e .  wat e r  activit y ,  t emperature  and oxygen 

pres sure ) can be de scribed by a mathematica l , although n ot 

neces sari ly  ana lyt i cal , funct ion . 

Second,  the maximum acceptable dete r i orat i on level ,  can be 

determined by corre lat ing ob ject ive tests o f  deteridrat i on 

with organolept i c  or  toxicological parameters . 
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Third,  the internal  envi ronment depends on the condit ions 

o f  the food,  on  package propert i e s , and on the external 

envi ronment . It  i s  assumed that changes in environmental 

parameters can be re lated to food and package propert ies . 

Fourt h ,  barrier  propert i e s  o f  the package can in turn be 

related to internal and external environment s .  

F i fth , the va r i ou s  equat ions  can be combined and so lved 

w i t h  o r  w i t h o u t  t he a i d  o f  a c o mpu t e r . T h e  s o lut i o n  

p r e di ct s  she l f l i fe o r  requ i re d  pack age p r op e rt i e s  f o r  

given storage condit ions . 

During the past several years , studies  have been conduct ed 

to deve l op techn i ques to predict the she l f  l i fe o f  foods , 

and reviews o f  t h i s  sub ject have been publi shed by Labuza  

( 1 97 3 ) , Karel ( 1 9 7 S a )  and Saguy and Karel ( 1 9 8 7 ) . 

Mi z r ahi  et a l e ( 1 9 7 0 )  deve l oped mathemat i c a l  mode l s  for 

predicting the she l f  l i fe of  dehydrated cabbage in flexible 

p o u c h e s , de t e r i o r a t i n g  by n o n e n z y m i c  b r own i n g . An 

i t e r at ion t e chn i que fo r the predi ct i on o f  the b rowning ,  

u s i n g  a c o mp u t e r  and  a me t h o d  f o r  e s t i m a t i o n o f  t he 

var i ance of  the predicted values , was devi sed . They a l s o  

studied the fea s ibility of  accel erated tests f o r  obtaining 

the kinet ic data needed to fo rmu l ate the mode l . Simon et 

al e ( 1 97 1 )  used numerical techniques for predict ion o f  the 

stor age s t ab i l it y  of space food it ems as a funct i o n  o f  

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

det e r i orat i on mechan i sm . The predictions were con s i dered 

s u f f i cient l y  accurate to be of pract ical value in package 

des i gn . Both o f  the above ment ioned studies  were conducted 

us ing a single temperature condit i on and the study o f  S imon 

.et  a l . ( ib i d . )  u s ed a constan t  l ow hum i d i t y  condit i on . 

Henc e ,  the variability o f  the react ions and the 

p e r m e ab i l i t y  o f  the p a c k a g i n g  m a t e r i a l s at d i f fe r ent 
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tempe rature and humidity conditions  was not con s i dered in 

these  studies . 

Quast et al . ( 1 97 2 )  and Quast and Karel ( 1 972 ) invest igated 

the storage behavior of potato chips undergoing 

det e r i o r at i on by two s imu ltan e o u s  me chan i sms : l o s s  o f  

c r i s p n e s s  du e t o  m o i s t u r e  a d s o r p t i o n  a n d  o x i d a t i ve 

rancidity due t o  oxygen adsorpt ion . The approach to  mode l

bui lding included a theoretical con s ideration o f  react ion 

k in e t i c s , a s  we l l  a s  emp i r i c a l  data f i t t i n g . The wo rk  

resulted  in the formu l at i on o f  funct i on s , whi ch with the 

aid o f  a compute r ,  made it pos s ible  to s imul ate  the she l f  

l i fe o f  pot ato chips under various conditions . An actual 

inve st igat ion o f  the packaging aspect was not included in 

the study . 

Studies  on the predict ion of nutrient stabi l ity was carried 

out  b y  Wann i ng e r  ( 1 9 7 2 ) , who p o s t u l at ed a mat hemat i ca l  

mode l for the rate o f  as corbic a c i d  degradat ion  b a s e d  on 

the chemistry o f  ascorbic acid . This theoretica l  mode l was 

ve r i fied and i t s  app l icabi l ity tested only on unpackaged 

f l our and flour-based foods . S ingh et al . ( 1 9 8 3 )  studied 

t h e  s t o rage  s t abi l i t y  o f  int e rmedi a t e  m o i s t u r e  app l e s  

( IMA) . B a s e d  on kinet i c  dat a ,  mathemat i ca l  mode l s  were 

deve l oped to  predict nonenzymic browning and ascorbic acid 

l o s s  in lMA as  a funct ion of  temperature and aw . The model 

w a s  f o u n d  a de qu a t e  i n  de s c r i b i n g  t h e de t e r i o r a t i ve 

react ions in unpackaged lMA. 

R i eme r and K a r e l  ( 1 9 7 8 )  inve s t i ga t e d  the mathemat i c a l  

mode l l ing o f  as corb i c  acid retent ion i n  dehydrated t omat o 

j u i ce as a function q f  time , temperature and wate r  act ivity 

u s ing theoret ical , empirical and stat i st ical 

cons iderat i on s . Thi s method was comb ined with equat i ons 

d e s c r ib ing the t rans p o rt of wate r  t o  the food ut i l i z ing 

experiment a l ly obt ained mas s  t r an sport parameters  for the 

p a c k ages  and  s o rpt i on characte r i s t i c s  o f  the f oo d . B y  
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s o l v i ng the s e  e qu at i on s  nume r i c a l l y  w i t h  t he a i d  o f  a 

compute r ,  ascorbic acid retention was simulated for various 

condit i o n s . A p a ck ag i ng perme ab i l i t y  equat i on w a s  not 

i n c l u d e d  i n  t h e c o mput e r  i t e r a t i o n p r o c e du r e  ( i . e .  

permeabi l it y  o f  the p ackaging mat e ri al wa s a s sumed t o  be 

constant ) . Despite this  s impli fying assumpt i o n ,  there was 

reasonable agreement between experimentally  observed l o s ses 

o f  a s c o rb i c a c i d  a n d  tho s e  p r e d i ct e d  by the c ompu t e r  

s imulation program . 

Cardosa  and Labu z a  ( 1 98 3 )  developed a mathemat ical mode l to 

p re d i ct mo i s tu r e  ga i n  and l o s s  fo r p ackaged p a s t a  unde r 

cont r o l led  u n st e ady- state  condi t i ons o f  t empe rature  and 

humidit y . A c omput e r  iterat ive t e chn i que combin ing the 

s o rpt i on p r opert i e s  o f  the produ ct and the permeab i l ity 

c h a r a c t e r i s t i c s  o f  the p a c k a g e s wa s deve l op e d . G o o d  

predict i on s  were obtained . 

Al l o f  the above studie s involved determinat ion o f  kinet ic 

mode l s  f o r the det e r i o r at ive r e act i o n s  a n d  s ub s e qu e nt 

s imulat i on o f  storage behavior . In  contrast , a method was 

d e v e l o p e d  b y  M i z r a h i  a n d  K a r e l  ( 1 9 7 7  a , b ) f o r  t h e 

predi ct i on o f  she l f  l i fe o f  mo i sture sen s it ive product s 

that does not require prior knowledge o f  the kinet ic mode l 

o f  e f fect s o f  moi sture on the rate o f  deteriorat i on . The 

method can be appl ied to dried food products when the index 

o f  det e r i o r at i on i s  dependent o n l y  on mo i s ture  content , 

whi ch changes cont inuously  during storage . 

The re s u l t s  o f  the di f ferent studi e s  revi ewed above show 

the great potent i a l  for the quant itat ive approach to  she l f  

l i fe p r e d i ct i on .  The pre sent ava i l abi l it y  o f  nume r i ca l  

me thods a n d  powe r fu l  comput e r s  h a s  made s i mu l at i on and 

predi ct i o n  e a s ier to conduct . The l imit ing fact or to  its 

deve l opment is the ava i l ab i l i t y  o f  approp r i at e  mode l s  

de s cribing qu a l i t y  dete r i o r at i on in foods , and p ackaging 

barrier properties . 
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Although numerous studi es  have been conducted to  determine 

the k inet i c s  o f  dete r i o rat ive re act i o n s  in various food 

p r o duct s ,  the r e  i s  a l ack of k inet i c  mode l s  o f  gen e r a l  

applicabi l ity t o  a range o f  foods . There i s  a l s o  a paucity 

o f  pub l i shed s t u d i e s  o n  the deve l opment of mathemat ical  

m o de l s  r e l a t i n g  the  p e rme ab i l i t y  c h a r a ct e r i s t i c s o f  

packaging fi lms t o  environmental factors . 

Mo s t  o f  t he p ub l i s h e d  s t u d i e s  d i s c u s s ed above o n  the 

qu a n t i t at i ve app r o a ch t o  s he l f  l i f e p r e d i ct i o n  w e r e  

c o nd u c t e d  o n  u np a c k a g e d  d r i e d f o o d s . E x c l u d i n g  t h e  

packaging a spect give s an unrealistic  s ituat i on s ince dried 

f o o d s  a r e  a l wa y s  p a c k age d in s ome f o rm ,  c ommo n l y  i n  

f l e x ible f i lm mate r i a l s . D i s regarding the e f fect o f  the 

p a c k aging mat e r i a l  on the s y st e m  may lead  t o  e r r o n e o u s  

she l f  l i fe e st imate s  and packaging requi rement s .  

T hu s ,  t he r e  i s  g r e a t  n e e d  f o r  f u r t he r  r e s e a r c h  i n t o  

quant it at ive approache s to  she l f l i fe predict i on o f  food 

-product s ,  p a rt i cu l arly tho se approaches that cons ider the 

t o t a l  p r o du ct / p a c k age / e nv i r o nme n t  s y s t em . T h i s  i s  a 

r e l at ive l y  new f i e l d  o f  food t e chnology and the potential  

of  predi ct ion model l ing and acce lerated she l f  l i fe test ing 

methods has yet to  be ful ly exp loited . 

W i t h  t h e  above f a ct o r s  i n  v i ew ,  the p r e s ent  s t udy was 

conducted with the fol lowing general object ives : 

a .  T o  d e v e l o p m a t hem a t i c a l  mo de l s  o f  d e t e r i o r a t i ve 

react ions  o f  general app l i cabi lity to  dri ed food products . 

b .  T o  deve l op mode l s  des cr ib ing the re l at i onship between 

the permeabi l it y  o f  cert a i n  packaging fi lms as a function 

·o f  env i ronmenta l  factors such as temperature and humidity . 
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c .  To  deve l op and c r i t i c a l l y  a s s e s s  a t echnique for  the 

she l f  l i fe prediction o f  packaged dri ed foods . 

I n  order t o  meet the above object ive s ,  t hree major dr ied 

product s of economic importance in New Zealand were used in 

the study . They were dried on i o n  f l ake s ,  s l i ced  green 

beans , and apricot halves . 
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CHAPTER 2 

MOI S TURE SORPTION I SOTHERMS 

2.1 INTRODUCT ION 

Mo i sture sorpt ion i sotherms have an important role  t o  play 

in  the predict ion o f  the she l f  l i fe o f  dried foods because 

o f  th e i r  s e n s i t i v i t y  t o  mo i s t u r e  ch ange s . S o rp t i o n 

i sotherms are a l s o  necessary in the prediction o f  moi sture 

t rans fer into foods through permeable films . Thi s chapter 

i s  c o n c e r n e d  w i t h  the det e r m i n at i on o f  wat e r  s o rpt i o n 

i s otherms  fo r d r i ed f o o d s  ( spe c i f i c a l l y  o n i on f l a ke s ,  

s l iced green beans , and apricot halve s )  and the fitting of  

mathemat ical  mode l s  to the i sotherm data . 

M o s t  o f  t he s o rpt i on dat a f o r  f o ods pub l i s h e d  i n  the 

l i t e r a t u r e  h a s been obt a i n e d  a t  o n l y  one t emp e r ature , 

typical ly the normal storage condit ion . However ,  sorpt ion 

d a t a o v e r  a w i de t emp e r a t u r e r a nge are e s s e nt i a l  for  

mode l l i ng st o rage stabi l ity o f  dri ed foods , � ince storage 

temperatures generally vary quite widely . 

An analyt ical express ion for the i sotherm i s  a l s o  required 

to predict the she l f  l i fe of a dri ed product in a packaging 

material  of known permeabil ity . 

This study was conducted with the following obj ect ives : 

a .  t o  determine the sorption i sotherms of  dried apr i cot , 

green bean s , and onion at di fferent temperatures 

b .  to determine the app l i cabil ity o f  a suitable  model to 

de scribe the sorpti on i s otherms o f  the three products at 

di f ferent temperatures . .  
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2.2 L I TERATURE REVIEW 

The water sorpt i on isotherm o f  foods shows the equ i l ibrium 

relat i onship between the moisture content of  foods and the 

water act ivity ( aw ) at constant temperatures and pres sures 

( L abu z a ,  1 9 6 8 ) . At equ i l ibr i um ,  t he wat e r  act i v i t y  i s  

re l at e d  t o  the rel at ive humidity ( RH )  o f  the surrounding 

atmosphere by : 

a = w 

where : 

p %� 
= 

Po 1 0 0  

( 2 - 1 )  

p = the water vapour pres sure exerted by the food 

material 

Po the water vapour pres sure o f  pure water at 

t emperature To ' the equilibrium temperature o f  the 

system 

Water sorption i sotherms are u sua l l y  presented as a plot of  

the amount of  water sorbed as  a funct ion of  water act ivity , 

g i v i n g  r i s e i n  mo st  ( but n ot a l l )  ca s e s  t o  c u rv e s  o f  

sigmoid  shape (Figure 2 . 1 ) . 

The s o rp t i on i s otherm i s  charact e r i s t i c  o f  a s p ec i f ic 

product and a lthough each product ' s s orpt ion  i s otherm i s  

di f f e r e n t , i t  i s  p o s s ib l e  t o  gr oup the i s o t h e rm s  int o  

c l a s s e s  hav i n g  cert a i n  charact e r i s t ics i n  commo n . As  

i l lu s t r a t e d  i n  F i gure 2 . 1 ,  the i s otherm s a r e  d i f ferent 

depending on whether they are e s t ab l i shed by dryi ng from 

the fu l l y s at u r ated s t at e  ( de s o rpt i on i s o t h e r m )  or b y  

wett ing from the ful ly  dri e d  state  ( adsorpt ion i sotherm) . 

Th i s  e f fect i s  ca l l ed the mo i st ure s o rpt i o n  h y s t e re s i s  

.whereby at any given mo i sture content the e qu i l ibrium RH 

corre sponding to the desorpt ion process  i s  a lways l e s s  than 

that o f  the corresponding adsorpt ion proces s  ( Rockl and, 
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The des o rpt ion is otherm i s  important for nea r l y  al l drying 

p r o ce s s e s , whereas the adso rpt ion i s otherm i s  the important 

one in  most cases for studying and predict ing the e f fect o f  

sto r a ge o n  d r i ed pr oduct s. T hu s , i t  i s  t h e  a d s o rpt i on 

process  which i s  o f  parti cu lar interest in thi s  study . The 
' .. 

ads o rpt i on process has been discu s s ed in  det a i� by van den 

B e r g  and B r u i n  ( 1 9 8 1 )  and wi l l  not be di s cu s s e d  further 

here. 

Gal ( 1 9 8 3 )  reported that the sorption i s othe rm i s  j ust one 

cha racte r i st i c  of a food product ,  the other being the so-

ca l led  marking points  a long the i s otherm . 

p o i nt s  are shown in Figure 2 . 1  and are : 

The s e  mar k i ng 

'P i = I n itial point o f  the packaged food ( o r  end-po int o f  

the process ing ) 



Pb = P oint b ( so-cal led monolayer value ) whi ch marks the 

end o f  the first curved part o f  the i s othe rm 

P cr = Crit ical  po int that should not be exceeded during 

storage and distribution 

Pe = Point corresponding to equil ibrium with the 

environmental atmosphere 

1 1  

The sorption i sotherm is only o f  l imited value without the 

knowledge o f  its  crit ical  marking point s . 

2.2.1 Sorpt ion I sotherm Mode l s  

T h e  phy s i c a l  chemi s t r y  o f  s u r f a c e s has p r ov i ded f o o d  

s c i e nt i s t s  w i t h  a l arge number o f  theoret i c a l  i s otherms 

p r o c e eding from di f ferent m o l e c u l a r  mode l s  that can fit 

various experimental  water sorpt ion results . More than 75  

i s otherm equati ons have been reported in the l iterature for 

de scribing water sorption isotherms of biological materials 

over a smal ler or larger range of  aw o r  even over the whole 

i s ot he rm ( Ch i r i fe and I g l e s i a s , 1 9 78;  van den Berg and 

B ru i n ,  1 981 ) . Each o f  the mode l s  p ropo s ed ( emp i r i ca l , 

s em i - emp i r i c a l  o r  t he o ret i ca l )  ha s h ad s ome s ucce s s  in 

repr oducing equi l ibrium mo i sture cont ent dat a of  a g iven 

t ype of food and a given range of wate r  act ivity . 

S om e  o f  t h e s e  m o de l s  we r e  r e v i ewe d by L abu z a  ( 1 9 68) . 

C h i r i f e a n d  I g l e s i a s  ( 1 9 7 8 )  s u mm a r i s e d  2 3  i s o t h e rm 

equat ions and surveyed their origin , range o f  appl icabi l ity 

(both to t ype of food and water act ivit y )  and use in food 

s c i ence . Boquet et a l . ( 1 9 78) and I gles i a s  and Chi r i fe 

( 1 97 5 ,  1 97 6a )  evaluated the usefulne s s  o f  a number o f  two-

p a r ame t e r  i s o t h e rm e qu at i on s  i n  de s c r ib i n g  m o i s t u r e  

s o rption i sotherms o f  di fferent foods . 

F rom these studies it i s  apparent that a number o f  sorpt ion 

i sotherm models  may be used to reasonably fit experiment al 
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dat a f o r  a given p r odu ct . Howeve r ,  a s  n o t e d  by Labu z a  

( 1 9 68) , the usefulne s s  o f  a sorpt ion model wi l l  depend on 

the des i red object ives o f  the user . For instance , for the 

·predict i o n  o f  the she l f  l i fe o f  packaged dried foods , the 

user  i s  interested in an equat i on which fits as  closely as  

p o s s ible the experimenta l  data ,  rather than the correctnes s  

o f  the the ory . The other import ant factor in s e lect ing a 

s o rpt i on mode l i s  the s impl i city ( i . e .  minimum number o f  

parameters ) which improves the usabi l ity o f  the equation . 

BET Equat i on 

Among the multilayer models  for sorpt ion,  the most popu l ar 

t he o ry i s  that de s c r ibed by the Brun auer -Emmet t-T e l l e r  

( BE T )  equat ion whi ch s ince its concept i on i n  1 9 38 has acted 

as the u s e ful compromi s e  between theory and pract i ce . The 

BET equat i on is : 

1 ( C- 1 )  aw 
= --- + ( 2- 2 )  

where : 

w = equilibrium moisture content , % dry bas i s  

Wo the monolayer moi sture content , % dry bas i s  

C the constant related to  the net heat o f  

sorption . 

The equat ion was derived based on the assumpti ons that the 

n u mbe r o f  ads o rb e d  l a y e r s  at s at u r a t i on p re s s u r e  i s  

infinit e ,  and that the propert ies o f  the second and higher 

a d s o rbed l ayers  o f  vapour are the s ame a s  bu l k  l i qu i d . 

The s e  a s sumpt ions a r e  n ot ent ire ly c o rrect and there fore 

result in an equat i on that is  only applicable between 0 . 05 

and 0 . 4 5  aw e However ,  this  gives enough data so that the 

p a r ame t e r s  Wo and C c a n  be c a l c u l a t e d  ( Labu z a, 19 68) . 
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A l t h ough the BET a n a l y s i s  is ba s e d  o n  over - s imp l i f i e d  

a s s umpt i o n s  ( L abu z a ,  i b i d . ) wh i ch a r e  c e rt a i n l y  n o t  

expected to hold for water  sorpt ion i n  foods , the monolayer 

concept is useful  because of its relat ionship with several 

a s p e c t s  o f  the phy s i c a l  and chemi c a l  det e r i o r a t i on i n  

dehydrated foods ( I glesias  and Chi r i fe ,  1 97 6b)  . 

Over 3 0 0  monolayer values corresponding to almost 1 0 0  foods 

and food component s we re reported by Iglesias  and Chiri fe 

( 1 97 6b) . 

B e ca u s e  o f  i t s  l imitat i o n ,  the BE T the o r y  h a s  been the 

s ub j ect o f  modi ficat i on ,  extens i o n ,  or critical  analyses , 

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

ads o rpt ion  h a s  not bee n  inval idated . The s impl e  form in 

whi ch the BET equ at i on is pre sented a l s o  makes  it highly 

att r act ive . Aft e r  cons i de r able work on the theor y ,  H i l l  

( 1 9 4 6 ) formed the opinion that any future improvement o n  it 

m u s t  b e  i n  t h e  f o r m o f  a r e f i n e m e n t  r a t h e r  t h a n  a 

modi ficat ion o f  the b a s i c  theory . Brunauer et al . ( 1 9 6 9 )  

c o n s i de r e d  t he Ande r s o n - Guggenh e i m  e qu at i on t o  be an 

import ant improvement o f  the BET equat ion . 

GAB Equat ion 

A moisture isotherm equat i on that has emerged over the past 

d e cade a s  app l i c ab l e  t o  m o s t  f o o d s  i s  t h e  Guggenhe im

Anderson-deBoer o r  GAB i sotherm equat i on whi ch is norma l l y  

written in the fo l lowing form : 

W = ( 2 - 3 )  



where : 

W = the mo i sture content o f  the material on a dry 

basis  

aw = water act ivity 

1 4  

Wm = water content corresponding t o  s aturat ion o f  all 

primary s ites by one water molecule ( fo rmerly 

called the monolayer in BET theory ) 

where : 

C = the Guggenheim constant 

= Co exp (�H1 /RT ) ( 2 - 4 ) 

k = factor correct ing properties o f  the mult i l ayer 

molecules with respect to the bulk l iquid 

= ko exp (�H2 /RT ) ( 2- 5 )  

T the abs olute temperature ( K )  

R = the gas constant ( 8 . 3 1 Jmol- 1 K- 1 ) 

�H1 = Hm - Hn ( 2 - 6 )  

�H2 H1 - Hn ( 2 - 7 )  

where : 

Hm and Hn = the heat s o f  sorpt ion o f  the monol ayer and 

the multilayer o f  water respect ive l y  

the heat o f  condens at i on o f  water vapour 

at the given temperature ( kJmol- 1 ) 

are adjusted constant s for the temperature 

effect . 

I t  is  a three-parameter equat ion based on the BET sorpt ion 

t he o r y  and deve l op e d  i n depende nt l y  f r o m  p r i n c i p l e s  o f  

stat i st ical mechanics and kinetics . The parameters o f  the 

equat i on have phy s i c a l  s i gni fi cance , Wm being a monolayer 

moisture value and C and k relating to  interact ion energie s 

between water and food, and between the multiple layers o f  

wat e r , respect ive l y. F o r  k= l the equati on reduces to  the 

BET sorpt ion i sotherm equation . 

The GAB equat i on has  been appl ied very s u c ces s fu l l y  t o  a 

l arge number o f  foods in the range o f  0 to  0 . 9  aw ' It has 

been shown that t he GAB equat i on f i t s  food i s othe rms in 
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that range a s  wel l  or better than other equations with four 

or more parameters (van den Berg , 198 5 ) . The GAB equat i on 

can also  describe water act ivity dependence on temperature 

s i n c e  Wm , C ,  k a r e e xpo nent i a l  f u n c t i on s  o f  i n ve r s e  

abso lute temperature ( liT ) (Weisse r , 1985 ) . I t  has become 

t h e  s t andar d  s o rpt i o n  i s otherm e qu at i o n  u s e d  i n  E u r ope 

( COST  90 pro j ect on water act ivity ) and is being 

e s t ab l i s h e d  i n  u. S .  l ab o r at o r i e s ( L a b u z a ,  1 9 8 4 a ) . A 

t abu l at ion o f  GAB i s othe rms for  more than 1 6 0  foods has 

been published by Lomauro et al e ( 1985a ,  b ) . 

2.2.2 Effect o f  Temperature 

O n e  u s e  t o  wh i ch i s o t h e r m s  o b t a i n e d  at t w o  o r  m o r e  

t emperature s c a n  be put i s  t o  predict sorpt i on value s at 

other temperatures . Food isotherms at several temperatures 

u s u a l l y  s h o w  a de c r e a s e  in the amount s o rb e d  w i t h  an 

increase in temperature at constant water act ivity ( Labu z a ,  

1 96 8 ; Igl e s i a s  and Chi r i fe ,  197 6 c ;  Bandyopadhyay et al . ,  

198 0 ) . This means that these foods become l e s s  hygros copic 

w i t h  an i n c r e a s e  in t empe r at u r e. 

thermodynami c relationship : 

�F = �H - T�S 

where : 

�F = the change in free energy 

�H = the change in enthalpy 

�S = the change in entropy 

T abs olute temperature 

F r om t h e  we l l  known 

( 2 - 8  ) 

As �F < 0 ( so rpt i on is  a spont aneous proce s s )  and �S < 0 

. (the sorbed molecule has less  freedom) , then : 

�H < 0 
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a n d  t he r e f o r e f r o m  a the rmo d y n ami c po int o f  v i ew , an  

increase in temperature wi l l  not favour water sorpt i on . 

However ,  it i s  known that some sugars (or  foods containing 

suga r s ) show an oppo s ite  t rend in t he i r  i s otherms ; i . e .  

they become more hygroscopic at higher temperatures because 

of the di s s o l u t i on of sugar in wat e r  (Audu et al . ,  1 9 7 8; 

Bandyopadhyay et a l . ,  1 9 8 0 ) . 

U s u a l l y  s o rpt i on phenomena in f o o d s  obey t he C l au s i u s 

Clapeyron rel at ionship (Iglesias  and Chirife ,  1 97 6c ) . The 

temperature dependence o f  the isotherm may be expres sed as  

Qs 1 

In  aw - + constant ( 2 - 9 )  

R T 

where : 

aw the water act ivity at temperature T (K )  

R = the gas constant ( 8 . 3 1 J mol- 1 K- 1 ) 

Qs the net isosteric heat o f  sorption ( J  mo l - 1 ) 

The net i so st e r i c  heat o f  sorpt ion may be calculated from 

equ at i on 2 - 9  by plott ing In aw ver sus l iT and determining 

the slope whi ch equals  -Qs / R .  

I n  this way it  i s  pos s ible to predict the water act ivity at 

s ome unknown temperature in the range covered by the known 

s o rpt ion i s otherms . Because o f  s ome irreversible changes 

i n  f o o d  m a t e r i a l s s ub j e c t e d  t o  h i g h t e mp e r a t u r e s ,  

predict i on s  should  be  l imit ed t o  temper ature  range s not 

very far from the actual temperat ure , otherwise deviat ions 

may occur ( Bandyopadhyay et al . ,  1 980 ) . 

In some cases  the temperature dependence o f  water s orpt i on 

i s o t he rm s  c a n  be e s t i ma t e d  u s i n g i s o t he rm e q u a t i on s  
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conta ining addit ional const ants characteri stic  o f  the food 

mate r i a l  ( Chen and C l ayton , 1 9 7 1 ; I gl e s i a s  and Chi r i fe ,  

1 97 6d)  . 

2.2.3 Moi sture s o rption i s otherms of dried onion, green 

beans and apricot 

S t u d i e s  have b e e n  co nducted t o  det e rm i ne t he s o rpt i o n  

propert i e s  o f  o n i ons ( Ma z z a  and L e  Mague r ,  1 97 8 ) , green 

beans ( Gane , 1 95 0 ;  Lafuente and Pinaga , 1 9 6 6 )  and apricots 

( McBean and Wal l ace , 1 9 6 7 ;  Hare l et al . ,  1 97 8 ; Abde l haq 

and Labu z a ,  1 98 7 ;  Marou l i s  et al . ,  1 9 8 8 ) . 

I t  w a s  obse rved from t he s e  re su l t s  that di f fe r e n c e s  i n  

temp e r ature a n d  dry ing methods l ed t o  var i at i ons in the 

sorpt ion curves obtained . It should be reali sed that there 

is not a single i sotherm for a given product ; 

pretreatment s ,  maturity ,  variety , and chemical  change s may 

a l l  i n f l u e n c e  t h e  s hape o f  the i s o the rm ( I g l e s i a s  and 

Chi r i fe ,  1 9 8 2 ) . 

I n  the above st udi e s  c onduct ed t o  obt a i n  i s ot h e rms , n o  

a t t empt wa s m a de t o  f i t  t h e  e xpe r iment a l  dat a t o  any  

i s o t h e rm mode l . Howeve r ,  I g l e s i a s  and Chi r i fe ( 1 9 7 5: 

1 9 7 6 a: 1 9 8 2 )  d i d  s t a t i s t i c a l  a n a l y s i s  o n  t h e  f i t t i n g  

abi l it i es o f  vari ous two-parameter equat ions as  appl ied t o  

each e xperime nt a l  i s otherm co l le cted . Thei r  results gave 

the model that best fitted the data for the given aw range 

and temperature . 
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2.3 METHODOLOGY 

2.3.1 Background 

The method o f  Lang et al . ( 1 98 1 )  was u s ed to determine the 

moi sture sorpt i on i s otherms o f  the three food products at 

different temperatures .  The method i s  based on the use o f  

s at u r at e d  s a l t  s o l ut i on s  t o  maint a i n  a f i x e d  re l at ive 

humi di t y ,  and r e l a t ive l y  smal l cont a iners  whi ch p e rmit 

rap i d  equ i l ibrat i on o f  samples  with t he test  atmosphe re� 

This method has a l s o  been used by Chinachot i and Steinberg 

( 1 9 8 6 )  in their i sotherm studies . 

A sample o f  known moi sture content and weight was placed in 

the proximity equ i l ibrat ion cel l (PEC) over s alt solut ions 

that  maint a i n e d  a n  atmo sphere o f  k n own humi di t y . The 

sample  absorbed/ desorbed depending on the atmosphere in the 

PEC and i t s  o r i gi n a l  moi sture cont ent . E qu i l ibrium wa s 

reached relatively  rapidly and the amount o f  water absorbed 

was calculated . An isotherm plot was then made o f  moi sture 

content versus water  act ivity (aw ) ' 

Use o f  thi s technique results in a cons iderable decrease in 

equ i l ibration t ime as compared to  the use of the 

convent ional de s s i cato r  method . Other advantages o f  u s i ng 

the PEC are : 

a .  The materi a l s  needed for making the PEC are readil y  

available ,  cheap and easy t o  as semble . 

b .  A large number of  PECs at di fferent humidities  and 

temperatures can be set-up s imult aneous l y . 

c .  The method has good reliabi l ity for measuring sorpt ion 

i sotherms ( as w i l l  be discussed in Sect i on 2 . 3 . 3 ) . 
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2 . 3 . 2  Materials 

The c e l l  and s amp l e  ho l der can be c o n s t ruct e d  f r om any  

chemi c a l ly inert material . The dimens i ons o f  the ce l l  are 

not crit ical; however , the smaller the volume of a i r  in the 

cel l ,  t he faster equ i l ibrium wi l l  be rea ched . 

F igure 2 . 2 gives the schemat ic diagram o f  the PEC that was 

u s e d  in this study . A high den s it y  polyethylene specimen 

j ar w a s  u s ed f o r  mak ing the ce l l . Cut - out p o l y s t y rene  

yoghurt containers were used as  s amp l e  holders;  they fitted 

snugly ins ide the specimen jar but coul d  easily  be removed 

for we ighing . The sample holder was modi fied by removing a 

38 rom diameter circular sect ion from i t s  bottom . This was 

rep l a ced with Whatman No . 5 4 fi l t e r  p aper  whi ch had been 

formed int o a ' cup ' that fitted the bottom of the s amp l e  

h o l de r . T h e  f i l t e r  p aper  s u pp o r t e d  t h e  s amp l e  whi l e  

a l l owing transmis s i on o f  moisture . 

E 
E 

a 
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M 
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5 9 . 0 0 rom 

� 
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r-- '\ I 
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I 
I S amp le 

Samp l e  Holder 

F i lter Paper 

Chamber 

saturated S a l t  
S o lution 

Fig . 2 . 2 .  Schematic diagram of the 
proximity equil ibration cel l .  
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S aturated Salt Solut ions 

T h e  s t a n d a r d  s a l t s  u s e d  and the c o r r e sp o n d i n g  w at e r  

a c t i v i t i e s  o f  ·t he i r  s at u r a t e d  s o l u t i o n s  a t  d i f fe r ent 

temperatures are given in Table 2 . 1 .  

T able 2 . 1 .  Water activity o f  the s aturated s a lt soluti ons 

at di fferent temperatures 1 . 

S alt 2 0  3 0  4 0  

L ithium Chloride 0 . 1 1 0 . 1 1 0 . 1 1 

P ot a s s ium Acetate 0 . 2 3 0 . 2 2  0 . 1 9 

Magnes ium Chloride 0 . 33 0 . 32 0 . 32 

P ot a s s ium Carbonate 0 . 4 3 0 . 4 3 0 . 4 3 

Magnes ium Nitrate 0 . 5 4 0 . 5 1 0 . 4 8 

Sodium Bromide 0 . 5 9  0 . 5 6 0 . 5 3 

Cobalt Chloride 0 . 6 8 0 . 62 0 . 5 5 

Pot a s s ium Iodide 0 . 7 0 0 . 68 0 . 6 6 

Sodium Chloride 0 . 7 5 0 . 7 5 0 . 7 5 

Ammonium Sul fate 0 . 8 1 0 . 8 1 0 . 8 0 

Pot a s s ium Chloride 0 . 8 5 0 . 8 4 0 . 8 2 

Pot a s s ium Nitrate 0 . 95 0 . 92 0 . 8 9 

1 From Greenspan ( 1 97 7 )  

Re a g e n t  g r a de s a l t s  a n d  d i s t i l l e d  wat e r  w e r e  u s e d  i n  

p r e p a r i n g  t he s a t u r a t e d  s a l t  s l u r r i e s  

recommendat i o n s  o f  Labu z a  ( 1 9 8 4 a )  and the 

(Wo l f et al . ,  1 9 8 5 ) . The s lurry was made 

f o l l o w i n g  t h e  

COS T  9 0  pro j ect 

up t o  the 3 0  rom 

mark  o f  the PEC . The result ing s a l t  solution  sur face to  

vap o u r  vo l ume r at i o  in t he PEC was  0 . 1 9 a s  c omp a r e d  to  

0 . 0 3 35 cm2 per mL for the convent ional des s icator ( Lang et 
. a l . ,  1 9 8 1 ) . 
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2 . 3 . 3  Reliabil ity o f  the Method 

To  det e rmine t h e  re l i ab i l it y  o f  the method i n  t e rms o f  

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

microcrystal line cel lulose (MCC ) was measured acco rding to 

the standard method set by the COST 90  group (Wo l f  et al . ,  

1 9 8 4 ) . The r e s u l t s  obt a ined we re comp ared t o  the me an  

value and precis ion data o f  the collaborative study . These 

result s are given in Appendix 2 . 1 .  

Good agreement i s  s a i d  t o  be obt a ined i f  the di f ference 

betwe e n  the e xperiment a l  mean va lue X and the re ference 

value Xo is equal to or sma l ler than a crit ical  di fference 

Dcr ' In  the COST 90  c o l l aborat ive study , the mean critical 

di fference had the value Dcr = 0 . 4 9 8 at the 95%  probabi l ity 

leve l . The me an moi sture content value s obt a ined in the 

present study at the di ffe rent aw leve l s  fe l l  within the 

r a n g e  X o + D c r ' ind i c at i ng g o o d  a g r e em e n t  w i t h  t he 

recommended sorpt ion i sotherm in the coll aborat ive study . 

T h e  s t a n d a r d  de v i a t i o n s w a s  a l s o  c o mp a r e d  t o  t h e 

repeat ab i l i t y  standard deviat i on s r as  estab l i shed in the 

c o l l aborat ive study . The mean s obt ained i n  the pres ent 

study was equal  to the re ference mean s r of 0 . 0 6 at a 95% 

probab i l ity level . Out of the 9 aw level s used,  only the aw 
= 0 . 4 4 gave an s value b igger than the corre sponding s r .  
Since s was equal t o  o r  sma l l e r  than s r for almost a l l  o f  

t h e  aw leve l s ,  the P E C  method can b e  con s i dered t o  have 

good reliab i l ity for mea suring sorpt ion isotherms , provided 

c a r e  i s  t ak e n  in hand l ing the PECs  and i n  the we ighing 

procedure . 

2 . 3 . 4  Sampl e  P reparat ion 

T h e  dr i e d  o n i o n f l a k e s  a n d  s l i c e d  g r e e n  b e a n s  w e r e  

processed commercially  and suppl ied by Uni l ever (N . Z . )  Ltd,  
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H a s t i n g s . T h e  d r i e d  a p r i c o t  h a l v e s  w e r e  p r o du c e d  

commercially i n  Alexandra ,  N . Z .  b y  C .  and M .  Harrex . 

The i n i t i a l  mo i sture  conten t s  ( wet b a s i s )  o f  t he three 

product s were 5 . 5% for onion flake s ,  6 . 8 % for s l i ced green 

b e a n s  and 1 8 . 7 % for  ap ri cot . The p roduct s were further 

dr i e d  by e xp o s ure t o  anhydrous C a S 0 4 i n  a de s s i c at o r . 

T h i s  w a s  t o  e n s u r e  t h at the i s otherm obt a i ne d  w a s  an 

adsorpt ion curve . 

The dr ied oni on f l ake s and s l i ced green beans were ground 

to a fine powder ( 2 0  me sh) and the apri cot halve s  to t iny 

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

i mme d i at e l y  b e f o r e  we i gh i n g  t o  a v o i d  a n y  c h a n g e s i n  

moi sture content . 

2. 4 EXPERIMENTAL 

The s ample holders  we re fitted inside the PECs and placed 

in incubat ors  � 2t at contro l led temperatures for 2 4  hours 

t o  a l l ow t he fi l t e r  pape r to e qu i l ibrate  over the s a l t  

s lurries . Three temperatures were used : 2 0 ,  3 0 ,  and 4 0 0 c .  
T h e r e  w e r e  f i v e  r e p l i c a t e s  f o r  e a c h  t r e a t me n t . A 

thermometer was attached to one o f  the PECs t o  monitor the 

actual temperature i n s i de the cel l s ,  as it had been noted 

by Scott and Bernard ( 1 9 8 3 )  that it i s  import ant to  measure 

and report the temperature of the sample itse l f  rather than 

the incubator temperature . 

The PECs  were removed from the incubator for wei ghing one 

t r e a t m e n t  at a t i me t o  avo i d  t emp e r a t u r e  c h a n g e  a n d  

condensat i on whi ch could affect the weight o f  the samples . 

The s ample holders we re we ighed and then approximately  2 

grams o f  the s ample was spread on the bottom o f  the sample 

Unles s otherwise  stated, 1 kg sub- s amples were drawn from 

2 0  kg b a g s  o f  the p r o duct s obt a i ned di r e ct l y  f r om the 

manu facturers . 

S ample s i ze s  we re chosen to  ensure that heterogene ity was 

accommodated . 
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holders . An accurate weight was then t aken to  four decimal 

p l a c e s . The P E C s  were t ight l y  cove r ed and imme d i at e l y  

returned to  the incubator . 

The s amp l e s  were we ighed every 2 4  hours unt i l  equ i l ibrium 

w a s  r e a che d . Equ i l ib r ium wa s c o n s idered t o  have been 

r e a ched when t he mo i st u r e  content ( dry  b a s i s )  did not 

change by more than 1 mg/g  o f  s ample ( 0 . 5% )  during three 

c on s e cut ive s amp l ing peri ods . The equ i l ib r ium moi sture 

c ont ent was c on s i dered to  be the first  in the s e r i e s  o f  

t hree consecut ive re adings . According to Lomaur o  et a l e 

( 1 9 8 5 c )  a change o f  0 . 5% in the moisture content represents 

a we i ght change o f  about 1mg / g ,  which equals the accuracy 

o f  a typical balance found in a food analys i s  laboratory . 

At high aws (greater than 0 . 8 5 ) , equ i l ibrium was cons idered 

t o  have b e e n  re a ched when the mo i sture content d i d  not 

change by mo re than 1 0  mg per day over three cons e cut ive 

s ampl ings . This as sumpt ion was made on the ba s i s  that at 

h i gh e r  wat e r  act ivit i e s  whe re m o r e  s o rpt i on s i t e s  a r e  

e xp o s e d t o  t he w a t e r  vap o u r , t he devi at i on s  a re m o r e  

p r on o u n c e d  t han at l owe r a ct i v i t i e s  ( Sp i e s s  a n d  Wo l f ,  

1 9 8 3 )  . Mo re comp l ex s orpt i on p r o ce s s e s  are invo lved so  

that equ i l ibr ium condit i ons are  not  reached in any case . 

T h i s i s  p a r t i cu l a r l y  t ru e  f o r  h i gh sugar  f o o d s  whe re 

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

activities . 

At aws greater  than 0 . 7 0 a sma l l  piece of sponge was glued 

ins ide the l i d  of the PECs and a few drops of t oluene was 

a dded t o  it  to i nhib it  microb i a l  growt h ,  fo l l owing  the 

suggest ion o f  Labuz a  ( 1 9 8 4 a ) . 

Cal culation 

The moi sture content ( %  dry bas i s )  was cal culated u s ing the 

equat ion : 



m = 

where : 

Wi x ( l o o-mi ) 
1 0 0  

m = % mo i sture content ( dry bas i s )  

( 2- 1 0 )  

mi = % initial moi sture content (wet bas i s )  

Wf = final weight o f  sample a fter equilibrium at 

specific  rel ative humidity 

Wi = init i a l  weight of  sample in PEC 

2. 5 RESULTS AND D I SCUSS ION 

2. 5 .1 General Observations 

2 4  

T h e  r e s u l t s  o f  t h e  e xpe r i me n t a l  m e a s u r ement s o f  t h e  

equ i l ibrium moi sture contents o f  dried onions , green beans 

and apricot s at 2 0 ,  3 0  and 4 0 0C are given in Tables 2 . 2  to 

2 . 4 .  Equ i l ibrium was reached after  di fferent t ime per iods 

f o r  di fferent aws :  4 to 14 days for green bean s , 3 to 1 0  

days for oni on (except for aw = 0 . 92 where it took around 

2 0  days ) , and 4 to 1 8  days for  apr i c ot ( except for  aw = 

0 . 9 5 whe r e  i t  t o o k  a r o u n d  2 5  d a y s ) T h e  s t a n d a r d  

deviations between the repl icates generally increased with 

an incre a s e  in aw ' with a s i gn i f icant ly  higher st andard 

deviat ion at  aws greater  than or equal  to 0 . 9 0 .  As was 

ment ioned earl ier,  this may be explained on the bas i s  that 

at higher wat e r  act ivit ies there are more s orpt i on s it e s  

e xp o s e d  t o  t h e  w a t e r  vap o u r . Mo r e  c o mp l e x s o rp t i o n 

p r o c e s s e s  a r e  i nv o l v e d  s o  t h a t  a t  ve r y  h i g h w a t e r  

a c t i v i t i e s  e qu i l i b r i um c o n d i t i o n s  a r e  n o t  r e a ch e d . 

Marou l i s  et a l . ( 1 9 8 8 )  rep o r t e d  t hat f o r  dr i e d  f r u i t s 
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Tab l e  2 . 2 .  Equ i l ibrium moi sture contents ( %  dry bas i s )  o f  

dried onion at di fferent water activities  

and temperatures . 1 

Temp . aw Replicates sd 

( oC )  1 2 3 4 5 

2 0  . 2 3 5 . 1 3 5 . 1 0 5 . 1 0 5 . 0 3 5 . 1 7 . 0 5 

. 3 3 5 . 8 2 5 . 7 9 5 . 7 3 5 . 6 8 5 . 6 8 . 0 6 

. 5 4 1 1 . 8 3 1 1 . 7 6 1 1 . 7 3 1 1 . 7 6 1 1 . 7 0 . 0 5 

. 5 9 1 4 . 7 1 1 4 . 55 1 4 . 98 1 4 . 8 7 1 4 . 6 6 . 1 7 

. 7 5 2 5 . 5 6 25 . 67 25 . 4 3 25 . 8 9 2 5 . 7 5 . 1 8 

. 85 3 9 . 2 6 3 8 . 8 2 3 9 . 5 8 3 9 . 54 3 9 . 2 6  . 3 0 

. 95 7 1 . 5 3 7 5 . 68 75 . 2 7 7 4 . 35 1 . 8 7 

3 0  . 2 2 4 . 32 4 . 2 6  4 . 1 9 4 . 1 0 4 . 1 6 . 0 9 

. 32 5 . 1 7 5 . 1 3 5 . 2 1 5 . 1 1 5 . 1 3 . 0 4 

. 5 1 1 0 . 1 0 1 0 . 02 1 0 . 0 1 1 0 . 0 7 1 0 . 0 0 . 0 4 

. 5 6 1 1 . 7 7 1 1 . 7 0 1 1 . 7 9 1 1 . 7 6  1 1 . 7 7 . 0 3 

. 62 1 3 . 7 5 1 3 . 8 3 1 3 . 97 1 3 . 94 1 3 . 9 6 . 1 0 

. 75 2 3 . 2 7 2 2 . 95 2 3 . 1 2 2 3 . 4 2 2 3 . 1 2 . 1 8 

. 8 4 3 5 . 1 8 35 . 7 7 3 4 . 8 5 3 5 . 5 4 . 4 0 

. 92 64 . 55 6 6 . 2 4 1 .  2 0  

4 0  . 1 1 2 . 3 1 2 . 2 7  2 . 34 2 . 2 6 2 . 32 . 0 3 

. 1 9 3 . 0 4 2 . 9 8 3 . 0 3 3 . 0 4 3 . 0 0 . 0 3 

. 32 4 . 6 0 4 . 5 8 4 . 6 0 4 . 54 4 . 5 8  . 0 2 

. 4 3 7 . 3 4 7 . 32 7 . 3 1 7 . 2 7 7 . 3 0 . 0 3 

. 4 8 8 . 97 8 . 9 6 8 . 9 8 8 . 9 6 8 . 8 7 . 0 4 

. 5 3 1 0 . 6 9 1 0 . 63 1 0 . 63 1 0 . 6 9 1 0 . 6 1 . 0 4 

. 6 6 1 6 . 7 3 1 6 . 7 1 1 6 . 54 1 6 . 67 1 6 . 7 5 . 0 9 

. 7 5 2 3 . 7 0 2 3 . 8 8 2 3 . 55 2 3 . 52 2 3 . 9 9 . 2 1 

. 8 0 2 9 . 4 1 2 9 . 0 0 2 9 . 4 7 . 2 6 

. 8 2 3 3 . 0 1 3 3 . 4 7 32 . 9 7  3 3 . 0 9 3 2 . 9 8 . 2 1 

. 8 9 5 0 . 0 3 5 0 . 8 7 5 0 . 7 2 4 9 . 6 8 4 9 . 9 6 . 5 2 

1 B l anks represent excluded results due to  error . 
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Table 2 . 3 .  Equ i l ibrium moisture contents ( %  dry bas i s )  o f  

dried green beans at di fferent water act ivit ies 

and temperatures . 

Temp . aw Replicates sd 

( oC )  1 2 3 4 5 

2 0  . 2 3 4 . 6 8 4 . 75 4 . 4 9 4 . 6 1 4 . 4 8  . 12 

. 3 3 5 . 5 8 5 . 5 6  5 . 5 6 5 . 5 0  5 . 5 4 . 0 3 

. 4 3 7 . 6 8 7 . 7 6 7 . 7 1 7 . 92 . 1 1 

. 5 4 1 1 . 4 4 1 1 . 4 3  1 1 . 4 7  1 1 . 35 1 1 . 3 4  . 0 6 

. 5 9 1 4 . 1 5 1 4 . 0 8 1 4 . 4 3 1 4 . 6 0 . 2 4 

. 7 5 2 5 . 4 9 25 . 7 0 25 . 4 1 2 5 . 7 8 2 4 . 5 8 . 4 8 

. 8 5 3 8 . 60 38 . 4 2 3 9 . 5 4 4 0 . 2 7 3 9 . 1 6 . 7 5 

. 95 7 5 . 0 5 7 4 . 3 8 75 . 35 7 4 . 12 7 6 . 62 . 9 8 

3 0  . 2 2 3 . 6 1 3 . 5 9  3 . 63 3 . 5 9 3 . 5 9 . 0 2 

. 32 4 . 7 8  4 . 7 8 4 . 7 7  4 . 7 3 4 . 7 7 . 0 2 

. 4 3 7 . 0 0 6 . 95 6 . 9 8 6 . 93 6 . 95 . 0 3 

. 5 1 9 . 3 5 9 . 3 3 9 . 37 9 . 3 6 9 . 3 4 . 0 2 

. 5 6  1 0 . 95 1 0 . 93 1 0 . 9 1  1 0 . 9 0 1 0 . 9 0 . 0 2 

. 62 1 3 . 0 9 13 . 0 3 1 3 . 0 3 1 3 . 0 6 1 3 . 1 0  . 0 3 

. 6 8 1 6 . 3 3 1 6 . 2 0 1 6 . 2 2 . 0 7 

. 7 5 2 2 . 1 7 22 . 0 3 2 1 . 9 4  2 2 . 0 2 2 2 . 1 2 . 0 9 

. 8 1 2 6 . 3 9 2 6 . 4 4 2 6 . 4 2 . 0 3 

. 8 4 31 . 8 7  3 1 . 97 3 1 . 9 6  32 . 0 6 3 2 . 0 0 . 0 7 

. 92 52 . 91 51 . 4 0  4 9 . 8 1 5 1 . 3 6 1 . 2 7 

4 0  . 1 9 2 . 9 6 2 . 97 2 . 92 2 . 91 2 . 97 . 0 7 

. 32 4 . 2 8  4 . 2 0  4 . 1 8 4 . 23  4 . 2 4 . 0 4 

. 4 3 6 . 7 1 6 . 5 7 6 . 5 6 6 . 5 9  6 . 5 6  . 0 6 

. 4 8 7 . 85 7 . 7 4 7 . 7 8 7 . 8 0 7 . 8 0 . 0 4 

. 5 3 9 . 2 0 9 . 22  9 . 2 2 9 . 2 1 9 . 1 8 . 0 2 

. 6 6 1 4 . 5 9  1 4 . 34 1 4 . 54 1 4 . 3 6 1 4 . 52 . 1 1 

. 7 5 2 1 . 5 6  2 1 . 8 8  2 1 . 0 1 2 1 . 2 3 2 1 . 0 7  . 37 

. 8 0 2 7 . 5 1 2 6 . 95 2 7 . 4 5 . 3 1 

. 8 2 2 9 . 34 2 9 . 3 9 2 9 . 5 1 30 . 0 8 . 3 4 

. 8 9 4 6 . 2 3 4 6 . 0 4 4 6 . 93 . 4 7 
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T able 2 . 4 .  Equ i l ibrium moisture content s ( %  dry bas i s )  o f  

dried apricot at di fferent water activit ies  

and temperatures . 1 

Temp . aw Replicate s  sd 

( °C )  1 2 3 4 5 

2 0  . 5 4 1 4 . 2 8 1 4 . 2 0 1 4 . 3 1 1 4 . 34 1 4 . 2 8 . 0 5 

. 5 9 1 7 . 0 8 17 . 0 9 1 7 . 1 9 1 7 . 1 9 1 7 . 2 0 . 0 6 

. 7 5 3 2 . 4 7 32 . 4 9 32 . 62 32 . 7 5 3 2 . 5 7 . 1 1 

. 8 5 5 3 . 2 3  54 . 2 5 5 3 . 7 0 5 4 . 0 6 5 3 . 7 0 . 3 9 

. 95 1 1 2 . 8 1 1 1 3 . 5 6  1 1 0 . 37 1 1 2 . 57 1 .  3 7  

3 0  . 5 1 12 . 2 2 1 2 . 2 1 12 . 2 4 1 2 . 3 0 1 2 . 1 6 . 0 5 

. 5 6  1 4 . 6 6 1 4 . 6 0 1 4 . 6 1 1 4 . 5 9 1 4 . 6 1 . 0 3 

. 62 17 . 8 1 1 7 . 8 9  1 7 . 7 9 1 7 . 7 6  1 7 . 8 6 . 0 5 

. 7 5 3 1 . 1 8 3 1 . 25 3 1 . 1 2 3 1 . 02  3 1 . 0 3  . 1 0 

. 8 4 4 7 . 62 4 7 . 8 0 4 7 . 7 2 4 7 . 4 5 4 6 . 8 9 . 3 6 

. 92 8 3 . 8 8 8 3 . 0 3 8 4 . 8 0 8 4 . 95 . 8 9 

4 0  . 5 3 1 0 . 2 5 1 0 . 3 1 1 0 . 37 1 0 . 4 3 1 0 . 1 8 . 1 0 

. 5 5 12 . 4 0 12 . 3 0 1 2 . 3 6 1 2 . 4 0 . 0 5 

. 6 6 1 8 . 7 8 1 8 . 6 1 1 8 . 7 1 1 8 . 67 1 8 . 6 0 . 0 7 

. 7 5 2 9 . 5 1 2 9 . 52 2 9 . 0 3 2 9 . 4 5 2 9 . 3 4 . 2 0 

. 8 0 3 7 . 3 1 3 6 . 4 7 3 6 . 4 0 . 5 1 

. 8 2 4 2 . 7 4 42 . 7 1 4 3 . 4 8 4 3 . 2 1 4 3 . 63 . 4 2 

. 8 9 7 3 . 7 1 7 0 . 3 1 7 2 . 2 7 72 . 2 1 1 .  4 0  

1 Blanks represent excluded result s due t o  error . 
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l a rge  d e v i a t i o n s  we r e  f o u n d  a t  h i gh wat e r  a ct i v it i e s  

b e c a u s e  o f  t he d i f f i c u l t y  o f  de t e rm i n i n g  a c o n s t ant 

equil ibrium moi sture content due to the gradual di s s o lut ion 

o f  fruit sugars . 

The s o rpt i on i s otherms o f  the three products at the three 

temperatures are shown in Figures 2 . 3 to 2 . 5 .  Each point 

on the curve s repre sent s the mean value o f  four to  five 

repl icat i ons , and the l ines are the calculated GAB i sotherm 

curves . 

The s hape s o f  the i s othe rms a re characte r i st i c  o f  high 

sugar foods , whi ch sorb relative l y  small  amounts o f  water 

at l ow water act ivit ies and l arge amounts at high relat ive 

humidit ies . The sugar content o f  apricot s i s  about 8 0 % of  

the t o t a l  s o l i ds on a wet b a s i s  (Abde lhaq a n d  Labu z a ,  

1 9 8 7 )  and the remaining solids con s i st mainly o f  

biopolymers such a s  polysaccharides , pectins and proteins . 

Dried apri cot s have around 5 1 %  ( dry bas i s )  sugar content 

( Young , 1 9 7 5 ) . According t o  Saravacos et a l e ( 1 9 8 6 )  the 

s l ight s igmoid shape of the f irst part of the i sotherms in 

dr i e d  f r u it s i s  c a u s e d  b y  t h e  w a t e r  s o rp t i o n  o f  t h e  

biopolymers , and the sharp increase i n  moisture content at 

high water act ivities  i s  due to the sugars .  At l ow water 

a ct iv i t i e s  the phy s i c a l  s t a t e  of the suga r s  may have an 

imp o rt ant e f fe ct on the s o rpt i on prope rt i e s . Amo rphous 

sugar s  are known to  s o rb mo re water than the cryst a l l ine 

mat e r i a l s  (Chinachot i and Ste inberg , 1 9 8 4 ) . 

Maz za and LeMaguer ( 1 9 7 8 )  a l so concluded that the shape o f  

t he a d s o rpt i o n i s o t h e rm f o r  dr i e d  on i on a t  l ow wat e r  

a c t i v i t i e s  m a y  b e  di r e ct l y  dependent o n  t he amount o f  

suga r s  i n  the crystal l ine f o rm . Sugars const itut e  about 

8 0 %  ( wet bas i s )  of the t ot a l  s o l ids of onion and the sugar 

content of dried onion i s  around 5 0% (dry bas i s )  (Warburton 

and P i xton ,  1 97 7 ) . 
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The s ame exp l anation i s  probably true for dried green beans 

whi ch exhibited a simi lar shaped isotherm . The green beans 

a b s o rb e d  l e s s  wat e r  at h i gh aws ( i . e .  l owe r mo i s t u r e  

cont ent s )  compared t o  the onion and apri cot . Thi s may be 

due t o  the l ower sugar content o f  green bean s . According 

t o  Ma r ou l i s  et  a l . ( 1 9 8 8 )  the high mo i st ur e  c ont ent s o f  

dried frui t s  at high wat e r  act ivities a re re l at e d  to the 

sugar content o f  the products � 

At l ow and i nt e rmedi a t e  w at e r  a ct ivit i e s  ( aw l e s s  than 

0 . 8 0 ) , t empe r ature had the normal effect predicted by the 

theory  o f  phy s ical  ads o rpt i on,  i . e . , at a constant aw the 

equ i l ib r ium m o i sture content o f  the three dri e d  product s 

decrea s e d  s igni ficant l y  as  the temperature increased from 

2 0  to  4 0 oC .  As pointed out by I glesias and Chir i fe ( 1 9 8 2 )  

t h i s  t e n d e n c y  c a n  b e  e xp l a i n e d  b y  t h e  t h e r m o d y n ami c 

relationship given in equat ion 2 - 8 .  There fore , an increase 

of temperature represent s a condit i on unfavourable to water 

sorpt i on . 

The o pp o s i t e  t emperature  e f fe ct w a s  obse rve d a t  h i ghe r 

wat e r  a ct ivit i e s  ( great e r  t han 0 . 8 0 aw ) '  with the foods 

s o rb ing  more wat e r  at h i gher  t empe r atures . Thu s  in the 

h i gh h um i d i t y  r e g i o n  t h e  w at e r  a c t i v i t y at c o n s t ant 

moisture content decreased as the temperature increased . 

The change in s o rpt ion prop e rt i e s  o f  the dried product s  

m a y  b e  due  t o  t h e  di s s o l u t i on o f  t h e  s u g a r s i n  wat er 

( Loncin et al . ,  1 9 6 8 ; S aravacos  et al . ,  1 9 8 6 ) . Evidence 

f o r  t h i s w a s  pr ovided by the o b s e rvat i on t hat at wat er 

a ctivit i e s  higher than 0 . 7 0 for onion and 0 . 8 0 for apricot , 

an exudat e ,  pos s ibly containing suga r ,  occurred, which was more 

p r onounced at h i gher tempe ratu re s ; a l l  the s ampl e  ( i . e .  

a p r i c o t  p i e c e s  a n d  e x u dat e )  wa s u s ed i n  the mo i s t u r e  

analys i s . The i sotherms crossed-ove r (Figures 2 . 3  t o  2 . 5 ) 

at around the aw o f  0 . 8 0 for onion , 0 . 8 5 fo r apr i cot and 

0 . 9 0 f o r  g reen beans . S im i l a r  r e s u lts  were reported by 

F u r t h e r m o r e , s o m e  de t e r i o r a t i v e  r e a c t i o n s  s u c h a s  

nonenzymi c browning result in the product ion o f  water , thus 

further c omp l icat ing the inte rpret at i on of the s o rpt ion 

data . 
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Maz z a  and LeMaguer ( 1 97 8 )  for  onion , Abde lhaq and Labuz a  

( 1 9 8 7 )  for apricot , and Marou l i s  et al . ( 1 9 8 8 )  for dried 

fruit s . 

The aw at which the c r o s s ing-over was observed appears to 

be related to the sugar content of the dried product , with 

a h i ghe r sugar content r e s u lt ing in a l ower aw at which 

cros sing- over occurred . According to Kap s al i s  ( 1 98 7 ) , the 

quant ity o f  sugars present p l ays a role i n  whether or not 

c r o s s i n g  o f  i s o t he rm s  w i t h  t e mpe r at u r e  a t  h i gh wat e r  

act ivit ies  wi l l  take place . This is supported by the work 

o f  Roman et al . ( 1 9 8 2 )  who reported that t emperature had 

the normal e ffect on the desorpt ion isotherms o f  apples at 

2 0  t o  60 oC ,  with no cro s s ing o f  the curve s at high water 

act ivities . Thi s was att ributed to the lower percentage of 

mono s a ccharides in the apples . 

At high wat e r  activit ies , the sugars are the ma j or fact or 

dete rmining water sorpt ion in dried fruit s such as rais ins , 

prune s  and apricots ( Saravacos et al . ,  1 9 8 6  and Maroul is et 

al . ,  1 9 8 8 )  and other high- sugar foods such a s  onion . The 

di s so l ut i on o f  sugars ( an endothermic proce s s )  increases  

signi ficantly  as  the temperature i s  rai sed, o f f- sett ing the 

oppos ite e f fect of temperature on the sorpt i on o f  water on 

nons u g a r  s o l i ds . The net r e s u l t  i s  an i n c re a s e  o f  the 

mo i s tu re cont ent ( cros s ing- ove r )  o f  the i sotherms . Thi s 

tendency has been observed in starch-glucose mode l systems 

( S ar av a c o s  and S t i n ch f i e l d ,  1 9 6 5 ) . S imi l a r  e f fe ct s  o f  

temperature have been reported b y  Audu et al . ( 1 9 7 8 )  for 

s u g a r s ,  and We i s s e r  et a l . ( 1 9 8 2 )  for s u g a r  a l c oho l s . 

Chinachot i and Steinberg ( 1 98 4 )  found that sucrose added to 

s t a rch ge l s  i n c r e a s e d  sharp l y  t he s o rp t i o n  o f  wat e r  at 

water act ivities higher than 0 . 8 5 .  A strong interact i on o f  

amorphou s  sucrose with ge l at i n i sed st arch was detected by 

measuring the sorpt ion isotherms of freeze-dried gel s . 
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2. 5 . 2  Sorption I s otherm Equations 

T h e  GAB equat i on can be rearranged int o  a second degree 

p o l ynomia l  as fol l ows : 

W 

where : 

a = 

J3 

-L [ l - l] 
Wm C 

_1_ 

[ 1 

-

� 1 Wm 

( 2 - 1 1 )  

Equat i ons 2 - 3 and 2- 1 1  wi l l  be referred to i n  this text as 

st a n d a rd a n d  t r an s fo rm e d  GAB equat i o n s , r e s p e ct ive l y . 

Re g r e s s i on a n a l y s e s  we re p e r f o rmed u s i ng BMDP comput er 

programs  (D ixon , 1 9 8 5 ) . 

conducted : 

Three regres s ion procedures were 

a .  P o l ynomi al  regres s i on with the trans formed GAB equat ion 

b .  I ndirect ( successive ) nonlinear weighted regres s ion with 

the standard GAB equat ion (three parameters ) 

c .  D i rect nonl inear weighted regres s ion with the standard 

GAB equat ion ( six parameters ) . 

The t rans formed GAB equat ion is  eas iest to  compute ,  but has 

two i mp o r t ant d i s advantage s . The trans format i on o f  the 

measured data leads to an incorrect weight ing o f  the dat a . 

Moreover ,  con fidence inte rva l s  for the GAB constant s cannot 

be obt a ined directly ( S char and Ruegg, 1 9 8 5 ) . The standard 

deviat i on s  o f  these cons t ant s have to be estimated on the 

bas is  o f  the Gauss  Law o f  error propagation . Despite these 
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di s advantages , the t rans formed GAB model i s  s t i l l  useful as  

a me a n s  of  obt a i n ing in i t i a l  e s t imat e s  o f  the di f ferent 

parameters that may be u sed in the nonl inear method .  The 

trans fo rmed polynomial regres s ion method was used by B i z ot 

( 1 9 8 3 )  and Wei s ser ( 1 98 5 )  in their isotherm studies . 

N on l i ne a r  regre s s i o n  ana l y s i s  based on the standard GAB 

equat i on does not have the disadvant ages mentioned above . 

H o weve r ,  t he v a l u e s  at h i gh wat e r  act i v i t y  are  u s u a l l y  

a s s ociated with a high experimental error ( a s  evidenced by 

t h e  h i g h  s t a n d a r d  d ev i a t i o n )  a n d  th e r e f o r e  s t r o n g l y  

i n f luence the result ing constant s . The res idu a l s  at high 

aw a c c ount f o r  a h i gh proport i on o f  the sum o f  s qu a r e s  

whi ch i s  minimised . Thi s un favourable e f fect was avoided 

by weight ing the squares of residual s with the variance o f  

the data at each aw leve l . 

I n  a recent study on the evaluation o f  BET constant s it was 

c o n c l u d e d  t h a t  a we i g ht e d ,  n o n l i n e a r  l e a s t s qu a r e s  

p rocedure was the mo st re l i able  technique ( Toupin et al . ,  

1 9 8 3 )  . I t  w a s  p o i n t e d  o u t  t h at a t r an s f o r m a t i o n  o f  

nonl inear mode l s  to evaluate BET constants was 

unsat i s fact ory . The parameters were shown to  depend on the 

kind  o f  regre s s ion anal y s i s . A s imi l a r  s it uat i on exists  

for  the GAB equation ( Scha r  and Ruegg, 1 9 8 5 ) . 

L i n e a r  regre s s i on o f  the GAB mode l ha s been found l e s s  

accurate than nonlinear regression , because the 

t rans fo rmat i on o f  the GAB model into a l inear equat ion ( in 

re s pe c t  o f  t he three c on s t ant s ) , resu l t s  i n  l a rge mean 

re l at ive errors between the experimental and the predicted 

v a l u e s  o f  t h e  e qu i l ib r i um mo i s t u r e  cont ent ( S c h a r  and 

Ruegg , 1 9 8 5 ) . 

There are two methods o f  nonl inear regress ion analys i s  for 

e s t i m a t i n g t h e c o n s t a n t s o f  t h e GAB e qu a t i o n f r o m  

exp e r imen t a l  m o i sture s o rpt i on dat a : the di rect and the 



3 6  

indirect method . I n  the indirect ( succe s s ive ) method, the 

t hr e e  GAB c o n s t a n t s  Wm ' C and k a r e  e s t imated at e a ch 

t empe r ature by regre s s i on ana l y s i s  o f  equ at i on 2 - 3 ,  and 

t hen the constant s Co ' ko ' �H1 and �H2 are e s t imated by 

r e g r e s s i o n  a n a l y s i s  o f  e q u a t i o n s  2 - 4  a n d  2 - 5 . T h e  

e xperimental  dat a a r e  grouped at vari ou s  temperatures for 

the fi rst regre s s ion,  and they are subsequent ly represented 

b y  de r i v e d  v a l u e s . T h e  de r i v e d  va l u e s may i n t r o du c e  

s i gn i f i c ant u n c e rt a i n t i e s  i n t o t h e  s e c o n d  a n d  t h i r d  

r e g r e s s i o n s . T hu s , t he app l i c at i o n  o f  t he i n d i r e ct 

( succe s s ive ) regre s s i on method depends ve ry  much on the 

confidence limit s and regions of the constant s Wm' C and k ,  

whi ch a r e  obtained from the first approximat ion (Marou l i s  

e t  al . ,  1 9 8 8 ) . 

I n  the di rect regre s s i on method the s ix GAB constants Wo ' 
C o ' ko ' �H , �H 1 ' and �H2 are e st imated by substitut ing 

e qu a t i o n s  2 - 4 , 2 - 5 , a n d  2 - 1 2  i n  e qu a t i o n  2 - 3 . The  

experiment al data are weighted . 

Marou l i s  et al . ( 1 9 8 8 )  compared the two regres s i on methods 

in their  study on dehydrated fruit s ( in cluding apricot ) but 

i n  the di rect method they u s e d  o n l y  five p a r amet e r s  in 

the i r  nonl inear regress ion model instead of  s ix parameters . 

T h e y  did n ot cons i de r  the r e l at i on ship o f  Wm (mon o l ayer 

moisture content ) with temperature as  shown in equat i on 2-

1 2 . Thi s resulted in a constant Wm value for the di fferent 

t emperatures which i s  not expected to be the case . Wei s ser 

( 1 9 8 5 )  and I g l e s i a s and Chi r i fe ( 1 9 8 4 )  r ep o rted that Wm 
decreases with an increas e  in temperature and had proposed 

the fol l owing relat i onships : 

. In Wm = � + a.T 

(Weis ser , 1 9 8 5 )  ( 2 - 1 2 )  

( Iglesias  and Chiri fe , 1 98 4 )  ( 2 - 1 3 )  

whe re � and a. are constants and T i s  temperature i n  °C .  
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Marou l i s  et a l . ( 1 9 8 8 )  did not use a we ighted regre s s i on 

method ( i . e .  a l l  the experimenta l  data were used direct l y  

w i t h  t h e  s ame we i ght ) de s p i t e  t he di f fe r e n c e s  i n  t h e  

v a r i ance o f  the d at a . Thi s could have a ffected the GAB 

equat ion that they obt ained . 

T h e  r e s u l t s  o f  t he t r a n s f o rm e d  p o l yn o m i a l  r e g r e s s i on 

ana l y s i s  o f  the exper iment al  resu l t s  a r e  given in T ab l e  

2 . 5 .  The se  re s u l t s we re only u s ed t o  e s t ima t e  i n i t i a l  

v a l u e s  f o r  the non l i ne a r  regre s s i on and thus n o  further 

stat i st ical analyses of the data ( i . e .  standard error ,  RMS ) 

w e r e  m a de . T h e  Wm v a l u e s  for  the t h r e e  p r oduct s a r e  

rea l i st i c  indicat ing that the tran s formed mode l may b e  used 

to est imate Wm if acce s s  to modern s o ftware packages which 

include nonlinear regre s s i on procedures is  not ava i l able . 

T able 2 . 5 .  Results o f  the t rans formed, polynomial  

regres s ion analys is . 

P roduct aw Range 

Oni on 

Green Beans 

Apricot 

2 0  

30  

4 0  

2 0  

3 0  

4 0  

2 0  

3 0  

4 0  

. 2 3 

. 22 

. 1 1 

. 2 3 

. 2 2 

. 1 9 

. 5 4 

. 5 1 

. 5 3 

1 W m g / 1 0 0g dry weight 

- . 95 
- . 92 
- . 8 9 

- . 95 
- . 92 
- . 8 9 

- . 95 
- . 92 
- . 8 9 

P arameters 

Wm 
1 C 

7 . 2 6  3 . 3 9 

6 . 2 0 3 . 5 0 

5 . 8 7 3 . 35 

7 . 0 9 2 . 97 

6 . 5 1 2 . 6 0 

5 . 3 1 2 . 9 9 

1 3 . 2 4 1 . 0 9  

1 1 . 1 6 1 . 3 3 

1 3 . 1 6 0 . 6 4 

k 

0 . 97 

1 .  0 0  

1 .  0 2  

0 . 97 

0 . 97 

1 .  0 2  

0 . 94 

0 . 9 6 

0 . 94 
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T able  2 . 6  shows the results  o f  the indirect ( succe s s ive ) 

n o n l i n e a r  r e g r e s s i o n me t ho d . T h e  m o n o l a y e r  mo i s t u r e  

content values (Wm) o f  apri cot and green beans decreased as 

t emperature i n c r e a s e d ,  as was to be expected . The s ame 

t r e n d  w a s  n o t  ob s e rv e d  f o r  o n i o n . The r e  w a s  no  c le a r  

c o rre lat ion between t h e  value o f  C ( Guggenheim con s t ant ) 

a n d  t empe r a t u r e , a l t h o ugh t h i s  wou l d be  e x p e ct e d  f r om 

e qu a t i o n  2 - 4 .  T h e  v a l u e  o f  k ( f a c t o r  r e l a t i n g  t o  

interact ion energies between the mul t iple l ayer s o f  wat e r )  

app e ared t o  i n c r e a s e  s l ight ly  with tempe r at u re f o r  the 

three product s .  

Table  2 . 6 . Results o f  the weighted, nonlinea r ,  three 

parameter GAB equation . 

Product Temp . aw Range 

( oC )  

Onion 

Green 

Beans 

Apricot 

2 0  

3 0  

4 0  

2 0  

3 0  

4 0  

2 0  

3 0  

4 0  

. 2 3- . 95 

. 2 2 - . 9 2  

. 1 1 - . 8 9 

. 2 3- . 95 

. 2 2 - . 92 

. 1 9- . 8 9 

. 5 4 - . 95 

. 5 1 - . 92 

. 53 - . 8 9 

1 Wm = g/ 1 0 0g dry weight 

Parameter 

W 1 C k m 

7 . 5 8 2 . 97 0 . 9 6 

7 . 4 2 2 . 2 1  0 . 97 

7 . 7 6  1 . 7 8 0 . 97 

8 . 94 

7 . 0 0 

6 . 8 8 

1 3 . 2 8 

1 1 . 5 8 

9 . 8 7 

1 .  6 9  

2 . 32 

1 .  7 3  

1 .  0 9  

1 . 2 4 

1 .  0 5  

0 . 9 4 

0 . 95 

0 . 97 

0 . 9 4 

0 . 95 

0 . 9 9 

Std Dev . 

. 3 6 . 37 . 0 1 

. 2 3 . 1 4 . 0 1 

. 4 4 . 1 7 . 0 1 

. 32 

. 2 4 

. 2 0 

. 1 4 

. 4 3 

. 8 9 

. 1 0 

. 1 6 

. 1 0 

. 0 2 

. 0 8 

. 1 6 

. 0 1 

. 0 1 

. 0 1 

. 0 0 

. 0 1 

. 0 1 

Because no clear relat i onships between the three parameters 

and temperature were obtained for the three product s ,  these 

result s have l imited u s e ,  i . e .  they can only be used at the 

spe c i f i c  temperatures  at wh ich they were  derived . They 
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c annot be used for predictive purposes over the temperature 

r ange of 2 0  to 4 0oC .  

Thus it was neces s ary t o  use the direct regress ion method 

( with s ix parameter s )  to obtain an equat ion that included 

t empe r ature  a s  a v a r i ab l e . The r e s u l t s  o f  the di rect 

nonl inear regre s s ion analysis are shown in Table 2 . 7 .  

T able  2 . 7 .  Estimates o f  the six parameters and their  

a s ymptotic standard deviat ions for  the non linear 

GAB equation s . 

P roduct 

Oni on 

Parameter 

Wo 
�H/R  

Co 
�H1 /R  

ko 
�H2 /R  

Green Beans Wo 
�H/R  

Co 
�H1 /R  

ko 
�H2 /R  

Apricot Wo 
�H/R  

Est imate 

4 . 1 3 

1 7 6 . 3 0 

0 . 0 2 

1 5 2 4 . 7 8 

1 . 2 5  

- 7 6 . 6 0 

1 .  6 8  

4 3 2 . 5 9  

0 . 0 6 

1 0 93 . 1 5 

1 . 1 4 

- 5 4 . 1 3 

0 . 1 2 

1 37 8 . 12 

0 . 9 9 

4 4 . 6 9 

1 . 9 8 

-2 2 0 . 3 9 

Std Dev . 

2 . 4 4 

1 9 8 . 5 6 

0 . 0 2 

5 0 3 . 5 1 

0 . 1 3 

3 7 . 5 5 

2 . 2 0 

4 0 2 . 7 2 

0 . 1 9 

8 8 4 . 7 5 

0 . 2 8 

7 4 . 5 6 

0 . 1 5 

2 7 7 . 64 

2 . 4 7 

5 9 4 . 5 3 

0 . 2 1  

1 8 . 0 0 

Coe f .  o f  Var .  

0 . 5 9 

1 . 1 3 

1 .  4 3  

0 . 33 

0 . 1 0 

- 0 . 4 9 

1 .  3 1  

0 . 93 

2 . 9 9 

0 . 8 1 

0 . 25 

- 1 .  38  

1 . 2 2 

0 . 2 0  

2 . 5 0 

1 3 . 3 0 

0 . 1 0 

- 0 . 0 8 
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The Wm, C and k values at the di fferent temperatures were 

interp o l at e d  u s ing the equat i on s  given in T able  2 . 7 , and 

are  shown in T able 2 . 8 .  

T able 2 . 8 .  Calculated isotherm constants based on the 

nonl inear , 6 parameter GAB equat ions given in 

Table  2 . 7 .  

P ro duct aw Range 

Oni on 2 0  

3 0  

4 0  

Green Beans 2 0  

3 0  

4 0  

Apr i cot 2 0  

3 0  

4 0  

. 2 3 

. 2 2 

. 1 1 

. 2 3 

. 2 2 

. 1 9 

. 5 4 

. 5 1 

. 5 3 

1 W m g/ 1 0 0g dry weight 

- . 95 
- . 92 
- . 8 9 

- . 95 
- . 92 
- . 8 9 

- . 95 
- . 92 
- . 8 9 

P arameters 

W 1 
m C k 

7 . 5 4 2 . 7 2 0 . 9 6 

7 . 3 9 2 . 2 9 0 . 97 

7 . 2 6  1 . 95 0 . 98 

7 . 3 4 2 . 5 8 0 . 94 

6 . 9 9 2 . 2 8 0 . 95 

6 . 68 2 . 0 3 0 . 9 6 

1 3 . 5 4 1 . 1 5 0 . 93 

1 1 . 5 9 1 . 1 5 0 . 9 6 

1 0 . 0 3 1 . 1 4 0 . 9 8 

The Wm va lue s f o r  a l l  three product s de crea s e d  w i t h  an  

increase in  temperature , as was expected,  but to  di fferent 

degrees . The �H value indicates the degree o f  Wm change 

w i t h  t empe r at u r e . The Wm values  fo r apr i cot  de c r e a s e d  

s igni ficant ly with temperature whi l e  the changes of  Wm for 

o n i on and g r e e n  b e a n s  were ve r y  s l i ght . I g l e s i as and 

C h i r i fe ( 1 9 7 6b a n d  1 9 8 4 )  showed  t h a t  the Wm re s p on s e  

against temperature change i s  di fferent for di fferent foods 

( i . e .  the �H value di ffers for di fferent foods ) . 
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Thi s  inve r s e  re l at i onship between Wm and t empe rature has 

b e e n  rep o rt e d  f o r  other f o o d  m at e r i a l s  b y  a numb e r  o f  

wo rkers ( Ma z z a  and LeMaguer ,  1 97 8 ;  I gles i a s  and Chi r i fe ,  

1 9 8 4 ;  Labu z a  et al . ,  1 9 8 5 )  including Igl e s i as and Chi r i fe 

( 1 97 6b)  who stated that the decrease in the monolayer with 

i n cr e a s i n g  temper ature  may be due t o  a reduct ion  in the 

t otal  number o f  act ive sites for water binding as a result 

o f  phy s i c a l  or chemical  change s induced b y  t empe rature . 

P h y s i c a l  c h a n ge s w h i ch c o u l d  b e  r e s pon s i b l e  f o r t he 

observed phenomena include : the degree o f  cryst a l l inity o f  

h i gh p o l yme r s  such a s  ce l lu l o s e , p e ct in , hemi c e l lu l o s e ,  

starch, and con format ional changes i n  proteins .  The number 

o f  potent i a l  b inding sites may a l s o  be decreased t hr ough 

nonenzymic browning reactions or  protein- lipid interact ions 

l e ading t o  c r o s s l i n k ing of p r ot e i n s . Th i s  c ou l d  a l s o  

exp l ain the di fferences in Wm response against temperature 

change for di fferent foods . 

The Wm values for apr icot obtained in the present study are 

comparable t o  that reported by Maroul i s  et al . ( 1 9 8 8 )  for 

t h e  " ave rage " dried fruit o f  1 2 . 4 % ( 1 5 to 6 0 oC )  but are 

l ower than the reported Wm for dried apricot of 1 5 . 1 %  ( dry 

b a s i s ) . Marou l i s  et a l . ( ib i d . ) c on s i dered thi s l atter 

value to be relat ively  high for a dried fruit . 

Ma z z a and L e  Magu e r  ( 1 9 7 8 )  obt a i n e d  t he f o l l ow i n g  BET 

mono layer values for onion : 6 . 6 7 %  ( 1 0 oC ) , 6 . 2 0 % ( 2 0oC )  and 

4 . 7 1 %  ( 3 0 o C ) . U s i n g  t he d a t a  o f  Ma z z a  a n d  Le Magu e r  

( ib id . ) , Lomauro et a l . ( 1 9 8 5 a )  computed the GAB Wm value 

at 3 0 0C ( 0 . 1 1 t o  O . 8 6 aw ) to  be 8 . 1 1 % . The values o f  Wm 
obtained in the present study range from 7 . 2 6% to  7 . 5 4 %  and 

fal l  within the published result s . 

L a b u z a  et a l . ( 1 9 8 5 )  c o n c l u d e d  t h a t  t he GAB mode l w a s  

comp arable t o  the BET model for predict ion o f  the monolayer 

value . The BET monolayer values for onion and green beans 

we re determined us ing equat ion 2 - 2 and are given in Table 
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2 . 9 . The Wm value s for apricot were not determined us ing 

t h i s  mode l b e c a u s e  o f  the l im i t e d  aw r ange  u s e d . The 

result s show that the GAB monolayer values were higher than 

t h e  B E T m o n o l a y e r  v a l u e s  f o r  b o t h  p r o d u c t s a t  a l l  

temperatu r e s  tested . Other workers who have compared the 

BET and GAB equations reported higher GAB monol ayer values 

than BET v a lues  for potat o s t ar ch ( van den Berg et al . ,  

1 97 5 ) , fishflour and cornmeal ( Labuza et al . ,  1 9 8 5 ) , st arch 

p o l yme r ( van  den B e r g ,  1 9 8 5 )  and wi l d  rice  ( Gencturk et 

al . ,  1 9 8 6 ) . 

T able 2 . 9 . Result s o f  the BET analys i s . 

P roduct 

Oni on 2 0  

3 0  

4 0  

Green Beans 2 0  

3 0  

4 0  

aw Range 

( %  

. 2 3 - . 5 4 

. 2 2 - . 4 3 

. 1 1 - . 4 3 

. 2 3 - . 5 4 

. 2 2 - . 5 6 

. 1 9 - . 5 3 

Wm 
2 

R 
dry bas i s )  ( % )  

5 . 8 5 7 7 . 8  

5 . 1 0  92 . 9  

5 . 0 2 8 7 . 4  

6 . 2 3 8 7 . 8  

6 . 0 9 92 . 3  

5 . 57 8 6 . 4  

The init ial moi sture content s o f  the onion flakes ( 5 . 4 % wet 

bas i s )  and the green beans ( 6 . 7 % )  a s  they were obt ained 

f r o m t h e c o mme r c i a l  p r o c e s s o r ,  we r e  l o w e r  t h a n  t h e  

calcu l ated Wm values indicating that they had been dried to 

a l ower moi sture content than was necessary . 

The value o f  C decreased gradually  with temperature , whi le 

k i n c r e a s e d  s l i ght l y , in  agreement with the re s u l t s  o f  

Wei s ser ( 1 9 8 5 )  for ground coffee and Marou l i s  et al . ( 1 9 8 8 )  

for sultana rais ins . The values �H1 and �H2 represent the 

mean values o f  the heat s of sorpt ion of water on the dried 

p r o du c t . � H 1 i s  t h e  di f fe r e n c e  i n  e n t h a l p y  b e t w e e n  
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m o n o l ay e r and mu l t i l ay e r  s o rpt i on ( eqn 2 - 4 ) , wh i ch i s  

e xp e ct e d  t o  h av e  a p o s i t ive va l ue , due t o  t he st rong 

e x othe rmi c int e r a ct i on of  wat e r  vapour with the primary 

s o rpt ion  s it e s  o f  the food . The �H1 for apricot ( 0 . 3 7 kJ 

mol- 1 ) was conside rably smal ler than those for onion ( 1 2 . 68 

kJ  mol- 1) and green beans ( 9 . 0 9 kJ  mol- 1 ) and much l e s s  than 

the value value o f  2 1 . 1  kJ mol- 1 reported for dried apricot 

by Maroul i s  et al e ( ibid . ) .  

The large di fference between the l iterature value and the 

experiment al value obtained for apri cot is  probably due to 

the di f f e re n c e  in the aw range u s e d . Ma r o u 1 i a  et  a l e 

( 1 9 8 8 )  u s e d  an aw range o f  0 . 1 1 t o  0 . 92 in the i r  study , 

wh i l e a n a r r owe r r ange o f  0 . 5 4  to  0 . 95 was used in thi s 

st udy . At l owe r wat e r  activi t i e s , i nt e r act i on b etween 

wat e r  v ap o u r  and t he pr imary s o rpt i on s it e s  o f  ap r i cot 

woul d  be e xpected t o  be higher , result ing in higher heat s 

o f  sorpt ion (�H1 ) .  

The sma l l  negat ive value o f  �H2 corre sponds t o  a heat o f  

s o rption o f  the mul t i l ayer s l ight ly  greater than the heat 

o f  condensation o f  water (eqn 2 -5 ) . The value obtained for 

apricot ( - 1 . 8 3 kJ mo l- 1 ) is  comparable to that reported by 

Maroulis  et al . ( 1 9 8 8 )  o f  -2 . 05 kJ mol - 1 for apricot and 

- 1 . 6 3 k J  m o l - 1 f o r  an " average " d r i e d fruit . The �H2 
value s for onion ( - 0 . 64 kJ mol- 1 ) and green beans ( - 0 . 4 5 kJ 

m o l - I ) we r e  s m a l l e r . It  shou l d  be noted  t hat at high 

moi sture contents ,  �H2 may reach a s light ly posit ive value 

d u e t o  t h e e n do t h e rm i c d i s s o l u t i o n o f  f r u i t  s u g a r s  

( Saravacos  et al . ,  1 9 8 6 ) . 

2 .5 .3 Fit o f  the GAB Model 

.T ab l e s  2 . 1 0 t o  2 . 1 2 give the e xper iment a l  and cal c u l ated 

mean moisture content values at the di f ferent aw level s  at 

t h e  three t empe rature s .  The GAB i sotherm equat ion fitted 
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Table 2 . 1 0 .  Experimental and calculated mean moi sture 

content values for dried onion . 

Mean Moi sture Content ( %  dry bas i s )  

Temperature aw 
( oC )  Experimental Indirect Direct 

Nonlinear Nonl inear 

2 0  . 2 3 5 . 1 1 4 . 4 6 4 . 2 2  

. 3 3 5 . 7 4 6 . 4 4 6 . 1 8 

. 5 4 1 1 . 7 6 1 2 . 0 4 1 1 . 7 5 

. 5 9 1 4 . 7 5 1 3 . 97 1 3 . 67 

. 7 5 2 5 . 6 6 2 4 . 1 6 2 3 . 8 8 

. 8 5 3 9 . 2 9  3 8 . 8 7 3 8 . 6 8 

. 95 7 4 . 2 1 8 6 . 35 8 6 . 9 6  

3 0  . 2 2 4 . 2 1 3 . 52 3 . 6 0 

. 32 5 . 1 5 5 . 3 4 5 . 4 5 

. 5 1 1 0 . 0 4 9 . 9 9 1 0 . 15 

. 5 6  1 1 . 7 6 1 1 . 7 0 1 1 . 8 9 

. 62 1 3 . 8 9 1 4 . 2 3 1 4 . 4 6  

. 7 5 23 . 1 8 2 3 . 0 7 2 3 . 5 1 

. 8 4 35 . 3 4 35 . 8 3 3 6 . 8 0 

. 92 65 . 4 0 63 . 82 6 6 . 8 0 

4 0  . 1 1 2 . 3 0 1 . 52 1 .  55  

. 1 9 3 . 0 2 2 . 72 2 . 7 5 

. 32 4 . 5 8  5 . 0 0 4 . 9 8 

. 4 3 7 . 3 1 7 . 4 4 7 . 3 6 

. 4 8 8 . 95 8 . 8 1 8 . 6 9 

. 5 3 1 0 . 65 1 0 . 4 1 1 0 . 2 4 

. 6 6 1 6 . 6 6 1 6 . 3 4 1 6 . 0 6 

. 7 5 2 3 . 7 3 2 3 . 4 4 2 3 . 1 5 

. 8 0 2 9 . 2 9 2 9 . 67 2 9 . 5 0 

. 8 2 33 . 1 0 32 . 97 32 . 9 1 

. 8 9 5 0 . 25 5 1 . 7 3 5 3 . 0 3  



T able  2 . 1 1 .  Experimental and cal culated mean mo i sture 

content values for dried green bean s . 

Temperature 

( oC )  

2 0  

3 0  

4 0  

. 2 3 

. 33 

. 5 4 

. 5 9 

. 7 5 

. 8 5 

. 95 

. 2 2 

. 3 2 

. 5 1 

. 5 6 

. 62 

. 7 5 

. 8 4 

. 92 

. 1 9 

. 3 2 

. 4 3 

. 4 8 

. 53 

. 6 6 

. 7 5 

. 8 0 

. 8 2 

. 8 9 

Mean Moi sture Content ( %  dry bas i s )  

Experimental  

4 . 60 

5 . 55 

1 1 . 4 1  

1 4 . 32 

25 . 3 9  

3 9 . 2 0 

75 . 1 0 

3 . 60 

4 . 7 7 

9 . 35 

1 0 . 92 

1 3 . 0 6 

2 2 . 0 6 

3 1 . 97  

5 1 . 37  

2 . 93 

4 . 23  

6 . 60 

7 . 7 9  

9 . 2 1 

1 4 . 4 7 

2 1 . 35 

27 . 3 0 

2 9 . 5 8 

4 6 . 4 0 

Indirect 

Nonl inear 

3 . 62 

5 . 58 

1 1 . 4 8 

1 3 . 53 

2 4 . 0 6 

3 8 . 15 

7 5 . 8 0 

3 . 3 6 

5 . 0 6 

9 . 3 0 

1 0 . 8 3 

1 3 . 0 7 

2 0 . 68 

3 1 . 12 

5 1 . 97 

2 . 3 8 

4 . 3 9  

6 . 5 6 

7 . 7 8 

9 . 2 0 

1 4 . 5 3 

2 0 . 94 

2 6 . 60 

2 9 . 6 1  

4 6 . 92 

Direct 

Nonl inear 

3 . 9 3 

5 . 7 7 

1 0 . 94 

1 2 . 7 1 

2 1 . 7 6  

3 4 . 1 0 

6 8 . 8 2 

3 . 3 4 

5 . 0 4 

9 . 2 8 

1 0 . 8 2 

1 3 . 0 7 

2 0 . 7 4 

3 1 . 3 0  

5 2 . 5 6 

2 . 55 

4 . 5 6  

6 . 67 

7 . 8 4 

9 . 1 8 

1 4 . 0 9  

1 9 . 8 0  

2 4 . 7 2 

2 7 . 2 8 

4 1 . 3 3  

4 5  
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Table 2 . 1 2 .  Experimenta l  and calculated mean moisture 

content values for dried apricot . 

Mean Moisture Content ( %  dry bas i s )  

Temperature aw 
( oC )  Experimental  Indirect Direct 

Nonl inear Nonl inear 

2 0  . 5 4 1 4 . 2 8 1 4 . 2 7 1 4 . 7 7 

. 5 9 1 7 . 15 1 7 . 1 7 1 7 . 7 0 

. 7 5 3 2 . 5 8 32 . 5 8 33 . 0 1 

. 8 5 5 3 . 7 9 5 3 . 8 0 53 . 6 3 

. 95 1 1 2 . 3 3 1 1 2 . 3 6 1 0 7 . 9 8 

3 0  . 5 1 1 2 . 2 3 1 2 . 1 6 1 1 . 8 6  

. 5 6 1 4 . 6 1 1 4 . 5 7 1 4 . 2 7 

. 62 1 7 . 8 2 1 8 . 1 6 1 7 . 8 9 

. 7 5 3 1 . 1 2 3 0 . 7 1 3 0 . 67 

. 8 4 4 7 . 5 0 4 8 . 35 4 8 . 8 6 

. 92 8 4 . 1 6 8 4 . 4 5 8 6 . 8 9  

4 0  . 53 1 0 . 3 1 1 1 . 1 4 1 1 . 5 4 

. 55 1 2 . 3 6 1 2 . 05 1 2 . 4 5 

. 6 6 1 8 . 67 1 8 . 9 0 1 9 . 2 2 

. 7 5 2 9 . 37 2 8 . 7 7 2 8 . 7 7 

. 8 0 3 6 . 7 3 37 . 8 8 3 7 . 4 0 

. 8 2 4 3 . 1 5 4 2 . 8 6 4 2 . 0 4 

. 8 9 7 2 . 1 2 7 3 . 3 0 6 9 . 4 0 
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the experimental  data reasonably well for apr i cot and onion 

at al l temperatures ( Figures 2 . 3  and 2 . 5 ) . A poor fit was 

obtained for green beans at 2 0 0C (Figure 2 . 4 ) , but the fit 

at the two h i gher temp e r at u r e s  was quite good . For  the 

three product s the best fit was achieved in the medium aw 
r ange , the range that i s  o f  most pract i c a l  importance in 

the she l f  l i fe predict ion o f  dried foods . The data at the 

h i ghe s t  aw s had the b i ggest  r e s iduals  as  e xpected . The 

s t andard dev i at i ons between rep l i cates at these aw levels  

were the highe st and, consequent ly,  were given the lowest 

we ight s in calculating the isotherm equations result ing in 

the higher residual s .  

I t  i s  sugge s t e d  that w i t h  comp l e x  f o o d s  s uch  a s  dried 

fruits and vegetables or  foods with high sugar content , the 

GAB equat i on ( o r  any other equat ion)  is not appl icable to 

aws greater than 0 . 9 0 due to  the inherent problem of large 

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

det e rmining equ i l ibr ium condit i ons , espec i a l l y  when phase 

change s o f  s u g a r s  o cc u r . P re v i o u s  st udi e s  by v a r i ous 

w o r k e r s  wh i ch had c o n c l uded t hat the GAB e qu a t i on was 

s u i t ab l e  for de s cribing i s otherms to aws higher than 0 . 9 0 

h a d  b e e n  c a r r i e d  o u t  o n  l e s s  c o mp l e x  f o o d s  o r  f o o d  

component s such a s  starch,  MCC and flour (Bi z ot ,  1 98 3 ;  van 

den Berg et a l . ,  1 97 5  and van den berg, 1 9 8 5 ) . Thus , on 

the b a s i s  o f  the pre s ent study , it i s  r e commended that 

ext r apo l at ions  should not be made out side the range o f  aw 
ove r wh i ch d a t a  w a s  c o l l e ct e d ,  e spe c i a l l y  a t  h i gh aw 
leve l s . 

The above discu s s ion further supports the propos it i on that 

a we i ghted regres s ion shoul d  be used . I f  no wei ght s had 

been a s s igned t o  the dat a ,  the unre l iable  value s at the 

higher aws wou l d  have adve r s e l y  influenced the calculated 

·GAB equat i on .  
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The indirect ( 3  parameter )  nonlinear GAB equat ion generally 

f i t t e d  the expe r iment a l  data bette r  than the di rect GAB 

e qu a t i o n . T hu s , i f  p re d i ct i o n i s  t o  b e  m a de a t  t h e  

spec i fic temperature tested,  then the u s e  o f  the indirect 

n o n l i n e a r  met h o d  s e e m s  a d e q u a t e  a n d  s i mp l e r  t o  u s e . 

However ,  a s  was stated be fore , the indirect method i s  not 

suitable for predict ive purposes at other temperatures . 

The r e s idual p l ot s  for the we ighted regre s s i on equat ions 

a r e  s hown i n  F i gu r e 2 . 6 . The p l o t s  s h o w  no de f i n i t e  

p a t t e rn o r  st ruct u r e  i n d i c at ing  t h e  u s e fu l n e s s  o f  the 

wei ght ed regre s s i on and adequacy o f  the mode l s  that were 

obta ined . 

The a s ympt ot i c  standard deviat i ons o f  the s i x  parameters 

shown in Table 2 . 7  indicat e s  the relat ivel y  l ow preci s ion 

o r  h i gh uncert aint i e s  o f  the parameters . The paramet ers 

wer e  correl ated among themse lves . Some cauti on i s  needed 

in interpret ing these values . Nonlinear regres s ion appl ied 

to models  with Arrhenius-type relat i onships generates  very 

h i gh l y  corre l ated paramete r  est imates . Thi s l e ads to  an 

e l o n g a t e d  j o i nt con f i dence r e g i on and app a rent l ack o f  

pre c i s i on . 

2. 6 CONCLUS IONS 

The mo i sture sorpt ion isotherms o f  dried onion , green beans 

and apr i cot were dete rmined at 2 0 ,  3 0  and 4 0 o C .  The GAB 

model was adequate for the descript ion o f  the i sotherms o f  

the three  p ro duct s at  the three temper atures .  A direct 

we i gh t e d  n o n l i n e a r  regre s s i on ana l y s i s  o f  t h e  dat a i s  

recommended for prediction purposes . 

Although the est imated constants o f  the GAB . model Wm, Co ' 

ko ' �H , �H l ' and �H2 have r e l at ive l y  l ow pre c i s i o n ,  the 

parameters have acceptable physical signi f i cance . 



< >t  

0 
� 
� 

� 

8 0 0  

4 9  
Apricot 

... ... 
3 

400 
... ... 

4 

3 
... ... 

0 +5 32 42 

3 5 :t.2 
4 5 4 

... ..... 

-400 

! ! 
-200 200 600 

2400 

1 200 

0 

- 1 200 

1 500 

8 00 

0 

-800 

0 400 800 

Green Beans 

4 

5 8 C" ':J .:-..J ..J 
34 82 

"'" C" '"' ..J ..J ...::> 
5 5 2 

'=' � . ... ..::. 
3 -J 

.L. 

,� ... 

! ! 
0 800 1 600 

400 1 200 2000 

Oni on 

5 

5 5 5 

2 3 C" ..J 
533 5 2 5 4 3 

5 5 '  .... co 2 .... ..J 

4 
.... .... 

! 
o 300 600 

150 450 750 

w ( aw ) 
Fi g . 2 . 6 :  Re sidual p lots f or the weighted 

regre s sion analysi s of the GAB equation s  
( w  = wei ght ; number s  indicate " n umber 
o f  data point s ) .  



5 0  

GAB constant s should always b e  reported t ogether with the 

t yp e  o f  regre s s ion procedures  u s ed fo r the i r  e s t imat i on . 

Ext rapo lat i on s  should not be made , espec i a l l y  at high aw 
val ues . There fore , constant s o f  isotherm equat ions must be 

r ep o rted together with the range o f  water act ivit ies  over 

whi ch the measurements were made . 



CHAPTER 3 

PERMEAB I LITY OF PACKAGING F ILMS 

3 . 1 INTRODUCTION 

5 1  

The s e lect i on o f  the proper package for any food product 

should be based on the knowledge of first l y ,  the 

characteristics  and requirement s  of  the food and secondly ,  

the protect ive propert i e s  of  the packaging material . The 

f i r s t  f a c t o r  i s  d i s cu s s ed i n  Chap t e r s  2 a n d  4 .  Thi s 

chapter i s  concerned with the second factor , the 

permeabi lity  propert ies o f  selected plastic fi lms . 

T h e  perme ab i l ity o f  f l e x ib l e  p l a s t i c  f i lms t o  gases  and 

v ap o u r s  p l ay s  a ma j o r  r o le in the ret ent i on o f  p r o duct 

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

p a r t i c u l a r l y  t rue fo r packaged dehydrated p r odu ct s which 

are sensit ive to moi sture gain . 

A numb e r  o f  studi e s  have b e e n  prev i ou s l y  c on du ct e d  t o  

det e rmine the permeab i l it y  characteristics o f  most o f  the 

comme r c i a l  f i lms ava i lab l e  today . However ,  most o f  these 

studies apply only to specific  conditions i . e .  a part i cular 

temperature and relat ive humidity (RH) . In s ome instances 

not even t h i s  i n format i on has been rep o rt e d . Thus the 

results are o f  limited use for predict ion purpo s e s . 

To  be  abl e  t o  use  permeab i l ity dat a in the predict ion o f  

she l f  l i fe ,  there is a need for mathemat ical equat ions that 

de s c r i b e  t h e r e l a t i o n s h i p s  b et w e e n  t h e  p e rme a b i l i t y  

characteristics  o f  the fi lms and environmenta l  factors  such 

as tempe rature and RH so that the permeab i l ity o f  the fi lms 

can be predicted at di fferent storage conditions . 
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This  study was conducted with the fol lowing ob j ect ives : 

a .  t o  determine the water vapour permeabil ity o f  several 

commonly used packaging fi lms at di fferent temperatures 

and humidities ; 

b .  t o  deve lop equations describing the rel at ionship between 

permeability,  temperature and humidity . 

T h e  p ac k aging fi lms u s e d in the s t u dy were  l ow den s i t y  

p o ly ethy l ene ( 6 0 �m) , p o l yethylene t erephtha l at e  ( 1 2  �m ) 

a n d  a l aminate o f  both fi lms ( 1 2 �m polyester  and 3 0  �m 

p o l y e t h y l e n e ) . T h e s e  f i l m s  a r e  r e a d i l y  a v a i l ab l e  

commerci a l l y  and are commonly used for packaging dried food 

products . 

3 .2 L ITERATURE REVIEW 

G a s e s  and vap o u r s  c a n  p e rme ate  t h r o u gh m a c r o s c op i c  o r  

mi c r o s cop i c  pores and p i nho les i n  mat e r i a l s ,  o r  t hey may 

d i f fu s e  b y  a m o l e cu l a r mecha n i s m ,  k n own a s  " a ct ivat e d  

di f fus ion " (Karel , 1 97 5 a ) . In act ivated di f fu si on the gas 

is conside red to  di s s o lve in the packaging material  at one 

s u r f a c e , t o  di f fu s e  t h r ough the p a c k a g i n g  mat e r i a l  b y  

vi rtue o f  a concentrat ion gradient , and t o  evaporate a t  the 

other surface o f  the packaging material .  

U n d e r s t e a dy - s t ate  c on di t i on s , di f fu s i on o f  g a s e s  and 

vapo u r s  thr ough the p o l ymer at  const ant t e mperature and 

d i f ferent i a l  part i a l  pres sure can be de s cr ib e d  by F i ck ' s 

l aw o f  di ffu s ion : 

-D oc 

ot Ox 

( 3- 1  ) 



5 3  

where : 

OW/ Ot = the rate o f  t ransport o f  gases o r  water vapour 

through the film 

D = the di ffu s i on constant 

oc / Ox = the concentration gradient acros s  a thickness  

Ox 

By integrat i on and applying Henry ' s l aw (wh i ch states that 

concent rat ion is proportional to pressure , the 

p r oport i on a l ity const ant b e i ng the s o l ub i l it y  constant ) , 

a n d  b y  d e f i n i n g  p e r m e ab i l i t y  ( P )  a s  t h e  p r o du ct o f  

s o lubi l it y  const ant ( S )  and di f fu s i on con s t ant ( D ) , the 

f o l l o w i n g  e qu a t i o n i s  o b t a i n e d  f o r  e v a l u a t i n g  t h e 

pe rmeab i l ity  const ant ( Karel , 1 97 5 a ;  Mannhe im and P as s y ,  

1 9 8 5 ) : 

P 

where : 

D . S  = X . Q 
A . t . L\p 

( 3- 2 ) 

Q the quant ity o f  gas or  water vapour permeating 

through the polymer 

t t ime 

A = area o f  film 

X = thickness o f  the fi lm 

L\p = pres sure difference 

The above t reatment assumes that D and S are independent of 

c o n c e nt r a t i o n b u t  i n  p r a ct i c e d e v i a t i o n s  d o  o c c u r . 

Equat ion 3 - 2 does not hol d  for heterogeneous materials  such 

a s  coated o r  l aminated f i lm ,  o r  when there i s  interaction 

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

regenerated cellul o s e ,  glass ine and some o f  the polyamides ) 

a n d  wat e r  vapour . P e rmeab i l it i e s  o f  p o l ym e r s  t o  wat e r  

vapour are o ften presented a s  the Water Vapour T ransmi ss ion 

Rate (WVTR)  o f  the material  which i s  de fined a s : 



WVTR = � 
A . t  

5 4  

( 3- 3 )  

The RH o n  both s ides o f  the film, the temperature , and the 

material  thickness  and type must be specified . 

Compo s it e s  o f  mult i l ayer materi als  such as  l aminat es  are 

cons idered as a number o f  barriers arranged in series . The 

ove ra l l  r e s i s t an ce t o  f l ow ( wh i ch i s  the r e c i p r o c a l  o f  

permeab i l ity)  is given by the individual film 

permeab i l ities according to the following equat ion : 

where : 

n 
1 = L xi . 1 ( 3- 4 )  

P i=l  L p .  1 

P the overall permeabi l ity o f  the l aminat e ,  

P i the permeab i l ity o f  ply i which has a thickness  

xi 

L the total thickness . 

T h i s  r e l a t i o n s h i p  i s  va l i d ,  p r ov i de d  t h e  i n d i v i du a l  

permeab i l ities are independent o f  pres sure and 

c o n c en t r at i o n ,  a n d  t he r e i s  no i n t e r a c t i o n  w i t h  t he 

di f fu s in g  g a s e s . The permeabi l ity o f  the l aminate  wi l l  

appr oximate that o f  the least permeable ply , and therefore 

t he equat i on is  only u s e ful when the p l i e s  have s imi lar 

p e rmeabi l it i es . When any P i i s  pressure dependent , as is  

t he case  for hydroph i l i c  fi lms , the above equat i on i s  no 

l onger val id and the overall  permeab i l ity i s  a f fe cted by 

the o rder in which the l ayers are assemb led . 

The permeab i l ity o f  a f i lm can change with temperature and 

· the r e l at ive humidity present on either side o f  the film . 

T h i s i s  b e c a u s e  t h e  w at e r  c an d i s s o l ve i n  t he f i l m ,  , , 

p l a s t i c i s e  i t , c a u s e  i t  t o  swe l l , a n d  i n f l u e n c e  t he 
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t emp e r at u r e  a t  wh i ch t h e  p o l ymer may u n de r g o  a pha s e  

t r an s i t i on f r om the amo rphous t o  the c r y s t a l l i ne s t a t e  

( L a b u z a ,  1 9 8 2 a ) . T hu s ,  a n y  s i n g l e  P o r  WV T R  v a l u e  

general ly applies  only t o  one condition o f  temperature and 

humidity .  

3 . 2.1 Effect of Relative Humidity 

The st andard equation for mas s  tran s fer ( eqn 3- 2 )  assume s 

that the wate r  s orpt ion  properties for a f i lm are l inear ; 

however ,  the more pol ar the film the l e s s  this  ho lds t rue 

( Labuz a  and Contreras -Mede l l in ,  1 9 8 1 ) . T hu s , many fi lms 

w i l l  s h ow a c h a nge i n  WVT R  or P dep e n d i n g  o n  vap o u r  

pres sure conditions on each side o f  the f i lm . 

The permeabil ity o f  fi lms to water vapour usual ly increases 

r ap i d l y at h i gh re l a t ive  hum i d it i e s . Th i s  e f fect i s  

attributed to an increase in the di ffu s i on constant due to 

the p l a st ici s ing e ffe ct of the vapour,  and an increase in 

the s o l ub i l it y  c o e f f i c i ent with  incre a s ing p r e s sure ( i . e  

deviat i on from Henry ' s l aw )  Kare l ( 1 9 7 5 a )  studied the 

e f fect o f  di f fe rent RHs on one s i de o f  the f i lm on the 

permeabi l ity of seve r a l  fi lms . He reported that with the 

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

p o l y e s t e r ,  rubb e r  hy d r o ch l o r i de a n d  p o l ye t h y l e n e ) the  

permeab i l ity con s t ant s are independent o f  p re s su r e . The 

c a l cu l at i on o f  wat er t ransport through such mate r i a l s  a s  

p o l y amide , ce l lu l o s e ,  p o l yvinyl alcoho l ,  and others which 

show a humidity-dependent permeabil ity can be made only i f  

t h i s  d e p e n d e n c e  c a n  b e  c h a r a ct e r i s e d b y  a s u i t ab l e  

mathemat i cal funct ion . 

I n  an e a r l ier study , Karel et al e ( 1 9 5 9 )  concluded that a 

l in e a r  r e l at i onship ex i sted between WVTR and t he part i a l  

p r e s sure d i f fe rent i a l  for  hydrophob i c  p l a s t i cs ineluding 

p o l yv i n y l i de n e  c h l o r i de ,  p o l y e s t e r , p o l y s t y r e n e , and 
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p o l yethylene . S imi l ar re s u l t s  have been reported by de 

Lei r i s  ( 1 9 8 6 )  for polyester and polypropylene . Othomer and 

F rohl i ch ( 1 95 5 )  showed that a p l ot o f  l og P versus  log p 

w a s  l i n e a r  f o r  m a n y  f i l ms . H o w e ve r , t h i s h a s  b e e n  

crit i c i sed b y  L abuz a  and Contreras -Mede l l in ( 1 9 8 1 )  o n  the 

b a s i s  that l og / l o g  funct ions t end t o  s t r aight en out any 

dat a and may have no theoret ical meaning . 

3 .2 . 2  E ffect of Temperature 

P e rm e ab i l i t y  c o n s t a n t s a r e  a f f e c t e d b y  t e mp e r a t u r e  

according t o  the Arrhenius relationship : 

P D . S .  

where : 

= Po exp ( -Ep /RT ) 

energy o f  act ivat ion for di f fusion 

heat of s o lution 

energy o f  permeation 

Ed + �Hs 

( 3-5 )  

Hei s s  ( 1 95 8 ) , Karel et al e ( 1 95 9 )  and de Lei r i s  ( 1 9 8 6 )  have 

s hown t hat mo s t  o f  t he common t ype s o f  p a ckaging  fi lms 

f o l l o w e qu a t i o n 3 - 5 ,  i n c l u d i n g  p o l yv i n y l c h l o r i d e , 

p o l y e t h y l e n e , p o l y a m i d e , p o l y v i n y l i de n e  c h l o r i d e , 

po lystyrene , polyeste r ,  and polypropyl ene . For  those  fi lms 

in whi ch a straight- l ine relation for equation 3 -5 does not 

hold t rue , Kumins et a l e ( 1 95 7 )  proposed that at a certain 

t empe rature  the f i lm undergoes  amo rphous  to c r y s t al l ine 

chang e s  in the p o l yme r that s i gn i fi cant ly  a ffect P .  The 

t empe rature at whi ch this  t rans it ion occurs is cal led the 

. glass-t ran s it i on temperature ( Tg ) .  At this temperature an 

amorphous polymer changes from a britt l e ,  glassy state to a 

flexible , rubbery state or vice-vers a .  This phenomenon i s  
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not relevant in this study because the TgS for l ow dens ity 

p o l yethylene ( - 2 SoC )  and polyester  ( 6 90C )  (Bikale s ,  1 9 67 ) 

a r e  we l l  out s i de the t emperature r ange ( 2 0  t o  4 0 0C )  t hat 

was used in these  experiments . 

Labuza  and Contreras-Medel lin ( 1 9 8 1 )  studied the e f fect of  

b oth  re lat ive humidity and temperature on the P values o f  

t e n  food packaging fi lms . There seemed to  b e  n o  clear- cut 

r e l a t i o n s h i p  b e t w e e n  P ,  ext e rn a l  RH ( 0  t o  7 S % ) , a n d  

t emperature ( - 3 0  to  3 SoC ) . However ,  it w a s  shown that by 

u s ing the Arrhenius re l at i onship , a p l ot o f  l og P ve r sus 

the reciprocal o f  absolute temperature gave a straight l ine 

f o r  e a ch  r e l at i ve hum i d i t y . T h e y  r ep o rt e d t h at , i n  

general ,  at the higher temperature ( 3SoC )  , the larger the 

d r i v i n g  f o r c e  ( �p ) , t h e  h i gher t h e  P .  The i r  r e s u l t s ,  

howeve r ,  show that such was not the case for polyethyl ene 

and polyethylene terephthalate ; no spe c i fic  trend could be 

concluded from their  results . 

The above authors used water fi l led into the bags to obtain 

the 1 0 0 % internal RH and this could have led to  deviat ions 

in the ir result s .  Barrier propert ies  o f  a plast i c  material  

t o  l i qu id  penet rant s and t o  the c o r r e sponding saturated 

vapours should be ident ical if the equ i l ibrium between the 

two pha s e s  i s  maintained . Howeve r ,  h i gher pe rmeab i l it y  

values are somet ime s  found for l iquid penetrant s ,  probabl y  

due t o  the conditions u sed i n  which the equ i l ibrium i s  not 

maint a ined, and to the condi t i oning e f fect o f  the l i qu id  

whi ch may alter  the morphol ogy o f  the po lymer ( Yasuda and 

Stannett , 1 9 8 5 ) . 

3 .2.3 Effect of P inholes 

The p r edict i on o f  mo i s ture gain or  l o s s  is  based on the 

package being integral ,  i . e . , that the folding , creas ing,  

code - date  stamping,  etc . ,  do not create pinho l e s  through 
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whi ch water vapour can flow . Us ing the P oynting equat ion 

f o r  the unde r w a t e r  va cuum t e s t , L abu z a  a n d  C o nt re r a s 

Me de l l i n ( 1 9 8 1 )  have  c a l cu l at e d  t he r at e  o f  mo i s t u r e  

t ransport through pinho les . They showed that the leak rate 

through a pinho le is not very large if the pinhole  s i z e  i s  

smal l .  For a package that just pas ses  a vacuum test o f  5 0 7  

mm Hg o f  H20 ,  the pinhole size  woul d  be 8 . 7  x 1 0 - 3 mm, and 

1 0 0  holes  of that size  in a package would pass  about 8 g o f  

w a t e r  i n  a y e a r  u n d e r the s t a n d a r d  WVT R  c o n d i t i o n s . 

As s uming more r e a l i st i c  condi t i ons ( e . g .  250C with a food 

at 0 . 2  aw and the surrounding air at 60  %RH) , a s ingle hole 

woul d  not pas s more than 20 mg of water in one year . Thus , 

i f  the f i lm-making and packaging ope r at i ons are  prope r l y  

c o n t ro l l ed ,  p inho l e s  a re o f  n o  c o n s equence t o  mo i s ture  

t ransport (Labu z a ,  1 9 8 2 a ) . There fore , the pos s ible e ffect 

o f  pinholes was not cons idered further in this research . 

3 .2. 4 Other Factors 

The b a r r i e r  p r op e rt i e s  o f  fi lms dep end on t he spec i f i c  

molecular structures o f  the polymers i nvolved . A structure 

that provide s  a good barrier to gas e s  may provide a p o o r  

water  vapour barrier . 

Some o f  the fact o r s  that influence the barrier propert ies  

o f  polymers include : 

1 .  degree of pol arity 

2 .  chain sti ffnes s  

3 .  inertness t o  the permeant 

4 .  molecular s ymmetry or order , cryst a l l inity or  

o rientation 

5 .  bonding or attraction between chains 

6 .  g l a s s  t ransit i on temperature ( Tg ) 

The s e  fact ors  a re d i s cu s s ed in det a i l by Ashley ( 1 9 8 5 ) , 

Rogers ( 1 9 8 5 )  and Pascat ( 1 98 6 ) . 
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3 .3 METHODOLOGY 

3 .3 .1 Background 

The method used for determining the water vapour 

p e rme ab i l i t y  o f  t h e  p a c k a g i n g  f i lms  w a s  b a s e d  o n  the 

det ect or fi lm method deve loped b y  Ho l l and and S ant ange l o  

( 1 9 8 2 ) . A t ransparent ce llulose f i lm containing anhydrous 

cobalt chl o r i de as mo i sture detect or was s andwiched in a 

b r a s s  mi c r o c e l l  b e t w e e n  two p i e ce s  o f  the f i l m  t o  be 

t e sted . The s y stem was he ld at a cont rol led temperature 

a n d  humi dit y ,  and the amount o f  wat e r  vapour perme at ing 

t h r ough t h e  t e s t f i l m w a s  det e r m i n e d  at i nt e rv a l s  by 

mea suring the decrease  in absorbance of the detector  film 

at 6 9 0  �m . Thi s method requ i res  l it t l e  equipment and i s  

c l a imed to b e  highly reproducible and rapid, a 

c h a r a c t e r i s t i c wh i ch i s  o f  p a r t i cu l a r  i mp o r t an c e  i n  

a c c e l e r a t e d  s t o r a g e  s t u d i e s . H o l l a n d  a n d  S ant ange l o  

( ib id . ) observed a good correlat ion between the 

permeab i l ity values obt ained using this spect rophotomet ric 

method and the standard gravimetric method .  

3 .3 .2 P rocedure 

Detector F i lm 

C ob a l t chl o r i de i s  b l ue when d r y  a n d  p i n k  unde r humid 

condit i on s , both in  the  s o l id s t at e and i n  a numb e r  o f  

s o lvent medi a .  C e l l u l o s e  fi lms ( 3 0 �m thick ) were soaked 

in 2 . SM aqueous cobalt chloride solut i ons for about 3 0  min . 

The f i lms were removed,  wiped on f i lter  paper , dri ed in a 

s t r e am o f  warm a i r  unt i l  the c o l ou r  changed from p ink to  

·bright blue , and then stored in  a des s icator . The init ial  

abs o rbance of  the re sult ing detector at 6 9 0  �m was  around 

1 . 5 .  
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Holland and S antangelo ( 1 9 8 2 )  had used a higher 

c oncen t r a t i on o f  cob a l t  chl o r i de r e s u l t i n g  i n  i n i t i a l 

abs o rbance readings o f  1 . 7 - 1 . 9 .* However ,  det e ct o r  fi lms 

with such high init ial absorbance readings were observed to 

develop c loudy streaks after an absorbance change of around 

0 . 5 ,  whi l e  those with initial  absorbance readings o f  less  

t h a n 1 . 5  a l l o w e d  c h a n g e s o f  a r o u n d  0 . 7  w i t h o u t  t h e 

c loudines s  occurring . 

B e c a u s e  t he dr i e d  fi lms were b r itt l e ,  they were cut t o  

shape for the cel l  be fore drying . 

Microce l l s  

A diagram o f  the microcells  used i n  the study is  presented 

in Figure 3 . 1 .  

The microce l l s  were made from two identica l b ra s s  p l ates  

( 3 1  x 4 4  mm )  with a circular ape rture ( 1 1 mm dia . ) at  the 

c e n t r e s . A rubb e r - modi f i e d  n i t r i l e cop o l yme r o - r i ng 

s l ightly l a rger than the aperture s ( 1 8  mm dia . ) was used as 

a seal . A strip o f  detector film ( l arger than the o- ring) 

wa s s andw i ched between two p i e c e s o f  test f i lm and l a id 

over the aperture o f  one of the b rass  plates . The o-ring 

was placed on t op o f  the film, and the second bra s s  plate 

w a s  p l aced on top and s c r ewed t o  the bot t om p l at e  with 

s crews placed at each corner of  the cel l . Hence the o-ring 

s e a l e d t h e  det ect o r  f i lm i n  a w at e r t i ght enve l ope  and 

de fined the permeat i on area . The  ape rtures  a l l owed the 

wate r  vapour  from a cont ro l l ed atmo sphere acce s s  t o  both 

t h e  e xp o s e d  s u r f a c e s  o f  the t e s t  f i l m .  The c e l l  w a s  

r emoved at i nt e rva l s  from the c o nt r o l l ed atmo sphere and 

.p l a c e d  i n  a s p e c t r o ph o t o me t e r , wh e r e  t h e  c h a n g e  i n  

abs o rbance o f  the detector f i lm wa s monitored through the 

apertures in the cel l . 

* I t  was  imp l i c it ly a s sumed in the p r e s ent study that the 

l ower init i a l  absorbance value did not affect the val idity 

o f  t h e  met h o d . A B e e r ' s l aw p l ot w o u l d  have made the 

technique unequivocal . 
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F i g . 3 . 1 .  Diagram of the mi croce ll used  
f or the determina t i on of the 
WVTR of packaging f i lms 
( drawn to actual s i z e ) where : 

A - bra s s  verti6a l  $ upport plate 
B - bra s s  f ront plate 
C - rubber ' 0 '  ring 
D - test f i lm 
E - detector f i lm 
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3 .3 .3 Calculations 

The quant ity o f  water absorbed by the detector f i lm ( Q ) was 

calcu l ated us ing the equat ion 

( 3- 6 )  

where : 

�a = the change in absorbance o f  cobalt chlo ride in 

the detector film 

E the molar ext inction coe fficient 

Ao = the area o f  the detector fi lm 

factor  6 = corresponds to the number o f  water mo lecules per 

molecule of cobalt chloride 

The permeab i l ity const ants o f  the film for water vapour at 

a fixed temperature were calcu l ated u s ing equat ion 3-2 and 

the WVTR us ing equat ion 3- 3 .  

3 . 3 . 4 Materials 

The fi lms u sed for the permeabi l ity measurement s were low 

den s ity p o lyethy lene ( 6 0 J.lm ) ( he reafter abbreviat ed LDP E )  , 

p o lyethy l ene te rephthalate ( 1 2  J.lm ) ( he re afte r  abbrevi ated 

P E T ) and a l amin ate o f  both f i lms  ( 1 2 J.lm P E T  and 3 0  J.lm 

LDPE ) . The plastic  fi lms were suppl ied by Courtaulds F i lms 

N . Z .  Ltd . , a converter of packaging fi lms . 

3 . 4  EXPERIMENTAL 

.A range o f  humi dity  condit i on s  ( 5 5 ,  7 5  and 9 0 %  RH ) and 

t h r e e  t empe r at u r e s  ( 2 0 ,  3 0 ,  4 0 o C )  we re cho s e n  as the 

experiment a l  var i able s .  The constant humidity conditions 
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we r e  attained by us ing s aturat e d  s a lt s lu r r i e s  o f  NaB r ,  

NaCl , and KN03 i n  PEC cel l s  ( as described in Sect i on 2 . 3 ) . 

The PEC ce l l s  were placed in  incubators that had been set 

to the di fferent temperatures . The actual humidity values 

obt a ined at the di fferent t emperatures are given in Table 

3 . 1 a .  

The steady-state internal RH was as sumed to  be 2 3% for LDPE 

and the l am i n ate  at a l l  tempe r at ure s and e x t e r n a l  RHs . 

Thi s i s  b a s e d  on the r e s u l t s  o f  Ho l l and and S ant ange l o  

( 1 9 8 2 ) , who showed that the detector film does  not absorb 

water vapour below 2 3% RH .  This was interpreted by Hol land 

( 1 9 8 9 )  as a compet itive s ituation between the cel lulose  and 

wat e r ; unt i l  an RH o f  2 3 % ,  cob a l t  ch l o r i de i s  bound t o  

cel l u l o s e ; at higher RH values  the detect o r  f i lm become s 

increas ingly permeable and reacts  increas ingly qui ckly with 

water vapour . Because the transmi s s ion rates  for PET were 

mu ch h i gher  t han t he t wo o t he r  fi lms , the s t e ady - s t at e  

i nt e r n a l  RHs we re expected t o  be higher with t ime . The 

intern a l  RHs were obt a ined by int e rpo l ating the s l ope o f  

the det e c t o r  r e sponse  aga i n st s l op e s  obt a i n e d  a t  known 

vap o u r  p r e s s u r e s  ( a s g iven i n  H o l l an d  and S an t an ge l o ,  

ibid . ) . The as sumed internal RH values  for PET a re given 

in Table  3 . 1b .  

The test fi lms were cut to the required s ize ( 2  x 2 cm) and 

were condi t ioned to  the di ffe rent treatment conditions by 

ho lding them overnight in represent at ive PEC cel l s  in the 

incubat or s . 

At the s t art o f  the exper iment , t he detect o r  fi lms were 

s ealed between the test fi lms in the microcel l s  following 

the procedu re given in  Secti on 3 . 3 . 2 .  In  the case o f  the 

l aminate , the f i lm was laid over the aperture o f  the brass 

ce l l  such that the LDPE s ide was fac i ng the detector film 

a n d  t he P E T  s i de w a s  expo s e d  t o  t he e xt e rn a l  RH . An 

i n i t i a l  r e ading o f  the det e c t o r  f i lm was t aken and the 



T able 3 . 1 a .  Saturated salt solut i on s  and the i r  

corresponding RH ( % )  a t  di fferent 

temperatures . 1 

Temperature 

( oC )  

2 0  

3 0  

4 0  

1 Greenspan ( 1 97 7 )  

NaBr 

5 9 . 1  

5 6 . 0  

5 3 . 2  

Saturated S alt Solut ion 

NaCl 

7 5 . 5  

7 5 . 1  

7 4 . 7  

9 4 . 6  

9 2 . 3  

8 9 . 0  

Table 3 . 1b .  As sumed internal relat ive humidit ies ( % )  for 

PET f i lm . 1 , 2 

Temperature 

( oC)  

2 0  

3 0  

4 0  

55 

23 

23 

2 4  

External RH ( % )  

7 5  

2 3  

2 4  

2 6  

9 0  

2 3  

2 5  

2 7  

1 The as sumed internal RHs for LDPE and Laminate are 2 3 %  

for a l l  temperature and external RH condition s . 

6 4  

2 The vapour pressure di fference (�p )  was calcu l ated u s ing 

the equation : 

.�p = p o f  pure H2 0 at speci fic T X ( exte rnal RH - internal RH ) 
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m i c r o c e l l s  p l a c e d  in  the P E e  c e l l s . The r e  we r e  three 

rep l i cate cel ls for each treatment condition . 

The ce l l s  we re removed at int e rv a l s  from the cont r o l led 

atmo sphere and immediate l y  placed in a spectrophotometer , 

where the change in absorbance at 6 9 0  �m o f  the detect or 

f i lm w a s  mon i t o red t h r ough the aperture s in  t h e  ce l l . 

Samp l ing and reading were done one t reatment at a t ime to 

avoid del ay and subsequent condensat ion . 

3 . 5  RE SULTS AND D I SCUSSION 

3 .5 .1 WVTR and Permeance 

The raw data o f  the change in abs o rbance o f  the detector 

fi lms over time are given in Appendices 3 . 1  t o  3 . 9 . 

Regres s i on equat ions were determined to  calcul ate the s lope 

o f  t h e  c u r v e  w h i c h i s  e qu i v a l e n t t o  t h e  c h a n g e  o f  

absorbance over t ime (�a/t ) . Thi s value is required in the 

calcu l at i on o f  the WVTR . Onl y  the l inear port i on o f  the 

c u rve s w a s c o n s i de r e d  i n  d e t e r m i n i n g t h e  r e g r e s s i o n  

e quat i o n s , i . e .  dat a at t = O  w a s  o m i t t e d  when a l a g  was 

observed;  for the samples at the high RHs and temperature , 

the r e a d i n g s  were st opped once t h e  fo rmat i on o f  c l oudy 

st reaks in  the detector f i lm was obs erved . A steady-state 

condit i on can be as sumed to exi st during the l inear port ion 

o f  the curve and �p can be taken to  be constant dur ing this 

period . The �a/t  results are given in  Table 3 . 2 .  

The WVTR values were cal cu l at ed u s ing equat i on 3 - 3  and a 

va lue f o r  Q c a l c u l ated from e quat i o n  3- 6 .  The WVTR data 

were p l ot t e d  aga inst  the d i f fe rence  in  part i a l  pre s s ure 

between the two s ides of the wal l  formed by the film (�p ) . 
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T able  3 . 2 .  Change of  absorb ance o f  the detect o r  f i lm as a 

funct i on o f  time (hr- 1 ) . 

F i lm Temperature S aturated Salt S o lut ion 

( oC )  NaBr NaCl KN03 

LDPE 2 0  . 0 0 6  . 0 0 8  . 0 1 2  

3 0  . 0 1 1  . 0 1 7  . 0 2 5  

4 0  . 0 1 9  . 0 35 . 0 52 

PET 2 0  . 0 5 2  . 0 8 4  . 1 1 7  

3 0  . 0 9 4 . 1 60  . 2 1 8  

4 0  . 1 4 7  . 2 7 0  . 3 4 8  

Laminate 2 0  . 0 0 8  . 0 1 3  . 0 1 8  

3 0  . 0 1 5  . 025  . 0 3 6  

4 0  . 0 2 9  . 0 52  . 0 7 1  

As can be  seen i n  Figure s 3 . 2  t o  3 . 4  and T able 33 ,  i t  was 

ob s e rv e d  t h a t  WVTR w a s  a l i n e a r  funct i o n  o f  �p . G o o d  

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

equ at i on s . LDPE and PET are  nonp o l a r ,  hydrophobic films , 

i . e .  the wat e r  vapour doe s  n ot interact with the polymer . 

Thus , the classic  laws o f  di ffu s i on ( eqns 3 - 1 and 3 - 2 ) are 

expected to app l y ,  with an increa s e  in the driving force 

( �p )  r e s u l t i n g  in  a l in e a r  incre a s e  in the t ransmi s s ion 

rates . S imi lar  trends were reported by Karel  et al . ( 1 95 9 )  

and de Lei ri s  ( 1 9 8 6 )  for these  two fi lms . 

T h e  r e g r e s s i o n l i n e s  f o r e a ch  t emp e ra t u r e  a r e  n e a r l y  

para l l e l  to  each other for al l three films . Thi s  parallel  

relat ionship was reported by de Lei ri s  ( 1 9 8 6 )  for PET . At 

a constant �p , WVTR increased with temperature for LDPE and 

the l aminate . The oppos ite t rend was observed for PET . 
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Fig . 3 . 2 .  Re lation ship between WVTR and vapour 
pre s s ure difference ( Ap )  f or LDPE at 2 0 ° C  ( . ) ,  
3 0  ° C ( * ) and 4 0 ° C ( + ) . 
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F i g .  3 . 3 . Re lati onship between WVTR and 6p for  
PET at  20  ° C ( . ) , 30  ° C ( * )  and 40  ° C ( + ) . 
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Fig . 3 . 4 .  Re lationship between WVTR and �p f or 
the laminate f i lm at 2 0 ° C ( . ) ,  3 0 ° C ( * ) , and 
4 0 ° C  ( + ) .  
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T able  3 . 3 .  Results o f  the regres s ion equat i ons for WVTR 

(mL . cm- 2 . s- 1 ) as a function of the di f ference in 

vapour pre s su re �p ( cm Hg ) . l 

F i lm 

LDPE 

P E T  

Laminate 

2 0  

3 0  

4 0  

2 0  

3 0  

4 0  

2 0  

3 0  

4 0  

1 WVTR = a + b�p 

Coe fficients 

a ( x  1 0 - 6 ) b ( x  1 0- 6 ) 

- 0 . 0 5 

- 0 . 2 5 

- 1 . 1 0 

- 1 . 5 8 

- 2 . 9 9  

- 3 . 65 

- 0 . 2 4 

- 0 . 52 

- 0 . 7 9 

1 . 1 5 

1 .  4 3  

1 . 94 

1 2 . 32 

1 3 . 4 3 

1 3 . 0 9 

1 .  9 0  

2 . 1 4 

2 . 4 8 

97 . 9  

98 . 8  

9 8 . 3  

99 . 9  

1 0 0 . 0  

1 0 0 . 0  

9 9 . 8  

9 9 . 7  

9 9 . 4  

Re a r r an g i n g  e qu at i o n s  3 - 2 a n d  3 - 3  g ive the f o l l ow i ng 

equat i on for WVTR : 

WVTR = 

P �p D S �p 

= 

x X 

( 3- 7 )  

T h e  r e s u l t s  i n d i c a t e  t h at f o r  LDPE , P i n c re a s e s  w i t h  

t empe r ature  a t  a const ant �p whi le for  P E T , P decreases  

with  temperature at a constant �p . P is  a product o f  D and 

S whi ch a r e  p r opert i e s  spe c i f i c  t o  a po l ymer / p e rmeant 

comb inat ion whi ch could be the reason for the di f ference in 

t rends for LDPE and PET . 

T o  att ain the s ame di fference in  vapour pre s sure (�p )  at 

di f fe rent temperature s ,  the di fference in RH ( external RH 
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minus internal  RH} must be reduced at higher temperatures . 

Karel  ( 1 97 5 a )  and de Leiris  ( 1 9 8 6 )  showed that it i s  not 

only the vapour pres sure di fference that a f fects P but also  

wat e r  vapour concent rat ion i t s e l f .  H i gher wat e r  vapour 

c o ncent rat i o n s  may p l a s t i c i s e  the p o l yme r ,  r e s u lt ing in 

h i gher P val ue s . Howeve r ,  for hydrophobic fi lms such as 

L O P E  and P E T ,  t he p l a s t i c i s at i on e f fe ct wou l d  not be 

e xpected to  be s igni fi cant when compared to  the e f fect of 

�p (which is  a funct ion o f  temperature ) on permeab i l ity . 

The WVTR va l u e s  for PET  were much higher than tho s e  for 

LOPE under the s ame humi dity and t empe ratu re condit ions . 

LOPE is  a good water vapour barrier . As expected,  the WVTR 

v a l u e s  f o r  t he l a m i n a t e  f i l m  a r e  l owe r t h an t h o s e  f o r  

polyester because of  the polyethylene l ayer i n  the l aminate 

( 3 0  urn) • 

The WVTR o f  the laminate may a l s o  be  calcu lated using the 

equat i on : 

1 1 + 1 + . . . . . .  + 1 ( 8  ) 

whe r e  1 , 2  a n d  i re fe r t o  e a ch i n d iv i du a l  p o l yme r web 

compri s ing a l aminate of i layers . The WVTR for the 3 0  �m 

LOP E  in the l aminate was obt ained b y  doub l ing the values  

f o r the 60  �m LOPE . This  is  b a s e d  o n  F i ck ' s l aw whi ch 

states  that the t ransmi s s ion rate i s  inversely proport i onal 

to thickness  x .  

The calculated WVTR values for the l aminate were around 1 0% 

higher than the actual values obtained ( Tabl e  3 . 4 ) . These 

di f fe re n c e s  may  be due t o  an e f fe c t  from s u r fa c e s  and 

int e r faces  or a deviat i on from F i c k s ' l aw .  According t o  

Pascat ( 1 9 8 6 )  permeabil ity is  proport i onal t o  X-n , where n 

= 0 . 8  to 1 .  2 .  
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T able 3 . 4 .  WVTR at constant external RH (mL . cm - 2 . s - 1  ) 

( x  1 0- 6 ) .  

F i lm Temperature External RH ( % )  

( oC )  5 5  75  9 0  

LDPE 2 0  0 . 5 9  1 . 0 0 1 .  3 0  

3 0  1 . 2 0 2 . 1 1 2 . 7 9 

4 0  2 . 32 4 . 4 6 6 . 0 7 

PET 2 0  5 . 3 3 9 . 65 1 2 . 9 0 

3 0  1 0 . 6 9 1 8 . 8 1 2 4 . 7 9 

4 0  1 8 . 8 0 3 1 . 8 4 4 1 . 97 

L aminate 

Experimenta l  Re sults 

2 0  0 . 8 2 1 . 4 9 1 .  9 9  

3 0  1 .  6 6  3 . 0 3 4 . 0 5 

4 0  3 . 6 1 6 . 3 6 8 . 4 2 

Cal culated Re sults 1 

2 0  0 . 97 1 .  65 2 . 1 6 

3 0  1 .  9 6  3 . 4 5 4 . 5 6 

4 0  3 . 7 2 6 . 97 9 . 42 

1 WVTR calcu lated using equat ion 3 - 8 
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T o  show the rel at ionship between temperature and WVTR,  the 

In  WVTR was p l otted aga inst the reciprocal o f  tempe rature 

( 1  I T )  ( F i gu re s  3 . 5  to 3 . 7 ) . The WVTR values fo r constant 

RH condit i o n s  ( 5 5 ,  7 5 ,  9 0 %  RH ) were calcu l ated u s ing the 

regre s s i on equ at i ons in Table 3 . 3  and are given in Tab l e  

3 . 4 .  A l in e a r  r e l at i onship w a s  ob s e rved f o r  a l l  three 

f i lms . Thi s r e l at i onship can be described by the general 

equat ion ( Tabl e  3 . 5 ) : 

In WVTR = a - b ( l / T )  ( 3- 9 )  

which is  s imilar  in form t o  the Arrhenius equation . 

Table 3 . 5 .  Results o f  the regre s s i on equat ions for In WVTR 

(ml . cm-2 . s- 1 ) versus the reciprocal o f  

tempe rature (K- 1 ) ( equat ion 3- 9 )  . 

F i lm External RH Coe fficient s R2 

( % )  a b ( %  ) 

LDPE 5 5  6 . 8 3 62 0 4  1 0 0 . 0  

7 5  9 . 4 5 6 8 2 3  1 0 0 . 0  

9 0  1 0 . 3 6 7 0 1 5  1 0 0 . 0  

PET 5 5  7 . 4 2 5 7 3 0  9 9 . 6  

7 5  6 . 9 8 5 4 2 6 9 9 . 5  

9 0  7 . 05 5 3 62 9 9 . 6  

Laminate 5 5  8 . 8 7 67 1 4  9 9 . 9  

7 5  9 . 0 8 65 9 9  1 0 0 . 0  

9 0  9 . 25 65 6 4  1 0 0 . 0  

The straight l in e s  obtained at di ffe rent external relat ive 

h u m i d i t i e s  a r e  p a r a l l e l , i n d i c at i n g  t hat WVTR i s  n ot 

a f fe cted by the e xt ernal  vapour p r e s su r e  concent rat i on ,  

i . e .  WVTR response to  temperature change i s  the same under 
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Fig . 3 . 6 .  Plot o f  In WVTR against T- l f or PET 
f i lm at  5 5 %  ( . ) ,  7 5 %  ( * )  and 9 0 %  ( + )  external RH . 
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Fig . 3 . 7 .  Plot of In WVTR aga i nst T- l for 
laminate f i lm at 5 5 %  ( . ) ,  7 5 %  ( * )  and 9 0 %  ( + )  
extern a l  RH . 
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t he di f fe rent condit i o n s  o f  extern a l  re l at i ve humidity . 

S imi lar result s were reported by de Leiris  ( 1 9 8 6 ) . 

Because the WVTR includes neither pres sure nor  

c o n c e n t r a t i o n  o f  p e r m e a n t  in  i t s  d i me n s i o n s , it  i s  

neces sary to know e ither the vapour pressure at saturat i on 

o r  the c on cent rat i on o f  permeant under the condit ions o f  

the me a s u rement in o rde r t o  corre l ate the WVTR with the 

permeab i l ity coefficient P o f  the permeant i n  the polymer . 

S ince the WVTR is  not a real constant which i s  

characteristic  for a pol ymer ,  i t  i s  only  used as a means o f  

c o mp a r i n g  b a r r i e r  p r o p e rt i e s . F o r  t h i s r e a s o n  Labu z a  

( 1 9 8 1 )  recommended that WVTR should not b e  u s e d  i n  she l f  

l i fe predictions . 

The permeabi l ity constants for polyethy lene and polyester 

were determined us ing equati on 3-2 ;  this equat ion does not 

ho l d  for heterogeneous mate r i a l s  such as l aminated films . 

Each web in  a laminate o f  two or  more polymers provides a 

di f ferent barrier to the permeat ion o f  a gas o r  vapour so 

that a permeabil ity coeffi cient cannot be speci fied . Hence , 

p e rme a n c e  ( P I X )  i s  u s e d  t o  de s c r i b e  the p e rm e ab i l i t y  

property o f  l aminates  o r  comp o s ite fi lms with no absolute 

t h i ckne s s . T o  be able t o  compare  the three  f i lms , the 

permeance at the di fferent condi t i ons were calcu l ated and 

the re s u l t s  are pre sented in Table 3 . 6 .  The permeability 

constant s for LDPE and PET are given in Table 3 . 7 .  

The permeab i l ity constant s obtained are comparable to  those 

that have been pub l i shed prev i ou s ly  by seve r a l  authors ; 

these  are summari zed in Table  3 . 8 .  

In  F igures 3 . 8  to  3 . 1 0 ,  the permeances are p lotted against 

the reciprocal  of temperature ( l i T ) . For ide a l  condit ions 

these  p l ot s  should result in straight l ines with a negat ive 

s l o p e . I t  i s  e v i d e n t  f r o m  t h e  re s u l t s ,  t h a t  t h i s 

relat ion ship was followed in  general for a l l  re l at ive 
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Table  3 . 6 . Water vapour permeance (P IX )  

(mL . cm- 2 . s - 1 . cm Hg- l ) ( x  1 0- 6 ) . 

F i lm Temperature External RH ( % )  

( oC )  5 5  75  

LDPE 2 0  1 .  0 6  1 .  0 9  

3 0  1 . 1 8 1 . 2 7 

4 0  1 .  3 1  1 . 55 

PET 2 0  9 . 50 1 0 . 5 8 

30  1 0 . 5 0 1 1 . 5 9 

4 0  1 0 . 9 6 1 1 . 7 4 

Laminate 2 0  1 .  4 7  1 .  63  

30  1 .  63  1 .  8 3  

4 0  2 . 0 4 2 . 2 1  

Table 3 . 7 .  Water vapour permeabil ity constant s 

F i lm 

LDPE 

PET  

- 2 - 1 - 1  0 - 9 (mL . cm . cm . s  . cm Hg ) ( x  1 ) . 

Temperature External RH ( % )  

( oC )  55  75  

20  6 . 34 6 . 55 

3 0  7 . 0 8 7 . 65 

4 0  7 . 8 7 9 . 3 1 

2 0  1 1 . 4  12 . 7  

3 0  1 2 . 6  1 3 . 9  

4 0  1 3 . 2  1 4 . 1  

7 4  

9 0  

1 . 1 0 

1 .  3 1  

1 .  6 4  

1 0 . 9 8 

1 1 . 9 8 

12 . 0 4 

1 .  6 9  

1 .  9 0  

2 . 2 7 

9 0  

6 . 62 

7 . 8 5 

9 . 8 2 

1 3 . 2  

1 4 . 4  

1 4 . 4  



Table 3 . 8 .  Summary o f  pub l ished results of  permeab i l ity 

constants . 

Source 

D avis ( 1 97 0 )  

2 5° C ,  65%  RH 

Water Vapour Permeab i l it y  Constant s 
- 2 - 1 - 1 (mL . cm . cm . s  . cm Hg ) 

PET ( x  1 0 - 8 ) 

9 . 4 1 1 . 2 9  

Holland and Santangel o  8 . 0 9a 1 . 1 4 a 

( 1 9 8 2 )  

2 5° C ,  7 5 %  RH 

Ashley ( 1 9 8 5 )  8 . 0  1 . 3 0 

2 5° C ,  9 0 %  RH 

Rogers ( 1 9 8 5 )  9 . 0  1 . 3 0 

2 5° C 

Yasuda and Stannett 1 0 . 0  1 . 7 5 

( 1 9 8 5 )  

3 0° C 

a Recalculated results  due to an error in the pub l i shed 

paper . 

7 5  
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humidit i e s  and thus can be described by equat ion 3- 5 ( Table 

3 .  9 )  . 

The act ivation energie s  for permeat ion (Ep ) were cal culated 

f r om the Arrhenius equ at i ons and are given in Tab l e  3 . 9 .  

T h e  Ep v a l u e s  f o r  L D P E  i n c r e a s e d  w i t h  a n  i n c r e a s e  i n  

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

o b s e rved for  PET . T h e  Ep for  the l ami n a t e  s e ems t o  b e  

independent o f  �p . Labu z a  and Cont reras-Mede l l in ( 1 9 8 1 )  

r ep o rt e d  that the act ivat ion energ i e s  o f  f l e xible fi lms 

( i n c l u d i n g  LDPE and P E T )  gene r a l l y  i n c r e a s e d  w i t h  t h e  

dr iving f o rce �p a l t hough t h e  r e l at i onship w a s  n o t  very 

c l e a r - c u t . T h i s l e d  t o  t he i r  con c l u s i on that  i f  the 

act ivat i on energies  o f  films had to be  cons idered it  could 

make she l f l i fe predicti ons very complex . 

T ab l e  3 . 9 .  Result s o f  the Arrhenius equat ion s  for permeance 

P IX (mL . cm- 2 . s- 1 . cm Hg- 1 ) 

F i lm External RH 

( %  ) 

LDPE 55 

75  

9 0  

PET  55  

7 5  

90  

Laminate 55 

75 

90  

ln ( P / X ) o 

- 1 0 . 4  

- 8 . 2 3 

- 7 . 4 9 

- 9 . 2 5 

- 9 . 7 9 

- 1 0 . 0  

- 8 . 37 

- 8 . 62 

- 8 . 7 3 

Ep 
( kJ . mo l- 1 ) 

8 . 1  

1 3 . 4  

15 . 2  

5 . 6  

4 . 0  

3 . 4  

12 . 4  

1 1 . 5  

1 1 . 2  

1 0 0 . 0  

9 9 . 5  

9 9 . 2  

9 6 . 5  

8 6 . 5  

7 6 . 6  

95 . 6  

9 8 . 1  

9 8 . 6  
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Cardo s a  and Labuz a  ( 1 9 8 3 )  concluded that for polyethylene 

and p o l yp ropy l e n e , the a c t i va t i on energy o f  p e rmeat i on 

incre a s e d  a s  the external RH de creased ( intern a l  RH was 

z e ro ) ove r an RH range o f  1 1  to 8 3 %  at 3 0 ,  3 7  and 4 5 0C .  

The temperature range studied was comparative l y  high and a 

" inflexion point " was exhibited at around 4 50C .  At 3 0  and 

3 7 oC ,  P i n creased with RH ; howeve r ,  at 4 5 0C the oppos ite 

t rend wa s o b s e rved . He nce , t he ob s e rved r e l at i o n s h i p 

between Ep and external RH .  It i s  questionable whethe r the 

same trend would have been observed at a l ower temperature 

range . 

The act ivat ion energies that were obtained for LDPE in  the 

p r e s ent s t udy a r e  l ower than t h e  p ub l i s h e d  r e s u l t s o f  

Labuza and Contreras-Medellin  ( 1 9 8 1 ) o f  2 1  t o  3 1  kJ . mo l- l . 

Thi s cou l d  be due t o  the di ffe rence in  the s y st ems used 

( l iquid water in  their  study as opposed to water vapour in 

the present study ) . The cal culated Ep values for LDPE are 

w i t h i n  t h e  r ange o f  t h at f o un d  by Cardo s a  and  L ab u z a  

( 1 9 8 3 ) , o f  4 t o  1 4  kJ . mo l - 1 over RH condit ions  o f  5 3  to  

7 5 % ;  they u s ed water vapour rather than l iquid water . The 

Ep value f o r  PET at 9 0 %  external RH i s  comp arable t o  that 

reported by Yasuda and Stannett ( 1 9 8 5 )  of 2 . 9 3 kJ mo l - I . 

K a r e l  et a l . ( 1 9 5 9 )  a l s o  s howed t h a t  the p e rm e ab i l it y  

constant o f  PET changed very l itt l e  with temperature . 

T h e  perme ab i l i t y  c o n s t ant i s  a c omb i n at i on o f  t h e  two 

funct i on s  s o l ub i l i t y  ( S )  and di f fu s i o n  ( D ) as shown i n  

equation 3 - 5 . The di ffus ion constant a lways increases when 

the temperature increases . For condensable vapours such as 

water ,  S dec reases with increases in temperature . The net 

r e s u l t  w o u l d  dep e n d  on the re l at i ve chang e s  o f  t he s e  

p r op e rt i e s  a s  t he y  v a r y  w i t h  t empe r at u re . T h i s w o u l d  

part ly explain  the complex relat ionship between temperature 

·and permeab i l ity . 
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For the re l at ively hydrophobic fi lms such as LDPE and PET , 

i t  was expected that the permeab i l ity constant s wou ld be 

i n dependent o f  pre s sure . Howeve r ,  as  can be  s ee n  from 

T ab l e  3 . 7 ,  the l a rg e r  the �p , t h e  h i ghe r t he P va l u e  

o b t a i n e d  a t  a c o n s t a n t  t e mp e r a t u r e i n d i c a t i n g  s o me 

dependence of the permeability constant on vapour pres sure . 

S imi l a r  r e s u l t s  we r e  report ed b y  Labu z a  and C ont r e r a s 

Mede l l in ( 1 9 8 1 )  who stated that thi s was most l ikely  due to 

the effect s of moi sture in plast i c i s ing the film,  result ing 

i n  incre a s e s  in the di ffus ion rates . Clustering o f  water 

mo l ecu l e s  in hydrophob i c  fi lms i s  s a i d  to  occur at high 

r e l at ive p r e s s u r e s  ( Y a s uda a n d  S t a nnet t , 1 9 6 2 ) . The 

dependence o f  the permeability constant on vapour pres sure 

does not appear s igni ficant when compared to the magnitude 

o f  t h e  e f f e ct o f  �p on the p e rm e ab i l i t y  c o n s t a n t s o f  

hydrophi l i c  f i lms (Karel et al . ,  1 95 9 ) . 

3 . 5 . 2 Development of the P e rmeab i l ity Model 

I n  o rder f o r  the pe rmeab i l it y  dat a t o  be u s e fu l  for  the 

p r e d i c t i o n  o f  t h e  s he l f  l i fe o f  p a c k ag e d  d r i e d  f o o d  

product s ,  the dependence o f  the permeance o f  the packaging 

fi lms on the envi ronmental parameters  ( RH and temperature )  

must  be  described by a mathemat ical funct ion . 

An attempt was made t o  develop an empirical model re lat ing 

P IX ,  external RH and t emperature u s ing the dat a obt ained 

above . 

p i x was found t o  fol l ow the Arrhenius equation (eqn 3 - 5 ) : 

P = (�\ 
exp 
( -EP) 

X xl RT 

( 3-5 )  
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T he ( P / X ) o and Ep va l u e s  obt a i n e d  f r om equ at i o n  ( 3 - 5 )  

( g iven in Table  3 . 9 ) were observed t o  be dependent on RH .  

The S P 1 2 3  comput e r  program (Wa l on i c k , 1 9 8 7 )  was used t o  

determine the corre l at ions of  the di ffe rent t rans formati ons 

o f  ( P /X ) o and RH , and Ep and RH for the three fi lms . A 

h igh co rre lat i on for  a l l  three fi lms was obtained for the 

funct i ons given in Equat ions 3- 1 0  and 3 - 1 1 : 

( 3- 1 0 )  

( 3- 1 1 )  

where a ,  �, y, and 0 are constants . 

The se two equat ions were tested us ing the l inear regression 

ana ly s i s ,  and the result ing corre l at i on coefficient s were 

found acceptable ( Tabl e s  3 . 1 0 and 3 . 1 1 )  . 

P a r ame t e r s  ( P / X ) o a n d  Ep we r e  t he n  s ub s t i t u t e d  i nt o  

equ at i on 3- 5 ,  and the result ing equat i on t ested with the 

BMDP AR program ( D ixon , 1 9 8 5 ) : 

� � a exp (;!-) .  exp t + �) . _1_ 
R T  

( 3- 1 2 )  

The four constants for the three fi lms were determined and 

t h e  re s u l t s  are p r e s ented i n  T able 3 . 1 2 .  The residual 

values were fairly sma l l  and randomly scattered, indicating 

a good overall  fit . 

E quat ion 3 - 1 2  is  a mathemat ical model exp re s s ing permeance 

a s  a funct ion o f  ext ernal RH and temperature . This model 

can be used to predict permeance o f  the three types o f  film 

at di fferent RH and temperature condit i ons . 
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Table  3 . 1 0 . Results o f  the regres s ion equat ions des cribing 

ln (P /X) o as a funct i on of external RH 

( equation 3 - 1 0 )  . 

F i lm 

LDPE 

PET 

Laminate 

Coe fficient s 

ln a 

-2 . 7 8  - 4 1 7 . 4 0 

- 1 1 . 2 0 1 0 6 . 93 

- 9 . 3 0 5 1 . 0 2  

9 9 . 6  

9 9 . 9  

9 9 . 9  

Table 3 . 1 1 .  Results o f  the regress ion equati ons describing 

Ep as a function o f  RH ( equation 3 - 1 1 )  . 

F i lm Coe fficient 

LDPE 2 6 . 8 0 - 1 0 2 4 . 67 9 9 . 5  

PET - 0 . 2 1 3 1 9 . 4 6 9 9 . 9  

Laminate 9 . 25 1 7 2 . 3 0 9 9 . 5  
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Table 3 . 1 2 .  Est imates of  the parameter constants of the 

permeabil ity model . 

F i lm Parameter Est imate Asymptot ic  

Standard Devi at i on 

LDPE a 0 . 0 90 0 . 0 94 

� - 4 3 8 . 6 3 0  7 3 . 7 5 6  

'Y 2 7 . 52 5  2 . 6 62 

0 - 1 0 6 1 . 4 8 9  1 8 6 . 9 1 7  

PET a 0 . 0 0 0 0 2  0 . 0 0 0 0 2  

� 9 1 .  4 94 9 9 . 0 8 0  

'Y 0 . 3 4 1  3 . 5 5 2  

0 - 2 7 4 . 98 0  2 5 0 . 2 0 6  

Laminate a 0 . 0 0 0 1  0 . 0 0 0 2 

� 6 6 . 0 2 1  1 3 1 . 8 65 

'Y 9 . 0 97 4 . 7 4 0  

0 2 1 4 . 32 9  3 3 4 . 4 62 

3 .5 CONCLUS ION 

The WVTR and permeab i l i t y  constant s o f  LDP E ,  P E T  and a 

l am i n a t e  o f  b o t h  f i l m s  w e r e  det e r m i n e d  a t  d i f f e r e n t  

t empe r a t u r e s  and hum i d i t i e s . 

fol l owing general conclusions : 

The re s u l t s  s uppo rt the 

a .  A l inear  r e l at i on s hip e x i s t s  between WVT R  and vapour 

pre s sure difference for the three plast i c  f ilms . 

b .  T h e  A r rhe n i u s  r e l at i on s h i p  f o r  t he d e p e n d e n c e  o f  

permeab i l ity on temperature fit s the data wel l  in  the range 

o f  temperatures between 2 0  and 4 0  °c for the three fi lms at 

each rel at ive humidity condit ion .  Permeabi l ity 
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m e a s u r e me n t s a t  t w o t e mp e r at u r e s wo u l d  p r o b ab l y  b e  

sufficient to de fine thi s re l a t i onship over a tempe rature 

range o f  thi s magnitude , given the good l inear 

relation ship . 

c .  A general ised relationship between the act ivat i on energy 

o f  pe rme at i on and vapour pre s sure d i f fe rence can  not be 

made for a l l  three films . 

d .  Although the permeab i l ity constant is  dependent on the 

di f f e r e n c e  in  vapour  p r e s s u r e  a c r o s s  the f i lm w i t h  an 

increase in �p result ing in a higher permeab i l ity constant , 

thi s dependence appears to be o f  no practical sign i fi cance . 

A gene r a l  mode l de s c r i b i n g  p e rme ance a s  a fun c t i o n  o f  

extern a l  re l at ive humidity and tempe rature was devel oped . 

The mode l s at i s fact o r i l y  pred i ct e d  the permeance o f  the 

three fi lms . 



CHAPTER 4 

KINETICS OF DETERIORATIVE REACTIONS 

IN DRIED FOODS 

4 .1 INTRODUCT ION 

, 
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The quant itat ive approach t o  she l f  l i fe predict ion requ ires 

that the deteriorat ive mechani sms l imiting the she l f  l i fe 

o f  the speci fic food be ident i fied and that an index o f  the 

deteriorat ive reactions be measured as a funct ion o f  t ime . 

It i s  assumed that the deteriorative mechani sms and their 

dependence on environmenta l  parameters ( i . e  water act ivity,  

t empe r ature and oxygen p res sur e )  c an be  de s cr ib e d  by a 

m a t h e m at i c a l , a l t h o u gh n o t  n e c e s s a r i l y  a n a l y t i c a l , 

funct ion . 

The ob j ect ives o f  thi s study were : 

a .  t o  determine the k inet i c s  of  qual ity deteriorat i on in 

dried onion flakes , green beans and apricot halve s 

b .  t o  devel op models  describing the deteriorat ive react ions 

as funct ions of water act ivity and temperature . 

4 .2 L I TERATURE REVIEW 

4 .2.1 Background 

Chemical kinetics is the study o f  rates and rates o f  change 

o f  chemical reacti ons under various condit i ons . S ince the 

chemical react ions in a food system can be very comp lex , it 

i s  u s u a l l y  e a s i e r  t o  e xamine  a r e a ct i o n  f r om a pur e l y  

mathemat ical  o r  semi - emp i r i cal approach based o n  chemical 

l aws rathe r  than on a mechan i s t i c  appro ach in whi ch e ach 

step must  be known (Labu z a  and Kamman , 1 9 8 3 ) . 
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The l o s s  o f  qua l it y  fo r most foods can be pre sented by a 

mathematical equat ion o f  the fol lowing form : 

OA 

± = kAn ( 4- 1 )  

08 

where : 

A the qual ity factor measured 

8 = t ime 

k = a constant which depends on temperature and water 

act ivity 

n = a power factor called order o f  the react ion which 

de fines whether the rate i s  dependent on the 

amount of A present 

OA 

± = the rate o f  change o f  A with t ime . A negat ive 

08 s ign i s  used i f  the deteriorat ion i s  a l o s s  o f  A 

and a posit ive sign i s  used i f  it i s  for 

product ion of an undes irable end product . 

F o r  qu a l i t y  c h a n g e s i n  f o o d s , t he r e a ct i on o rde r h a s  

genera l l y  been shown to b e  either 0 o r  1 ,  depending o n  the 

react i on involved (Pope ,  1 9 8 0 ;  Labu z a ,  1 9 82b ) . 

When n = 0 ,  the r e a ct i on i s  s a i d  t o  be  z e ro - o rde r with 

re spect to A .  Thi s implies  that the rate o f  l o s s  o f  A i s  

constant with t ime and independent o f  the concentration o f  

A .  Zero- order kinet ics have been reported t o  b e  applicable 

t o  n o n e n z ym i c  b r own i n g  i n  dr i e d  p r o du c t s a n d  l i p i d  

oxidat i on in snacks and dry foods . '���� ?  

Many foods that do not deteriorate by zero- o rder k inet ics 

fo l low a pattern where n= l  which result s in an exponent ial 

de creas e  in the r ate  o f  l o s s  as  qua l ity  decreas e s . Thus 

the rat e o f  l o s s  o f  qual it y  is  di rect l y  dependent on the 
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amount o f  A l e ft . The types  o f  deteri orat ion t hat fpl low 

f i r s t - or der react ions include vitamin l o s se s  and l o s s  o f  

prot e i n  qu a l i t y  in dr i ed foods , and ran c i d i t y  i n  dried  

veget ab l e s . 

As w a s  ment i on e d  e a r l i e r , f o o d s  gene r a l l y  det e r i o r a t e  

fo l l owing a z e ro- or f i r s t - o rde r react i on . Howeve r ,  the 

react i on order n can range over any fract ional value from 0 

to 2 for  di fferent react ions ( S i ngh et al . ,  1 9 7 6 ;  Lin and 

Aga l l o c o ,  1 97 9 ) . In certain studies , react ions were best 

de s c r i b e d  b y  n o n l i ne a r  e qu a t i o n s  s u c h  a s  p o l yn om i a l  

equat ion s  ( Smoot and Nagy , 1 9 8 0 ) . 

Rev i e w s  o n  d e t e r m i n i n g r e a ct i o n o r de r  m o d e l s  and  o n  

stat i st i cal ana l y s i s  o f  food det erioration dat a have been 

made by Saguy and Karel ( 1 9 8 0 ) , Lenz and Lund ( 1 9 8 0 ) , Hi l l  

and G r i eger-B l ock ( 1 9 8 0 ) , Labu z a  and Kamman ( 1 9 8 3 ) , Lund 

( 1 9 8 3 )  and Arabhashi and Lund ( 1 9 8 5 ) . 

4 . 2 . 2  Factors Affecting the Kineti c s  of Reactions 

Several factors  such as temperature , water activi t y ,  oxygen 

ava i l ab i l ity and food comp o s it io n  a f fect the k i net ics  o f  

d e t e r i o r at i v e  r e a c t i o n s  i n  f o o d . I n  t h e  f o l l o w i n g  

sect ions , the first three factors ment ioned,  whi ch are the 

m o s t  r e l e v a n t  t o  d r i e d  f r u i t s  a n d  v e g e t ab l e s ,  a r e  

di scu s s ed . 

4 . 2 . 2 . 1  Temperature 

Increases  in temperature are known to accel erate 

det e r i o r at ive react i ons  in food and thu s  reduce product 

- she l f  l i fe .  
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The mo s t  commo n  and genera l l y va l id a s s ump t i o n  i s  that 

temperature dependence of t he rate of det e ri o r at i o n  wi l l  

follow the Arrhenius equat ion : 

where : 

k rate constant 

ko pre-exponent ial constant 

Ea = act ivat ion energy 

R = gas constant 

T absolute temperature 

( 4- 2 )  

The u s e  o f  the Arrhenius equat ion was considered by Saguy 

and Kare l ( 1 9 8 0 )  t o  be the s oundest approach to  model ling 

temperature dependence . The Arrhenius mode l , unl ike other 

p o s s ib l e  e xp re s s i on s  o f  t empe r at u re depe n d e n c e , h a s  a 

thermodynamic bas is  (Kwolek and Bookwalter, 1 97 1 : Saguy and 

Kare l ,  ibid . ;  Labuza  and Kamman , 1 9 8 3 ) . 

The act ivat ion ene rgy i s  general l y  derived from the s l ope 

o f  a p l ot o f  the natural  l o garithm o f  rate const ant ( k )  

versus the inverse o f  abs o lute temperature (Arrhenius plot ) 

a n d  de p e n d s  o n  c omp o s i t i o n a l  f a c t o r s  s u c h a s  w a t e r  

a c t i v i t y ,  mo i s t u r e  c o n t e n t  and s o l i ds c o n c e nt rat i on . 

F u rthe rmo r e , when the r e a ct i on me chan i sm change s w i t h  

temperature , the activat ion energy may vary substantially . 

Thus , the Arrhenius equat i on has l imited app l icab i l ity and 

the range o f  val idity and the i nfluence o f  other factors on 

act ivat i o n  energy mu st be  c o n s ide red when u s i ng s uch a 

model ( Tannenbaum, 1 97 5 ) . 

Large s t at i st ical  errors are c ommo n l y  associated with the 

c a l cu l at i on o f  the t empe r at u r e  dependence o f  r e a ct ions . 

Arabshahi and Lund ( 1 9 8 5 ) , H a r a l ampu et a l e ( 1 9 8 5 )  and 

C ohen a n d  S aguy ( 1 9 8 5 )  sugge s t e d  met hods o f  an a l y s ing  
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k i net i c  dat a whi ch p r ovide s t at i s t i c a l l y  more  re l i ab l e 

final result s . 

The Arrhenius plot can also  be used to estab l i sh she l f  l i fe 

p l o t s  o f  spe c i f i c  p r o du c t s  b a s e d  on a kn own end- p o i nt 

qua l ity deterioration value (Labu z a  and Kamman , 1 98 3 ) . An 
Arrhenius type  plot known as the she l f  l i fe p l ot i s  o ften 

used in she l f  l i fe studies . Here , instead o f  plott ing the 

r a t e  o f  the det e r i o r at ive react i on ,  the t ime t o  end o f  

she l f  l i fe at a speci fi c  temperature is plotted . 

There could be many l imitat ion be s i de s  stat i st i cal errors 

in u s i n g  e i t h e r  the A r r h e n i u s  or she l f  l i fe p l ot s t o  

predict she l f  l i fe at s ome lowe r  t emperat u re . Gen e r a l l y  

the problems exist because some react ions whi ch predominate 

at h i gh e r  t e mp e r a t u r e s  do n o t  p r e do m i n a t e  at l o w e r 

t e mpe r at u r e s ( L abu z a and R i b o h , 1 9 8 2 ) . S ome o f  t he 

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

di s cu ssed by Labuza  ( 1 9 8 4b) . 

4 . 2 . 2 . 2  Water Act ivity 

Wat e r ,  a ma j or constituent of foods , is an important factor 

influencing the rates of  deterio rat ive react ion s  in foods . 

W a t e r  c on t e nt b y  i t s e l f  i s  n o t  r e g a r de d  a s  t h e  b e s t  

p a r ame t e r  t o  e xpre s s  the e f fe ct s o f  wat e r  o n  r e a ct i on 

rates ; water act ivity i s  more use ful : 

p 

( 4 - 3 )  

Po 



where : 

aw = water act ivity 

p = part i a l  pres sure of  water in the food 

Po = vapour pres sure of water 
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Although wat er activity i s  cons idered t o  be a far better 

indicat o r  o f  food stab i l ity than water content , it must be 

empha s i z ed that aw i s  o n l y  one  p a r amet e r  de f i n i n g  the 

r e act iv i t y  o f  wat e r  m o l ecu l e s  within s o l i d food systems 

( G i lbert , 1 98 6 ) . Other factors such as oxygen 

concent rat ion , pH , wat er mob i l i t y ,  and the type o f  solute 

present , can , in s ome instance s have strong influences on 

the rat e o f  degradat i on ( Fennema , 1 9 8 5 ;  Duckworth ,  1 9 8 1 ) . 

Nonethe l e s s ,  wate r  act ivity  corre l ate s s u f f i c ient ly  we l l  

w i t h  t h e  rat e s  o f  many degradat ive react ions  t o  make it 

worthwhi l e , in many s ituat i ons , to measure and use as one 

indicator  of the condit ion o f  the water present in the food 

s y s t em . It mu s t  be n o t e d ,  howeve r ,  that on l y  when the 

water component is the rate- limit ing fact o r ,  which in fact 

i s  o ft en the cas e ,  c an aw be e xpe cted t o  have a di rect 

influence on the rate o f  the degradat ive react ion (van den 

Berg and Bruin,  1 9 8 1 ) . 

A f igur e  showing the gene ra l i z ed det e r i o rat ive react ion 

r a t e s  i n  f o o d s  a s  a f u n c t i o n o f  w a t e r  a ct i v i t y  w a s  

p re s ent e d  b y  Labu z a  ( 1 9 8 0 )  and i s  shown i n  F i gure 4 . 1 .  

S ince a l l  food systems pos sess  their own special  feature s ,  

chemical l y  and phy s i ca l ly ,  with re spe ct t o  det e r i o rat ive 

r e a c t i o n s , the i n f o rmat i o n  in F i gu r e  4 . 1  give s o n l y  a 

g e n e r a l i s e d  i n s i ght i n t o  t h e  r at e s  o f  de t e r i o r at ive 

r e a ct i o n s  a s  a funct i on o f  aw ' S t art i n g  from aw= l , a 

�ecrease in water act ivity s l ows down a l l  types o f  chemical 

det e ri o r at i o n  and mi c r ob i a l  growth unt i l , at a certain 

l eve l ,  all  react ions are  almost completely inhibited except 

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

favoured b y  a further decrease i n  aw ' 
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I g l e s i a s  and Chi r i fe ( 1 9 8 2 )  summa r i z e d  the main t ypes  o f  

changes i n  foods a f fe cted b y  water activit y . Studie s  o n  the 

i n f l u e n c e  o f  w a t e r  a ct i v i t y  on the r a t e  o f  n o n e n z ym i c  

b ro wn i n g  react i ons  i n  f o o d s  were rep o r t e d  b y  a number o f  

w o r k e r s  ( Labu z a  e t  a l . ,  1 9 7 0 ;  K a r e l  a n d- L abu z a ,  1 9 6 8 ;  

E i c hn e r , 1 9 7 5 ;  R e s n i k  a n d  Chi r i f e ,  1 9 7 9 ;  R o c k l and a n d  

N i s h i ,  1 9 8 0 ;  Labuz a  and S altmarch , 1 98 1 ;  Leun g ,  1 9 8 7 ) . The 

i nfluence o f  wat e r  activity on p i gment s t ab i l it y  in food 

product s was reported by von Elbe ( 1 98 7 ) . 

W i t h  re f erence t o  t h e  kinet i c  equat i o n s  g iven i n  S ection  

4 . 2 . 1 , Labu z a  ( 1 9 8 0 )  dis cu s sed the e ffect o f  w ater act ivity 

on rate constant s ( k ) , c on centrat i o n  o f  r e a ct an t  spe c i e s  

. (A)  and react ion o rder ( n ) . 
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A number o f  re l at ionships have been suggested to  describe 

the dependenc e  o f  r e a ct i on rat e s  o n  wat e r  a ct iv i t y  and 

mo i sture content . Several authors who studied browning in 

vegetables reported an exponential  rel ationship between the 

browning rate  and mo i s ture content ( Legau lt et al . ,  1 95 1 ;  

Ro s s ,  1 9 4 8 )  M i z r ah i  et a l . ( 1 9 7 0 ) p r op o s e d a m o r e  

comp l i cated e qu at ion corre l at ing the br own ing r at e s  for 

dried cabbage with moi sture content . 

Quast  and Kare l ( 1 97 2 )  reported that oxida t i on in potato 

chip s wa s inve r s e l y  re l ated t o  the s quare root of water  

act ivity . A l inear re l ationship between moi sture content 

or aw and react i on rate  has been de s cribed fo r nut r ient 

r e t e nt i o n  in d r y  f o o d s  ( B eet n e r  e t  a l . ,  1 9 7 4 ,  1 9 7 6 ) . 

Seve ral  equat i on s  were suggested by d i f fe rent authors  to  

de s c r ibe the re l at ionship between ascorbi c  acid  retent ion 

and water act ivity (Labu z a ,  1 97 2 ;  Wanninger , 1 97 2 ) . 

A complex funct i onal rel ationship was reported between the 

rate o f  food qua l ity  det eriorat i on and mo i sture content 

( S aguy et al . ,  1 97 9a ,  b ;  1 98 0 ) . 

It should be noted that a deteriorative react ion in a food 

system is  inev i t ably a multi fact orial proces s  o f  which aw 
is  only one fact o r . It is  only when the wate r  component i s  

the rate- l imiting factor that aw can b e  expected to  have a 

di rect influence (van den Berg and Bruin , 1 9 8 1 ) . 

One problem that i s  encountered when determin ing the e f fect 

o f  aw on the r a t e  o f  det eri orat ive r eact i o n s  i s  that aw 
it s e l f may be a f fe ct e d  by other fact o rs , i n  p a r t i c u l a r  

temperature . F o r  a dried product , a change i n  temperature 

may not only di rect ly affect the rate of the react i on but 

a l s o  i ndi rect l y  a f fect it through a change in aw . Thi s  

m a k e s  t h e  i n t e rp r e t a t i o n o f  k i n e t i c  d a t a m u c h  m o r e  

comp l i cated .  S ome studies on  the predict ion o f  she l f  l i fe 
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have con s i de r e d  aw and t empe rature simu l t aneous l y  i n  the 

development o f  models  (Mi z rahi et al . ,  1 97 0 ,  1 977b ) . 

A s i de f r om a f fe ct i ng modes  o f  d e t e r i o r at i on and  t he i r  

r a t e s ,  wat e r  a c t i v i t y  a l s o  a f f e ct s mo i s t u r e  t r an s f e r  

through certain packaging materials  (Labu z a ,  1 9 8 2b) . Thi s 

wi l l  be di scus s e d  further in the next chapter . Thu s ,  the 

role  of water act ivity in shelf  l i fe prediction is o f  great 

importance part i cularly in dried food product s  sensit ive to  

moi sture gain o r  loss  which are packaged in materi a l s  whi ch 

are permeable to  water vapour . 

4 . 2 . 2 . 3  Oxygen 

Many foods det e r i orate due to react ion with oxygen . Some 

o f  t h e de t e r i o r a t i v e r e a c t i o n s  t h a t  a r e  c a u s e d  o r  

accelerated by the presence of oxygen are l ipid oxidat i o n ,  

aerobic degradat i on o f  as corbic a c i d  and other nutrient s ,  

nonen z ymic  br own i ng ,  and the deve l opment o f  o ff- f l avours  

and off- odours . 

F o r  s ome dr i e d  foods whi ch are s u s cept i b l e  t o  o x i dat ive 

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

i mp o r t a n c e  p a r t i c u l a r l y  wh e n  d e a l i n g  w i t h  f l e x i b l e  

packaging mater i a l s  which are permeable t o  oxygen . 

The e f fect o f  oxygen i s  o ften s imp l y  a que s t ion  o f  the 

t o t a l  amount ava i l able  for react i on with f o od component s 

( S aguy and Kare l ,  1 9 8 0 ) . I f  this  amount i s  l imited to a 

l eve l that cau s e s  no s i gn i ficant e f fect i n  the food and 

the r e  i s  no  p o t e n t i a l  fo r addi t i on a l  oxygen coming into 

contact with the food, then the react i on rate i s  

irrelevant . I n  other case s ,  the t otal amount o f  oxygen 

- p o t e nt i a l l y  ab l e  to  re act with nut r i e nt s i s ,  in f a ct , 

s i gn i f i c ant and the e f fect o f  oxygen  con cent rat i o n  ( or 

part ial  pressure ) on the rate must be considered . 
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The e f fect o f  oxygen o n  react ions occurring in dried food 

p r o du c t s du r i ng s t o r ag e  i s  depen dent on t h e  mo i s t u r e  

content or  water activity o f  the product ( Stadtman e t  al . ,  

1 9 4 6b ;  L e g a u l t  et  a l . ,  1 9 4 9 ) . L e g au l t  e t  a l e ( ib i d . ) 

reported that the e ffect o f  oxygen on browning appeared to  

be confined to fruit and vegetables with moi sture content s 

o f  about 1 3 %  or higher . Dutton et a l e ( 1 94 3 )  and La j ol o  et 

a l e ( 1 9 7 1 )  ob s e r v e d  t h a t  ch l o r o p h y l l  c o n ve r s i o n t o  

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

influenced by the presence o f  oxygen . The rate o f  browning 

in dried apri cot s was a f fected by the moi sture content o f  

t he p r o duct , oxygen h aving n o  e f fect when t he m o i sture  

content was 10  to  1 5 % ,  but causing an  increase in  browning 

a t  2 0 - 2 5 %  m o i s t u r e  c on t e n t  ( S t adtman e t  a l . ,  i b i d . ) .  

Bi shov et al e ( 1 97 1 )  found that the presence o f  oxygen had 

a de let e rious e f fect o n  the flavour propert ies  o f  freeze

dried foods , including green beans stored at 3 S oC .  

4 .2.3 Modes of Deterioration 

The key t o  the app l i cat i on o f  kinetics  to the predict ion o f  

qual ity l o s s  is  select i on of  the maj or mode o f  

deterior at ion , mea surement o f  some qua l ity  factor related 

t o  this mode , and then appl i cat i on o f  mathemati cal models  

to  make the needed predictions . 

A r e vi e w  o f  the s t u d i e s  made on t h e  de t e r i o r at i on o f  

q u a l i t y  i n  d r i e d  o n i o n ,  g r e e n  b e a n s  a n d  ap r i c o t s  i s  

presented in this sect i o n . 

4 . 2 . 3 . 1  Onion 

· The main method o f  proces s ing onions i s  by dehydrat ion and 

it is important that the dried product has a high pungency . 

I t  i s  both a vegetable and a condiment , when dehydrated . 
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A con s i derable  amount o f  work has been carried out o n  onion 

vol at i les  and thi s was summari sed by Whitaker ( 1 9 7 6 ) . The 

ma j o r i t y  o f  t h e  s t u d i e s  c o n d u c t e d  o n  o n i o n s  a n d  i t s  

product s have been on i s o l at ing and determining it s flavour 

component s ,  and on the methods o f  measuring i t s  pungency , 

f l av o u r  a n d  a r oma . Amo n g  t he s e  w e r e  t h e  s t u d i e s  o f  

Schwimmer and co-workers ( 1 9 6 1 , 1 9 62 , 1 9 64 ) o n  the pyruvic 

a c i d  t e s t a s  an i n d i c a t o r  o f  o n i o n  p u n g e n c y . F e w 

l iterature report s could be found on the storage stabi l ity 

of dried onion s . 

The Cont inent a l  Can Company ( 1 9 4 4 )  studie d  the e f fect o f  

storage t ime , temperature and gas -packing o n  oni on flakes . 

When packed in an atmosphere essentially free o f  oxygen ( in 

can s ) and st o red at a t emperat ure o f  2 7 0 C o r  l e s s , the 

oni on flakes retained the greater port ion o f  the i r  init ial  

f l av o u r  and v i t amin C cont ent f o r  a peri o d  of  about one 

year . The product deteriorated very rapidly when stored at 

temperatures above 270C .  They were no longer acceptable in 

f l av o u r  a ft e r  t hree mont h s  at 3 7 o C .  F l av o u r  l o s s  wa s 

accompan ied b y  a darken i n g  in c o l ou r . L e g a u l t  et  a l . 

( 1 95 4 ) also  observed that the she l f  l i fe o f  dried onion was 

limited by browning and a deteri o rat ion in flavour . 

In the study o f  P e leg et a l . ( 1 97 0 ) , dried k ibbled onions 

o f  the Egypt i an vari et y  ( 4  to 5 %  mo i sture content ) were 

p a c k e d  i n  d i f fe rent p a c k a g in g  mat er i a l s  a n d  s t o r ed at 

di fferent temperatures ( 15 to  350C )  at 4 4 %RH for 39 weeks . 

Brown ing increased s i gn i f i c ant ly  with storage temperature 

and t o  a sma l l e r  extent with di ffe rent packaging materials . 

P r o d u c t s i n  p o l y e t h y l e n e  de t e r i o r at e d  m o s t , b u t  t he 

d i f fe re n c e  between  S ar a n- and c an - p a c k e d  p r o du ct s w a s  

smal l .  Al l p roducts s t o re d  at 1 50C and tho s e  i n  cans at 

2 5 0C were found t o  be o f  good o rganolept i c  qua l it y  after 

the 3 9  week storage period . 
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P e l e g  e t  a l . ( 1 9 7 0 )  reported that the pyruv i c  acid test 

u s e d  b y  S chw i mme r et  a l . ( 1 9 6 1 , 1 9 6 2 , 1 9 6 4 ) d i d  n o t  

correl ate  with the odour threshol d  values o f  the dehydrated 

kibb l e d  on i on s . Thi s was exp l a ined by the format ion o f  

carbony l s ,  other than pyruvic acid,  during s t o rage which 

int e r fered with the test . 

4 . 2 . 3 . 2  Green Beans 

D r i e d  v e g e t ab l e s  de t e r i o r a t e  p r i m a r i l y  t h r o u gh l ip i d  

oxidat i on react ions whi ch cause ranc id o r  " hay- l i ke "  o ff

f l av o u r s ; n o n e n z ym i c  b r o wn i n g  r e a ct i o n s  w h i ch  cau s e  

d a r k e n i n g ,  h a r dn e s s  a n d  l o s s  o f  ava i l ab l e  p r o t e i n ; 

oxidat ion which results in loss  o f  vitamins such as  vitamin 

C and thiamine/ and oxidat ion of pigments such as  

chl o rophy l l  and  carotene , l eading to  unacceptable colours 

(Labu z a ,  1 9 8 2 ) . 

Chl o r ophy l l  degradat i on can occur  during p r o ce s s ing and 

s t o r a g e  a n d  d e p e n d s  on t emp e r at u r e , pH , t ime , e n z yme 

act i o n ,  o x y ge n , and l i ght ( La j o l o  and M a r qu e z , 1 9 8 2 ) . 

T h e r e  h a s  b e e n  a l a r g e  amount o f  w o r k  d o n e  a i med a t  

p r e s e rv i n g t h e  g r e e n c o l o u r  o f  h e at p r o c e s s e d  g r e e n  

veget ab l e s  ( C l yde sdale e t  a l . ,  1 9 7 0 ) . However ,  although 

most o f  the processes that have been developed result in an 

attract ive product after processing, the bene ficial  e ffect s 

are quickly l o s t  during storage ( Tan and Franci s ,  1 9 62 ; Luh 

et al . ,  1 9 64 ; Gupte et al . 1 9 64 ; Buckle and Edwards , 1 97 0 ) . 

The most common mechani sm o f  chl o rophyll degradation seems 

to be it s a c i d  cat a l y s ed t r an s fo rmat ion i n t o pheophyt in 

wh i ch h a s  a du l l  o l ive g r e e n  c o l ou r ,  a l t h ou gh o x i dat ion  

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

- subsequent bleaching was observed in some foods ( Buckle and 

Edwa r d s , 1 9 7 0 ) . The fo rmat ion o f  chl orophy l lides during 

blanching has a l so been reported ( Jones et a l . ,  1 9 6 3 ) . 
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A l t ho u gh m a n y  s t u d i e s  have b e e n  made on g r e e n  c o l ou r  

changes dur i ng proce s s ing and storage , l ittle i s  known on 

t h e  p i gment behavi o u r  in l ow and i nt e rmedi at e mo i s t u r e  

systems . Chlorophy l l  degradat ion in dried foods i s  l ikely 

to  occur either at r e l at ive ly high water act ivity ( water 

ava i l ab l e  f o r chem i c a l  re act i on )  or  l ow aw ( me chan i sm 

l inked to free radical s  or l ipid oxidation ) . 

Several workers have observed the convers ion o f  chlorophy l l  

t o  pheophyt in in dr ied vegetab l e s , t h i s  conve r s i on be ing 

re l ated to the degree of blanching which the product s had 

undergone before dehydrat ion (Dutton et al . ,  1 9 4 3 ;  F oda et 

al . ,  1 9 6 8 ) . 

Chlorophy l l  degradat i on in blanched,  fre e z e- dried spinach 

puree was studied in model systems a s  a funct i on o f  water 

act ivity , pH and tempe rature , and a l s o  in the presence of 

g l y ce r o l ,  a w a t e r  b i n d i ng agent ( L a j o l o  et  a l . ,  1 9 7 1 ;  

La j o l o  and Ma r qu e z ,  1 9 8 2 ) . They r eported t hat f o r  aws 

g r e a t e r  t h a n  0 . 3 2 ,  t h e  m o s t  i mp o r t a n t  m e c h a n i s m o f  

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

pheophyt in . At l ower aws ,  the degradat ion rate was s l ower 

and other compounds in addit ion to pheophytin were forme d .  

The reaction was found to  have a first-order dependence on 

pH , water act ivity and pigment concent rat i on . The addit i on 

o f  glycerol increased the rate o f  degradat i on o f  

chlorophyll . 

Kap s a l i s  et a l e ( 1 9 6 7 )  s t udi e d  t h e  e f fe ct o f  aw a n d  

temp e rature o n  t h e  qu a l ity  o f  f r e e z e- dr i e d  p e a s  dur in g  

s t o r age w i t h  r e spect t o  thiamin a n d  carotene ret ent i on , 

ch l o r ophy l l  s t ab i l it y , and oxygen uptake ( a  measure  o f  

l i p i d  o x i dat i o n r e s u l t i n g  i n  h a y - l i k e  o f f - f l avou r s ) .  

· Chl o r ophy l l  w a s  o b s e rved t o  be s t ab l e  at 2 1 . 1 oC at a l l 

rel at ive humidit ies  ( 0  to  5 0  %RH) and at 4 3 . 30C at l ow aw e 

Howeve r ,  at 4 3 . 3 0 C a n d  aws ab ove 0 . 2 3 ,  p r o gre s s i ve l y  
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greater  amount s o f  chl o rophy l l  were l o s t  i n  8 4  d a y s  o f  

st orage . The rate o f  oxygen uptake a l s o  increased with the 

aw o f  the produ ct and was greater than the rates of thiamin � 

and carotene l o s s . 

Bishov et al e ( 1 97 1 )  studied the influence o f  oxygen on the 

flavour o f  fre e z e - dried foods , including green bean s ,  at 

3 8 oC .  The s en s o ry pane l detected an oxidi sed flavour and 

con s i de red t h e  dr i ed g r e e n  be a n s  u n a c c ept ab l e  a ft e r  5 

months storage i n  2 5% oxygen pack s . The fresh green bean 

flavour was ret ained even after 1 2  months storage in " zero " 

oxygen headspace . 

Although the studi es  mentioned above were conducted us ing 

spinach and other green vegetable s ,  it  is l ikel y  that the 

same gene r a l  re act ions  o f  chl o r ophy'l l  degradat i on woul d  

also  apply to dried green beans . 

4 . 2 . 3 . 3  Apricot 

Apr i cot  product s have been ob served to g r adu a l ly darken 

dur i ng storage . This darkening has been attributed t o  a 

comb i n at i o n  o f  at l e a s t  two di f fe rent  r e a ct i on s . The 

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

Mai l l ard-type browning reaction ,  which occurs  between amino 

a c i d s  and suga r s  and r e s u l t s  in the produ ct ion  of dark

c o l oured compounds ( Song and Chi che s t e r ,  1 9 6 7 ;  Bol in and 

Staffo rd,  1 97 4 ) . The other reaction i nvolves  the breakdown 

o f  carotenoid p igments . 

Both react ions were reported by Baurnfiend et al e ( 1 94 7 )  to  

occur in canned apr icot s stored for  a few months  at 2 10C .  

The darkening o f  the fruit co lour  eventual ly resulted i n  

, the p roduct becomimg unacceptable  t o  consumers . Consumer 

preference was based mainly  on att ract ive appearance ( i . e .  

attract ive colou r )  . 
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Colour  i s  thus a n  import ant factor  governing the qua l ity o f  

apr i c o t  p r oduct s .  St adtman e t  a l . ( 1 9 4 6 a )  de f i n e d  the 

edible she l f  l i fe as the time required for the apr icot to 

darken t o  such an extent that it was no  l onger gene rally  

acceptable . 

However ,  flavour changes associated with browning have also 

been s hown t o  be  import ant . For  example , i n  a study by 

D a l a l  and S a l unkhe ( 1 9 6 4 ) , c anned apr i c o t s  in 4 0 %  sugar 

s o lut i on s t o red  at di f fe rent tempe ratures  ( 4 . 5  t o  4 90C )  

were analysed at weekly interval s  for 1 6  weeks f o r  colour 

and o t h e r  c h e m i c a l  p a r ame t e r s . The b r own c o l ou r  was  

observed t o  increase with t ime and temperature . After 1 6  

we e k s  s t o r a ge , the  fru it s s t o r e d  at 3 8  a n d  4 9 0 C were 

condidered to  be unaccept able due to  the devel opment o f  a 

"burnt " flavour . 

S a l em and Hega z i  ( 1 97 3 )  observed the devel opment o f  brown 

c o l ou r  du r i ng t h e  p r oduct i on and s t o r age o f  s u n - dr i e d 

apr i cot j u i ce ( ap r i cot sheet s ) .  They a l s o  rep o rted the 

chemical changes occurring in the product . 

Stadman et a l . ( 1 9 4 6  a , b , c )  studied the m�ny fact ors which 

in fluenced the rate o f  darken ing o f  dried apri cot s during 

storage . They showed the importance o f  S02 l eve l ,  moi sture 

content , t empe rature  and oxygen ava i labi l i t y . Mo st  o f  

the i r  e xp e r imen t s  we re done u n de r  c a r e fu l l y  c o nt ro l l ed 

condit i on s ,  but at high temp e r at u r e s  ( 4 0  t o  5 0 o C ) . The 

she l f  l i fe ,  whi ch was based on the degree o f  darkne s s  o f  

dried fruit s amples , was found t o  be inversely proportional 

to  the initi a l  sul fur dioxide concentration . The influence 

o f  m o i s t u r e  c o nt e nt on t h e  r a t e  o f  de t e r i o r at i o n o f  

ap r i c o t s  a t  mo i s t u r e  c o n t e n t s g r e a t e r  t h a n  1 0 % w a s  

dependent upon the quant ity o f  oxygen ava i l ab l e  t o  the 

fruit . In  the presence o f  oxygen , the rate of darkening was 

i n c re a s ed at h i gh r e l at ive t o  l ow mo i sture c o n t e n t s  b y  
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amounts whi ch varied with the quant ity o f  oxygen available 

to the fruit . This  was attributed to  the increased l o s s  of 

su lphur dioxide with increase in oxygen uptake . Browning 

was observed to fol l ow a first-order react ion mode l . 

A n e t  a n d  R e y n o l d s ( 1 9 5 7 )  s t u d i e d  t h e  c h e m i s t r y o f  

nonenz ymic browning in freeze-dried apricot s and Lee et al e 

( 1 9 7 9 ) the  k i net i c s  o f  t he p r odu ct i o n  o f  b i o l o g i c a l l y  

act ive Mai l lard browned products in apricot s .  

I n  t he s t u d i e s  wh i ch w e re r e v i ewed i n  t h i s  s e ct i on , 

di f fe rent  a p r i cot  p r o du c t s  we r e  u s e d  and  c a r ot e ne w a s  

det e rmined u s ing a v a r i e t y  o f  methods , a s  was  browning . 

Thu s , t he results  cannot be compared direct l y . However ,  

the studies  a l l  show that the ma jor  factor  l e ading to the 

u n a c c e p t ab i l i t y  o f  ap r i c o t s � s  the change i n  c o l o u r ,  

r e p o r t e d e i t h e r  a s  c a r o t e n e  l o s s  o r  b r o w n  p i gm e n t  

p r o duct i on o n  s t o rage . No  att empt w a s  made in the above 

studi e s  t o  dete rmine the act u a l  rates o f  change or the 

kinet ics o f  qual ity deterioration in apricot p roduct s . 

4 .3 MATERIALS AND METHODS 

4 .3 .1 Moi sture Content 

The mo i sture content o f  the dried product s was determined 

us ing the AOAC ( 1 9 8 5 )  method . Around three grams o f  finely 

cut o r  g r o u n d  s amp l e  we r e  spread  ove r t he b o t t om o f  a 

p r e v i o u s l y d r i e d  and t a r e d  met a l  d i sh p r o v i de d  w i t h  a 

tight- fitting cover . The sample in the dish was then dried 

for 7 hours at 7 00C under pressure not greater than 1 0 0  mm 

Hg . Aft e r  drying the cov e r  was rep l a ce d ,  t he di s h  was 

cooled in a desiccator , and then weighed accurat e l y . 

llBRAR'( 
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F o r  t h e  d r i e d  a p r i cot , a b e nt g l a s s  r o d  w a s w e i gh e d  

together with the metal dish . A sma l l  amount o f  dist i l led 

wat e r  w a s  adde d t o  t h e  s amp l e  a n d  it  w a s  a l l ow e d  t o  

rehydrate for a few minut e s . The s ample was then mashed 

w i t h  t he g l a s s  r o d  to a l l ow a m o r e  even spread o f  the 

s ample in the met a l  di sh . The s ample in the d i sh (plus 

glass rod)  was dried and then weighed as above . 

4 .3 .2 Onion 

4 . 3 . 2 . 1  Material 

The dri ed onion f lake s were p repared comme r c i a l l y  in the 

U . S . A .  and  gen e r ou s l y  s upp l i e d  by Un i l eve r ( N . Z . )  Ltd,  

Hast ings . The onion flakes  were uni form cream i n  co l our 

with an init ial moisture content of 4 . 4 % (wet bas i s ) . They 

were unsu lphited . The s ampl e  was cons idered to  be highly 

pungent , based on pyruvic acid content . 

4 . 3 . 2 . 2  Thio l sulphinate Determinat ion 

The method u sed for determining the amount o f  

thi o l s ulphinate  i n  dried on ion  was a modi f icat i o n  o f  the 

method devel oped by Freeman and McBreen ( 1 9 7 3 )  . 

Estab l i s hed methods o f  appr a i s a l  o f  onion f l avour depend 

upon dete rminati on o f  unstable intermediates or rel at ive ly 

stable end-product s o f  enzymic act ion on flavour 

precur s o r s . The s e . hydr o l yt i c  r e a ct i on s o ccur when the 

t i s sues are dis integrated . 

On dis integration o f  onion t i s sue , two molecu l e s  o f  flavour 

p r e c u r s o r  ( S - a l k y l - L - c y s t e i n e  s u l p h o x i d e ) u n d e r g o  

hydro l y s i s ,  y i e l ding two mo l e cu l e s  o f  p y ruvate and one 

molecule  of thiol sulphinate : 



2 R-S ( O ) -CH2 -CH (NH2 ) -C02H 

s -alkyl-L-cysteine 

sulphoxide 

------- > R-S - S ( O ) -R + 
thio l sulphinate 

2CH3-CO-C02H + 2NH3 
pyruvic acid 
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S chw imme r a n d  c o - w o r k e r s  ( S chw i mme r and W e s t o n , 1 9 6 1 ;  

S chwimmer and Guadagni , 1 9 62 , 1 9 6 8 ; Schwimmer et a l . ,  1 9 6 4 )  

r ep o rted t hat the p yruvate fo rmed was  h i gh l y  correlated 

( r=0 . 97 )  to  the o l factory threshol d  of onion and thus could 

be used as an indicator of the pungency of  fresh and dried 

onion product s .  Taste-panel pungency test s ,  compared with 

a n a l y s e s  f o r  p y r uv i c  a c i d , in dr i e d  on i o n  l e a d  to the 

conc l u s i o n  t h at 2 5  mi cromo l e s  o f  en z ymat i c a l l y  p roduced 

p y ruvat e s / g  r epre s e nt a h i g h l y  pungent on i o n , whi l e  1 0  

micromo l e s / g  o r  l ower represent a m i l d  onion . Thu s , the 

accept ab i l ity  leve l for dried onion f l akes was set at 1 0  

�m/ g  pyruv i c  acid  o r  5 �m/ g  thi o l sulphinate . C omme r c i a l  

product ion b y  American dehydrat o r s  i s  usua l ly in the 2 0  to  

3 5  micromol e  r ange ( Hart and F i s cher ,  1 97 1 ) . 

However , P e l e g  et a l e ( 1 97 0 )  found that the pyruvic  acid 

method could not be  used as  a sensitive indicator  of  dried 

onion qua lity during storage due to the format ion of other 

carbonyl compounds which interfe red with the test . 

Thi s problem does not apply to thiolsulphinate measurement . 

F r�eman and McBr e e n  ( 1 9 7 3 )  rep o r t e d  a good c o r r e l at i on 

between thi o l sulphinate and pyruvate concentrat ion in dried 

onion ( r=0 . 8 9 )  suggest ing the u s e fulne s s  of thio l suphinate 

content as an indicator of pungency in dried oni on during 

storage . 

The method o f  F reeman and McBreen ( ibid . ) is  b a s e d  on the 

e x t r a c t i o n o f  t h i o l s u l p h i n a t e  i n t o  h e x a n e  a n d  t he 
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measurement o f  the ext inct ion o f  the s o lut i on at 2 5 4  �m . 

The method i s  rapid and s imple to conduct . 

4 . 3 . 2 . 2 . 1  P rocedure 

Sample P reparation 

The dr i ed o n i on fl ake s we re ground to  a fine powder ( 2 0  

me s h )  u s i ng a domest i c  c o f fee  m i l l  imme d i at e l y  prior  to 

analys i s . 

Extract ion 

A 0 . 5 0 g  s a mp l e  o f  o n i o n  p o w de r  w a s  w e i gh e d  i n t o  a 

cent r i fuge t ube . Twenty f ive mL o f  d i st i l l ed w at e r  wa s 

added and the powder reconstituted for 5 min . The mixture 

was then centri fuged for 5 min at 2 60 0  rpm . F ive mL of the 

c l e a r  s upernat ant was me a sured into a 1 0 0  mL E r lenmeyer 

f l a s k . T h i o l s u lph i n a t e  w a s  e xt r a c t e d  by a d d i ng 1 0  mL 

hexane and swirl ing the mixture gently . The hexane layer 

was separated by pass ing the mixture through Whatman phase 

separat i on paper (No . 1P S ) . The aqueous layer was returned 

back t o  the f l a s k  and the rema in i ng thi o l su lphinate was 

extracted with 5 mL hexane . The first and second extracts 

we r e  c o mb i n e d  and t h e  ab s o rb a n ce o f  t h e  s o l ut i on was  

determined immediately at  254  �m . 

4 . 3 . 2 . 2 . 2  Calculation 

* 
The p y ruvi c a c i d  cont ent s o f  d r i e d  o n i on s amp l e s  were 

determined and correlated with the amount o f  

thi o l sulphinate based on the relat ionship : 

2 mol . o f  pyruvate = 1 mol . of  thi o lsuphinate 

* A st andard curve was prepared with varying concent rati ons 

of pyruvate . 
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The mo lar  abs o rptivity o f  thi o l sulphinate s olut ion at 254  

�m  was determined and was found to  be : 

E = A/bc = 0 . 0 1 4  g/�mo le . cm 

where A = absorbance 

b = path length ( cm)  

c = concentrat ion of the solut ion (�mo l e / g )  

F r o m  t h i s  t h e  t h i o l s u l p h i n a t e  c o nt ent  o f  t he h e x an e  

s o lut i on was determined us ing the equation : 

c = A/Eb = A/ 0 . 0 1 4  x lcm 

4 . 3 . 2 . 2 . 3  Rel i ability o f  the Method 

The  r e l i ab i l i t y  o f  t h e  met h o d  w a s  de t e rm i n e d  and the 

results  are presented in Table 4 . 1 .  

Table  4 . 1 . Thi olsulphinate content o f  dried oni on . 

S ample No . Thiol sulphinate Content ( �m/ g) 

1 1 1 . 2 1 

2 1 1 . 0 7 

3 1 0 . 8 6 

4 1 1 . 0 0  

5 1 1 . 0 7  

6 1 1 . 2 8 

X ± sd  1 1 . 0 8 ± 0 . 1 5 

% precision 1 . 35 %  
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4 . 3 . 2 . 3  Browning Measurement 

The measurement o f  the optical index i s  primari l y  a measure 

of the nonenzymic browning that may occur during proce s s ing 

and s t o rage . I t  is an o f f i c i a l  method o f  the Ame r i c an 

Dehydrated Onion and Garlic As sociat i on (ADOGA, 1 97 6 ) . 

The max imum opt i cal index estab l i shed by ADOGA fo r white 

on i o n  ( fancy p owde red on i on and g r anu l a t e d  o n i on / on i on 

piece s i z es ) i s  1 0 5 . 

4 . 3 . 2 . 3 . 1  Procedure 

A 2 . 0 0 g sample  o f  onion powder was we ighed into a beaker 

and mixed with 0 . 5  g of fi lter- aid ( Cel it e ) . One hundred 

mL o f  1 0 % NaCl s olution was then added to  the dry samp l e ,  

first adding 5 t o  1 0  mL and stirring t o  form a s lurry , then 

adding the remainder of the NaCl solut i on .  The mixture was 

a l l owed to stand for 15 min with occa s i onal st i rring . I t  

w a s  t he n  f i l t e r e d  t h r o u gh Wh a t m a n  N o . 5 0  f i lt e r  pap e r  

( g l a z ed filter paper ) . The set -up was not moved and the 

rehydrated onion  and fi lter-aid was a l l owed t o  sett l e  in 

t h e  b o t t om o f  the f i l t e r  pap e r . T h i s  h e l p e d  i n  t h e  

fi l t r at i on p r o ce s s . The  c l e a r  f i l t r a t e  w a s  c o l l e ct e d  

separately aft e r  2 5  min o f  filtrat ion . The abs orbance o f  

the fi ltrate was determined at 4 2 0  �m . The 

spect rophot omet e r  was st andardi sed with filtered 1 0 %  NaCl 

solut i on . 

4 . 3 . 2 . 3 . 2  Calcu l at i on 

The ab s o rb a n c e  w a s c a l cu l at e d  o n  t h e  b a s i s  o f  a 1 %  

solut ion ,  4 2 0  �m wavelength and 5 cm c e l l  length : 



opt ical = 

index 

absorbance x 5 x 1 0 0 0  

1 cm cel l  path x s ample weight ( g )  

4 . 3 . 2 . 3 . 2  Reliab i l ity o f  the Method 
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The re l i abi lity o f  the above method was determined and the 

results are presented in Table 4 . 2 .  

T able 4 . 2 .  Optical Index o f  dried oni on : 

S ample No . Optical Index 

1 6 1 . 8 8  

2 6 2 . 5 0 

3 64 . 0 4 

4 6 6 . 5 0 

5 6 4 . 3 6 

6 6 7 . 1 6 

X ± sd 6 4 . 4 1 ± 2 . 1 0 

% p recis ion 3 . 2 6% 

1 The po s s ible time dependence o f  the optica l  index was not 

explored further . 

4 .3 .3 Green Beans 

4 . 3 . 3 . 1  Material 

The dried s l iced green beans were produced commercially and 

s upp lied by Unilever ( N . Z . )  Ltd, Hast ings . The green beans 

h a d  an att r act ive green c o l our  with an i n i t i a l  mo i sture 

c ontent o f  3 . 7 % ( wet ba s i s ) . The s amp l e s  u s ed  fo r the 

r e l i ab i l i t y  t e st had a me an su lphur di o x i de content o f  

8 2 4 . 9  whi l e  those that were u sed in the storage tests had a 

mean S02 content o f  4 63 . 6  mg/ kg .  
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4 . 3 . 3 . 2  Chlorophyl l  Content Determinat ion 

A s p e c t r o p h o t o m e t r i c  m e t h o d  w a s u s e d  t o  d e t e rm i n e  

quant itat ive l y  chorophyl l s  � and b and t o t a l  chl o rophy l l  

b a s e d  on the equ at i ons deve l oped b y  Vernon ( 1 9 6 0 ) . The 

method makes use o f  speci fic absorpt ivities  and changes in 

s pe c i f i c  ab s o rpt i v i t y  fo r the d i f fe rent c omp o nent s at 

appropriate wavelengths in 8 0% acet one . 

The method was used by La j olo et al . ( 1 97 1 )  and La j o l o  and 

Marquez ( 1 98 2 )  in the ir studies on dried spinach puree . 

The dried green beans was cons idered unacceptable when more 

t h an 3 0 %  l o s s  o f  c h l o r o phy l l  � was  ob s e rved b a s ed on 

sensory tests and the report of  La j ol o  et a l . ( 1 97 1 ) . 

4 . 3 . 3 . 2 . 1  Procedure 

S ample P reparat ion i 

The dried s l iced green beans were ground t o  a fine powder 

( 2 0  mesh)  us ing a domestic coffee mi l l . 

P igment Extract ion 

A 1 . 5 0 g  green bean s ample was weighed and rehydrated with 

1 0  mL H20 and O . lg MgC03 for 1 0  min in an MSE flask . Forty 

mL of 1 0 0 % acet one ( t o  make the actual concentrat ion 8 0 % )  

w a s  added and the mixture b lended f o r  5 m i n  u s ing an MSE 

blender . It was then fi ltered under vacuum through Whatman 

No . 1  fi lter paper . The res idue was b lended again with 4 0  

mL o f  8 0 %  acetone for another 5 min and fi l tered . Twenty 

mL 8 0 %  acetone was added to the res idue and blended for 2 

min and then fi ltered . The filtrate was trans ferred into a 

1 0 0  mL v o l umet r i c  f l a sk and made up t o  vo l ume with 8 0 % 

acetone . 
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The who l e  procedure was conducted under subdued l ight ing 

condit i ons . 

Determinat ion 

F r om this  s o lut ion , a cont rol  and a converted sample were 

obtained for spectrophotometric measurement s .  The cont rol 

was prepared by adding 0 . 3  mL of  8 0% acet one to 9 . 7  mL of 

the fi lt ered extract . The convers ion sample was prepared 

by adding 0 . 3  mL of s aturated oxalic acid in 8 0 %  acetone to 

9 . 7  mL o f  the same fi ltered extract . Both were st oppered 

and kept in the dark at room temperature for 3 hours , after 

which the absorbance o f  both samples was dete rmined at 6 4 5 ,  

6 5 5 , 6 62 ,  6 6 6 ,  and 7 0 0  �m . 

4 . 3 . 3 . 2 . 2  Calculation s  

The chl o rophy l l  concent rat i on s  we re c a l cu l at e d  us i ng the 

fol l owing equations : 

Eqn 1 : 

Eqn 2 : 

Eqn 3 : 

chph a present ( mg / L )  

t otal  chph 

convers ion 

a with no 

(mg / L )  

chph b present (mg / L )  

t otal  chph b with no 

conversion (mg/L )  

chph present (mg / L )  

= 25 . 3 8 (A6 62 ) + 3 . 64 (A6 4 5  ) 

= 2 0 . 65 (A6 6 6 )  - 6 . 02 (A65 5 )  

3 0 . 3 8 (A6 4 5 )  - 6 . 5 8  (A6 62 ) 

= 32 . 7 4 (A655 ) - 1 3 . 7 5 (A6 6 6 )  

= 1 8 . 8 0 (A6 62 ) + 3 4 . 0 2 (A6 4 5  ) 



t ot a l  chph with no 

convers ion (mg/L)  = 6 . 9 0 (A6 6 6 )  + 2 6 . 7 2 (A6 5 5 )  

4 . 3 . 3 . 2 . 3 Reliab i l ity o f  the Method 
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The re l i ab i l ity o f  the above method was dete rmined and the 

results  are presented in Table 4 . 3 .  

Table 4 . 3 .  Chlorophyll  content o f  dried greenbean s . 

S ample No . Chlorophyl l  Content (mg/kg)  

a b total  

1 4 2 2 . 67 1 60 . 67 5 8 4 . 0 0 

2 4 2 5 . 33 1 6 1 . 33 5 8 6 . 0 0 

3 4 2 2 . 0 0 1 5 7 . 3 3 5 7 9 . 3 3 

4 4 2 4 . 0 0 1 6 1 . 3 3  5 8 6 . 0 0 

5 4 2 3 . 33 1 62 . 0 0 5 8 5 . 0 0 

6 4 1 7 . 33 1 5 6 . 67 5 7 4 . 6 7 

7 4 2 2 . 0 0 1 5 7 . 3 3 5 7 9 . 3 3 

X ± sd 4 2 2 . 3 8±2 . 52 1 5 9 . 52±2 . 3 0 5 8 2 . 0 5±4 . 3 4 

% prec i s i on 0 . 6 0 1 .  4 4  0 . 7 4  

4 . 3 . 3 . 3  S ulphur D ioxide Determinat i on 

The  me t h o d  u s e d w a s  a mo d i f i c a t i on o f  t h e  p r o c e du r e s  

deve loped b y  Paul ( 1 95 4 ) , Burroughs and Sparks ( 1 9 6 3 )  and 

Tanner ( 1 9 6 3 ) . The s amp l e  i s  a c i di f ied with pho sphoric  

acid and is  s ub j ected at room t empe r ature t o  a st ream o f  

· air . The S 02 stripped off  i s  then oxidi sed in a hydrogen 

peroxide s o lut ion . The H+ formed is t itrated with dilute 
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standard alkal i . The react i on gives a net gain o f  2H+ for 

each S02 stripped out o f  the gas : 

4 . 3 . 3 . 3 . 1  P rocedure 

Determinat ion o f  Free S02 

The apparatus that was used i s  shown i n  F igure 4 . 2 .  

B 

Fig . 4 . 2 . S emimi cro apparatus f or S02 d e t e rmi n a t i on 
b y  a e r a t i on - o x i d ati on : A,  conn e c t i n g  a d a p t e r ; 
B ,  conden s e r ; C ,  Vq c u um adapter ; D ,  5 0 -mL p e a r 
s h a p e d  f la s k ; E ,  C l a i s s e n  adapt e r ; F ,  P a s t eur p i p e t  
s e a l e d  with ' 0 '  r i n g ; G ,  5 0 -mL roun d -bot t om f la sk . 
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Ten mL of  0 . 3% hydrogen peroxide was pipetted into the 5 0 -

mL pe a r  s h ap e d  f l a s k  ( D ) . T hree  d r o p s  o f  m e t hy l  red 

indi cator was added to  turn the so lut i on to ye l l ow .  The 

vacuum l in e  wa s connected t o  adapter C .  Three grams o f  

green bean s ample was weighed into a round-bottom flask ( G )  

and rehydrated with 1 5  mL H20 for 1 0  min t o  form a puree . 

Ten mL of  2 5 %  phosphoric acid (by volume ) was then added to 

the s ample . The flow o f  the water in the condenser (B )  was 

started to restrain volat i le organic acids from d i st i l l ing 

over . The vacuum was turned on and a i r  was drawn through 

the system for 1 0  min . The flask ( D )  was then removed and 

t he a c i d f o rme d wa s t i t r at e d  w i t h  t h e  0 . 0 1 N s o d i um 

hydroxide back to  the yel l ow endpoint . 

Determinati on o f  Bound S02 

The procedure given above was fo l lowed,  but the s ample in 

the f l a s k  w a s  heated to a gent l e  b o i l  and a s p i rated for 

a n o t h e r 1 0  m i n  b e f o r e  t i t r a t i n g  w i t h  0 . 0 1 N s o d i um 

hydroxide . 

4 . 3 . 3 . 3 . 2  Cal culation 

Sulphur Dioxide content = 

(mg / kg )  

where : 

N x V x 32  x 1 0 0 0  

Q 

N = normal ity o f  sodium hydroxide solut i on 

V volume (mL)  o f  sodium hydroxide 

Q = we ight o f  sample in g or  volume o f  s ample in mL 

Tot a l  S02 = Free S02 + Bound S02 
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4 . 3 . 3 . 3 . 3  Rel i abil ity o f  the Method 

The r e l i abi l it y  o f  the met hod as applied  t o  dried green 

beans was determined . The result s are given in T able 4 . 4 .  

Table 4 . 4 .  Sul fur dioxide content o f  dried green bean s . 

Sample No . NaOH (mL )  Tot a l  S02 
(mg / kg )  

Free Bound Total 

1 1 .  8 0  5 . 8 5 7 . 65 8 1 6 . 0 0  

2 2 . 05 5 . 6 0 7 . 65 8 1 6 . 0 0 

3 2 . 6 0 4 . 95 7 . 55 8 0 5 . 3 3 

4 1 .  7 0  5 . 9 0 7 . 6 0 8 1 0 . 67 

5 2 . 4 0 5 . 5 0 7 . 9 0 8 4 2 . 67 

6 2 . 4 0 5 . 65 8 . 0 5 8 5 8 . 67 

X ± sd 8 2 4 . 8 9 ± 2 0 . 9 8 

% preci s ion 2 . 5% 

4 .3 . 4  Apricot 

4 . 3 . 4 . 1  Material 

The dr i ed ap r i c o t  ha lve s we re p r o du ced c omme r c i a l l y  in 

Alexandra ,  N . Z .  by Charlie  and Marie Harrex . The apricot 

sample was graded as "Choice"  and was si zed 3 2  rom t o  3 9  rom 

in diamet e r . The init i a l  mo i sture content was 2 5 . 6% (wet 

basis ) and the mean S02 content was 1 5 7 2  mg/ kg . 

4 . 3 . 4 . 2  Browning Measurement 
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Numerous methods t o  measure the extent o f  browning i n  dried 

apr icot s have been reported in previous studies (Nury and 

B r e k k e , 1 9 6 3 ;  S a l em a n d  H e ga z i ,  1 9 7 3 ;  a n d  B o l i n a n d  

S t afford,  1 97 4 ;  Lee e t  al . ,  1 97 9 ) . The methods di ffered in 

the s o l vent s u s e d  a n d  the i r  concent rat i on s , and on the 

spectrophotometric  or  colourimetric procedure . 

The di f ferent spe ct rophotometric methods we re t e s t ed for 

their  applicabi l ity in this study . However ,  they were all 

f o u nd i n adequ a t e  f o r  one r e a s o n  o r  a n o t h e r ( e . g .  p o o r  

c l arity o f  the extracted solut ion ; t ime consuming method ) . 

Mod i f i cat i o n s  we re done and the fo l l owing  p r o cedure was 

developed which was found to  result in better extract ion o f  

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

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

reproducible . 

4 . 3 . 4 . 2 . 1  Sample P reparation 

T h e  apr i c ot was cut into  sma l l  p i e c e s  u s ing  a dome st i c  

' c o f fee mi l l  and then rehydrated with dist i l l ed water at a 

rat i o  o f  1 part apri cot · t o  two part s wat e r  by weight , for 

2 0  minute s .  The mixture wa s blended for t hree minutes to 

form a smooth s lurry , us ing a high- speed MSE blender . 

4 . 3 . 4 . 2 . 2  P rocedure 

F i ft een grams of  apri cot s lurry was we ighed int o a 1 5 0  mL 

E r l e n me y e r  f l a s k . F i ft y  mL o f  a n  et h an o l  s o l u t i o n ,  

p repa red b y  mixing 1 p a rt 9 5 %  ethano l  : 1 part H2 0 ,  was 

added to the s ample . The mi xture was  con t i nous l y  shaken 

f o r 6 0  min . It  was then cent ri fuged at 2 5 0 0  rpm for 2 0  

m i n . T e n  mL o f  9 5 %  e t hano l  was  a dded t o  1 0  mL o f  the 

s upe r n at an t , and a ft e r  m i x i n g  it w a s  f i l t e re d  t h r ough 

' W h a t m a n  N o . 4  f i l t e r  p ap e r  to r e mo v e  t h e g e l a t i n o u s  

prec ipitat e . The fi lt r ate was re fi ltered through Whatman 

No . 4 2 filter paper to produce a clear s olut i on . 
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The absorbance o f  the solution was measured at 4 2 0  nm with 

a Var i an Series 6 3 4  spectrophotometer . 

4 . 3 . 4 . 2 . 3  Rel i ab i l ity o f  the Method 

The method was used to measure the extent o f  browning in an 

init i a l  s ample o f  dried apricot and a sample that had been 

st ored at 4 0 0C for 1 0  day s . The results are given in Table 

4 . 5 .  The rel i abi l ity o f  the method was determined based on 

the data obtained . 

Table 4 . 5 .  Browning mea surements ( absorbance at 4 2 0  nm) for 

dried apricot . 

Sample No . 

1 

2 

3 

4 

5 

6 

X ± sd  

% preci s ion 

Initial  Sample 

0 . 0 72  

0 . 0 6 6  

0 . 0 67 

0 . 0 7 0  

0 . 0 6 9 

0 . 0 6 6  

0 . 0 6 8  ± . 0 0 2  

3 . 5% 

Stored Sample 

( 1 0  days at 4 0 oC )  

0 . 0 7 4  

0 . 0 7 7  

0 . 0 7 4  

0 . 0 7 5  

0 . 0 7 0  

0 . 0 7 5  

o . 0 7 4 ± . -0 0 2 

3 . 1 % 

T o  det e rmine i f  t h e  a b s o rbance re a d i n g s  r e f l e c t e d  the 

a ct u a l  amount  o f  b r o w n  p i gment f o rmed i n  the a p r i c o t  

s amp l e s ,  and t o  c on f i rm t h a t  e f f i c i ent e x t r a ct i o n  wa s 

o ccurr i ng ,  the abs o rbance o f  the s o lut ions ext racted from 

- ap r i c o t  s amp l e s  o f  di f f e rent b r own i n g  int en s i t i e s  w a s  

measured . 
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D r i e d  apr i cot  w a s  t emperature abu s e d  unt i l  a very brown 

s ample was obtained . It was cut into sma l l  pieces  and made 

int o a s lu r r y  f o l l owing t he p r o cedu re g iv e n  i n  S e ct ion  

4 . 3 . 4 . 2 . 1  The  s ame p r o c e du r e  was  f o l l o w e d  w i t h  an 

apr i cot s ampl e  which had no indicat ions of browning . The 

t w o  s l u r r i e s  we r e  m i x e d  i n  d i f f e r i n g  p r o p o r t i o n s . 

Ext ract ion and spectrophot ometry were conducted fol lowing 

the procedure given above . 

T h e  r e s u l t s a r e g i ven i n  T ab l e  4 . 6 . T h e  a b s  o rb a n c e 

r e a d i n g s  at 4 2 0  nm we re found t o  be h i gh l y  c o r r e l at ed 

( r= 0 . 9 9 )  to  the brown ing intens ity ( i . e .  amount o f  brown 

p i gment ) o f  the s amp l e s . Thu s , thi s spect r ophot omet ric 

method cou l d  be cons idered s u i t ab l e  as a mea sure of  the 

extent o f  nonenzymic browning in dried apricot . 

Table  4 . 6 . Browning measurement s ( average o f  two readings ) 

o f  apricot samples o f  varying browning 

intensit ies . 

Sample  No . 

1 

2 

3 

4 

5 

6 

7 

8 

Sample 

(Brown 

0 

2 

4 

6 

8 

1 0  

1 2  

15  

Rat i o  (g )  Absorb ance 

: Initial ) ( 4 2 0  11m) 

1 5  0 . 0 6 0 

1 3  0 . 0 8 4  

1 1  0 . 1 1 4  

9 0 . 1 4 9  

7 0 . 2 1 0  

5 0 . 2 6 0 

3 0 . 3 1 6  

0 0 . 3 8 8  
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4 . 3 . 4 . 3  Sens ory Evaluation 

S e n s o r y e v a l u a t i o n w a s  c o n du c t e d  t o  d e t e r m i n e  t h e  

unacceptable l evel o f  browning i n  dried apricot . 

T he Qu ant i t a t ive D e s c r ipt ive An a l y s i s  ( QD A )  t e chn i que 

( G a t c h a l i a n ,  1 9 8 1 ;  S t o n e  e t  a l . ,  1 9 7 4 )  w a s  u s e d  t o  

determine the re lative browning intens ities o f  a series  o f  

ap r i cot s amp l e s  b y  a panel  o f  j udges . Brown i ng , o f  the 

s ame s amp l e s , was a l s o  me asured ob j ect ively  fol l owing the 

pro cedure in the prec eding sect i on . The sensory  results  

were then correlated with the ob j ect ive measurement s .  The 

absorbance reading at 4 2 0  �m corresponding t o  an 

u n a c c ept a b l e  l e ve l  o f  b r o wn i n g , a s  p e r c e ive d b y  the 

pane l i s t s ,  was determined . 

4 . 3 . 4 . 3 . 1  P rocedure 

The dried apr i cot samp les were cut t o  small ,  regular s i zed 

p i e ce s  and s p r e ad evenl y  to  comp l e t e l y  cover the bottom 

part o f  gla s s  pet ri dishes . Each di sh was provided with an 

opaque white  cover . 

T h e  s e n s o r y p a n e l  c o n s i s t e d  o f  1 2  s t udent s a n d  s t a f f  

members from the Faculty o f  Technology at Mas sey 

Un ive r s ity . The panel i sts were given a briefing prior to 

actua l  t e s t ing . The procedure wa s explained and it was 

e m p h a s i z e d  t h a t  s amp l e s  s h o u l d  b e  e v a l u a t e d  on t h e  

intens ity o f  the brown colour o r  the amount / level o f  brown 

in the samp l e , and not on whether t he colour was ye l l ow ,  

orange o r  brown . Apr icot samples with extreme intensities  

o f  b rownnes s  ( i . e .  one very brown and  one without a t race 

o f  brown colou r )  were shown to the panel ists as re ferences 

s o  a s  t o  m i n imi s e  va r i at i on among the p ane l i st s  and t o  

encourage them t o  use the whole range o f  the l inear s cal e . 

Two test trials  were conducted . 
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S ensory evaluat ion was conducted fol l owing standard methods 

( Gatcha l i an ,  1 9 8 1 ) . An example of the scoresheet used i s  

g iven i n  App e n d i x  4 . 1 .  T h e  u n s t r u ct u r e d  s c a l e  i s  o f  

spe c i f i c  length w i t h  anchor point s at the middle and at 

e a ch e n d  o f  t he s c a l e . The p ane l i s t h a d  the t a s k  o f  

p l acing a vert ical mark acro s s  the l ine at that point which 

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

i n t e n s i t y  o f  b r own i n g . The m a r k e d  s c a l e s  w e r e  t he n  

t rans l ated into quant itat ive scores which were used i n  the 

stat i st i cal analyses . 

4 . 3 . 4 . 3 . 2  Results 

A summary o f  the results of  the senso ry evaluat ion is  given 

i n  Appendix 4 . 2 .  The  s en s o r y  s c o r e s  fo r b r own ing  wer e  

f o un d  t o  b e  e xp o n e n t i a l l y r e l a t e d  t o  t h e  ab s o rb a n c e  

readings . A high correlation ( r=0 . 9 9 )  between the sensory 

s c o re s  a n d  t h e  n at u r a l l o g a r i t hm o f  t h e  ab s o rb a n c e 

r e adings  was  obs e rve d .  An ab s o rbance r e ading o f  around 

0 . 25 0  at 4 2 0  �m corresponded to the browning level that was 

cons idered unacceptable by the sensory pane l . Thi s value 

i s  comparable to  the leve l o f  0 . 3 0 0  at 4 0 0  �m set by Nury 

e t  a l . ( 1 9 6 0 )  a s  a l im i t  f o r  the a c cep t ab i l it y  o f  the 

colour o f  dried apricots . 

4 . 3 . 4 . 3  Sulphur D i oxide ( S02 ) Determination 

The pro cedure given i n  S e ct i on 4 . 3 . 3 . 3  wa s f o l l owed t o  

determine the S02 content o f  the apricot s amples . 

4 . 3 . 4 . 3 . 1 Rel i ab i l ity o f  the Method 

The method was used t o  determine the sul fur dioxide content 

o f  the s lurry o f  a dried apricot s ample . The results are 
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give n  i n  T ab l e  4 . 7 .  The r e l i ab i l ity  o f  t he meth o d  was 

determined us ing the data obtained . 

Table  4 . 7 .  Sulphur dioxide content of dried apricot . 

S ample No . NaOH (mL )  Total  S02 
(mg/kg)  

Free Bound Total 

1 1 .  7 0  1 3 . 90 1 5 . 6 0 1 4 3 9 . 1 4 

2 0 . 8 0 1 5 . 3 0 1 6 . 1 0 1 4 8 5 . 2 6 

3 1 .  0 5  1 5 . 05 1 6 . 1 0 1 4 8 5 . 2 6  

4 0 . 6 0 1 5 . 4 0 1 6 . 0 0 1 4 7 6 . 0 4 

5 0 . 6 0 1 5 . 90 1 6 . 5 0 1 5 2 2 . 1 6 

6 0 . 5 5 1 5 . 8 0 1 6 . 35 1 5 0 8 . 32 

7 0 . 3 0 1 5 . 85 1 6 . 15 1 4 8 9 . 8 7 

X ± sd 1 4 8 6 . 5 8 ± 2 6 . 1 9  

% prec i s i on 1 . 7 6% 

Although there was high var i abil ity with the free S02 ' the 

t ot a l  S 02 v a l ue had h i gh p re c i s i on . For dri e d  apr i cot , 

much o f  the absorbed S02 is l o st during drying and o f  that 

whi ch rema i n s , 8 0  to 9 0 %  i s  in a combined f o rm (McBean , 

1 9 6 7 ) . Thus , it  was decided to measure and report sulphur 

dioxide content o f  the apricot samples as total S02 ' 

4 . 4  EXPERIMENTAL 

The d r i e d  o n i o n  f l ake s , s l i ced green beans , and apr icot 

halve s we re s t o red in white pigmented, rigid high density 

· p o l y e t hy l en e  c o nt a in e r s  at  cont r o l l ed t emp e r a t u r e s  and 

rel at ive humidit ies . 
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Photographs o f  the cont ainer set -up are shown i n  F igure 

4 . 3 .  The base of the containers were fi lled with di fferent 

s aturated s a lt s o lut i on s  to  a depth of  1 . 5  t o  2 . 0  cm to 

give di f fe rent RH condit ions within the sealed containers .  

The di fferent salt s used and the ir corresponding RH values 

at the t h r e e  temperat u r e s  u s e d  are given in T ab l e  4 . 8 .  

T h e  p r o du ct s w e r e  s p r e a d  o n t o s l o t t e d  p l a s t i c  t r a y s  

allowing a headspace o f  at least 3 cm for a i r  and moi sture 

ci rcu l at i on . The t rays were covered with a No . 1 6 plastic 

mesh s creen  t o  avo id  the s amp l e s  f a l l i ng int o t h e  s a lt 

s o lut i on whi l e  s t i l l  a l l owing mo i sture trans fer t o  occur 

unimpeded .  The t r ays were supported by plast i c  stands such 

that there was a 2 cm di st ance between the surface o f  the 

s alt solut i on and the bottom of the trays . The cont ainers 

were f i t t e d  with a t i ght cove r and s ealed with a dhes ive 

t ape . 

Table 4 . 8 .  The salts  used in preparing the s aturated s a lt 

s lurries and their corresponding rel at ive 

humidit ies ( % ) . 1 

Temperature ( oC )  

S alt 

2 0  3 0  4 0  

Magnes ium Chloride 3 3  3 2  3 2  

Potass ium Carbonate 4 3  4 3  4 3  

Sodium Bromide 5 9  5 6  5 3  

Potass ium I odide 7 0  6 8  66  

Ammonium Sulphate 8 1  8 1  8 0  

1 From Greenspan ( 1 97 7 )  

The cont a iners  were st ored i n  their re spect ive controlled 

temperature rooms ( 1 . 5  m x 2 m x 2 . 53 m) , the temperatures 

u s e d  b e i n g  2 0  ± 0 . 5 ,  3 0  ± 0 . 5 ,  a n d  4 0  ± 1 . 0 o C .  T h e  
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Fig . 4 . 3 .  The conta iner set - up u sed in the storage tri a l s  showing : 
A - rigid pla sti c conta iner wi th plastic  stand s , B - slotted plastic  
tray covered with me sh screen , C - tray wi th samples , and D - sea led 
container with thermocouple wi res . 

B 

D 
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c o n t a i n e r s  w e r e  f i t t e d  w i t h  t h e rmo c o u p l e  w i r e s  f o r  

monitor ing the s ample temperatures .  

Sampl ing o f  the product s was done at di fferent t ime periods 

for the di ffe rent temperatures : every four weeks at 2 00C ,  

every two weeks at 3 0 0C ,  and every four days at 4 0 0C .  The 

s amp l ing frequency was adjusted depending on the observed 

extent o f  qua l ity deter i orat ion . Dup l icate samp l e s  we re 

obt a i n e d  p e r  t re atme nt p e r  samp l ing pe r i o d . Rem a i n i n g  

s amp l e s  i n  the container were mixed every s ampl ing period . 

The s at u r ated s a l t  s l u r r i e s  we re mixed and ad justed,  i f  

n e c e s s ary , fo r l o s s  o f  wat e r  due to  product ads o rpt i o n  

every s ampling period . 

The s amples were analysed for the qual ity parameters listed 

bel ow ,  us ing the methods di scussed above : 

a .  onion flakes 

b .  green beans 

mo i sture content , browning , 

thio l sulphinate content 

- moisture content , 502 content , 

chlorophyll  content 

c .  apri cot halves - mo i sture content , 502 content , 

browning 

The e f fe ct o f  o x ygen on t he k i net i c s o f  de t e r i o r a t ive 

re act i on s  in dried on i on f l ak e s  and green bean s  was not 

i nve s t i g a t e d  in t h e  p r e s e nt s t udy be c a u s e  it w a s  not 

e xp e ct e d  t o  have a s i gn i fi cant e f fect o n  the rate  o f  

r e a ct i o n  a t  t h e  aw r a n g e  t e s t ed ,  ba s e d  o n  rep o r t s  o f  

previous studies . Legault et a l . ( 1 95 4 )  did not find any 

advant age in nit rogen-gas packing o f  dried onion products 

a s  opposed t o  that with a i r . Dutton et al . ( 1 9 4 3 )  noted 

that the pre s ence or abs ence o f  oxygen did n ot in fluence 

pheophyt ini s at i on in dri e d  spinach . La j olo  et al . ( 1 97 1 )  

c ame t o  a s im i l ar c on c l u s ion . The e f fe ct o f  oxygen on 

browning  appeared to be confined to fru it and vegetables 
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w i t h  m o i s t u r e  c o n t e n t s o f  a b o u t  1 3 % o r  h i gh e r  ( Le g a u l t , 

1 9 4 9 )  . 

K i n e t i c  and S t at i st i c a l  An alys i s  

K i n e t i c  a n d s t a t i s t i c a l  a n a l y s e s  o f  t h e d a t a w e r e  

p e r f o rmed u s i n g  t he comput e r  p ackage s Min i t ab ( Ry a n  e t  a l . ,  

1 9 7 6 )  a n d  BMDP ( D ixon , 1 9 8 5 ) . 

4 . 5 RESULTS AND DISCUSS ION 

4 . 5 . 1  Oni on 

T h e  r e s u l t s  o f  t he s t o r a g e  t r i a l s f o r  dr i e d  o n i o n  f l a k e s 

a r e  g iven in Appendix 4 . 3 . t o 4 . 1 1 . 

Mo i st u re c o n t e n t  e qu i l ib r i um wa s g e n e r a l l y  r ea ched by t h e  

f i r s t  s ampl i n g  p e r i od ( F i gu r e  4 . 4 ) . The dat a a t  t ime z e r o  

were e x c l uded i n  the k i ne t ic c a l c u l a t i on s , whe n  n e c e s s a ry , 

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

r e c ommen d at i o n o f  Ar a b s h a h i  and Lund ( 1 9 8 5 ) . The aver a ge 

e qu i l i b r i um m o i s t u r e  c o n t e n t s c ompa r e d  ve r y  we l l  w i t h  t he 

va l u e s  o bt a i n e d  from t he s o rpt i o n  i s o th e r m s  d i s cu s s ed i n  

t he p re v i o u s  c h ap t e r , w i t h  a d i f fe r en c e  o f  ± O . 5  ( %  d r y  

b a s i s ) .  T h i s f u r t h e r  s u p p o r t s  t h e a s s u m p t i o n t h a t  

e q u i l i b r i u m  h a d  b e e n  a t t a i n e d  a t  t h e  d i f f e r e n t RH 

c o n d i t i on s  and that t he o n i o n  s amp l e s  c o u l d  be a s sumed t o  

h ave t h e  c o r r e s p onding wat e r  act ivit i e s . 

4 . 5 . 1 . 1  Browning 

B r o wn i ng , a s  m e a s u r e d  b y  t h e  o p t i c a l  i n de x , 

i n c r ea s ed w i t h  an i n c re a s e  in
A 

t ime , t emp e r at u r e , and wat e r  

st o r ag e  



+J 
s:: -
(!) U'l 
+J -.-1 
s:: U'l 
o n:l 
0 ..0  
<l.J +J  
l-4 (!) 
::l 3: +J 
U'l eJP  

-.-1 -
0 
5 

1 2  

1 1  

1 0  

9 

8 

7 

6 

5 

4 

+ +  
.J.. T + 

. .  

0 5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  
t ime ( da y s ) 

F i g .  4 . 4 .  I n c r e a �e i n  moi s t u r e  c on t ent o f  d r i ed 
o ni on f l ake s  s tored at 2 0 ° C  a n d  3 3 % RH C · ) , 
4 3 % RH ( * )  a n d  5 9 %RH ( + ) . 

1 2 2  

a ct iv i t y . T h e  c o l our o f  t h e  o n i o n  f l akes changed du ring 

s t o r a g e  f r o m  a un i form c r e am c o l o u r  t o  g o l de n  b r own and 

then t o  b rown ( F i gure 4 . 5 ) . 

Z e r o - a n d  f i rs t - o rde r r e a ct i on mod e l s  we r e  f i t t e d  t o  the 

dat a a n d  the r e s u l t s  o f  t h e  regre s s i on ana l y s e s  are given 

in T ab l e s  4 . 9  and 4 . 1 0 .  B r owning fitted a z e r o - o rder mode l 

b e tt e r ,  a s  evi d e n c e d  by t h e  h ighe r R2 valu e s ,  a n d  c an be 

des cr ib e d  with the equat i on : 

C = C o + kt ( 4 - 4 ) 

whe r e  C = brown i ng concent ra t ion measured a s  opt i c a l  index 

Co = init i a l  opt i ca l  i ndex 

k = r e a ct i on rat e c o n s t ant ( t ime- I ) 

t = t ime ( days ) 

It mus t  b e  n o t e d  t hat thi s equat i o n  i s  a mathemat i c a l  mode l 

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



Fig . 4 . 5 .  Change in colour of dried 
oni on f lakes , pa cka ged in LDPE f i lm ,  
during storage at 4 0 ° C/9 0 %RH . 

I N IT IAL 1 0  DAYS 

24 DAYS 1 8  DAYS 

Fig . 4 . 6 .  Change in colour of dried 
green beans , packaged in LDPE f i lm ,  
during storage at 4 0 ° C/9 0 %RH . 
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T ab l e  4 . 9 . Results o f  the regression anal y s i s  f o r  browning 
in onion flakes based on a zero-order react i on 
model . 

aw Co k R2 
( opt ical  index ) ( o i . day- 1 ) ( %  ) 

2 0  . 3 3 62 . 0  . 0 0 5  5 . 3  
. 4 3 5 4 . 6  . 0 93  94 . 5  
. 5 9 62 . 0  . 2 6 8  9 8 . 1  

3 0  . 32 62 . 5  . 0 7 8  8 9 . 6  
. 4 3 64 . 3  . 4 6 4  9 6 . 6  
. 5 6 65 . 5  1 . 1 2 9 9 . 2  

4 0  . 32 57 . 4  . 8 4 1  95 . 5  
. '4 3  2 7 . 5  3 . 3 9 9 8 . 5  
. 53 6 . 1  6 . 0 4 9 8 . 9  

T ab l e  4 . 1 0 .  Results of the regress ion analys i s  for l:i)rowning 
in onion fl akes based on a first-order react ion 
model . 

T emp . aw In Co k R2 
( oC )  ( opt ical lndex) (day- 1 ) ( %  ) 

( x  1 0- 2 ) 

2 0  . 3 3 4 . 1 3 0 . 0 0 8  5 . 3  
. 4 3 4 . 0 5 0 . 1 1 9 4 . 7  
. 5 9 4 . 2 3 0 . 2 5 97 . 2  

3 0  . 32 4 . 15 0 . 1 0 9 1 . 2  
. 4 3 4 . 1 9 0 . 5 1 9 6 . 0  
. 5 6 4 . 2 2 1 .  0 4  9 6 . 5  

4 0  . 32 4 . 0 9 0 . 95 94 . 8  
. 4 3 3 . 9 1 2 . 9 1 9 6 . 7  
. 5 3 3 . 97 3 . 8 0 95, . 1  
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r eaction . The p l ot o f  the opt i cal  index ver su s  t ime for 

t he di f ferent storage condit ions are shown in F igures 4 . 7 

t o  4 . 9 .  The R2 value for the regres s i on equat i on at 2 0 0C 

a n d  aw = 0 . 3 3 was  ver y  l ow due to  the very l o w  react i on 

rate ( i . e .  very l ittle browning was observed over a storage 

p e r i od o f  6 3 1  day s  o r  around 1 ye ar and 9 months ) . Al l 

o t he r  s amp l e s  de t e r i o r a t e d  t o  a n  un a c c e p t a b l e  l eve l 

( optical index = 1 0 5 )  within this t ime period . 

As  was ment i oned e a r l ie r ,  the equ i l ibrat i on pe r i o d wa s 

t aken . i n t o  account i n  the c a l cu l at i o n s  for  the react i on 

r a t e  c o n s t ant s . D at a  at t ime z ero were excluded in the 

regression analyse s .  For the samples where equ i l ibrium was 

not  reached by the fi rst s ampl ing period ( i . e .  s amples at 

4 0 oC )  a stepwise regr e s s i on was conducted to  determine i f  

the inc l u s i on o f  the corre sponding dat a wou l d  a f fect the 

r e act i o n  rate  c o n st ant s obt a ined . In  mo st c a s e s  it was 

found that the react ion rate constant s were not 

s igni fi cant ly affected . 

The pre c i s i on o f  the react ion rate constant s i s  dependent 

o n  the ana lyt i c a l  pre ci s i on o f  the method used to measure 

the reactant concent rat i o n ,  and on the extent o f  react i on 
-- � t hat has ocurred _ (Benson , 1 9 6 0 ) . Benson ( ib id . ) present ed 

a table ( reproduced here as T able 4 . 1 1 )  whi ch summari sed 

what p r e c i s i on in a n a l yt i c a l  capab i l i t y  w a s  requ i red to  

measure k to  a given degree o f  accuracy . 

T he a n a l yt i c a l  p r e c i s i on o f  t h e  m e t h o d  f o r  me a s u r i ng 

browning was ± 3 . 2 6% ( re fer to Table 4 . 2 ) . The extent o f  

t he r e a ct i on w a s  g r e at e r  than 5 0 %  f o r  a lmost  a l l  o f  the 

s a mp l e s . T hu s , f r o m B e n s o n ' s t a b l e , t he e r r o r  i n  

calculated rate constant s caused by analyt i ca l  errors would 

be  around 6% . A ±5 to 1 0 %  error i s  cons idered acceptable 

· for  comp lex food systems ( Labuza,  1 98 4b ) . 
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T ab l e  4 . 1 1 .  Errors in calculated rate constant s caused 

by analyt ical  errors . 1 , 2 

Percent error in react i on rate k at the 

fol lowing percent change in react ant 

Ana lyti cal  species monitored : 

P recis ion 

( % )  1 %  5 %  1 0 %  2 0 %  3 0 %  4 0 %  5 0 %  

± 0 . 1  1 4  2 . 8  1 . 4  0 . 7  0 . 5  0 . 4  0 . 3  

± 0 . 5  7 0  1 4  7 3 . 5  2 . 5  2 1 . 5 

± 1 . 0  > 1 0 0  2 8  1 4  7 5 4 3 

± 2 . 0  > 1 0 0  5 6  2 8  1 4  1 0  8 6 

1 F rom Benson ( 1 9 6 0 )  
2 Valid  for a rate express ion o f  the form 

Oc 
= kCn (n  = 0 ,  1 / 2 ,  1 . . . , 4 )  

ot 

1 2 7  

I f  hi ghe r pre c i s i on o f  k values  i s  de s i red,  much higher 

analyt i c a l  precis ion must be obtained, and higher degrees 

o f  conversion used (Hi ll  and Grieger-Block ,  1 9 8 0 ) . 

The react ion rate constant s ( k )  for browning increased with 

an increase in water activity at all  three temperatures . A 

p l ot o f  the k values against aw ( Figure 4 . 1 0 )  shows that a 

l i n e a r  r e l a t i o n s h ip e x i s t s  b e t w e e n  t he t w o . 

equat ions o f  the form : 

( 4 -5 )  

L i n e a r  

were c a l cu l ated and are given i n  Table 4 . 1 2 .  Beetner et 

a l . ( 1 97 4 ,  1 9 7 6 )  reported the s ame relat ionship between k 

and aw for nutrient retent ion in dry foods . 
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Fig . 4 . 1 1 .  Arrhenius relati onship  between 
k and T f o r  browning in  onion f lakes with 
aw = . 3 2 ( . ) ,  . 4 3 ( * )  and . 5 6 ( + ) . 
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T ab l e  4 . 1 2 . Equat ions describing the re lat i onship between 

rate constant ( k )  and aw for browning in dried 

onion flake s . 

2 0  k 

3 0  k 

4 0  k 

Equat i on 

- 0 . 3 4 + 1 . 0 2 aw 
- 1 . 35 + 4 . 3 6  aw 
- 7 . 1 3 + 2 4 . 7 3 aw 

9 9 . 7  

9 9 . 0  

9 9 . 9  

Thi s behaviour can be explained by the binding o f  water and 

the mob i l ity o f  the react i on specie s . At l ow aw water i s  

t i ght ly  bound t o  sur face po lar sites b y  chemi sorpt ion and 

i s  gene r a l l y  unava i l able  fo r react i o n  and s o lut i on . The 

upper l imit o f  thi s region i s  the monolayer value , whi ch 

o c c u r s  at aw = 0 . 2 t o  0 . 3  f o r  mo s t  f o o d s . Ab ove the 

m o n o l a y e r  ( aw = 0 . 3 2 t o  0 . 4 3 f o r  o n i o n ) , i n c r e a s i n g  

moi sture content s result in faster mob i l ity o f  the react i on 

species . Thi s leads t o  a greater browning rate . 

U s i ng t he e qua t i o n s  g iven in  Tab l e  4 . 1 2 ,  r a t e  con s t ant 

v a l u e s  we r e  i nt e rp o l at ed f o r  aw = 0 . 5 6  t o  be ab l e  t o  

d e t e rm i n e  t he t emp e r at u r e  e f fe ct a t  c o n s t ant  aw e The 

Arrhenius  equat i o n  ( eqn 4 - 3 )  was found to s at i s fact o r i ly 

des cribe the re l at i o nship between react i o n  rate constant s 

a n d  temperature ove r the i nve s t i gated t emp e r ature range 

( F igure 4 . 1 1 ) . 

A two - step regre s s i on method was u s ed in  det e rmining the 

act ivat i on energi e s . In  thi s method the f i rst  regre s s ion 

w a s  u s e d t o  d e r i v e  t he r a t e  c o n s t ant w h i ch w a s  t h e n  

regres sed versus the reciprocal of  the abs o lute temperature 

t o  obtain the e st imates for  Ea and ko . When the In k i s  

p l otted against the reciprocal o f  the abs o lute temperature 
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( l i T )  the s l ope o f  the curve i s  equ ivalent t o  Ea /R where 

E a i s  t he a ct i v a t i o n  e n e r g y  ( k J mo l - 1 ) a n d  R i s  t h e  

univers a l  gas constant ( 8 . 3 1 7  J mol- 1 ) .  

Thi s method results in a high standard deviat ion in Ea and 

a l arge confidence interval making the a ct i vat ion energy 

s t at i s t i c a l l y  me a n i n g l e s s  ( A r ab s h a h i  a n d  L u n d ,  1 9 8 5 ;  

Haralampu et al . ,  1 98 5  ; Cohen and Saguy , 1 9 8 5 ) . This  i s  

due t o  t he l ow numb e r  o f  t empe rat u r e s  ( i . e .  degrees  o f  

freedom) and unnecessary parameters est imated . The derived 

w i de con fidence interval reduces the app l i cabi l ity of the 

model and hamper s  its ut i l i s ation . 

To  avo i d  the abovement i oned drawbacks nonlinear regression 

wa s suggested ( Ha r a l ampu et a l . ,  1 9 8 5 ; C ohen and Saguy , 

1 9 8 5 ) . To increase the degrees of  freedom, thu s  narrowing 

t h e  c o n f i de n c e  i n t e r v a l ,  the  f o l l ow i n g  p r o c e dure w a s  

de r ived t o  calcu l ate act ivat i on energy di rect ly  from the 

o riginal data in one step . 

Equat i on 4 - 4 des cribes a zero-order mode l : 

C = Co + kt ( 4 - 4 )  

Subst itut ing the Arrheni u s  mode l in E quat i o n  4 - 4  re sults  

t o : 

( 4 - 6 )  

E quat i on 4 - 6  i s  not e a s i l y  regre s s e d  d i re c t l y ,  s ince the 

p a r ame t e r s  a r e  h i g h l y  c o l l i n e a r  ( i n t e r dependent ) .  A 

reparamet i sat i o n  o f  the e quat i on improve s t h i s  s ituat i on 

( Himme l b l au , 1 9 7 0 ) , and i mprove s the c o nve r gence o f  the 

p rogram (Arabshahi and Lund, 1 9 8 5 ) . E quat i o n  4 - 6  may be 

rewritten : 

c = Co + A t exp ( -Ea/R ( l iT - A) ) ( 4 - 7 )  



where : A = ko exp ( -E a / R  A) 
A = l iN I, l i T 

1 3 1  

The ini t i a l  concentrat i ons ( Co ) used were obta ined from the 

regress ion equati ons used to derive the rate  constant s and 

are given in Table 4 . 9 .  

Thi s  nonl inear regre s s ion was pe r formed u s ing the SHAZAM 

c o mput e r  program (Whit e ,  1 9 8 2 ) . The result s o f  the two 

met hods  f o r  det e rmin ing  act ivat i on energy a r e  g iven in  

Table  4 . 1 3 .  The nonl inear method could onl y  be used for 

t h e  s amp l e s  w i t h  aw = 0 . 3 2 and 0 . 4 3 fo r wh i ch a c t u a l  

browning data were ava ilable at const ant wate r  activity at 

the three temperatures . 

T able 4 . 1 3 .  Results o f  the Arrhenius equat ions and Q 1 0  
values for browning in dried oni on flakes . Eas 

were calcu lated us ing the two- step regres s ion 

method and the nonlinear regre s sion method 

0 . 32 

0 . 4 3  

0 . 5 6  

( shown in parenthes i s )  . 

In ko ± 95% c . i .  Ea ± 95% c . i .  

( kJ . mol- 1 ) 

7 5 . 5  ± 4 0 . 7  1 9 6 . 90 ± 1 02 . 4 0 

( 7 2 . 9  ± 3 . 2 7 )  ( 1 9 0 . 4 3 ± 7 . 7 5 )  

5 3 . 8  ± 55 . 6  1 3 7 . 0 6  ± 1 4 0 . 0 6 

( 55 . 7  ± 1 . 1 1 )  ( 1 4 1 . 8 5 ± 3 . 5 7 )  

5 1 . 0  ± 3 7 . 4  1 2 8 . 0 3 ± 94 . 3 0 

R2 Q1 0  
( % )  2 0 - 3 0oC 3 0 - 4 0oC 

99 . 9  1 6 . 0  1 0 . 8  

9 9 . 4  5 . 0  7 . 3  

9 9 . 7  4 . 2  5 . 4  

- T he re s u l t s  show that u s i ng the nonl inear  method great ly  

i mproved the  accuracy  o f  the E a values by g iving a more 

a ccept abl e  con fidence i n t e rval . The act i vat i on energies 
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c a l cu l at e d by t h e  t w o  m e t h o d s  w e r e  n o t  s i gn i f i cant l y  

di fferent from each other . The confidence interval for the 

s ampl e  with aw = 0 . 5 6 wou l d  be expected t o  be within the 

s ame range as for the two other aws .  Thus , a l l  subsequent 

c a l cu l at i ons f o r  Ea we re done , when p o s s ib l e , u s ing the 

nonl inear regre s s ion method . 

The Ea values obt ained for the di fferent water act ivit ies 

( 1 2 8  to 1 9 0 kJmo l - 1 ) are comparable t o  those reported by 

other authors for browning in dried vegetables (Mi z rahi et 

al . ,  1 97 0 ;  Hendel et al . ,  1 955 ) . 

An o t h e r w a y  t h a t  t emp e r at u r e  e f f e c t s o n  the b r own i ng 

r e a ct i o n  at va r i ous wat e r  act ivi t i e s  can be measured i s  

through the use o f  the term Q1 0 ' de fined a s  the increase in 

rate for every 1 0 0e increase in temperature and related to 

act ivat ion energy by : 

( 4 - 8  ) 

( T )  ( T+ 1 0 )  

Legaul t  et al . ( 1 95 4 )  reported that the Q 1 0  value for the 

b r own i n g  react i on s  in dried  on i o n  was between 5 and 8 .  

This range o f  Q 1 0  agrees  we l l  with the values  obt ained in 

the present study ( Tabl e  4 . 1 3 ) . 

Act ivat ion energy was observed to decrease with an increase 

in wat e r  act ivity  o f  the s amp l e s . Th i s  t rend was a l s o  

reported by Mi z rahi et al . ( 1 97 0  ) for nonenz ymic browning 

in free ze dried cabbage , by Hende l et al . ( 1 95 5 )  in dried 

p o t a t o e s ,  and by S i n g h  et a l . ( 1 9 8 3 )  in i n t e rmedi at e  

m o i s t u re app l e s . T he e f fe ct o f  wa t e r  s e ems  t o  be  t o  

decrease  the temperature sen s it ivity o f  the react ion with 

- incre a s ing leve l s  of water present . The mechani sm by which 

this  o ccurs has not been elucidated . However ,  s ince from 

k inet i c  theory the Ea i s  an overal l  measure o f  the l imit ing 
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E a f o r  e a ch  s t ep i n  t h e  re act i o n s cheme , a l owe r E a 
suggest s that as  water content increases , those p reviou s ly 

l imit ing steps proceed with greater ease . This may be due 

t o  b e t t e r  di f fu s i o n t o  a n d  f r o m  t h e  r e a c t i o n s i t e ,  

increased proton and electron mob i l ity at the s ite , or  some 

other factor (Labuza  and Saltmarch, 1 9 8 1 ) . 

An attempt was made to der ive a s imple empirical equat ion 

that could sat i s factorily describe the relat i onship between 

Ea and aw ' The correlat i on s  of  the di fferent 

t rans fo rmat ions o f  the two variables were determined us ing 

the SP 1 2 3  comput e r  program (Walonick ,  1 98 7 ) . The highest 

corre l at ion was obtained between the reciprocal o f  Ea and 

the reciprocal o f  aw ' 

T h e  e qu at i o n w a s  t e s t e d  u s ing  t he l i n e a r  r e g r e s s i o n 

anal ys i s ,  and the result ing equat ion was found acceptable 

( F i gure 4 . 1 2 ) : 

E - 1 
= rv _ Aa - 1 

a v. }oJ  w 

E = a 1 

0 . 0 1 1 4  - 0 . 0 0 1 94 

4 . 5 . 1 . 2  Thiolsulphinate Loss  

( 4- 9 )  

R2 = 9 8 . 6% 

The quant ity o f  thiolsulphinate , an indicat o r  o f  pungency ,  

decreased with a n  increase  in t ime , temperature and water 

a ct ivity . A l eve l o f  5 . 0  �m/ g  c o r r e l at e s  with an onion 

product with mi l d  pungency . Thu s ,  this l evel was set as 

the m i nimum amount be l ow which the o n i o n  was con s i dered 

unacceptable . 
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Fig . 4 . 1 2 . Re lationship between Ea and aw 
for browning in onion f lakes . 

Kinet ics o f  Thi o l sulphinate loss 

1 3 4  

The result s o f  the regre s s i on analyses  for zero- and first

o rder models  are given in Tables 4 . 1 4 and 4 . 1 5 .  

Thio l sulphinate l o s s  in  dried onion flake s fitted a first

o rder model better than a zero- orde r  mode l . The r e a ct i on 

can be expres sed with the following equation : 

C = Co exp ( -kt ) ( 4 - 1 0 )  

where : C = thio l su lphinate concentrat ion (�/g)  

Co= ini t i a l  thiolsulphinate concentrati on 

P l ot s  o f  t he l og a r i thm o f  thi o l suph i n at e c on cent rat i on 

ver sus t ime are shown in F igures 4 . 1 3 to 4 . 1 5 .  

B a s e d  o n  T ab l e  4 . 1 1 f r om B e n s o n ( 1 9 6 0 ) , t h e e r r o r s  

. a s s o c i at e d  w i t h  the c a l cu l ated r a t e  c o n s t ant s w o u l d  b e  

a�ound 3 % . The pr�cis i dn of  the k values  for 

thiol sulphinate  l oss  was higher than that for browning due 
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Table  4 . 1 4 .  Res u l t s  o f  the regres s ion analys is  for 
thiosulphinate loss in oni on flakes based on a 
zero-o rder reaction mode l . 

Temp . aw C k R2 
( oC )  (Jlm�g)  (Jlm . g- 1 . d�y- 1 ) ( %  ) 

( x  1 0- ) 

2 0  . 3 3 12 . 8  0 . 7 9  9 0 . 7  
. 4 3 1 1 . 7  1 . 2 1 8 9 . 9  
. 5 9  1 0 . 9  2 . 1 0 9 4 . 9  

3 0  . 3 2 1 1 . 5 1 .  9 4  9 1 . 4 
. 4 3 1 1 . 8 5 . 63 9 6 . 8  
. 5 6 1 1 .  6 8 . 1 5 95 . 2  

4 0  . 32 12 . 0  1 0 . 2  9 6 . 5  
. 4 3 1 1 .  9 1 6 . 9  9 3 . 9  
. 5 3 1 1 .  6 2 0 . 7  9 3 . 2  

Table  4 . 1 5 .  Re sults o f  the regre s s ion analysis  for 
thiosulphinate loss  in onion flakes based on a 
first - order reaction mode l . 

Temp . aw ln  Co k R2 
( oC )  (�m/g)  ( day- 1 ) (x 1 0 - 3 ) ( %  ) 

2 0  . 3 3 2 . 5 6 0 . 7 4 92 . 7  
. 4 3 2 . 5 0 1 . 5 0 9 5 . 1  
. 5 9 2 . 4 8 3 . 0 2 95 . 0  

3 0  . 32 2 . 4 7 2 . 4 3 9 6 . 6  
. 4 3 2 . 5 0 7 . 0 1 9 8 . 5  
. 5 6 2 . 4 8 1 0 . 3 8 9 8 . 4  

4 0  . 32 2 . 53 1 3 . 4 4  9 8 . 3  
. 4 3 2 . 55 2 3 . 4 0 9 6 . 5  
. 5 3 2 . 63 3 6 . 0 4  9 8 . 5  
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Fig . 4 . 1 3 .  Thiolsulphinate loss  in onion f lakes 
with aw = . 3 3 ( . ) ,  . 4 3 ( + )  and . 5 9 ( * ) during 
storage at 2 0 ° C . 
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Fig . 4 . 1 4 .  Thi osulphinate loss  in onion f lakes 
with aw = . 3 2 ( . ) ,  . 4 3 ( + )  and . 5 6 ( * )  during 
storage at 3 0 ° C .  
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1 3 6  

Fig . 4 . 1 5 .  Thiol sulphinate loss in  onion f lake s 
wi t h  aw = . 3 2 ( . ) ,  . 4 3 ( + )  and . 5 3 ( * ) during 
storage at 4 0 ° C .  
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t o  t h e  h i gh e r a n a l y t i c a l  p r e c i s i o n i n  me a s u r i ng the 

thiol sulphinate content (±1 . 35 % )  o f  the onion flakes . 

A l inear re l at i onship between react ion  rate constant and 

water activity ( eqn 4 - 5 )  was also  observed for 

t h i o l s u l ph i n a t e  l o s s . Thi s re l at i on s h i p  i s  s h own in 

F igure 4 . 1 6  and the l inear equat ions fitted to  the data are 

g iven in Table  4 . 1 6 .  

T able 4 . 1 6 .  Equations describing the relationship between 

rate constant (k )  and aw for thi o l sulphinate 

l o s s  in dried onion flakes . 

2 0  

3 0  

4 0  

Equat ion 

k = - 0 . 0 0 2 + 0 . 0 0 9  aw 
k = - 0 . 0 0 8  + 0 . 0 3 3  aw 
k - 0 . 0 2 1  + 0 . 1 0 7  aw 

9 9 . 7  

9 8 . 2  

9 9 . 1  

The Arrheni u s  equat i on was fitted to the temperature data 

f o r  th i o l s u l p h i n at e l o s s  at aw = 0 . 3 2 ,  0 . 4 3 a n d  0 . 5 6 

( Figure 4 . 1 7 and Table  4 . 1 7 ) . The Ea values obtained were 

1 0 1  to 1 1 7  k J  mol - 1 which i s  a t ypical  range for  fl avour 

a n d  enz yme r e a ct i on s  in f o o d  ( S aguy and K a r e l , 1 9 8 0 ) . 

A c t ivat i o n e n e r gy w a s  a l s o  f o u n d  t o  de c r e a s e  w i t h  an 

i n c r e a s e  i n  w a t e r  a ct iv i t y  s im i l a r  to t he r e s u l t s for 

nonenzymic b rowning in onion flake s . 

E qu at ion 4 - 9  was found t o  be appl i c able t o  the dat a for 

thiol sulphinate loss . The fol lowing equat ion was obt ained 

u sing line a r  regres s i on analy s i s : 

1 97 . 7 % 

. 0 12  - . 0 0 1 0  
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T able  4 . 1 7 . Results o f  the Arrhenius equations and Q 1 0  
values  for thiolsulphinate loss  in dried onion 

flakes . 

Ea ± 95% c . i .  

( kJ . mo l- 1 ) 

Q1 0  
2 0 -3 0 0C 3 0 - 4 0oC 

0 . 3 2 4 0 . 4 5 

0 . 4 3  3 6 . 57 

0 . 5 6  35 . 6 0 

1 1 6 . 8 1 ± 5 . 1 9a 

1 0 4 . 94 ± 2 . 9 8 a 

1 0 1 . 2 3 ± 1 7 . 3b 

( R2 = 1 0 0 . 0 )  

3 . 3  

4 . 7  

3 . 4  

a Calculated u s ing a nonlinear regre s s ion method . 
b Calculated u s ing a two-step regres s ion method . 

4 . 5 . 1 . 3 She l f  L i fe o f  the Dried Onion Flakes 

5 . 5  

3 . 3  

3 . 5  

T h e  s he l f  l i f e o f  dr i e d  o n i on f l ake s u n de r d i f f e rent 

s t o r a ge c o n d i t i o n s , 

t h i o l suphinat e l o s s , 

b a s e d  o n  n o n e n z ymi c b r own i n g  and 

is given in · Table  4 . 1 8 .  It can be 

s een that the predominant deteriorat ive react ion 

determining unacceptab i l ity o f  the p roduct i s  dependent on 

the water activity and temperature . This i s  more clearly 

shown in F igures  4 . 1 8 to  4 . 2 0 . At a constant temperature 

o f  2 0 0 C ,  be l ow an aw o f  around 0 . 4 3 ,  thiolsulphinate loss  

is  t he predominant react ion whi l e  above this  aw ' browning 

i s  the predominant react ion determining the she l f  l i fe of  

dried onion f l ake s . with a const ant aw o f  0 . 32 , above a 

t empe r ature o f  a r ound 3 5 0C ,  b rown i ng i s  the she l f  l i fe

l im i t i n g  r e a c t i o n ,  wh i l e  be l ow t h i s  tempe r a t u r e  it  i s  

t h i o l s u p h i n a t e  l o s s . T h i s r e s u l t  dem o n s t r a t e s  t he 

importance o f  determining and monitoring at least two ma j or 
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Table  4 . 1 8 .  She l f  l i fe o f  dried onion flakes based on 

browning and thiolsulphinate l o s s . 1 

Temperature aw 
( oC )  

2 0  . 33 

. 4 3 

. 5 9  

3 0  . 32 

. 4 3 

. 5 6  

4 0  . 32 

. 4 3 

. 5 3 

1 Unacceptable l evels : 
:> Browning -

Thiolsulphinate -

She l f  l i fe ( day s ) 

Browning Thi o l su lphinate 

> 6 3 1  > 6 3 1  

5 0 5  6 3 1  

1 7 2  2 9 8  

4 7 4  3 8 3  

1 0 0  1 2 8  

3 8  8 7  

5 9  7 0  

2 4  4 2  

<2 0 3 0  

1 0 5  opt ical index 

5 �m/g 

modes  o f  deteri o ration in foods which exhibit more than one 

ma j or deteriorat ive mechanism .  

T h e  h i gher Q 1 0  va lue s f o r  brown ing  a l so con f i rm that at 

h i gh t empe r at u r e s ,  b r own ing  w o u l d  be t he p r e dominant 

deteriorative reaction . In pract ical terms thi s  

i n fo rmat ion wou l d  be important when comparing o r  

det e rmining t he shel f l i fe o f  product s ,  s imi l a r  t o  dried 

o n i on f l a ke s , t hat are t o  be s t o r e d  under  t r op i c a l  and 

t empe r a t e  c o n di t i on s . U s ing d r i e d  o n i o n  f l a k e s  a s  an 

examp l e ,  under normal temperate condit ions unacceptab i l ity 

o f  t h e p r o du c t  w o u l d  be b a s e d  o n  l o s s  o f  p u n g e n c y . 

However ,  under tropical conditions where temperatures would 
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be higher than 3 5 0 C ,  the browning react ion would determine 

unaccept ability . 

4 . 5 .2 Green Beans 

The r e s u l t s  o f  the change in the qu a l it y  p a r amet e r s  o f  

dried green beans are given in Appendices 4 . 12 t o  4 . 2 0 . 

Moisture content equilibrium was genera l ly attained by the 

f irst sampl ing period . The equil ibrat ion period was taken 

into account in the kinet ic  calcul at i ons . The equ i lbrium 

mo isture content s compared closely with those obtained from 

the sorption i sotherms discussed in Chapter 2 .  

4 . 5 . 2 . 1  Chlorophyl l  Los s  

The average chlorophyll  contents o f  the initial  samples o f  

d r i e d  green beans were : chl orophyl l  a ( chph a )  = 2 6 3 . 6  ± 

5 . 6  mg / k g ,  chl o r ophy l l  b ( chph b )  = 8 2 . 7  ± 2 . 7  mg/ kg and 

t otal chl orophy l l  = 3 4 5 . 0  ± 8 . 3 mg/kg . The average rat io 

between the amount o f  chph a and chph b was 3 . 1 7 .  Thi s 

s upport s the obs e rvat i on that chph � and chph b o ccur in 

p l ant s at the rat io  of  about 3 to I ,  respect ively (Francis  

and C lydesdale , 1 97 5 ) . 

The colour o f  the green bean samples changed during storage 

from green t o  o l ivegreen and then to  brown , indicat ive o f  

phe ophyt i n i s at i on ( F i gu re 4 . 6 ) . I n  f o o d  p r o ce s s ing and 

s t o r age , the m o s t  common change in chl o r ophy l l  i s  the 

rep l acement o f  magne s i um by hydrogen in the molecule  and 

t h e c o n s e qu e n t f o r m a t i o n o f  t h e  du l l ,  o l i v e - b r o w n  

pheophyt ins . Laj ol o  et a l . ( 1 97 1 )  reported that dur ing the 

storage o f  dried spinach puree at 37 0C and aw higher than 

0 . 3 2 ( a s i s  t he c a s e  i n  t h e  p r e s e n t  s t u d y ) t he mo s t  
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i mp o r t a n t  m e c h a n i s m o f  c h l o r o p h y l l  d e g r a d a t i o n i s  

convers ion t o  pheophyt in . 

Chlorophyl l  loss  was found to better fit a zero-order model 

r at he r  than a f i r s t -o rde r mode l  ( Ta b l e s  4 . 1 9 t o  4 . 2 4 ) . 

T h i s  was more clearly  ob s e rved for the s amp l e s  whi ch had 

undergone gre at e r  than o r  equal t o  5 0 %  chl o r ophy l l  l o s s . 

La j o l o  and Marqu e z  ( 1 9 8 2 )  reported a fi rst-order react ion 

for chlorophyll  l o s s  in dried spinach puree . A poorer fit , 

a s  evidenced b y  the l ow e r  R2 va l ue s , wa s ob s e rved for  

c h l o r o phy l l  b l o s s . T h i s  i s  p a r t l y  due to  t h e  l owe r 

destruct i on rates  o f  chph b « 30%  l o s s )  . 

T h e  r e a c t i o n r at e s  we r e  det e r m i n e d  f o r  t he di f fe r ent 

s t o rage condi t i on s  and are given in T ables  4 . 1 9 to 4 . 2 4 .  

B a s e d o n  T a b l e  4 . 1 1 f r o m B e n s o n ( 1 9 6 0 )  t h e  e r r o r s  

a s s o c i at e d  with the c a l cu l ated r at e  con s t an t s  wou l d  be 

around 3 - 7 %  depending on the extent o f  the react ion . The 

p l o t s  o f  chph a concent r at i on ve r s u s  t ime a r e  shown i n  

F igures 4 . 2 1  to  4 . 2 3 .  

The rate o f  react i on for chph £ l o s s  was 3 . 9  t o  5 . 9 t imes 

f a s t e r  ( except f o r  the s amples at aw = 0 . 3 3 and 0 . 4 3  at 

2 0 0C whi ch were highe r )  than for chph b .  Thi s factor is  

c omp a r ab l e  to  that  wh i ch w a s  p r ev i ous l y  r ep o r t e d  for  

acetone-water s y stems ( S chanderl et a l . ,  1 9 6 2 )  o f  5 . 5 and 

higher than those  observed by Laj ol o  et a l . ( 1 97 1 )  of 2 . 5  

t o  3 for dried spinach puree . 

S ince the rate o f  chph a l o s s  was much higher than for chph 

b ,  and also  because o f  the higher content o f  the former in 

d r i e d  g reenbe ans  ( 3 . 2  t ime s mo r e ) , it i s  r e a s o nab l e  t o  

s ugge st  that t he de s t ru ct i on o f  chph a i s  the pr incipal 

fact o r  re spon s ib l e  for c o l our l o s s  in dri e d  green beans . 

The s t u d i e s  o f  Sweene y and Mart i n  ( 1 9 6 1 ) and La j ol o  and 

Marqu e z  ( 1 9 8 2 )  on green vegetab l e s  arr ived at a s imi lar  

conclus ion . 
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Table  4 . 1 9 .  Results o f  the regression analys i s  for 
chlorophyl l  £ loss  in green beans based on a 
zero- order react ion mode l . 

Temp . aw Co k R2 
( oC )  (mg Ikg)  (mg . kg- 1 . day- l ) ( % )  

2 0  . 3 3 2 62 0 . 0 9 8 3 . 5  
. 4 3 2 65 0 . 1 6 9 6 . 4  
. 5 9  2 64 0 . 5 6  95 . 1  

3 0  . 32 2 7 4  0 . 32 92 . 9  
. 4 3 2 8 0  0 . 68 9 6 . 0  
. 5 6 2 7 1  1 . 4 1  97 . 4  

4 0  . 32 2 8 1  1 . 1 9 95 . 0  
. 4 3 2 6 8 1 .  8 9  95 . 5  
. 5 3 2 94 4 . 3 0 9 8 . 5  

Table 4 . 2 0 . Results o f  the regression analys i s  for 
chlorophyll  � loss  in  green beans based on a 
first-order react ion model . 

Temp . aw In Co k R2 
( oC )  (mg/kg)  (day- I ) (x  1 0 - 3 ) ( % )  

2 0  . 3 3 5 . 57 0 . 3 7 8 4 . 6  
. 4 3 5 . 5 9 0 . 7 6  9 6 . 3  
. 5 9  5 . 62 2 . 9 8 9 3 . 0  

3 0  . 32 5 . 63 1 .  4 9  9 4 . 8  
. 4 3 5 . 6 6 3 . 1 4 9 4 . 9  
. 5 6 5 . 6 6 7 . 4 9  9 6 . 6  

4 0  . 32 5 . 6 6 5 . 55 9 2 . 3  
. 4 3 5 . 61 9 . 2 0 9 3 . 8  
. 5 3 5 . 8 6 2 9 . 9  9 4 . 3  
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Table 4 . 2 1 . Results  o f  the regress ion analy s i s  for 
chlorophyl l  b loss  in  green beans based on a 
zero- o rder react ion mode l . 

Temp . aw Co k R2 
( oC )  (mg lkg )  (mg . kg- 1 . day- 1 ) ( %  ) 

( x  1 0- 1 ) 

2 0  . 3 3 7 8 . 7  0 . 0 9 1 2 . 7  
. 4 3 7 6 . 6  0 . 2 2 54 . 7  
. 5 9 7 8 . 6  1 . 1 3 8 9 . 9  

3 0  . 32 8 3 . 7  0 . 7 6  7 4 . 0  
. 4 3 8 6 . 3  1 .  7 6  7 6 . 0  
. 5 6 8 4 . 5  3 . 17 8 0 . 8  

4 0  . 32 8 3 . 5  2 . 0 3 6 1 . 5  
. 4 3 8 0 . 9  3 . 2 3 8 0 . 0  
. 5 3 8 5 . 7  8 . 6 8 94 . 1  

T able 4 . 2 2 . Results  of  the regress ion anal y s i s  for 
chl orophyll  b loss  in green beans based on a 
first-order reaction model . 

Temp . aw In Co k R2 
( oC )  (mg /kg)  ( day- 1 ) (x  1 0 - 3 ) ( %  ) 

2 0  . 3 3 4 . 3 7 0 . 1 1 1 2 . 7  
. 4 3 4 . 3 4 0 . 2 8 55 . 3  
. 5 9 4 . 3 9  1 .  8 1  8 7 . 0  

3 0  . 3 2 4 . 4 3 1 .  0 8  7 7 . 2  
. 4 3 4 . 4 7 2 . 4 9 7 6 . 3  
. 5 6 4 . 4 6  4 . 7 6 8 0 . 5  

4 0  . 32 4 . 4 3 2 . 9 0 6 0 . 1  
. 4 3 4 . 4 0 4 . 5 3  7 9 . 7  
. 53 4 . 5 0  15 . 0  9 1 . 3 
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Table  4 . 2 3 . Results o f  the regress ion analys i s  for 

2 0  

3 0  

4 0  

Table 4 . 2 4 . 

Temp . 
( oC )  

2 0  

3 0  

4 0  

total chlorophyll  loss in green beans based on 
a zero-order react ion mode l . 

. 33 

. 4 3 

. 5 9  

. 3 2 

. 4 3 

. 5 6 

. 3 2 

. 4 3 

. 5 3 

Results of  the 

3 4 2  
3 4 1  
3 4 1  

3 5 9  
3 6 7  
3 5 6  

3 64 
34 6 
37 9 

k 
(mg . kg- 1 . day- 1 ) 

0 . 0 9 
0 . 1 8 
0 . 67 

0 . 4 1 
0 . 8 7 
1 .  7 3  

1 .  3 9  
2 . 1 6 
5 . 1 1 

regress ion analys i s  for 

8 1 . 1  
94 . 9  
93 . 1  

9 0 . 7  
9 4 . 1  
9 6 . 2  

9 1 . 9 
9 6 . 2  
9 8 . 4  

total chlorophyll  loss  in green beans based on 
a fi rst- order reaction mode l . 

aw In Co k R2 
(mg/kg) (day- I ) ( x  1 0 - 3 ) ( %  ) 

. 33 5 . 8 4 0 . 3 0 8 1 . 7  

. 4 3 5 . 8 4 0 . 64 9 4 . 8  

. 5 9 5 . 8 8 2 . 7 2 9 0 . 4  

. 32 5 . 9 0 1 .  4 3  9 3 . 2  

. 4 3 5 . 9 3 3 . 0 1 9 3 . 2  

. 5 6  5 . 92 6 . 7 8 95 . 6  

. 32 5 . 92 4 . 8 9 8 9 . 0  

. 4 3 5 . 8 6 7 . 7 9 9 4 . 8  

. 5 3 6 . 0 7 25 . 0  9 4 . 7  
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Fig . 4 . 2 3 .  Chl orophyll a loss  in dried green 
beans with aw = . 3 2 ( . ) � . 4 3 ( + )  and . 5 3 ( * ) 
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T hu s , the rema i nde r o f  the kinet i c  study o n  the qual ity  

degradat ion i n  the  dr ied green beans will  c oncent r ate on  

the loss  o f  chl orophyll  � .  

S ince the  conve r s i on of  chl o rophyl l  into pheophytin is  an 

a c i d- c at a l y s e d  r e a c t i o n ,  t he ava i l ab i l i t y  o f  wat e r  i s  

e s s ent i a l , and i t  i s  t o  be expect ed t hat water  act ivity 

wi l l  i n f l uence the rate of ch l o rophy l l  l o s s . The r a t e  

c o n s t ant w a s  f o u n d  to  be exponent i a l l y  re l ated to wat e r  

act ivity for a l l  three temperatures (Figure 4 . 2 4 ) : 

( 4 - 1 1 )  

The  e qu at i on s  de s c r i b i ng the r e l at i o n s h i p  are  given in 

Tab l e  4 . 2 5 .  Chl o rophy l l  loss  (La j ol o  et al . ,  1 97 1 ;  La j o l o  

and Marque z ,  1 9 8 2 )  and other degradat ive react i ons i n  food 

have been reported to exhibit an exponent i a l  relat ionship 

between k and aw ( S ingh et al . ,  1 9 8 3 ;  Labu z a ,  1 97 2 ) . 

Table 4 . 2 5 .  Equat ions describing the relat i onship between 

rate constant (k )  and aw for chl orophyl l  a 

l o s s  in dried green beans . 

2 0  

3 0  

4 0  

ln 

ln 

ln 

k 

k 

k 

Equat ion 

= - 4 . 8 6 + 
= - 3 . 1 0 + 
= - 1 .  8 4  + 

7 . 2 1 aw 9 9 . 7  

6 . 1 9 aw 9 9 . 6  

6 . 0 9 aw 9 6 . 5  

Us ing the equat ions given in Table 4 . 2 5 ,  the k values for 

- aw = 0 . 5 6  at 2 0  and 4 00C were interpolated . The 

r e l at i on s h ip between r e act ion r a t e  and temp e r at u r e  was  

det e rm i n e d  at c on s t a n t  aw = 0 . 3 2 ,  0 . 4 3 a n d  0 . 5 6 . The 
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Fig . 4 . 2 4 .  Re lation ship between k and aw f or 
chlorophyll a loss  in dried green beans at 2 0 0 e  
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F i g . 4 . 2 5 .  Arrhenius p lot for chlorophyl l  a 
l o s s  i n  dried green beans with aw = . 3 2 ( · T ,  
. 4 3 ( * )  and . 5 6  ( + ) . 
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Arrhenius equat i on sat i s factorily described the 

r e l at i on s h ip ( F igure 4 . 2 5 ) . The ca l cu l at e d  act i vat i on 

energies are given in Table 4 . 2 6 .  These  Ea values ( 9 1 to  

1 0 0  kJ . mo l -1 ) are  comparable to  those obtained by  La j o l o  et 

a l e ( 1 97 1 ) . 

Table  4 . 2 6 .  Results of the Arrhenius equat i on s  and Q1 0  
values for chlorophyll  � l o s s  in dried green 

beans . 

Ea ± 95% c .  i .  Q1 0  
( kJ . mo l-1 ) 2 0 - 3 0 0C 

0 . 32 38 . 7 9 1 0 0 . 64 ± 5 . 8 0 a 3 . 7  

0 . 4 3 3 6 . 5 0 9 3 . 2 4 ± 3 . 64a 4 . 2 

0 . 5 6  3 6 . 5 0 9 1 . 1 5 ± 38 . 4b 3 . 2  

( R2 ) = 99 . 9 )  

a Calculated us ing a nonl inear regress ion method . 
b Calcu l ated us in� a two- step regres s i on method . 

3 0- 4 0 0C 

3 . 7  

2 . 8  

3 . 4  

The act ivat ion  ene rgie s for chl o rophyll  a l o s s  de creased 

w i t h  an incre a s e  in wat e r  act ivi t y , sugge s t ing that a s  

water content increases , the sensit ivity o f  the react ion t o  

t empe rature de creas e s . Th is  t rend was a l so obs e rved by 

L a j o l o  et al e ( 1 97 1 )  and La j olo and Marquez ( 1 9 8 2 )  in their 

studies . The appl icabil ity of  equat i on 4 - 9  to  describe the 

relat i onship between Ea and aw was tested u s ing the l inear 

regress ion ana l ys i s ,  and a good fit was obtained : 

1 R2 
= 9 9 . 0 % 

. 0 1 2 3  - . 0 0 0 7 3  

E qu at i on 4 - 9  s at i s fa ct o r i l y e xpre s sed the re l at i on s hip 

between act ivat i on energy and wate r  act ivity for browning 
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a n d  t h i o l s u l p h i n a t e  l o s s  i n  dr i e d  o n i o n  f l a k e s , and  

chl orophyl l a loss  in dried green bean s . It is  sugge sted 

t h a t e qu a t i o n 4 - 9 c a n  s e rve a s  a gen e r a l i z e d m o d e l  

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

d e t e r i o r a t i v e  r e a c t i o n s  i n  d r i e d  ve g e t ab l e s . I t s  

app l i cabi l ity t o  other reactions and other dried vegetables 

has yet to  be veri fied . 

4 . 5 . 2 . 2  Sulphur Dioxide Loss 

The s ulphur d i o xide l o s s  in dried green beans fol l owed a 

f i r s t - orde r mode l bett e r  than a z ero- orde r mode l ( F igure 

4 . 2 6  to 4 . 2 8 ) . The react ion rate constant s are given in 

Tables 4 . 2 7 to  4 . 2 8 . 

The rate o f  S02 l o s s  was l inearly rel ated to  water act ivity 

at a l l three t empe rat u r e s  ( F igure 4 . 2 9 and Table  4 . 2 9 ) . 

Thi s  di ffers from the exponential rel at ionship observed for 

chl orophy l l  l o s s ,  indi cating that the react ion s  result ing 

in chlorophy l l  and S02 l o s s  are independent of each other . 

Su lphu r dioxide l o s s  wou ld be expected t o  correlate  with 

browning in dried green beans . 

Table  4 . 2 9 .  Equat ions des cribing the relat ionship between 

rate constant ( k )  and aw for S02 l o s s  in dried 

green beans . 

2 0  

3 0  

4 0  

Equation 

k - 0 . 0 0 7 5  + 0 . 0 2 2  aw 
k = - 0 . 0 3 0 4  + 0 . 0 9 9  aw 
k = - 0 . 0 4 93 + 0 . 2 1 1  aw 

9 9 . 5  

9 9 . 5  

1 0 0 . 0  
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Tab l e  4 . 2 7 .  Results  o f  the regress ion analys i s  for S02 
l o s s  in  green beans based on a z ero-order 
react i on mode l . 

2 0  . 3 3 
. 4 3 
. 5 9  

3 0  . 32 
. 4 3 
. 5 6  

4 0  . 32 
. 4 3 
. 5 3 

C 
(mg�kg) 

3 6 8  
3 8 8  
2 7 8  

4 2 1  
4 1 0  
3 3 9  

4 3 3  
4 1 1  
3 9 6  

k R2 
(mg . kg- 1 . day- l ) ( %  ) 

0 . 0 3 2 . 8  
0 . 5 3 9 3 . 1  
0 . 92 8 8 . 2  

0 . 5 9 8 6 . 8  
2 . 7 8 8 4 . 1  
3 . 5 1  8 5 . 5  

4 . 1 3 9 0 . 5  
7 . 0 7 9 5 . 7  
8 . 5 7 9 0 . 4  

Tab l e  4 . 2 8 . Result s of the regress ion anal y s i s  for S02 
l o s s  in green beans based on a first-order 
react i on mode l . 

2 0  

3 0  

4 0  

. 3 3 

. 4 3 

. 5 9  

. 3 2 

. 4 3 

. 5 6  

. 32 

. 4 3 

. 5 3 

ln Co 
(mg / kg) 

5 . 90 
6 . 0 0 
5 . 7 5 

6 . 0 6 
6 . 1 0 
6 . 1 1 

6 . 1 9 
6 . 2 8  
6 . 33 

0 . 0 0 8  
0 . 1 9 
0 . 5 8 

0 . 1 9 
1 . 1 3 
2 . 5 6 

1 .  8 1  
4 . 1 8 
6 . 2 4 

2 . 5 
9 1 . 2 
9 4 . 0  

8 9 . 2  
9 0 . 9  
9 5 . 8  

9 6 . 1  
9 6 . 1  
9 7 . 6  
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green bean s with aw = . 3 2 ( . ) ,  . 4 3 ( * )  and 
. 5 6 ( + ) . 
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T he Arrh e n i u s  r e l a t i o n s h ip w a s  f i tted t o  the r a t e  o f  

reaction and temperature at the three water act ivity levels  

( F igure 4 . 3 0 ) . The calculated act ivat ion energies ( 1 0 0  to 

1 7 0  kJ mo l - I ) presented in Table  4 . 3 0 ,  compare we l l  with 

l i t e r a t u r e  v a l u e s . Legault  et  a l . ( 1 9 4 9 )  rep o r t e d  E a 
v a l u e s  o f  1 3 8  t o  1 8 0  k Jmol - 1 f o r  l o s s o f  5 °2 i n  dried 

v e g e t a b l e s , t h e i r  v a l u e s  de c r e a s i n g  w i t h  i n c r e a s i n g  

m o i s t u r e  c o n t e n t  o v e r  the  r ange s t u d i e d  ( 3  t o  8 % ) . A 

s imilar t rend was observed in the present study . 

T able 4 . 3 0 . Results o f  the Arrhenius equations and Q 1 0  
values for 5°2 loss  i n  dried green bean s . 

Ea ± 95% c .  i .  Q 1 0  
( kJ . mol- 1 ) 2 0 - 3 0 0C 

0 . 3 2 61 . 4 0  1 7 0 . 3 1 ± 6 . 55a 2 3 . 8  

0 . 4 3  4 1 . 3 1 1 1 5 . 7 6 ± 5 . 7 4 a 5 . 9  

0 . 5 6  35 . 7 0 9 9 . 7 6  ± 1 5 1 . 5b 4 . 4  

(R2 
= 9 8 . 6 ) 

a Calculated u s ing a nonlinear regression method . 
b Calculated us ing a two- step regres s ion method . 

4 . 5 .3 Apricot 

3 0- 4 0 0C 

9 . 5  

3 . 7  

2 . 4  

The re su lts  o f  the st orage t r i a l s for apr i cot halve s are 

given in Appendices 4 . 2 1  to  4 . 2 9 . 

Mo i sture content equ i l ibrium was general ly  reached by the 

first sampl ing period . The data at time zero were excluded 

i n  t he k i ne t i c  cal cul at i ons t o  a ccount f o r  the i n i t i a l  

e qu i l ibrat i o n  p e r i o d  (Arabshahi  and Lund , 1 9 8 5 ) . The 
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s amp l e s  wi t h  aw = 0 . 5 6 and 0 . 6 8 f o l l owed a de s o rpt i on 

process , while  those with aw = 0 . 8 1 fol lowed an adsorpt ion 

proce s s . 

4 . 5 . 3 . 1  Nonenzymic Browning 

Nonenzymi c brown ing increased with t ime and t emperature . 

The colour o f  the dried apricot samples changed from yel l ow 

orange to brownish  orange to brown ( Figures 4 . 3 1 and 4 . 32 ) . 

A l ag per i o d ,  wh e r e  t he b r own i ng me a s u r ement r ema i n e d  

almo st constant , was observed f o r  t he apri cot s amp l e s  at 

2 0 o C .  The l a g  per i od was  found t o  be app r o x imat e l y  5 9  

day s . During t h i s  i n i t i a l  stage o f  nonenzymic brown i ng ,  

c o l o u r l e s s  p r ecur s o r s  a r e  fo rmed ( E i chne r ,  1 9 7 5 ) . The 

e x i s t ence o f  the l ag p e r i o d  wa s  r e p o r t e d  b y  K a r e l  and 

N i c kerson ( 1 9 6 4 ) in dehydrated orange juice , and Singh et 

al . ( 1 9 8 3 )  in intermediate moi sture apples . No lag period 

wa s  obs erved at 3 0  and 4 0 oC ,  probably due t o  the faster  

r a t e  of  b r own i n g . The  re act i on r at e s  for  the apr i cot 

s amp l e s  at 2 0 0 C were c a l cu l ated exc luding the l ag period 

(Arabshahi and Lund, 1 9 8 5 ) . 

A zero- and fi rst -order model were fitted to  the data . The 

results of the regre s s i on analyses giving the react ion rate 

constant s are given in Tables 4 . 3 1 and 4 . 32 .  The browning 

reaction fitted the first-order mode l better than the zero

orde r  model , as indicated by the higher R2 value s ,  at al l 

wat e r  act ivit i e s  and t emperatures . Stadtman ( 1 9 4 6a )  and 

Davi s et al . ( 1 97 3 )  r€ported a s imi lar  observation in the i r  

studies on the browning o f  dried apri cot during storage . 

P lots  o f  the natural logarithm o f  the reaction rates ( In k )  

against  s t o rage time a t  the di f fe rent storage condit i ons 

are shown in F i gure s 4 . 3 3  to 4 . 3 5 . The error  a s s o c i ated 
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Tab l e  4 . 3 1 .  Results o f  the regre s s ion analy s i s  for browning 
in dried apricot based on a zero-o rder 
react ion model . 

Temp . aw Co k R2 
( oC )  ( absorbance ) ( abs . da�- l ) ( %  ) 

(x 1 0- ) 

2 0  . 5 9 - 0 . 0 1 5  0 . 7 3 93 . 1  
. 7 0 - 0 . 0 1 1  1 .  0 8  8 8 . 6  
. 8 1 - 0 . 0 0 4  0 . 6 6 8 4 . 4  

3 0  . 5 6 - 0 . 0 3 0  3 . 3 1 9 0 . 8  
. 6 8 0 . 0 3 0  3 . 4 5 93 . 3  
. 8 1 - 0 . 0 0 3  2 . 3 1  9 6 . 5  

4 0  . 5 3 0 . 0 0 7  1 6 . 9  9 0 . 7  
. 6 6 0 . 0 4 2  1 4 . 9  95 . 9  
. 8 0 0 . 0 3 8  12 . 4  9 1 . 1  

Table  4 . 32 . Results o f  the regre s s ion analys i s  for browning 
in dried apricot based on a first- o rder 
react ion mode l . 

Temp . aw In  Co k R2 
( o C )  ( absorbance ) (day- I ) ( x  1 0-2 ) ( %  ) 

2 0  . 5 9 - 3 . 3 7 0 . 6 0 9 6 . 3  
. 7 0 - 3 . 1 6 0 . 8 0 9 0 . 0  
. 8 1 - 3 . 2 4  0 . 5 4 9 4 . 6  

3 0  . 5 6 - 3 . 1 6 2 . 0 4 9 8 . 4  
. 6 8 - 2 . 9 6 2 . 1 8 9 8 . 0  
. 8 1 - 3 . 2 2 1 .  8 5  9 8 . 4  

4 0  . 5 3 - 2 . 93 1 0 . 9  9 7 . 2  
. 6 6 - 2 . 93 1 1 . 7  9 7 . 8  
. 8 0 - 3 . 0 0 1 0 . 7  9 8 . 5  

1 Samples stored at 2 0°C exhibited a lag period o f  around 
5 9  days . 
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time ( days ) 

Fig . 4 . 3 3 .  Nonen z ymi c browning in dried apri cots 
with aw = . 5 9 ( . ) ,  . 7 0 ( + )  and . 8 1 ( * ) . during 
storage at 2 0 ° C .  

0 5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  

time ( days ) 
Fi g .  4 . 3 4 .  Nonen z ymi c browning in dri ed apri cot s 
wi th aw = . 5 6  ( . ) , . 6 8 ( + )  and ' . 8 1 ( * ) during 
storage at 3 0 ° C . 
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time ( days ) 
F i g . 4 . 3 5 .  Nonen z ymi c browning in dried apri cots 
with aw = . 5 3 ( . ) , . 6 6 ( + )  and . 8 0 ( * } during 
storage at 4 0 ° C .  
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wi t h  the c a l culated rate  constants would b e  � 9%  based on 

Bens on ' s table given in Table 4 . 1 1 .  

A h i gher rate  const ant ( k )  wa s  obt a ined for the samples 

wi t h  aws of  around 0 . 6 8 at all  three tempe r ature s . With 

only  three k values , a quadrat ic  equat ion seemed to be the 

mo s t  approp r i ate  model that could be used t o  des cribe the 

rel at ionship between aw and k (Figure 4 . 3 6 )  : 

( 4 - 1 2 )  

The equat i ons that were obtained are given in Table 4 . 3 3 .  

Tab l e  4 . 3 3 .  Equat ions des cribing ' the relationship between 

rate constant ( k )  and aw for browning in dried 

apricot . 

2 0  

3 0  

4 0  

k 

k 

k 

= - 0 . 0 8 2 
= - 0 . 0 4 3  
= - 0 . 0 9 6  

Equat i on 

+ 0 . 2 6 1 aw 
+ 0 . 1 95aw 
+ 0 . 64 8 aw 

aw maxima 

- 0 . 1 8 8 aw 
2 0 . 6 9 

- 0 . 1 4 8 aw 
2 0 . 6 6 

- 0 . 4 92 aw 
2 0 . 6 6 

I t  w a s  r e a s o n ab l e  t o  a s s ume a p a rabo l i c  o r  quadrat i c  

re l at i onship between k and aw cons idering there were only 

three k values and a narrow aw range . Studies  have shown 

t h i s  relat i onship to  exist at a l imited aw r ange (±0 . 1 5 o f  

t h e  aw maxima ) ( Labuza  and Saltmarch , 1 98 1 ) . Extrapol ation 

s h o u l d  n o t  b e  made  o u t s i de t h e  aw s t e s t e d  b e c a u s e  

deviat ion i n  the trend would be expected as  was observed in 

t h e  s tudi e s  o f  Lonc i n  et a l e ( 1 9 6 8 ) , Eichner ( 1 97 5 )  and 

Wa rmb i e r et a 1 . ( 1 9 7  6 )  . More complex equat i ons have been 

proposed by other authors over a wider aw range ( Toribio et 

a l . ,  1 98 4 ) . 
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F i g .  4 . 3 7 .  Arrheni us p lot for browning  i n  d r i ed 
apri cots with aw = . 5 9 ( . ) ,  . 6 8 ( * )  and . 8 1 ( + ) . 
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I n  g e n e r a l ,  n o n e n z ym i c b r own i n g  fo l l ow s  t h e  o b s e rved 

pattern ,  in which a maxima is  present . Thi s  phenomenon can 

b e  p a rt l y  e x p l a i n e d  b y  t he b i n di n g  o f  w a t e r  and  t he 

mob i l ity o f  the react ion species .  

At l ow wate r  activity the l imit ing fact o r  i s  inadequate 

mobi l ity;  there fore , addit ion of wat e r ,  whi ch solubi l ises 

or plast i cises  the system, promotes the rea ct i on . At high 

wat e r  act ivit y ,  however ,  wate r  st rongly inhibit s browning 

because it di lutes the reactant s . Besides the mob i lity and 

di lut ion fact o rs , wate r  may a f fect nonenzymic browning by 

i nhibit ing or enhancing s ome o f  the intermediate react ions 

( Labu z a  and Saltmarch, 1 9 8 1 ) . 

With respect to  browning , water can retard the rate of  the 

initial  glycosylamine reaction in which water i s  a product . 

T h i s  re s u l t s in pr odu ct inhibit i on . E i ch n e r  and Kare l 

( 1 9 7 2 )  found t h i s  t o  b e  the c a s e  in studi e s  o f  browning 

r e a c t i on between g l uc o s e  and g l y cine in g l y c e r o l / wat er 

m i xt u re s . Other re act i on s  i n  the s e quence may a l s o be 

inhibited s ince three mo les of water are produced per mole 

o f  carbohydrate used . On the other hand, wate r  may enhance 

deaminat ion react ions i n  the browning react ion s equence as 

observed by Reynolds ( 1 9 63 )  for the product ion o f  furfural 

o r  hydroxymethylfurfura l . 

S t a dt m a n  e t  a l . ( 1 9 4 6  a , b , c )  rep o rt e d t h a t  t h e  r a t e  

constant f o r  browning reaction s  i n  dried apri cots increased 

with increas ing moisture content over a range of 1 0  to 25% . 

A browning maxima was not observed . It i s  p robab l e  that 

t h e  max ima f o r  the spe c i fi c  lot  of dried apr i cot s would 

c o i n c i de w i t h  a h i gh e r  mo i s t u r e  c o n t e n t . A s i mi l a r 

a s sumpti on was made by S ingh et al . ( 1 9 8 3 )  i n  the i r  study 

o n  i nt e rmedi ate moisture app l e s  wherein a maxima was not 

observed over an aw range of 0 . 62 to 0 . 8 9 .  
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Many studie s  o f  browning have analysed the speci fic  aw at 

whi ch the maximum rate o f  browning occurs .  Labuz a  ( 1 97 0 ) , 

Labu z a  et a l e ( 1 97 2 ) , Loncin et a l e ( 1 9 6 8 )  and Kare l and 

Labuz a  ( 1 9 68 )  have all  reported an aw between 0 . 65 and 0 . 7 0  

f o r  the browning rate maxima . The values obtained in this 

study fal l  within this range . 

T h e  v a r i a t i on s  in aw o r  wat e r  c ontent r a t e  m a x ima for 

b r owning can be att ributed to the phys ical and/or  chemical 

nature of  the food itse l f  (Karel and Labuz a ,  1 9 6 8 ) . 

T h e  f a ct t hat many w o r k e r s  h ave rep o rt e d  a m a x ima for  

browning in the aw 0 . 6 0 to 0 . 8 0 range makes  thi s  react ion 

a s i gni f i cant one with respect t o  intermediate moi sture 

f o ods t hat are in the aw : 0 . 6 0 to 0 . 8 5 range ( Labu z a ,  

1 9 7 5 )  . 

F i gure 4 . 3 6 shows the e ffect o f  temperature on the react ion 

r a t e  con s t ant o f  nonenz ymic browning . The rate constant s 

at 4 0°C are considerably higher than those at 2 0  and 3 0oC .  

The e ffect of  changes in water activity on the rate o f  the 

react ion appears insign i ficant when compared to the effect 

o f  change s in temperature . 

F r om t h e  qu a d r at i c  e qu at i o n s  t hat w e r e  obt a i n e d ,  the 

react ion rates at constant aw for the different 

t emperatures were calcu l ated . This was done to enable the 

de t e rminat ion  o f  t he r e l at i onship o f  re act i on rate  and 

t emperature at constant aw e 

The Arrhenius plot for browning in apricot i s  presented in 

F i g u r e  4 . 3 7 .  T h e  E a va l u e s  were c a l cu l at e d  f r om the  

A r r h e n i u s  e qu at i on and  a r e  given i n  T ab l e  4 . 3 4 .  The 

c a l c u l a t e d a c t i v a t i o n e n e r g i e s  a n d  Q 1 0  v a l u e s  a r e  

. c omparab l e  t o  pub l i shed results . Stadtman et a l e ( 1 94 6a )  

reported an  Ea o f  1 0 9  k J  mol- 1 and a Q1 0  o f  3 . 9  for  dried 
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apr i cots and Nury and Brekke ( 1 9 6 3 )  reported Ea values of  

1 0 0  to  1 0 9  kJ  mol- 1  for raisins . 

T able  4 . 3 4 .  Results o f  the Arrhenius equations and Q1 0  
values for browning in dried apr i cot s . 

Ea ± 95%  c . L  R2 Q 1 0  
( kJ . mol- 1 ) ( % )  2 0 - 3 0oC 3 0 - 4 0oC 

0 . .5 9 4 0 . 9  1 1 2 . 4 4 ± 1 5 6 . 6 6a 9 9 . 9  3 . 5  

0 . 68 3 6 . 9  1 0 2 . 0 7 ± 2 1 3 . 7 4a 9 9 . 5  2 . 7 

0 . 8 1 4 1 . 0 1 1 2 . 9 3 ± 1 7 2 . 2 0 a 98 . 5  3 . 4  

1 0 5 . 1 8 ± 1 0 . 3 4b 

a Calculated us ing a two- step regression method . 
b Calculated us ing a nonl inear regression method . 

5 . 5  

5 . 4  

5 . 8  

The t rend observed for dried onion flakes and green beans 

t oward l owe r Ea and Q 1 0  values with higher water act ivity 

was not observed for dried apricot . The Ea value at aw = 

0 . 6 8 was l ower than tho s e  at aw = 0 . 5 6 and 0 . 8 1 .  Thi s  was 

due t o  the re l ative l y  sma l l  d i f fe rence in react i on rates  

b etween the samples at  the three aw leve l s  at  4 0 0C ( i . e .  

the  change in react i on rates with temperature at 0 . 5 6 and 

0 . 8 1 was bigger than that at 0 . 68 ) . 

A q u a d r a t i c  e qu at i o n w a s  f i t t e d  t o  t he d a t a a n d  t he 

fo l l owing equat ion de s c r ibing Ea as a funct i on o f  aw was 

obtained : 

E a = 5 4 2 . 8 9 - 1 2 62 . 61 aw + 9 0 3 . 4 6 aw
2 ( 4 - 1 3 )  
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Equat ion 4 - 1 3  is  an empirical equat ion that may be used for 

predict ion purposes over the aw range tested . 

O t h e r  fact o r s  t hat cou l d  have a f fected t he rat e  o f  the 

browning react ion are the amount o f  oxygen that is  absorbed 

by the product and the sulphur dioxide content . This wil l  

b e  further di scussed i n  the next section . 

4 . 5 . 3 . 2  Sulphur Dioxide Loss  

The sulphur dioxide content o f  the dried ap r icot s amples 

decreased with t ime and temperature . 

T h e  re su l t s  o f  the regr e s s ion ana l y se s  for  a first - and 

z e ro - o rder react i on mode l s  are given in T ab l e s  4 . 3 5 and 

4 . 3 6 .  Sulphur dioxide l o s s  in the dried apr icot was found 

t o  better fit a first- o rde r react ion mode l . Thi s  agrees 

w i t h  the re sult s of St adtman et al . ( 1 9 4 6b )  and D av i s  et 

a l . ( 1 9 7 3 ) . T h e  p l o t s  o f  t h e  l o g a r i t hm o f  t h e  S 0 2 
concentrat ion versus storage time at the di f ferent RHs and 

t emperatures are shown in F igures 4 . 3 8 to 4 . 4 0 .  

A s imi lar  re l at ionship between k and aw f o r  brown i ng was 

f ound t o  be  the c a s e  f o r  S 02 l o s s  with a max i mum be ing 

o b s erved at around aw = 0 . 7 0  ( F igure 4 . 4 1 ) . A quadrat ic  

e qu at i o n w a s  f i t t e d  to  t he d a t a and  t he r e s u l t s  a r e  

presented i n  Table 4 . 37 . 

The Arrhenius plot for S02 loss  in apricot s i s  presented in 

F i gure 4 . 4 2 . The Ea val ues corresponding t o  the di fferent 

aw leve l s  were calcu l at e d  based on the Arrhenius equation 

and the results  are given in T able  4 . 3 8 .  The E a and Q1 0  
values  obt ained in the present study agree with pub l i shed 

r e s u lt s . St adtman et a l . ( 1 9 4 6 a )  reported an E a o f  1 0 9  

k J . mo l - 1 and a QI O  o f  4 .  
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Tab l e  4 . 35 Results of the regre s s ion analys i s  for S02 loss  
in  dried apricot based on a zero- o rder 
react ion mode l . 

Temp . aw Co k R2 
( oC )  (mg / kg)  (mg . kg- 1 . day- 1 ) ( %  ) 

2 0  . 5 9 2 0 1 5 3 . 90 8 9 . 7  
. 7 0 1 3 0 7  6 . 1 4 93 . 9  
. 8 1 1 5 4 6  5 . 0 4 9 6 . 9  

3 0  . 5 6 2 22 3  1 6 . 2 9  9 6 . 3  
. 6 8 1 0 8 3  1 1 . 2 8  8 2 . 2  
. 8 1 1 3 8 3  1 3 . 5 7 9 0 . 6  

4 0  . 5 3 1 5 3 8  5 4 . 1 2 9 4 . 5  
. 6 6 1 4 3 4  8 9 . 63 9 2 . 2  
. 8 0 1 5 1 7  9 6 . 5 4 9 6 . 4  

Tab l e  4 . 3 6 .  Results of the regress ion analysi s for S02 loss  
in  dried apricot based on a first - o rder 
reaction mode l . 

Temp . aw l n  Co k R2 
( oC )  (mg/kg)  (day- 1 ) ( x  1 0 - 2 ) ( % )  

2 0  . 5 9 7 . 7 1 0 . 32 8 8 . 9  
. 7 0 7 . 4 8  1 .  0 7  9 6 . 6 
. 8 1 7 . 5 0 0 . 6 9 9 3 . 3  

3 0  . 5 6 7 . 97 1 . 5 0 9 3 . 7  
. 6 8 7 . 5 7 3 . 1 9 9 3 . 3  
. 8 1 7 . 5 4 2 . 2 5 9 6 . 8  

4 0  . 5 3 7 . 3 5 4 . 7 4  95 . 5  
. 6 6 7 . 32 1 1 . 95 9 8 . 9  
. 8 0 7 . 3 8 1 2 . 2 1 9 8 . 8  
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0 50  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  
time ( days ) 

F i g . 4 . 3 8 .  Sulphur dioxide loss  in d r i ed apri cots 
with aw = . 5 9 ( . ) ,  . 7 0 ( + )  and . 8 1 ( * )  during 
sto rage at 2 0 ° C .  

0 5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  

time ( days ) 
Fig . 4 . 3 9 .  Sulphur dioxide loss  in dried apricots 
with aw = . 5 6 ( . ) ,  . 6 8 ( + )  and . 8 1 ( * ) during 
sto rage at 3 0 ° C .  
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F i g . 4 . 4 0 .  Sulphur dioxide los s in  d ried apri cots 
with aw = . 5 3 ( . ) ,  . 6 6 ( + )  and . 8 0 ( * )  during 
storage at 4 0 ° C . 
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Table  4 . 37 . Equations des cribing the relat i onship between 

rate constant ( k )  and aw for S02 l o s s  in dried 

apricot . 

Equati on aw maxima 

Table  

aw 

0 . 5 9 

0 . 6 8 

0 . 8 1 

2 0  

3 0  

4 0  

4 . 3 8 .  

In 

k = 

k = 

k = 

Results 

values 

ko 

- 0 . 2 3 0  + 

- 0 . 3 8 9  + 

- 0 . 94 1  + 

o f  the 

for S02 

Ea ± 95%  

0 . 67 1  

1 . 2 0  

2 . 92 

a -w 
a -w 
a -w 

0 . 4 67 aw 
0 . 8 53  aw 

2 

1 . 9 9 aw 
2 

Arrhenius equat i on s  

2 

and 

loss  in dried apr i cot s . 

c . i .  R2 

( kJ . mo l-1 ) ( % )  2 0- 3 0 0C 

4 6 . 4  1 3 1 . 61 ± 1 4 6 . 6 8a 9 9 . 8  6 . 4  

3 4 . 5  95 . 4 1 ± 63 . 93a 9 9 . 5  3 . 1  

3 9 . 8  1 0 9 . 4 4 ± 1 3 4 . 22 a 9 8 . 5  3 . 3  

1 0 5 . 3 4 ± 9 . 65b 

a Calculated us ing a two- step regression method . 
b Cal culated us ing a nonl inear regress ion method . 

0 . 7 2 

0 . 7 0 

0 . 7 3  

Q 1 0  

Q 1 0  
3 0 - 4 0 0C 

4 . 3  

3 . 9  

5 . 4  

Unde r a e r ob i c  condit i on s , S 0 2 l o s s  in  dr i ed apr i cot has 

been attr ibuted to the o xidat i on o f  S02 to sulphate and its 

i rrevers ib l e  react ion with fruit constituent s ( St adtman et 

a l . , 1 9 4 6b ;  Davis et al . ,  1 97 3 ) . 

T h e  rate  o f  S 02 l o s s  i s  dependent on the rat e o f  oxygen 

a d s o rpt ion  o f  the fru i t . The rate o f  oxygen consumpt i on 
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increases  with an increas e  i n  moi sture content ( St adtman 

et a l . ,  1 9 4 6a ) . Hence , the rate of S02 loss  i s  expected to 

increase with moisture content . 

Sulphur dioxide is  also  l o st through it s react ion with the 

int e rmediates or product s o f  the browning react ion as shown 

in Figure 4 . 4 3 (McWeeny et al . ,  1 97 4 ) . 

Reducing sugar 

S impl e  carbonyl 
< 
( 

) 

D i- carbonyl �< __ __ 

) 
) 

a�-Unsaturated carbonyl � 

P i gment ( "melanoidin s " )  � _ _  � 

Sugar hydroxy sulphonate 

Carbonyl hydroxy s ulphonate 

Dicarbonyl di-hydroxysulphonate 

Sulphonated carbonyl 

? 

F i gure 4 . 4 3 .  Sulphite e ffect s on nonenzymic browning . 

Thu s , the rate o f  browning is  influenced by the rate o f  S02 
l o s s . A p l ot o f  the r a t e  c o n stant s o f  S02 l o s s  against 

mo i sture content or  water activity of  the fruit i s  expected 

t o  show a maxima as was observed for browning . 

I t  i s  the combined e ffects o f  these two react i ons on S02 
l o s s  whi ch result s in the t rend that was observed between 

the rate o f  S02 l o s s  and aw ' At low aw ' the oxidat ion and 

b rowning react i ons are both s low, resulting in a l ow rate 

o f  S02 l o s s . With an increase in aw to 0 . 6 8 ,  both reaction 

rates  increase and so  does the rate o f  S 02 l os s . With a 

further increase in aw t o  0 . 8 1 ,  the rate o f  oxidat i on is  

i nc r e a s e d  but  the  rate  of  b r own ing dec re a s e s . The net 

r e s u l t  i s  a rate  o f  S02 l o s s  s l ight ly  l owe r than that at 

0 . 6 8 ,  but s igni ficant ly h igher than at 0 . 5 3 . 

Stadtman et al . ( 1 9 4 6a )  s uggested that the end o f  the shelf  

l i fe o f  dried apricots was  reached when 65%  o f  the  initial 

S 02 content was lost . T he results  of  the study o f  Davis et 

a l . ( 1 9 7 3 )  support ed thi s  s uggestion . The present study , 
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h o weve r ,  c l e a r l y  shows t hat t h i s  gene r a l i s at i on i s  not 

app l ic able to dried apr i cot s exposed to di f ferent RH and 

t e mp e r at u r e  c o n di t i o n s  due t o  t h e  c omp l e x i t y  o f  the  

react i ons taking place dur ing storage which are  a ffected by 

several  interrelated factors . 

I n  thi s case where there is  an undefined supply o f  oxygen , 

t h e  e f fe c t s o f  t h e  d i f fe r e n t  v a r i a b l e s  ( i . e .  w a t e r  

a c t i v i t y , t empe r at u r e , S 0 2 ) cannot  b e  i s o l at e d ,  s i nce  

b r owni ng and  S02 loss  are affected by  oxyge n cons umpt ion 

whi ch in turn i s  dependent on aw and temperature . Caut ion 

must  be taken in interpret ing the kinet ic  re sults  that have 

been obtained for dried apricot s due to  the aforement ioned 

l imitat ions . 

I t  i s  sugge sted that i n  order to  be able t o  obt ain more 

meaningful  kinet ic result s ,  more than three wate r  act ivity 

l eve l s  shou l d  be t e st e d  and the e ffect o f  oxygen on the 

react i ons should be invest igated . 

One prob l em a s s ociated with determin ing oxygen e f fect s  on 

f o o ds i s  the  di f f i cu l t y  in dete rmin i ng r at e s  o f  o x ygen 

upt ake ,  e specially  at l ow oxygen leve l s . Another problem 

i s  the fact that water content serious ly a f fect s  oxidat ion 

rates (Labuz a  et al . ,  1 97 0 ) . 

4 . 6  CONCLUSION 

S t orage trials  were conducted on dried oni on flake s ,  green 

b e an s  a n d  ap r i c o t  h a l ve s . T h e  r at e s  o f  t h e  v a r i o u s  

d e t e r i o r a t i v e  r e a c t i o n s  o c cu r r i n g  du r i n g s t o r a g e  at 

d i f f e r e n t  r e l a t i v e  h u m i d i t i e s  and t e mp e r a t u r e s  we re 

·dete rmined . 
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F o r  onion fl ake s and green bean s , the rat e s  o f  react i ons 

w e r e  f o u n d  t o  i n c r e a s e  w i t h  an i n cr e a s e  in the w a t e r  

a c t i v i t y  o f  t h e  p r o d u c t s . T h e  Ar r h e n i u s  e qu a t i o n 

s at i s f act o r i l y de s c r i b e d  the  r e l at i onship  between rat e 

c o n s t ant s and t emp e r at u r e s . Mathemat i c a l  mode l s  were 

deve l oped e xpre s s ing the rate constant s as  funct i o n s  o f  

water act ivity and temperature,  and the act ivation energies 

as funct ions  of  water act ivity . 

N on e n z ym i c brown i ng and s u lphur di o x i de l o s s  i n  d r i e d  

apricots exhibited a trend wherein the rate increased with 

w a t e r  a ct i v i t y  u n t i l  a m a x imum w a s  r e a c h e d  a n d  t h e n  

decreased with a further increase i n  water act ivit y . The 

r e act i on s  f o l l owed the Arrhen i u s  equat i o n  at  a l l  t hree 

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

i nve st igate the e ffect s o f  oxygen on the k inet i c s  o f  the 

d i f ferent react ions . Thi s  was cons idered a l imit at i on to 

the interp retat ion of the kinet i c  data on dried apri cots . 
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T h i s  c h a p t e r  i s  c o n c e r n e d  w i t h  t h e  d e v e l o p m e n t  o f  

mathemat ical models  t o  de scribe the deteriorat ive react ions 

di s cu s s e d  i n  Chapte r  4 ,  and the u s e  o f  the s e  mode l s  to  

predict the she l f  live s o f  the dried food product s . 

M a t h e m a t i c a l  m o de l l i n g  i s  a p r o c e dure l e a d i n g  t o  the 

de s c r i p t i o n o f  a p r o c e s s  or  phenomena b y  one  or  more 

mathemat ical equations . I n  the previous chapter ,  equat ions 

w e r e  deve l oped e xp r e s s in g  t he concentrat i o n  ( C )  o f  the 

index o f  deteriorat i on ,  the react ion rate constant ( k )  and 

the act ivat i on energy (Ea ) as functions o f  temperature and 

wat e r  act ivity . The dependent variables  ( C ,  k ,  E a ) were 

expre s sed as funct ions of individual independent variables 

( aw ' t empe rature ) .  An alternat ive approach to  she l f  l i fe 

p r e d i ct i on i s  the deve l opment o f  a s in g l e  mat hemat i ca l  

mode l t o  f i t  a l l  of  the experimental data as a funct ion of  

t h e  c o mb i n e d  e f f e c t s o f  t h e d i f f e r e n t  i n d e p e n de n t  

variables . 

The  fi rst ob ject ive o f  t h i s  study was to deve l op mode l s  

d e� c r ib i n g  t h e  qu a l i t y  det e r i o r at i o n o c c urri n g  du r i ng 

s t orage o f  t he dried onion flake s ,  green beans and apri cot , 

a s  i n fluenced by the factors  t ime , temperature and water 

act ivity . 

The accomp l i shment o f  the first object ive woul d  sat i s fy the 

· f i r s t  four a s sumpt i on s  ment i oned in Chapt e r  1 whi ch form 

the basis  o f  she l f  l i fe prediction techniques :  
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a .  The det e r i o rat ive mechan i sms l imit ing s he l f  l i fe and 

t h e i r  d e p e n de n c e  on e nv i r o n m e n t a l  p a r a me t e r s  c a n  b e  

des c r ibed by a mathemat ical funct ion . 

C = f ( aw ' t ,  T )  

b .  Maximum acceptable det e r iorat i on can b e  det e rmined by 

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

organ o lept ic parameters . 

c .  The i nternal  environment depends on the condit i ons o f  

t h e  f o o d . T h e  moisture  s o rpt i o n  i s othe rms des c ribe the 

wat e r  a ct ivit y  o f  the f o o d  wh i ch det ermine s t h e  vapo u r  

pres sure ins ide the package . 

d .  Barrier propert ies of  the package can be re l at ed t o  the 

internal and external environment s .  

p i x  = f (RH, T )  

The first two assumptions were discussed i n  Chapte r  4 ,  the 

thi rd assumpt ion in Chapter 2 and the fourth as sumpt ion in 

Chapter 3 .  

The final step towards she l f  l i fe predict ion i s  t o  ful fill  

the fi fth a s sumpt ion ,  name ly that the diffe rent equat ions 

can be combined and solved with the aid of a computer . 

A review o f  the studies that have been conducted t o  develop 

t echniques t o  predict the she l f  l i fe of  packaged foods was 

given in Chapter 1 .  

The second objective o f  this chapter was to  predict ( u s ing 

a computer- aided technique ) the moi sture trans fer into and 

t h e  s he l f  l i fe o f  dr i e d  o n i on f l ak e s  a n d  g r e e n  b e a n s  

packaged in low density polyethylene fi lm and the l aminate 
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o f  polyethylene and polyester . 

5 .2 EXPERIMENTAL 

5 .2.1 Calculat ion and P rogram Development 

Non l inear regres s i on ana l y s i s  was used for the evaluat ion 

o f  t he more complex mode l s  deve l oped in the s tudy . Thi s 

ana l y s i s  was performed on a PRIME 7 5 0  compu t e r  with the 

BMDP AR program (Dixon , 1 9 8 5 ) . 

T h e  B A S I C  l an g u a g e  w a s u s e d  t o  p r e p a r e  t h e  c ompu t e r  

iterat ion program for the predict i on o f  she l f  l i fe .  An IBM 

compat ible microcomputer was used t o  run the program . 

5 .2.2 storage Trials 

P o lyethylene ( LDPE , 60 �m) and the laminate ( 3 0  � LDPE and 

1 2  �m P E T )  f i lms were made int o bags us ing a cont ro l led 

t empe rature heat s e a l e r . Care wa s t aken i n  the s e a l ing 

p r o ce s s  to ensure  that  u n i fo rm and i nt e g r a l s e a l s we r e  

obt ained . t-Ic.V ,'" 

The dried onion flakes and s l iced green beans were obtained 

f r om the s ame source s as t he samples  used i n  the sto rage 

e xp e r iment s i n  Chapt e r  4 .  Appr o x imat e l y  2 5  g o f  o n i o n  

f l a k e s  and  3 0  g o f  g r e e n  b e a n s w e r e  p a c k a g e d  i n  t h e  

p repared LDPE and l aminat e bags . The use  o f  such sma l l  

amount s o f  s ample p e r  bag made it  po s s ib l e  t o  spread the 

s amples  in a thin layer inside the bags . Thi s  was t o  avoid 

t he o c currence of a mo i st ure gradient with i n  the product 

. ins ide the bags . The result ing packages had areas o f  1 2 0  
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mm x 1 0 0  mm for  the onion f l akes and 1 2 0  mm x 1 3 5  mm for 

the green bean s . 

The packaged dried product s were stored in the control led 

RH p l a s t i c  c on t a i n e r s  de s c r ib e d  in S e ct i on 4 . 4  o f  t he 

prev i ou s  chapt e r . The b ags were a r r anged in the s l otted 

trays in such a way that none o f  them overlapped ( i . e .  a l l  

a r e a s  o f  t h e  p a c k age w e r e  e xp o s e d  t o  t h e  c o nt r o l l e d  

a t m o s p h e r e ) . T h e  p r oduct s we r e  s t o r ed  a t  c o n t r o l l e d  

condit ions : 3 0 oC / 7 5%RH and 4 0oC / 9 0 %RH .  Control led relative 

humidit i e s  we re maint ained with t he use o f  s aturated salt 

s l u r r i e s : N a C l f o r  7 5 %  RH and K 2 C0 3 f o r  9 0 %  RH . The 

p l a s t i c  cont a iners were s t o red i n  c ont ro l l ed tempe rature 

rooms at 30±0 . 50C and 4 0±1 . 0oC .  

Samp l ing was done at di fferent time periods dur ing storage 

unt i l  the unaccept able level o f  the index o f  deteriorat ion 

wa s rea ched . S amp l e s  from dup l i cate bags  per  treatment 

were ana lysed each sampl ing period . The onion flakes were 

a n a l y s e d  � o r  n o n e n z ym i c  b r own i n g  and t h i o l s u lp h i n a t e  

content and the green beans for chlorophy l l  a content . The 

me t h o d s  f o r  det e rmining  t he di f fe r ent qua l i t y  indi ce s ,  

di s cus sed in Section 4 . 3 , were fol l owed in the analyses . 

5 .3 DEVELOPMENT OF MODELS FOR QUALITY DETERIORAT ION 

IN DRIED FOODS 

The o rder o f  react i on de s cribes t he concent r at io n  o f  the 

reactant o r  product as  a funct i on o f  time ,  with a l l  other 

var i ables  constant . 

C = Co - kt ( zero-o rder )  ( 5- 1 )  

C = Co exp ( -kt ) ( first- o rder )  ( 5- 2 )  
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Nonenz ymic browning i n  onion f lakes  and chlorophyl l  £ loss  

in  green beans were found to best fit  the zero-o rder model . 

Thiol su lphinat e loss  in onion flakes , browning i n  apricot s 

and S 0 2 l o s s  i n  g r e e nb e an s  an d ap r i c o t s  w e r e  b e t t e r  

described by the first-o rder model . 

The A r r he n i u s  e quat i o n  ( 5 - 3 )  w a s  f o und t o  a dequ at e l y  

de s c r ibe  the e f fect o f  t empe ratu re o n  the r at e s  o f  the 

det e r i o r a t ive  r e act i o n s  o c cu r r i n g  in t he t h r e e  d r i e d  

product s .  

k = ko exp ( -Ea / RT )  ( 5 -3 )  

By s ub s t i tut ing k into equat ions 5 - 1 and 5-2 an express ion 

of  concentrat ion as a funct i on o f  both time and temperature 

was derived : 

C = Co exp- [ ko exp ( -Ea/ RT )  t ]  

( zero-order )  ( 5- 4 )  

( first-order )  ( 5- 5 )  

I n  the p revious chapter,  equations 5- 4 and 5 -5 were used to 

cal cu l at e  the act ivat i on e nergies . It resulted in a good 

fit and stat i st ically meaningfu l  E a values . 

The  r a t e  c o n s t ant s at  c o n s t ant t empe r a t u r e  and the  E a 
v a l u e s  we r e  o b s e rv e d  t o  be h i gh l y  dependent  on wat e r  

act ivity . The fol l owing empirical equations f o r  the three 

product s (determined in the previous chapter ) ,  

s at i s factor i l y  described the relat ionship : 

oni on flakes (nonenzymic browning and thio l sulphinate l o s s )  

Ea = __ -=1� __ 

'Y - oaw
- 1 

( 5- 6 )  

( 5- 7 ) 



green beans ( chlorophy l l  £ l o s s )  

1 

apricot ( nonenzymic browning ) 
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( 5 - 8  ) 

( 5 - 9 )  

( 5- 1 0 )  

( 5- 1 1 )  

P ar ameters  ko and Ea were then substituted into equat ions 

5 - 4 o r  5 - 5 depe nding o n  t he r e a ct i on o rd e r  g iving  the 

equ at ions : 

nonenzymic browning in onion flakes : 

( 5 - 1 2 ) 

t h i o l su lphinate loss : 

C = Co exp- [ ( a + �aw) exp ( ( - l /y-oaw 
- 1 ) /RT )  t ]  ( 5 - 1 3 )  

chl orophyll  £ los s : 

( 5- 1 4 )  

nonenz ymic browning in apricot s : 

C = Co exp [ ( a + �aw + yaw
2 ) exp ( - ( x  + y + zaw

2 ) / RT )  t ]  

( 5 - 1 5 )  
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Equat i on s  5 - 1 2  t o  5-15  are mathematical mode l s  expres s ing C 

as a functi on o f  aw' time and temperature . S ince previous 

stud i e s  have shown that oxygen has negl igibl e  e ffect s on 

dried o n i on f l akes and green beans , these equat ions serve 

as the ove ra l l  quality  deter i orat i on mode l for these two 

product s .  For dried apricot s ,  the e f fect o f  oxygen on the 

det e r i o r at ive reacti ons has not been i solated; its  effect 

w o u l d  h ave b e e n  c omb i n e d  i n  t he o b s e rve d e f f e ct s  o f  

temperat u re and water act ivit y  ( i . e .  oxygen absorpt ion i s  

influenced by temperature and water act ivity )  . 

An a l y s i s  o f  e qu at i o n s  5 - 1 2  t o  5 - 1 5  u s i n g  t h e  BMDP AR 

program showed that a high correlat ion exi sted between the 

c o e f f i c i ent s o f  the equ at i o n s . Thi s was not unexpected 

s i n c e  n o n l i ne a r  regre s s i o n  app l i e d  t o  mode l s  w i t h  t h e  

A r r h e n i u s - t y p e  r e l a t i o n s h i p  g e n e r a t e s  v e r y  h i g h l y  

c o r r e l at ed p a r amet e r  e s t im at e s  ( Himme lb l au ,  1 9 7 0 ) . T o  

ove r c o m e  t h i s  p r ob l e m ,  a n d  i n  o r de r  t o  p r e s e rve t h e  

theoret ical cons iderat ion and at the same t ime s impl i fy the 

mode l ,  the fol l owing approach was cons idered . 

T h e  d e v e l opment o f  a n e w  mode l u s ing t h e  ' re fe r e n c e ' 

app r o a c h , i n  wh i ch t h e  r a t e  o f  r e a ct i on at  any given 

t empe r at ure is  re l ated t o  a ' refe rence ' temperature ( T 1 ) 

w a s  c o n s i de r e d . I n  t h i s  app r o a c h t h e  u s e  o f  k o i s  

e l iminated : 

kt 2  = kt 1 · exp ( 5 - 1 6 )  

where : 

kT 2  = react i on rate at -invest igated temperature 

T2 
kT l  = react ion rate at re ference temperature T 1 
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I n  the p re sent study , the re ference temper ature u s e d  was 

3 0 0C .  

Both kt and Ea are dependent on aw according to equations 

5- 6  to 5 - 1 1 . 

The value o f  k i s  thus given by the fol l owing equat i ons : 

nonenz ymic browning in onion flakes : 

( 5- 1 7 )  

thiolsulphinate l o s s : 

( 5- 1 8  ) 

chl orophyll  a l o s s : 

( 5- 1 9 )  

nonenz ymic browning in apricots : 

k ( 5-2 0 )  
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There for e ,  the new models  can be written : 

nonenzymic browning in onion f l akes ( eqn 5-2 1 )  : 

1 

t 

thio l su lphinate l o s s  in onion flakes (eqn 5-2 2 )  : 

C � Co e xp- ( a + ��w) exp (- 1 

chl orophy l l  a loss  in green beans (eqn 5-2 3 )  : 

1 1 

C = Co - (a exp �aw) exp 

R 

nonenzymic browning in apricot s ( eqn 5- 2 4 )  : 

C Co e xp [(a + �aw + yaw
2 ) exp - ( x  + yaw + z aw

2 ) 

(� (0 3 0: . 1 5) t 

The above model s  were tested for the different 

d e t e r i o r a t i v e  r e a c t i o n s , a n d  t h e  e s t i m a t e s  o f  t h e 

coefficients  a, �,  y, and 8 were determined with the use o f  

t h e B MD P AR p r o g r am . T h e  c a l c u l a t e d  v a l u e s  o f  t he 

c o e f f i c i ent s o f  the k i net i c  equat ions i n  Chapte r  4 we re 

u s e d  a s  i n i t i a l e s t i m at e s  i n  t he ca l cu l at i on o f  t h e  

nonl inear equations . The result s giving the values o f  the 



* 

1 8 2  

c o e f f i c i e n t s a n d  t he s t anda r d  e r r o r s  o f  e s t i ma t e  are  

presented in Tab l e s  5 . 1  to  5 . 4 .  

T o  ve r i fy  the v a l i di t y  o f  the det e r i o rat i on m o de l s  t o  

de s c r i b e  t h e  det e r i o rat ive react i on s  dur i n g  s t o rage , a 

compa r i s on o f  a ct u a l  and predict ed va l ue s  for t he three 

p roduct s st ored under various  cond i t i ons was made . The 

actual values were the observed re s u l t s  from the k inet ic  

s t u d i e s  i n  the  prev i o u s  chapt e r . P l ot s  c omp a r i ng the 

actual and predi cted results are s hown in F igur e s  5 . 1  to 

5 . 4 .  They show a relat ively good overall  fit for the three 

product s .  The res idual  values were relat ive ly  sma l l  and 

r andom l y  s catt ered indicat ing an accept ab l e  fit  with the 

model e xhibit ing no bias . The res idual plots are shown in 

Appendices 5 . 1  to 5 . 4 .  

Equat i on s  5-2 0  t o  5-2 3  were used to  predict the she l f  l i fe 

o f  unpackaged dried onion flakes , green beans and apricot s 

s t o r e d  u n de r s i mu l at e d c o n d i t i o n s  i de nt i c a l  t o  t h e 

temperatures and RHs t e sted in the previous chapter . The 

s he l f l ives we re det e rmined ba s e d  on the  ac cept ab i l i t y  
. .  * leve l s  e stab l l shed In the Chapter 4 which were : 

a .  nonenzymic browning in onion flakes � 1 0 5  opt i ca l  index 

b .  thio l sulphinate loss  in onion flakes � 5 �m/ g  

c .  chl orophy l l  � loss  i n  green beans � 3 0 %  l o s s  

d .  nonenzymic browning i n  apricot � . 25 0  absorbance 

Re fer to : 

a .  Section 4 . 3 . 2 . 3  (p . 1 0 4 )  

b .  Section 4 . 3 . 2 . 2 (p . 1 0 1 )  

c .  Section 4 . 3 . 3 . 2  (p . 1 0 6 ) 

d .  Sect ion 4 . 3 . 4 . 3 . 2 (p . 1 1 6 )  

8 %  o f  the actual values . In  pract ical terms , thi s means a 

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

predicted she l f  l i fe for a sample with an actua l  she l f  l i fe 

o f  one year . The predi cted values  are thus o f  pract i cal 
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Table 5 . 1 .  Results o f  the non l inear regress ion ana l y s i s  o f  

the deteriorat ion model for nonenz ymic browning 

in onion flakes . 1 

Coefficient 

1 EMS 

a 
� 
Y 
8 

62 . 4 6 no . 

Estimate Standard Error 

- 1 . 3 7 3  0 . 0 2 3  

4 . 5 7 1  0 . 0 64 

0 . 0 1 0  0 . 0 0 0 3  

0 . 0 0 1  0 . 0 0 0 1  

o f  data points = 2 1 8  

Table 5 . 2 .  Results o f  the nonl inear regres s ion analys is  o f  

the deteriorat ion model for thiolsulphinate l o s s  

i n  onion flakes . 1 

Coe f fi c ient Est imate Standard E rror 

a - 0 . 0 0 8  0 . 0 0 0 2  

� 0 . 0 3 3  0 . 0 0 0 7  

Y 0 . 0 1 2  0 . 0 0 0 4  

8 0 . 0 0 1  0 . 0 0 0 2  

1 EMS = 0 . 2 7 2  no . o f  data points = 2 2 4  
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Table 5 . 3 .  Results o f  the nonl inear regress ion analysis  o f  

the deterioration model for chlorophyl l  � l o s s  

i n  onion flakes . 1 

Coe fficient 

1 EMS 

a 
� 
Y 
8 

8 5 . 7 3 

Est imate St andard Error 

0 . 0 3 8  0 . 0 0 2 

6 . 5 8 1  0 . 1 0 6  

0 . 0 1 2  0 . 0 0 0 5  

0 . 0 0 1  0 . 0 0 0 2  

no . of  data point s 1 7 7  

Tab le 5 . 4 .  Results o f  the nonl inear regression analys i s  o f  

the deteriorat i on model for browning i n  dried 

apricots . 1 

Coefficient Est imate Standard Error 

a - 0 . 0 1 2 0 . 0 1 7  

� 0 . 1 05 0 . 0 5 1  

Y - 0 . 0 8 0  0 . 0 3 8  

x 9 0 1 . 7 7 8  1 0 7 . 32 1  

Y - 2 3 55 . 4 6 9 3 2 5 . 1 9 1  

z 1 6 8 9 . 7 6 6  2 4 1 . 57 6  

1 EMS = . 0 0 1  no . o f  data point s = 1 4 0  
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Fig .  5 . 1 .  Comparison of the actual ( point 
symbols ) and predi cted ( solid lines ) values 
for nonen z ymi c browning in onion f lakes with 
aw = . 3 2 ( . ) ,  . 4 3 ( + )  and . 5 6 ( * ) at 2 0 , 3 0  
and 4 0 ° C .  



1 8 6  

2 . S  
QJ 
.j.J - 2 0 ° C rO r-l  
I:: 1 2 . 4  

• .-j � 
..c: rO 
o.. 'd 

� 2 ::l r-l  
en l  
o tyl 

• .-j ..l< 
..c: • 1 6 
.j.J tyl • 

E * 
1:: -

� l . 2 
0 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  

time ( days ) 

1 . 2 +--------+--------�------�--------�--�--� 

Q) 2 .  S 
.j.J 
rO 
I:: � 

• .-j 1 2 . 4  
..c: �  
o. m  

� 'd 
::l 
en �  2 

� I  
o tyl 

• .-j ..l<  1 6 .c: • • 

.j.J tyl  
S 

1:: -

a 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  

time ( days ) 

� 1j. 2 +-------��----�-+--------�--------+-------� 
o 2 0  4 0  6 0  S O  1 0 0  

time ( days ) 

Fig . 5 . 2 .  Compari s on of the actua l ( point 
symbo l s ) and predi cted ( solid lines ) va. lue s f or 
thi ol sulphinate los s in onion f lakes with 
aw =:; • 3 2  ( . ) ,  . 4 3  ( + )  and . 56 ( * )  at 2 0 , 3 0  
and 4 0 ° C .  



r-l 
I 
:>t 
rtl 3 0 0  '"d 

r-l 
I 
tJ'l 
� 2 0 0  . 
tJ'l 
S 

rtl l  1 0 0  
.c: 
� .c: u 0 

r-i 
I 
:>t 
rtl 

3 0 0  '"d 
r-l 
I 
tJ'l 
� 2 0 0  . 
tJ'l 
S 

rtl l  , 1 0 0  
.c: 
� .c: 

1 8 7  

2 0 ° C 

0 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  

time ( days ) 

3 0 ° C 

u 
O�------�-------+------��------+---�--� 

r-l 
I 
:>-t 
rt:l 3 0 0  "d 

r-i 
I 
� 2 0 0  . 
01 
S 

rt:l l  1 0 0  

..c:: 
� 

o 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  

time ( days ) 

..c:: u 0 ,;'+ --�----�------+-------�-------r------�------� 
o 2 5  5 0  7 5  1 0 0  1 2 5  1 5 0  

time ( days ) 

F i g . 5 . 3 .  Compari son of  the actual ( point symbols ) 
and predi cted ( s olid lines ) va lues f o r  chlorophyll a 
l o s s  in green beans with aw = . 3 2 ( . ) ,  . 4 3 ( + )  
and . 5 6 ( * )  at 2 0 , 3 0  and 4 0 ° C .  
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Table 5 . 5 .  Actual  and (predicted) she l f  l i fe ( days )  o f  

dried onion flakes based on browning . l 

Temperature ( oC )  

aw 
2 0  3 0  4 0  

0 . 32 > 6 3 1  4 7 4  5 9  

( 4 7 7 8 )  ( 4 7 2  ) ( 63 )  

0 . 4 3 5 93 8 3  22  

( 6 0 0 )  ( 6 9 )  ( 2 1  ) 

0 . 5 6  1 8 3  3 1  1 7  

( 1 9 0  ) ( 3 3 ) ( 1 7 ) 

1 Unacceptable level � 1 0 5  opt ical index 

Table  5 . 6 . Actual and (predicted) she l f  l i fe ( days ) o f  

dried onion flakes based on thio l su lphinate 

1 0s s . 1 

Temperature ( 0C )  

aw 
2 0  3 0  4 0  

0 . 32 > 6 3 1  3 6 9 6 6  

( 1 6 1 9 )  ( 3 0 6 ) ( 7 5 )  

0 . 4 3 6 3 1  1 3 6  4 0  

( 5 8 5 )  ( 1 3 9 )  ( 3 8 )  

0 . 5 6 2 9 8 8 4  2 7  

( 2 8 8  ) ( 8 2 )  ( 2 9 )  

1 Unacceptable level S 5 �m/g 
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Tab l e  5 . 7 .  Actual and (predicted) she l f  l i fe ( days )  o f  

dried green beans based on chlorophyll  � 10s s . 1 

Temperature ( oC )  

aw 
2 0  3 0  4 0  

0 . 32 > 6 3 7  2 7 3  8 6  

( 9 6 2 ) ( 2 82 ) ( 8 4 )  

0 . 4 3 4 7 8  1 4 3  4 5  

( 4 5 2 )  ( 1 4 6 )  ( 3 8 )  

0 . 5 6  1 5 0  6 1  2 5  

( 1 4 8  ) ( 5 6 )  ( 2 6 )  

1 Unacceptab l e  level � 1 8 5  mg/kg 

Table  5 . 8 .  Actual and (predicted) she l f  l i fe ( days )  o f  

dried apricot halves  based on browning . 1 

Temperature ( oC )  

2 0  30  4 0  

0 . 5 6 3 3 6  8 6  1 4  

( 3 4 9 )  ( 82 )  ( 1 4  ) 

0 . 6 8 2 2 4  7 1  1 4  

( 2 3 9 )  ( 7 0 )  ( 2 4  ) 

0 . 8 0 3 1 5  1 0 3  1 5  

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

1 Unacceptable  level � . 25 0  absorbance 
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ut i l ity  c o n s ide r i ng the comp l e x i t y  o f  the det e r i o rat ive 

react i ons  and the inherent variab i l ity in any part i cu lar 

food product . 

A compari s on o f  the actual and predi cted she l f  l ive s for 

ap r i c o t  ( T ab l e  5 . 8 ) s h o w s  t h at a g o o d  a g r e em e n t  ( 5 %  

d i f fe r e n c e ) wa s obt a i n e d  f o r  the  s amp l e s  w i t h  a water 

�f around 0 . 5 6 at the three temperatures ,  and for 

the s amp l e s  with  an aw o f  a round 0 . 6 8 sto red at 2 0  and 

3 O O C .  Howeve r ,  a p o o r  agre ement was  ob s e rved f o r  the 

s ampl e s  st o red at the h i ghe s t  temperature and RH . Thi s 

i ndi cat e s  t he i n adequacy o f  the det e r i o r a t i on mode l t o  

de scribe the browning react i on in dried apr i c ot over the 

who le r ange o f  tempe ratures and humidi t i e s  inve st igated . 

Thi s l imit ation o f  the model i s  l ikely due t o  the fact that 

the influence o f  oxygen on the browning react ion and on S02 
l o s s  was not i s o l ated in the kinet ic study in the previous 

chapte r  and hence , its e f fect was not fu l l y  expre s sed  in 

the deteriorat i on model . 

Therefore the dried apricot was not cons idered any further 

in the sub sequent study on packaged dried foods due to the 

inadequacy of the deteriorat ion mode l for browning . 

5 . 4  PRED I CTION OF MOISTURE TRANSFER AND SHELF L I FE 

OF PACKAGED DRIED FOODS 

T h e  s h e l f  l i fe p r edi ct i o n o f  d r i ed fo o d s  p a c k aged in 

permeable  fi lms requires accurate knowledge of  the rate o f  

t ran s p o rt o f  wate r  vapour acro s s  t he fi lm barrier . The 

mo i sture t rans fe r  equat i on was derived from equat ions 3- 1 

and 3 - 2 o f  Chapter 3 to give the fol l owing : 



Q 

t 

where Q /t  = 

A 

PI ' P2 

L1p = 

p ix 

P 

= - A L1p 

x 
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( 5 - 2 4 )  

amount of water vapour permeat ing through a 

film at time (mL/ s )  

area ( cm2 ) 

vapour pressure of water on each s ide o f  the 

film ( cm Hg ) 

PI -P2 = driving force for vapour flow 

film permeance (mL cm-2 s - 1  cm Hg- 1 ) 

The predi ct i o n  o f  mo i sture  t ran s f e r  to  a p a c k a ged food 

r e qu i r e s  the  a n a l y s i s  o f  equ at i o n 5 - 2 4  g iv e n  c e rt a i n  

bounda ry conditi o n s . The s imp l e st analy s i s  requ i re s  the 

a s s ump t i o n s  t h a t  P I X i s  c o n s t a n t , t h a t  t he e x t e rn a l  

environment is  at constant temperature and RH ,  and that P2 '  
the vapour pres sure o f  the water  i n  the food fo l l ows some 

s imple funct ion o f  the moi sture content . 

A further as sumpt ion i s  that t he moi sture gradient ins ide 

the package is  negl igible , i . e .  the package shoul d  be the 

ma j or re s i s t ance t o  vapour t r an sp o rt . Thi s  i s  the case 

whenever p ix i s  less than about 1 . 4 x 1 0- 5 mL cm- 2 s - l cm 

Hg- 1 , whi ch is  the case for most  fi +ms under high humdity 

condit ion s . 

The crit i cal point about equat i on 5 - 2 4  is  that the internal 

v ap o u r  p r e s s u r e i s  n o t  c o n s t a n t  but v a r i e s  w i t h  the  

moi sture content of  the food at  any t ime . Thus the rate o f  

g a i n  o r  l o s s  o f  moi sture i s  not constant but f a l l s  a s  L1p 

get s s m a l l e r . Thus  s ome funct i on o f  P 2 ' the  i nt e rn a l  

vapour pres sure as  a funct ion o f  the moisture content , must 

be i n s e rt e d  int o the equat i on t o  be abl e  t o  make p roper 

·predi ct i on s . I f  a constant rate is assume d ,  the product 

wi l l  be overprotected . 
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In l ow and intermediate moisture foods , the internal vapour 

pres sure i s  determined by the water act ivity o f  the food 

which is a funct i on of the food' s moi sture content and is  

described by  the sorpt ion isotherm . Several funct i ons can 

be appl ied t o  des cr ibe the moisture sorpt ion isotherm . The 

most simpl e  and commonly used is the l inear funct ion . Thi s 

h a s  been extens ive l y  t e sted fo r foods and found t o  give 

g o o d  p r e d i ct i on s  o f  a ct u a l  we i ght g a i n  o r  l o s s  over a 

l imited water act ivity range ( Taoukis  et al . ,  1 9 8 8 ) . 

I n  t he p r e s ent s t u dy , the GAB i s othe rm e quat i o n , wh i ch 

succe s s fu l l y  de fined t he whole i sotherm ( see Chapt er 2 ) , 

was used t o  p redi ct the moi sture trans fer to  the packaged 

dried foods . 

The equat i ons obtained describing the kinet ic  react ions and 

moi sture s orpt ion i s otherms o f  t he dr ied vege t ab le s ,  the 

permeab i l ity  character i st i cs of the packaging f i lms , and 

moi sture t rans fer were combined in a mathemat ical model for 

p redict i o n  o f  mo i sture  content , ext ent o f  det e r i o rat ive 

react ion , and she l f  l i fe of  the products . 

An iterat i on procedure over t ime interval s o f  0 . 5 day was 

deve loped with the aid o f  a microcomputer . A program to 

perform the calcu l ations was written in the BAS IC  l anguage 

and is presented in Appendix 5 . 5 .  The iterat ion procedure 

is shown as  a f l ow sheet in F i gure 5 . 5  and i s  summar ised 

below . 

The fol l owing are the required inputs o f  the program : 

RH = exte rnal RH t o  which the package wi l l  be exposed 

T storage temperature 

m1 = ini t i a l  moi sture content of the sample ( %dry bas i s )  

Po = vapour p ressure o f  pure water  at storage temperature 

�t = t ime interval 

A surface area o f  the packaging film exposed to  the 



P = f ( RH ,  T )  

awl = f (m ,  T )  

Q = f ( p )  

m1Ws + Q 

m2 = 

Ws 

aw2 = f (m,  T )  

awl  + aw2 
aw 

2 

C = f ( aw ' t ,  

NO 

YES 

T )  

calc . permeance of  plast ic 

film (eqn 3- 12 ) 

cal c . for awl at t 1 ( GAB 

isotherm eqn 2 - 3 )  

calc . for P1 ( eqn 2 - 1 )  
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calc . for moisture t rans fer 

( eqn 5-2 4 )  

calc . for m at t2 

calc . for aw2 at t 2 

average aw for �t 

calc . for C produced at end 

o f  �t ( eqns 5- 2 1  to 5- 2 4 )  

Fig . 5 . 5 .  F l ow diagram o f  computer iterat ion . 



storage atmosphere 

Ws = dry weight o f  sample (g )  

Co = initial concentration or level o f  the index of 

deteriorat ion 

Iteration step s : 

1 9 5  

1 .  T h e  perme a n c e  ( p i X )  o f  t h e  p a ck a g ing  f i lm u s e d  i s  

determined at a specific RH and temperature u s ing equat i on 

3- 1 2 . 

2 .  The water act ivity ( aw) at the beginning o f  the interval 

�t is calculated using the GAB isotherm equat i on eqn 2 - 3 .  

3 .  The interna l  vapour pres sure (P 1 ) ins ide the package is  

determined . 

4 .  T h e  mo i s t u r e  c o n t e n t  i n c r e a s e  due t o  w at e r  vap o u r  

permeat ion f o r  �t i s  calculated us ing equat ion ( 5-2 4 ) . 

5 .  The mo isture content increase  from step 4 i s  added t o  

t h e  initial  mo i sture content (mi ) t o  obt a i n  the mo i sture 

content at the end of  the interval �t . 

6 .  T h e  wa t e r  a c t i v i t y  at the  e n d  o f  t h e  i n t e rv a l i s  

determined us ing the GAB equat ion . 

7 .  The ave rage wate r  act ivit y  f o r  the t ime i nt e rv.a l i s  

calculated . 

8 .  The average aw i s  u s ed to det e rmine the extent o f  the 

dete r i o rat ive react ion u s ing the det e r i o rati on model s  for 

each product ( eqn 5-2 0  to  5-2 3 ) .  

The pro ces s i s  repeated to  ca l cu l a t e  chang e s  occur ring in 

the next t ime interval . An endpoint value , corresponding 

t o  the unaccept abi l i t y  l eve l , was  set in the program t o  
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t erminate comput at ion when the concentration o f  the index 

o f  deteriorat i on exceeded the speci fied level . 

F i gur e  5 . 6  pres ent s an examp l e  o f  the output giving the 

predicted moi sture content and water act ivity ,  

concentrat ion o f  the index and the she l f  l i fe o f  the dried 

food at speci fic time interva l s . 

To  ver i fy the val idity o f  the mathemat ical  mode l and the 

i t e r a t i on pro ce du r e  f o r  she l f  l i fe p re d i c t i o n ,  a ct u a l  

storage trials  o n  the dried products packaged in 

polyethylene ( 6 0 �m) and the l aminate film ( 1 2  �m po lyester 

a n d  3 0  � m  p o l y e t h y l e n e ) w e r e  c o n du c t e d  u n de r t e s t  

condi t i on s . The exper iment a l  pro cedure f o r  the storage 

t ria l s  are given in Sect ion 5 . 2 . 2 .  The storage condit ions 

s imul ated were 3 0 oC / 7 5% RH and 4 0oC / 9 0 %  RH .  

I t  woul d  b e  ideal  to have conducted storage t r i a l s  at l ower 

temperature and RH conditions (e . g .  2 0oC/55%RH ) t o  be abl e  

to  con firm the adequacy o f  the model s  over a wider range o f  

storage condi t i ons . However ,  an actual t e st on packaged 

dried onion flakes and green beans at such l ow temperatures 

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

Cons idering the t ime l imit at i on o f  the present study ( due 

to a f i n i t e  funding pe riod )  it was deemed impract i c a l  t o  

conduct a ctua l t e s t s  at  2 0 o C .  It  i s  a l s o  r e a s onab l e  t o  

a s sume , b ased o n  the good fit o f  the deteriorat i on mode l s  

discu s s e d  i n  Secti on 5 . 3  over the whol e  temperature range , 

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

describing the quality deteriorat ion at higher temperatures 

( i . e .  3 0  and 4 0 oC )  and RHs , then the mode l s  would app ly  

just a s  we l l  to  l ower temperature and RH condit i ons . 

Tab l e s  5 . 9  to  5 . 1 6 present a compari son o f  the results  o f  

· the c o mput e r  s imu l at i on and the a ct u a l  s t o r age t r i a l s 

giving the moi sture contents and the levels  o f  the index o f  



SHLIFE >start of  run 

Tit le : She l f  l i fe predict ion o f  dehydrated foods 
Food sample  . . . . . . . . . . . . . .  ONIONS 
Packaging material  . . . . . . .  LDPE 
Temperature . . . . . . . . . . . . . .  3 0  deg . C 
Rh . . . . . . . . . . . . . . . . . . . . . . .  7 5  
Initial  Moi s ture Content . .  5 . 7 2 gm/ 1 0 0gm 
T ime interval . . . . . . . . . . . . . 5 day ( s )  
Water vapour pres sure . . . .  3 1 . 8 2  mm Hg 
Area . . . . . . . . . . . . . . . . . . . . .  2 4 0  sq .  cm 
Dry s o l i d  we ight . . . . . . . . .  2 3 . 65 gm 

Checkpoint at : 1 4  days 
Moisture Content (M2 )  . .  . 7 . 32 4  gm/ 1 0 0gm 
Water Act ivity (Aw)  . . . .  . 0 . 4 0 5 
Concentrati on ( I )  . . . . . .  . 5 8 . 5 3 7  

Checkpoint at : 35  days 
Mo isture Content (M2 )  . .  . 9 . 3 7 6  gm/ 1 0 0gm 
Water Activity (Aw) . . . .  . 0 . 4 8 3  
Concentrati on ( I )  . . . . . . . 7 2 . 6 8 0  

Checkpoint at : 4 3  days 
Moisture Content (M2 ) . .  . 1 0 . 0 7 2  gm/ 1 0 0gm 
Water Act ivity (Aw) . . . . . 0 . 5 0 6  
Concent rat i on ( I )  . . . . . .  . 7 9 . 8 3 3  

Checkpo int at : 5 4  days 
Moi sture Content (M2 ) . .  . 1 0 . 9 6 8  gm/ 1 0 0gm 
Water Act ivity (Aw) . . . .  . 0 . 5 3 4  
Concent rat i on ( I )  . . . . . . . 9 0 . 9 3 6  

Checkpoint at : 62  days 
Moi sture Content (M2 )  . .  . 1 1 . 5 8 0  gm/ 1 0 0gm 
Water Act ivity (Aw) . . . .  . 0 . 55 1  
Concent rat i on ( I )  . . . . . .  . 9 9 . 8 1 6  

Result s : ---------- ----------
She l f  l i fe o f  ONIONS = 6 6 . 5  day ( s )  
F inal Moisture Content (M2 ) . . .  1 1 . 91 2  gm/ 1 0 0gm 
F inal Water Act ivity (Aw) . . . . .  0 . 5 6 0  
F inal Concentrat ion ( I )  . . . . . . .  1 0 5 . 0 7 7  

end o f  run 

Fig . 5 . 6  S ample of the compute r  program output . 
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Table 5 . 9 .  Actual and predicted result s for dried onion flakes 

packaged in LDPE and stored at 3 0oC / 7 5%RH . 1 , 2 

Time mo isture content 

(days ) ( %  dry bas i s )  

Actual P redicted 

uc c 

o 5 . 7 2 

opt ical  index 

Actual P redicted 

uc c 

5 4 . 0  

thiol sulphinate 

<11m/ g)  

Actual P redicted 

uc c 

1 1 . 64 

1 4  7 . 3 4 7 . 2 6 7 . 25 

7 . 1 8 

62 . 5  5 8 . 4 6  5 8 . 5 4 1 1 . 5 0 1 0 . 94 1 0 . 93 

6 0 . 0  1 1 . 57 

35 9 . 6 1 9 . 1 4 9 . 3 8 

9 . 4 7 

4 3  1 0 . 3 5 9 . 7 5 1 0 . 0 8 

9 . 9 0 

8 0 . 0  7 2 . 0 9 7 2 . 6 8 

8 0 . 0  

8 0 . 0  7 8 . 9  

8 0 . 0  

7 9 . 8 3 

5 4  1 0 . 9 3 1 0 . 52 1 0 . 97 92 . 5  8 9 . 4 0  9 0 . 94 

1 0 . 9 0 8 7 . 5  

62 1 1 . 5 1 1 1 . 0 3 1 1 . 5 8 1 0 7 . 5  9 7 . 7 5 9 9 . 8 2  

1 0 2 . 5  

8 0  1 2 . 2 2 1 2 . 0 7 1 2 . 8 7 

1 1 . 9 8  

1 1 7 . 5  1 1 9 . 4 3 1 2 1 . 8 9 

1 1 5 . 0  

8 . 93 

9 . 5 0 

8 . 3 6 

8 . 6  

7 . 1 4 

7 . 07 

6 . 8 6 

6 . 0 7 

5 . 0 0 

5 . 0 0 

1 B l anks represent excluded results due to  error . 

9 . 4 8 9 . 4 4 

8 . 8 7 8 . 8 1 

8 . 0 4 7 . 95 

7 . 4 4  7 . 3 3 

6 . 1 7 6 . 02 

2 u c  = results  calculated based on uncorrected moi sture 

content s 

c = results calculated based on corrected moi sture contents 
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T able 5 . 1 0 .  Actual and p redicted result s  for dried onion 

flakes packaged in laminate film and stored at 

3 0oC / 7 5%RH . 1 , 2 

T ime 

( day s ) 

moisture content 

( %  dry bas i s )  

Actual P redicted 

uc c 

o 5 . 72 

optical index 

Actual Predicted 

uc c 

5 4 . 0  

thiol sulphnate 

(�m/ g)  

Actual Predicted 

uc c 

1 1 . 64 

1 4  7 . 9 8 7 . 8 8 7 . 9 6 

7 . 9 8 

5 7 . 5  5 9 � 3 9  5 9 . 4 7 1 1 . 2 8 1 0 . 8 6 1 0 . 8 6 

62 . 5  1 1 . 1 4 

3 5  1 1 . 2 0 1 0 . 3 1 1 0 . 5 9 

1 0 . 9 1 

4 3  1 1 . 5 9 1 1 . 0 7 1 1 . 4 5 

1 1 . 4 6 

85 . 0  7 6 . 2 3 7 6 . 8 6 

85 . 0  

9 0 . 0  8 4 . 4 8 8 5 . 4 7 

92 . 5  

5 4  12 . 5 7 1 1 . 9 9 1 2 . 52 1 0 2 . 5  9 7 . 05 9 8 . 63 

1 0 2 . 5  

6 2  13 . 2 1 1 2 . 6 0 1 3 . 2 3 1 2 0 . 0  

13 . 1 5 1 2 0 . 0  

8 0  1 3 . 8 7 1 3 . 7 9 1 4 . 6 8 1 3 0 . 0  

13 . 8 0 125 . 0  

1 0 9 . 02 

8 . 3 6 

7 . 4 3 

7 . 5 0 

7 . 4 3 

6 . 5 0 

6 . 3 6 

5 . 7 8 

5 . 8 6 

4 . 2 1 

4 . 5 0 

1 Blanks represent excluded results due to  error . 

9 . 2 0 9 . 1 6 

8 . 5 3  8 . 4 6 

7 . 6 1 7 . 52 

6 . 97 6 . 8 6 

5 . 64 

2 u c  = results calculated based on uncorrected moi sture 

contents 

c = results calculated based on corrected moi sture content s 



Table  5 . 1 1 .  Actual and predicted results for dried onion 

flakes packaged in LDPE film and stored at 

4 0 oC / 9 0 %RH . 1 

2 0 0  

Time moisture content 

(day s )  (%  dry bas i s )  

opt i cal  index thi o l sulphinate 

qlm/g)  

Actual P redicted Actual P redicted Actual P redicted 

uc c uc c uc c 

0 5 . 7 2 5 4 . 0  1 1 . 64 

6 8 . 2 7 7 . 64 7 . 91 6 7 . 5  7 2 . 1 4 72 . 7 5 9 . 0 7 1 0 . 52 1 0 . 4 9  

8 . 4 8 7 0 . 0  9 . 3 6  

1 3  9 . 95 9 . 55 1 0 . 2 6 9 0 . 0  1 0 5 . 0  1 0 7 . 8 5 7 . 7 1 8 . 8 6 8 . 7 3 

1 0 . 2 2 1 0 2 . 5  7 . 4 3 

2 0  1 1 . 7 7 1 1 . 1 9 12 . 4 6 1 1 0 . 0  1 4 8 . 6  152 . 2 9  5 . 4 3 7 . 1 6 6 . 92 

1 2 . 0 7 1 2 2 . 5  4 . 4 3 

1 u c  = resul t s  calculated based on uncorrected moi sture 

content s 

c = resul t s  calculated based on corrected moi sture content s 
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Table 5 . 12 .  Actual and predicted result s for dried onion 

f l akes packaged in laminate film and st ored at 

4 0 oC / 90%RH . 1 , 2 

Time moisture content opt ical index thi o l sulphinate 

(days )  ( %  dry basi s )  (�/g)  

Actual P redicted Actual P redicted Actual P redicted 

uc c uc c uc c 

0 5 . 7 2 5 4 . 0  1 1 . 64 

6 9 . 32 8 . 3 0 8 . 5 9  65 . 0  7 4 . 1 3 7 4 . 7 2 8 . 7 8 1 0 . 4 3 1 0 . 4 0 

9 . 4 8 67 . 5  8 . 5 0  

1 3  1 1 .  9 9  1 1 . 7 4 1 1 . 52 1 1 0 . 0  1 1 3 . 5 2 1 1 4 . 1 4 7 . 0 7 8 . 5 9 8 . 4 6 

1 1 . 8 4 1 1 2 . 5  7 . 1 4 

2 0  1 4 . 34 1 3 . 7 8 1 4 . 1 5 1 4 0 . 0  1 5 9 . 35 1 63 . 37 4 . 5 7 6 . 7 5 6 . 5 3 

1 4 . 4 6 12 5 . 0  4 . 0 7 

1 uc  = result s calcu l ated based on uncorrected moi sture 

contents 

c = result s calcu l ated based on corrected moi sture content s 
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T able 5 . 1 3 .  Actual and predicted values for dried green 

beans packaged in LDPE film and stored at 

3 0oC / 7 5%RH . 

Time moi sture content chlorophyll  a 8°2 
(day s )  ( %dry bas i s )  (mg / kg )  (mg /kg)  

Actual P redicted Actual P redicted Actual 

0 5 . 6 6 4 67 . 0  5 4 9 . 0  

1 4  7 . 3 1 7 . 2 8 4 6 1 . 3 6 4 5 9 . 6 8 4 8 4 . 8  

7 . 4 6  4 62 . 5 8 4 5 8 . 4  

3 6  9 . 1 2 9 . 2 6 4 4 7 . 2 9  4 4 0 . 37 2 0 0 . 7  

9 . 4 4 4 0 3 . 2 8 2 4 1 . 6  

57  1 0 . 94 1 0 . 7 3 3 91 . 2 0 4 1 2 . 95 7 3 . 7  

1 1 . 2 2 3 8 9 . 7 5 72 . 0  

7 0  1 1 . 52 1 1 . 5 0 3 3 8 . 9 8 3 91 . 8 0 7 4 . 2  

1 1 . 6 6 353 . 7 3 7 8 . 2  

7 8  1 2 . 0 3 1 1 . 93 3 4 2 . 85 3 7 7 . 2 8 62 . 5  

1 1 . 97 3 4 8 . 65 7 8 . 9  

8 5  1 2 . 3 1 1 2 . 2 8 3 1 5 . 60 3 6 3 . 6 9 2 1 . 1  

1 1 . 8 8  3 1 7 . 95 5 1 . 2  
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Table 5 . 1 4 .  Actual and predicted values for dried green 

beans packaged in laminate film and stored at 

3 0 oC / 7 5%RH . 

Time moisture content chlorophyl l  a 8°2 
(days ) ( %dry basis ) (mg/kg)  (mg /kg )  

Actual Predicted Actual P redicted Actual 

0 5 . 6 6 4 67 . 0  5 4 9 . 0  

1 4  7 . 8 6 7 . 92 4 61 .  3 6  458 . 8 1 4 7 4 . 8  

7 . 8 3 4 62 . 5 8  4 7 1 . 6  

3 6  1 1 .  0 8  1 0 . 4 4 4 2 9 . 64 4 3 4 . 5 0 1 5 6 . 0  

1 0 . 7 4 4 3 4 . 4 8 1 9 6 . 3  

57  1 2 . 5 4 12 . 1 8 3 5 7 . 1 1 3 9 8 . 8 2 7 0 . 0  

1 2 . 5 1 3 6 9 . 4 4 7 2 . 5  

7 0  1 3 . 2 0  1 3 . 0 4 3 1 4 . 1 6  3 7 1 . 3 0  5 8 . 3  

1 3 . 1 7  3 2 3 . 0 6 62 . 3 4 

7 8  1 3 . 3 0  1 3 . 52 2 8 0 . 2 3 352 . 5 1 6 3 . 8  

1 3 . 2 2 2 7 3 . 94 5 7 . 9  
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T ab l e  5 . 1 5 .  Actual and predicted values for dried green 

beans packaged in LDPE film and sto red at 

4 0oC/ 9 0 %RH .  

T ime 

( day s )  

o 

1 0  

1 8  

2 4  

moi sture content 

( %dry bas i s )  

Actual Predicted 

5 . 6 6 

9 . 1 6 

8 . 9 0 

1 1 . 5 9  

1 1 . 35 

1 2 . 85 

1 2 . 0 4 

8 . 8 6 

1 0 . 8 6 

12 . 1 6 

chlorophyl l  a 

(mg/kg)  

Actual P redicted 

4 67 . 0  

4 1 4 . 65 

4 42 . 4 1 

3 7 9 . 97 

3 5 3 . 3 1 

3 0 2 . 4 8 

3 3 4 . 3 9 

4 4 0 . 0 3 

4 0 1 . 6 8 

3 62 . 95 

S02 
(mg /kg)  

Actual 

5 4 9 . 0  

1 6 9 . 0  

2 1 4 . 7  

6 8 . 4  

8 3 . 7  

4 1 . 3  

4 7 . 37 
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Table 5 . 1 6 .  Actual and predicted values for dried green 

beans packaged in laminate film and stored at 

4 0 oC / 9 0 %RH .  

Time moisture content chlorophyll  a S02 
(day s )  ( %dry bas i s )  (mg/kg )  (mg/kg)  

Actual Predicted Actual P redicted Actual 

0 5 . 6 6 4 67 . 0  5 4 9 . 0  

1 0  1 0 . 4 0 9 . 8 7 4 2 2 . 7 2 4 35 . 5 9 1 4 1 . 6  

1 0 . 1 8 3 90 . 9 6 1 25 . 9  

1 8  1 3 . 3 3 1 2 . 3 4 325 . 4 4 3 8 7 . 0 3 52 . 5  

12 . 65 3 1 9 . 1 5 4 2 . 2  

2 4  1 4 . 1 7 1 3 . 9 0 2 4 3 . 8 0 337 . 3 0 2 6 . 5  

1 3 . 7 5 2 4 4 . 6 9 2 6 . 5  
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deteriorat i on a t  var i ou s  storage t ime periods for the two 

p roduct s . 

The plot s  of  the moi sture content against storage t ime are 

shown i n  F igu r e s  5 . 7  t o  5 . 1 0 . It can be s e e n  that the 

p redi cte d  mo i sture  content s for green beans  compare we l l  

with t h e  actu a l  v a l ue s ,  a t  both s t o rage c on d i t i on s  and 

u s ing the two packaging f i lms . However for onion flakes , 

t he predicted mo i sture content s were con s i s t ent ly  lowe r 

than the actual values and more so  for the s amp l e s  stored 

at the higher temperature and RH condit i on .  

This can be exp l a ined b y  the fact that wate r  i s  produced 

during the brown ing react i on .  Nonenzymic browning occurs 

du ring the s t o rage o f  dr i ed o n i o n  fl akes and t h i s  wou ld 

lead to  an increase  in the moisture content o f  the product . 

This phenomenon was also  observed by Mi z rahi et a l . ( 1 97 0 )  

a s  a result o f  the browning react i on in dried cabbage . 

The di f ference s between the predicted and actual moisture 

c ontent values  for onion flakes were observed to increase 

w i t h  s t o r age t ime , and gene r a l l y  in p r o p o r t i o n  to the 

increase in browning in the onion flake s . Thi s proportion 

w a s  f o u n d  t o  be  a r ou n d  0 . 0 1 5  ( i . e .  fo r eve r y  1 p o i nt 

i n cr e a s e  in opt i ca l  i ndex , moi s t u r e  con t e nt di f fe rence 

increased by 0 . 0 1 5 ) . Thi s  fact o r  is  pure l y  an emp i r i ca l  

value and should b e  used with caut ion . 

The c o r re ct i o n  f act o r  w a s  i n c o rp o r at ed i n  the comput e r  

iterat i on procedure ( afte r  step 5 )  for dried oni on flakes . 

Miz rahi et al . ( 1 9 7 0 )  a l s o  used a correct i on fact o r  for 

moisture content in the i r  study . As shown in F igures 5 . 7  

and 5 . 8 , the corrected moi sture contents are much closer to  

the actual value s . 

There w a s  no s i gn i f i cant di f ference at p=0 . 0 5 u s ing the 

S tudent s ' s t - t e s t  for a l l  c a s e s  e xcept f o r  o n i on flakes  
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p a c k aged i n  l aminate fi lm and s t o red  at 4 0 0 C and 9 0 %RH 

whi ch was not s ign i fi cant at p=O . O l .  This indicates that 

the moisture transport predict ion model (described by steps 

1 t o  5 in the c ompu t e r  i t e r at i o n )  u s ed  i n  t h i s st udy 

s at i s fact o r i l y  predi ct s the moi sture cont ent change s in 

d r i e d  green bean s  and o n i on f l akes  packaged i n  flexible 

f i l m s , and the p r o g r am cou l d  be  app l i e d  to m o s t  dried 

p r o du ct s  wheneve r t h e  var i ab l e  s t o r age c o n di t i on s  a re 

known . This informat ion may be u sed to  determine the end 

o f  she l f  l i fe o f  a dried food product i f  unacceptabi l ity is  

s o l e l y  depe ndent o n  mo i sture  cont ent or wat e r  act ivity 

( e . g .  loss  of  cri spne s s  in biscuit s ) . For such cases , the 

i terat i on procedure can be terminated at thi s point . 

Thi s part o f  the study demonstrates that the principles and 

a s sumpt ions involved in the derivation o f  the mathematical 

m o d e l  are va l i d and t hat g o o d  s imu l at i o n s  o f  mo i sture  

c ontent change s in packaged dried products can be  made by 

u s ing a computer iterat ive technique . 

T ab l e s  5 . 9  t o  5 . 1 2 show that  the p redi ct e d  and  actual  

results for  browning in  onion flakes agree reasonably we ll  

for  both packaging f i lms at  the  two  s t o r age condit ion s . 

The e f fect o f  the correct i on for the increase o f  moi sture 

c on t ent due to browni n g  was eva luat ed b y  c o mp a r ing  the 

p r e dict e d  values  with and w ithout thi s correct ion . The 

correct i on for mo i sture generated in browning improved the 

p redict i on ,  but the error due t o  ignoring this correct i on 

i s  n ot l a rge . P redi c t i on s  at a l ower t empe r at u re and 

humidity such as at 2 00C and 55% RH ( Table 5 . 1 7 )  show that 

t he e r r o r s  due t o  o m i s s i o n o f  t h i s  c o r re ct i on rema i n  

r e l at ive l y  smal l . Howeve r ,  there may be other conditions 

i n  whi ch di s regard o f  the c o r r e ct i o n  may h ave g r e a t e r  

s ign i ficance . 

T h e  c o r r e c t e d  mo i s t u r e c o n t e n t  w a s a l s o  u s e d  i n  t h e  

c a l culat ion o f  thiolsulphinate l o s s  i n  dried onion flakes . 
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Table  5 . 17 .  Predicted results for browning i n  dried onion 

flakes stored at 2 0oC/ 55%RH based on uncorrected 

(uc )  and corrected ( c )  moi sture content s . 1 , 2 

Time 

(day s )  

1 0 0  

2 0 0  

3 0 0  

4 0 0  

end 

Moisture 

Content 

( %db ) 

uc c 

8 . 1 1 8 . 1 6 

9 . 5 0 9 . 6 4 

1 0 . 3 6 1 0 . 62 

1 0 . 93 1 1 . 3 0 

1 1 . 1 7 1 1 . 5 4 

o f  she l f  l i fe 

1 Initial moi sture 

Initial  opti cal 

LDPE 

Optical 

Index 

uc c 

5 7 . 94 57 . 9 9 

67 . 4 8 67 . 8 3 

8 0 . 3 8 8 1 . 3 3  

95 . 3 1 97 . 1 6 

1 0 5 . 0 1 1 0 5 . 0 7 

content = 5 . 7 2 %  

index = 5 4  
2 End o f  she l f  l i fe :  

LDPE uncorrected = 4 6 0 . 5  days 

LDPE corrected = 4 4 6 . 5  days 

Laminate uncorrected = 4 1 9 . 5  days 

Laminate corrected = 4 0 8 . 0  days 

Laminate 

Moisture 

Content 

( %db ) 

uc c 

8 . 68 8 . 7 4 

1 0 . 15 1 0 . 3 1 

1 0 . 95 1 1 . 2 3 

1 1 . 42 1 1 . 7 8 

1 1 . 4 8  1 1 . 8 2 

Opt ical 

Index 

uc c 

5 9 . 0 3 5 9 . 1 0  

7 0 . 5 1 7 0 . 9 1 

8 5 . 2 2 8 6 . 2 6 

1 0 1 . 67 1 0 3 . 5 7 

1 05 . 0 1 1 0 5 . 0 1 
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I t  can b e  s e e n  i n  T ab l e s  5 . 9  to  5 . 1 2 that the agreement 

between the actu a l  and predi cted t h i o l sulphinate re s u l t s  

was not a s  good a s  that for nonenz ymic browning . At 3 0 0C ,  

f o r  both packaging f i lms , the agreement was reasonable up 

t o  an aw o f  a round 0 . 5 3 .  Above this  aw, the di f fe rence 

between the actual and predicted values became greater with 

a n  i n c r e a s e  i n  aw . T h i s  wo u l d  b e  p a rt l y  due t o  t h e  

c u mu l at ive e r r o r  e f fe c t  a s  a r e s u l t  o f  the i t e r at i on 

technique ( i . e .  the errors from each time interval add up ) . 

B e c au s e  o f  t he comp l ex i t y  o f  the s y s t ems be ing mode l led 

t h e r e  are a numb e r  o f  po s s ib l e  re a s on s  that cou l d  have 

c ont ribut ed t o  thi s observed di s cr epancy . The mo i sture 

tran s fer mode l could have affected the results  but thi s is 

u n l i k e l y  s i n c e  t h e  s ame  m o d e l wh e n  app l i e d  t o  t h e  

predict ion o f  browning in onion flake s ,  gave good re sult s . 

Thi s sugges t s  that the pos sible reason has t o  do with the 

c h a r act e r i s t i c s  o f  t he p r o du c t . A di f fe rent b at ch o f  

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

exper iment s i n  Chap t e r  4 was u s ed in the pre s ent study . 

T h e  s o rpt i o n c h a r a ct e r i s t i c s  o f  t he p r o du ct c o u l d  be  

di f ferent but once again this i s  unl ikely . If  the s orpt ion 

characterist i c s  had been changed then it would be expected 

that the browning results for the s ame set o f  samples  would 

a l s o  have b e e n  adve r s e l y  a f fe c t e d ,  but such was not the 

case . 

S i nce  the d i f fe r ence s between t h e  actual  and p r e d i ct e d  

values seemed to  increase with a n  increase in the aw o f  the 

p roduct , i t  i s  mo re l i k e l y  that the s en s i t iv i t y  o f  the 

react i on l e ading t o thiol sulphinate l o s s  as  a funct i on o f  

change s i n  water act ivity o f  the onion flakes was h i gher 

for this part icu lar batch of  oni on flakes . This 

specu l at i on n e e ds to be inve s t i gated further to be  ab le 

improve the pres ent model for thi o l sulphinate l o s s  in onion 

flakes . 
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Nonenzymic browning i s  the predominant react ion determining 

t he she l f  l i fe of o n i on f l a k e s  at the high temperatures 

u s e d  i n  the p r e sent s tudy . Thus , t he brown i ng re s u lt s 

served as the basis  for calcu l ating the she l f  l i fe o f  the 

onion flakes stored at the condit ions tested . A compari son 

o f  the actual and predicted she l f  l ives given in Table 5 . 1 8 

s hows  a g o o d  agreement betwe en them for  a l l  s i mu l ated 

var iab l e s . T h i s  indi cat e s  the adequacy o f  the ite rat ive 

t echnique for  the succe s s ful  prediction of the she l f  l i fe 

o f  dried onion flakes based on nonenzymic browning . 

At l ow temperatures ( e . g .  2 0 0C )  and l ow wat e r  act ivit ie s  

however ,  the predominant deteriorat ive react ion occurring 

in onion flakes is the loss  o f  pungency which i s  indicated 

by thiol sulphinate l o s s . Thu s , i f  the predict i on o f  the 

s h e l f  l i fe o f  o n i o n  f l a k e s  at 2 0 0 C wa.s b a s e d  on t h e  

thiol sulphinate model then the result would be 

overestimated . 

The r e s u lt s f o r  chl o r ophy l l  � l o s s  i n  dried green beans 

dur ing s t o rage are pre sent e d  in Tab l e s  5 . 1 3 t o  5 . 1 6 .  A 

s i m i l a r p r o b l em t o  t hat  o f  t h i o l s u l ph i n a t e  l o s s ,  w a s  

ob s e rved fo r chl or ophy l l  a l o s s . Ac cept ab l e  agreement 

b e tween p r e di cted and actu a l  r e s u l t s we re obt a i ned for  

greenbeans up to  an aw o f  around 0 . 60 .  Above this aw' the 

r a t e  o f  t h e  a ct u a l  r e a ct i o n  w a s  f a s t e r  r e s u l t i n g  i n  

s ign i ficant l y  l ower actual values . A simi l ar explanat ion 

as  was given for thi o l sulphinate l o s s  in on i on f l ake s i s  

suggested . 

The actual and predi cted she l f  l ives o f  green beans based 

o n  c h l o r o p h y l l  � l o s s  a r e  g iv e n  i n  T ab l e  5 . 1 9 .  T h e  

a g r e ement b e t w e e n  t he re s u l t s  w a s  n o t  a s  g o o d  a s  w a s  

observed for onion flakes based on browning . However , the 

predict i on t echnique can st i l l  be cons idered o f  pract ical 

value in giving shel f l i fe estimates .  The predict ion 



Table 5 . 1 8 .  Actual and predicted she l f  lives for dried 

onion flakes based on nonenzymic brown ing 

(day s )  . 

4 00C / 9 0 %RH 

F i lm 

2 1 3  

Actual Predicted Actual Predicted P redicted 

LDPE 63  66  1 5  1 3  4 4 6  4 0 3a 

Laminate 5 8  5 9  1 2  1 2  4 0 8  3 7 8 a 

a P redicted she l f  l i fe based on thio l sulphinate l os s . 

Table 5 . 1 9 .  Actual and predicted she l f  l ives for dried 

green beans based on chlorophyll  a l o s s  

(days ) . 

F i lm 

Actual Predicted Actual Predicted P redicted 

LDPE 8 4  1 02 2 5  2 9  5 5 6  

Laminat e 7 0  8 8  1 8  2 5  5 1 6  
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models may need t o  be modi fied t o  account for the observed 

dis crepancy in the result s . 

The predi cted she l f l ives o f  the two product s at 2 0 0C and 

5 5 % RH a r e  p r e s e n t e d  i n  T ab l e s  5 . 1 8 a n d  5 . 1 9 .  T h i s  

demon s t r a t e s  the u s e  o f  accelerated t e s t ing  methods and 

kinet ic principles to predict she l f  l i fe at l ower leve l s  o f  

experimenta l  var i ab l e s  ( i . e .  in thi s case temperature and 

humidity )  in cons i derably shorter time periods . 

As ide from predi ct ing the she l f  l i fe o f  dried foods , the 

m o i sture  t ransport  p redi ct i on mode l can a l s o  be used t o  

determine the opt imum package system t o  ke ep the product 

w i thin cert a in aw l imit s f o r  i t s  she l f  l i fe . D i ffe rent 

o v e r a l l pe rme a n c e s o r  p e rme ab i l i t y  e qu at i o n s  c a n  be  

subst ituted into the predict ion model to determine the best 

combinat ion . 

Result s o f  the storage trials  and the computer s imulat ions 

s h ow t hat i f  the de s i red shel f l i fe o f  the dr i e d  on i on 

fl akes and green beans was one year , and i f  the product s 

we re t o  be s t o r e d  i n  condit i o n s  s imi l a r  t o  that t e st e d  

( i . e . tropical condit ions ) then both the LDPE and l aminate 

f i lms u s ed wou l d  p r ov i de inadequ at e  prot e ct i o n  aga i n st 

moi sture gain and qua l i t y  deteriorat ion . However ,  for  a 

s amp l e  s t o red at  2 0 0 C and  5 5 %RH , t he mo i s t u r e  cont ent 

p redict i on would show that if the obj ect ive was to  keep the 

dried vegetable below an aw of 0 . 6 0 for one year,  then both 

fi lms would adequately provide the required protect i on . 

T h e  m o de l s  can  a l s o  b e  u s e d t o  p r e d i ct t he e f fe ct o f  

changes in parameters l ike external RB , area o f  package to  

foods we ight rat i o  (A/Ws ) and temperature , on  the qual ity 

and s he l f  l i fe o f  d r i e d  f o ods  pack aged in a p a rt i cu l a r  

· f i lm .  
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The computer iteration technique i s  appl icable a s  we l l  to  

predict i on under s imul ated variable storage and 

di stribution conditions . I f  the variable  condit ions whi ch 

the product s would undergo during di stribution and storage 

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

conditions to  get workable initi al estimates o f  she l f  l i fe .  

Not having t o  conduct numerous actual tests would great ly 

reduce testing time and costs . 

5 . 5  CONCLUSION 

Mat h emat i c a l  mode l s  we re deve l o p e d  whi ch de s c r i b e d  t he 

qua l ity deter ioration in dr ied onion  flake s ,  green beans 

and ap r i c ot s  a s  funct i o n s  o f  t i me ,  wat e r  act i v i t y  and 

t emperature . The mode l s  succe s s fu l ly predicted the she l f  

l ive s o f  the unpackaged dried foods  s t ored at d i f fe rent 

temperature and RH conditions . 

A computer iterat ion procedure was developed based on the 

e qu at i on s  obt ained de s cr ibing the k i net i c  r e act i on s  and 

moi sture isotherms of the dried vegetab l e s ,  the 

permeab i l ity cha ract e r i st ics o f  the packaging fi lms , and 

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

A c c e pt ab l e  r e s u l t s  o n  m o i s t u r e  c o n t e n t , e x t e n t  o f  

det e r i orat ive react i on and she l f  l i fe were predi cted for 

dried onion flakes and green beans . 

The result s o f  this study demonst r ate that the principles 

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

mathematical mode ls  are valid and t hat good s imul at i ons o f  

qu a l it y  c h a n g e  a n d  s he l f  l i fe c an b e  made  b y  u s i n g  a 

computer iterat ive technique . 
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The devel opment o f  a quantit ive approach to the she l f  l i fe 

p r ed i ct i on o f  pa ckaged d r i e d  f o o ds , spe c i f i ca l l y  o n i on 

flak e s , s l i ced  green beans , and apri cot halve s ,  invo lved 

t h e  m a t h e m a t i c a l  m o d e l l i n g  o f  p r o du c t  a n d  p a c k a g e  

charact e r i s t i c s  as  funct ions  o f  envi ronment a l  condit ions , 

i . e .  temperature and humidity . 

The WVTR and pe rmeab i l it y  constants of  LDPE ( 6 0 �m ) , PET  

( 1 2 �m) and a l aminate o f  both fi lms ( 30  �m LDPE and 1 2  � 
P E T ) w e r e  d e t e r m i n e d  a t  d i f f e r e n t  t em p e r a t u r e s  a n d  

humidities . A general model was developed whi ch 

sat i s factorily predicted permeances o f  the three fi lms as a 

functi on o f  external relat ive humidity and temperature . It 

is suggested that mode l s  o f  simi l ar form may be app l ied to 

other flexible  fi lms for predict ion purposes . 

The moi s ture s o rpt ion isotherms o f  the three products were 

det e rmined at 2 0 , 3 0 ,  and 4 0oC .  The GAB mode l adequately 

de s c r ib e d  the i s otherms o f  the d r i ed f o o d s  ove r a wide 

r a n g e  o f  w a t e r  a c t i v i t i e s  ( a w = 0 . 2 0  t o  0 . 9 0 )  a n d  

temperatures . This support s the current view that the GAB 

i o s t he r m  m o d e l  can  be  c o n s i de r ed to  p r ov i de t he b e s t  

equ at i on f o r  the de s c r ipt i on a n d  interpret a t i on o f  food 

i s o t he r m s . A w e i ght e d ,  . di r e c t  n o n l i n e a r  r e g r e s s i o n 

anay l s i s  o f  sorpt ion data i s  recommended for the 

devel opment o f  GAB equat ions . 

T h e  k i n et i c s o f  the d i f fe rent det e r i o r at ive r e a ct i o n s  

l im i t i n g  t h e  she l f  l i fe o f  the three dried produ ct s and 

the i r  a ccept ab le l imit s were det e rmined . S t o r age t r i a l s  

we r e  c o ndu c t e d  o n  t h e  t h r e e  p r o duct s u n d e r di f fe rent 

relative humidity and tempe rature condit ions . 
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Nonenz ymic browning in onion flakes and chl o rophyl l  � l o s s  

i n  g r e e n  b e a n s  we r e  b e t t e r  de s c ribed by a z e r o - o r d e r  

r e a c t i on mode l . Th i o l s u lphi n at e  l o s s  i n  o n i on f l ake s ,  

n o n e n z ym i c b r own i n g  i n  apr i c ot , and S 02 l o s s  i n  b o t h  

g r e enbeans and apr i cot s fo l l owed a f i rst - o rder  react ion 

model better . For onion flake s and green bean s ,  the rates 

of react ions were found to increase with an increase in the 

wat e r  activity o f  the p roduct s . Empirical equations were 

de r i ve d  de s c r i b i n g  t h e  r e l at i on s h i p  b e tween  r at e s  o f  

r e a c t i o n s  and wat e r  a c t ivi t y . The Arrhe n i u s  equ at i o n  

s at i s fact o r i l y  de s c r ib e d  the r e l at i o nship  between rate 

const ant s and temperature . 

N o ne n z ym i c  b r own ing  a n d  s u l phur di o x i de l o s s  in  dr i e d  

apricots  exhibited a t rend wherein the rate increased with 

w a t e r  a ct i v i t y  u n t i l  a m a x i mum w a s  r e a c h e d  a n d  t he n  

decre ased with a furthe r increase in water activity . The 

r e a c t i o n s  fo l l owed t he Arrhen i u s  equ at i o n  at a l l  three 

water act ivity levels . 

Mathemat i cal mode l s  o f  qua l i t y  deteriorat i on in the dried 

foods were developed based on the theoretical and empirical 

equat ions obt ained from the k inet ics o f  the deteriorat ive 

react ions as funct ions o f  storage time , water activity and 

t empe rature . There was close agreement between the actual 

and predi cted she l f  l ives o f  the unpackaged dried foods 

stored under di fferent t emperature ( 2 0  to  4 00C )  and RH ( 32 %  

t o  5 9% RH for onion flakes and green bean s ; 5 9% t o  8 1 %  RH 

for apricot ) condit ions . 

Thi s demonstrates the val idity o f  using mathemat i cal mode l s  

b a s e d  on k inet ic principles  f o r  the predict i on o f  qual ity 

dete riorat ion over a range o f  environmenta l  condit ions . It 

is e xpected that other dried foods could be de s cr ibed by 

s imi lar kinet ic expres s i ons and hence the basic as sumpt ions 

of  the she l f  l i fe mode l s  coul d  have a general app l i cat ion 
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t o  d r i e d  f o o d  p r odu ct s ,  s p e c i f i c a l l y  dr i e d  f ru i t s  and 

veget ab l e s . I t  i s  s ugge s t e d  t h at imp r oveme nt s i n  the 

p r e d i ct i on m o de l  f o r  d r i e d  ap r i c o t s  c o u l d  be  m a de by 

investigating and isolating the e ffect of  oxygen on qual ity 

deterioration . 

I n  orde r  to  predi ct the she l f  l i fe o f  the dried p roduct s 

p a c k a g e d  i n  t he p o l yme r i c  fi l m s , a comput e r  i t e r at ive 

t e c h n i qu e  w a s  d e v e l o p e d  wh i c h  c o mb i n e d  t h e  m o de l s  

de s c r i b i n g  t h e  p e r me ab i l i t y  c h a r a c t e r i s t i c s  o f  t h e 

packaging f i lms , the s o rpt i on pr operties o f  the p roduct , 

the kinetics o f  deterioration in the products and the mass  

t ransport equat ion . By  solving these equations numerica l ly 

with the aid o f  a computer ,  moi sture gain , qual ity l o s s  and 

she l f  l i fe o f  the produ ct s we re predicted unde r  various 

storage condit ions . There was reasonable agreement between 

exp e riment a l  result s and those p redi cted by the computer 

s imul at i on program . 

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

as sumpt ions involved in the derivat ion o f  the mathemat ical 

mode l s  are va l i d and that good s imul at i on s  o f  mo i s ture 

content and quality changes in  packaged dried product s can 

be made by us ing a computer iterat ive technique . 

With the u s e  o f  this technique , the e f fect o f  changes in 

p a r amet e r s  s u ch as env i r o nment a l  condit i o n s , p ackaging 

material , and package surface area to  foods weight rat i o  on 

product qua l ity  and she l f  l i fe cou l d  eas i l y  be predicted 

without having to  conduct l abori ou s  and expens ive actual 

t e st s . The use o f  iterat ive s imu l at i on i s  a very versat ile 

method and can lead towards product and proce s s  

opt imi s ation . 

The re sult s o f  the present study show the great potential 

in u s ing a quant itat ive approach to  food qua l it y  

dete r i o rat i on and she l f  l i fe predi ct ion . I t  i s  fo re seen 
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that future developments i n  the areas o f  accel erated test s ,  

analyt i cal methods , and an understanding o f  the mechanisms 

o f  qu a l i t y  det e r i o rat i o n i n  f o o d s  wou l d  l e a d  t o  more 

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

quant itat ive approach in she l f  l i fe prediction . 

H a v i n g  d e mo n s t r a t e d t h e  v a l i d i t y  and u t i l i t y  o f  thi s 

approach , it i s  now over to the food industry to  make wider 

use o f  what i s  a very valuable yet comparat ive ly  

inexpensive tool . 

In 1 97 9 ,  Marcus Karel , one o f  the l eaders in the field o f  

f o o d  p r oduct and  proc e s s opt im i s at i on , s t at e d  t h at the 

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

quant itat ive procedures are : 

a .  There are rel atively few pract i s ing food technologists 

with a thorough background in mathematic s ,  phy s i ca l  

chemi stry ,  and engineering , the di sciplines requ i red for 

the quantitat ive analys i s  of  opt imisation problems . 

b .  Rel at ively  l ittle is known about many important aspects  

o f  foods . I n formation on phys ical propert ies , k inet ic 

behavior of reacting species , and interact i on s  among 

food component s is st i l l  s carce . 

Karel bel ieved that one o f  the maj o r  tasks for the present 

ge n e r at i o n o f  f o o d t e chn o l o g i s t s  i s  t o  o ve r c ome t h i s  

stumb l ing block s . 

I h o p e  t h a t  t h i s s t u d y  h a s  c o nt r i b u t e d  t ow a r d s  t h e 

achievement o f  thi s ob ject ive . 
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Appendix 2 . 1 .  Adsorpt ion isotherm data for Microcryst al l ine 

cel lulose (MCC)  at 2 50C .  1 

Mean Moi sture Content Standard Deviat ion 

( %  dry bas i s )  

aw 
Re ference2 Actual Re ference 

(Xo ± Dcr ) (X ) ( s r ) 3 

0 . 1 1 2 . 0 2 ± 0 . 5 0 1 . 62 . 0 4 

0 . 2 3  3 . 1 9 ± 0 . 4 4 2 . 8 0 . 0 4 

0 . 3 3 4 . 0 6 ± 0 . 5 1 3 . 7 7 . 0 4 

0 . 4 4  5 . 0 4 ± 0 . 37 4 . 5 6  . 0 5 

0 . 5 3  5 . 8 2 ± 0 . 5 4 5 . 8 9 . 0 8 

0 . 5 8  6 . 4 8 ± 0 . 4 3 6 . 1 7 . 0 2 

0 . 7 1  8 . 2 1  ± 0 . 3 8 . 0 8 

0 . 7 5 8 . 8 3 ± 0 . 62 8 . 2 4  . 0 7 

0 . 8 3 1 0 . 95 ± 0 . 5 9  1 0 . 1 4 . 0 8 

0 . 9 0 1 2 . 9 6 ± 0 . 6 0 . 0 9 

0 . 9 4 1 3 . 1 1 

Mean ± 0 . 4 98 . 0 6 

1Re ference values from Wol f  et al . ( 1 9 8 4 ) . 

where R = reproducib i l ity 

r = repeatab i l ity 

3 s r r at the 95%  probab i l it y  leve l 

2 . 8 3 

Actual 

( s )  

. 0 4 

. 0 4 

. 0 4 

. 0 8 

. 0 2 

. 0 5 

. 0 5 

. 0 6 

. 1 1 

. 0 6 



Appendix 3 . 1 .  Change in absorbance at 6 9 0  11m of the Appendix 3 . 2 .  Change in absorbance at 6 9 0  11m o f  the 
detector film, for LOPE ( 60 J.I.m) exposed t o  detector film, for LOPE ( 60 11m) exposed to 
di f ferent external REs at 2 0oC . l d i f ferent external RHs at 3 0 oC . 1 

External Time Replicate External Time Replicate 
RH ( % )  (hr)  1 2 3 RH ( % ) ( hr )  1 2 3 

5 9 . 1  0 . 0 . 00 0  . 0 0 0  . 0 0 0  56. 0 0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  
1 . 5  . 0 1 0  . 0 1 5  . 0 1 2  1 . 0  . 0 2 0  . 0 1 7  . 0 1 7  
3 . 0  . 0 1 7  . 02 1  . 0 1 7  2 . 0  . 0 2 9 . 0 2 3  . 0 2 5  
4 . 5  . 0 3 1  . 0 3 3  . 0 3 0  3 . 0  . 0 3 6  . 0 3 6  . 0 3 1  
6 . 0  . 0 3 9  . 0 3 9  . 0 3 8  4 . 0  . 05 1  . 0 4 1  . 0 4 9  
7 . 5  . 0 4 9  . 0 4 9  . 0 4 4  7 . 0  . 0 8 1  . 0 7 7  . 0 8 3  
9 . 0  . 0 5 7  . 0 5 6  . 0 5 1  8 . 0  . 0 92 . 0 92 . 0 92 

7 5 . 5  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  7 5 . 1  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  
1 . 5 . 0 0 9  . 0 1 0  1 . 0  . 0 2 1  . 0 2 3 . 0 2 5  
3 . 0  . 0 1 8  . 0 1 7  . 02 4  2 . 0  . 0 3 4  . 0 4 1  . 0 3 8  
4 . 7  . 0 3 3  . 0 3 8  . 0 3 6  3 . 0 ' . 0 4 8  . 05 3  
6 . 0  . 0 5 2  . 0 4 6  . 0 4 9  4 . 0  . 0 67 . 0 6 9  . 0 7 2  
7 . 5  . 0 5 7  . 0 6 3  . 0 63 7 . 0  . 1 1 7  . 1 2 0  . 1 2 4  
9 . 0  . 0 7 3  8 . 0  . 1 3 4  . 1 3 7  . 1 5 0  

94 . 6  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  92 . 3  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  
1 . 5  . 0 1 7  . 0 1 5  . 0 1 5  1 . 0  . 02 8  . 0 2 0  . 0 3 3  
3 . 0  . 0 4 1  . 0 2 7  . 0 3 4  2 . 0  . 0 4 9  . 0 3 8  . 0 3 9  
4 . 7  . 05 2  . 0 3 8  . 0 5 0  3 . 0  . 0 6 9  . 0 7 1  . 0 6 1  
6 . 0  . 0 6 4  . 0 62 . 0 7 1  4 . 0  . 0 90 . 0 8 6  . 0 7 5  
7 . 5  . 0 8 8  . 0 98 . 1 0 1  7 . 0  . 1 7 5  . 1 6 3  . 1 4 8  

8 . 0  . 2 1 4  . 1 8 7  . 1 95 
lBlanks represent excluded results due to error . 

lBl anks repre sent excluded results due to error . 



Appendix 3 . 3 .  Change in absorbance at 6 9 0  TIm of the 
dete ctor film, for LDPE ( 6 0 !lID) rxposed t o  

di f ferent external RHs at 4 0 °C . 

Exte rnal Time Rep l i cate 
RH ( % )  (hr)  1 2 3 

5 3 . 2  0 . 0 .000  . 0 0 0  . 0 0 0  
1 . 0  . 0 1 9  . 0 1 7  
2 . 0  . 0 4 0  . 0 3 5  . 0 3 7  
3 . 2 5 . 05 8  . 0 5 7  . 055 
4 . 0  . 07 5  . 0 7 5  . 0 6 9 
5 . 0  . 0 97 . 0 8 5  . 0 91  
6 . 0  . 1 1 9  . 1 1 4  . 1 1 3  

7 4 . 1  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  
1 . 0  . 02 6  . 0 2 3  . 0 2 5 
2 . 0  . 0 62 . 05 7  . 0 6 6  
3 . 2 5  . 0 9 8  . 0 92 . 1 0 3  
4 . 0  . 1 2 8  . 1 2 0  . 1 4 0  
5 . 0  . 1 6 6  . 1 5 8  . 1 7 5  
6 . 0  . 2 0 2  . 1 97 . 2 1 7  

8 9 . 0  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  
1 . 0  . 0 3 4  . 0 3 5  . 0 2 7  
2 . 0  . 0 7 8  . 0 7 1  . 0 7 5  
3 . 2 5 . 1 3 2  . 1 2 5  . 1 2 7  
4 . 0  . 1 7 4  . 1 6 6 . 1 6 8  
5 . 0  . 2 3 4  . 2 2 8  . 2 3 7  
6 . 0  . 3 1 6  . 3 0 8  . 32 8  

lB1 anks represent excluded results due to e rror . 

Appendix 3 . 4 .  

External 
RH ( % )  

5 9 . 1  

7 5 . 5  

9 4 . 6  

Change in absorbance at 6 9 0  TIm of the 
detector film, for polyester ( 1 2  llT) 2 0 °C .  t o  different external RHs at 

Time Replicate 
(hr)  1 2 

0 . 0  . 0 0 0  . 000 
1 . 5  . 0 6 9  . 0 8 9  
2 . 5  . 1 1 6  . 1 3 0  
3 . 5  . 1 7 3  . 1 8 4  
4 . 5  . 2 2 4  . 2 5 4  
5 . 5  . 2 7 6  . 2 9 9  
6 . 5  . 32 4  . 3 5 6  

0 . 0  . 0 0 0  . 0 0 0  
1 . 5  . 1 1 7  . 1 1 1  
2 . 5  . 2 0 7  . 1 9 3  
3 . 5  . 2 97 . 2 7 8  
4 . 5  . 4 0 2  . 3 8 5  
5 . 5  . 4 7 7  . 4 5 9  
6 . 5  . 55 4  . 53 5  

0 . 0 0 . 0 0 0  . 0 0 0  . 0 0 0  
1 . 1 7 . 1 2 1  . 1 3 2  . 1 2 7  
1 .  6 7  . 1 7 5  . 1 92 . 1 8 6  
2 . 1 7 . 2 2 7  . 2 4 9  . ,2 4 0  
3 . 1 7 . 3 4 2  . 3 8 1  . 3 5 6  
4 . 1 7 . 4 6 8 . 5 0 7  . 4 92 
5 . 1 7 . 5 7 5  . 61 5  . 6 0 3  
6 . 1 7 . 67 7  . 7 1 7  . 7 1 5  

lB 1 anks represent excluded results due t o  error . 

exposed 

3 

. 0 0 0  

. 05 9  

. 1 1 3  

. 1 5 6  

. 2 2 7  

. 2 7 2  

. 3 3 6  

. 0 0 0  

. 0 94 

. 1 7 5  

. 2 5 4  

. 35 4  

. 4 2 8  

. 5 1 6  

. 0 0 0  

. 1 4 0  

. 2 0 1  

. 2 60 

. 3 9 1  

. 5 1 1  

. 62 0  

. 7 2 0  



Appendix 3 . 5 .  Change in absorbance at 6 9 0  11m of the Appendix 3 . 6 .  Change in absorbance at 6 9 0  11m of the 
detector film, for p·olyester ( 1 2  1lT) exposed detector f i lm, for polyester ( 1 2  J.UlI) exposed 
to di fferent external RHs at 3 0 oC . to d i f ferent external RHs at 4 0oC . 1 

External Time Repl i cate External TIme Rep l i cate 
RH ( % )  (hr)  1 2 3 RH ( % ) (hr)  1 2 3 

5 6 . 0  0 .0 . 0 0 0  . 0 0 0  . 0 0 0  53 . 2  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  
1 . 5 8  . 1 0 2  . 0 9 6  . 0 90 1 . 0  . 1 0 2  . 0 8 5  . 0 97 
2 . 5 8 . 2 0 0  . 1 9 3  . 1 82 1 . 5  . 1 7 9  . 1 5 6  . 1 7 0  
3 . 58 . 2 9 9  . 2 94 . 2 75 2 . 0  . 2 5 8  . 2 3 1  . 2 6 1  
4 . 5 8 . 4 0 0  . 4 0 0  . 3 90 2 . 5  . 32 8  . 3 0 1  . 33 6  
5 . 5 8 . 50 0  . 4 95 . 4 9 1  3 . 0  . 4 0 7  . 3 7 3  . 4 0 9  
6 . 5 8 . 60 1  . 60 1  . 6 0 0  3 . 5  . 4 65 . 4 3 7  . 4 7 4  

7 5 . 1  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  7 4 . 7  0 . 0 0 . 0 0 0  . 0 0 0  . 0 0 0  
1 . 4 2 . 1 27 . 1 4 5  . 1 32 1 .  42  . 2 2 1  . 2 2 9  . 2 4 1  
2 . 4 2 . 2 63 . 3 15 . 2 8 1  1 .  92 . 3 7 3  . 3 9 0  . 3 9 1  
3 . 4 2 . 4 3 1  . 4 8 6  . 4 4 5  2 . 4 2 . 52 2  . 54 2  . 5 3 1  
4 . 4 2 . 6 12 . 65 4  . 62 4  2 . 92 . 64 6  . 67 2  . 65 9  
5 . 4 2 . 7 5 5  . 7 5 7  . 7 7 0  3 . 4 2 . 7 4 6  . 7 75 . 7 60 

92 . 3  0 . 0 0 . 0 0 0  . 0 0 0  . 0 0 0  . 0 0 0  8 9 . 0  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  
1 . 25 . 1 8 7  . 2 1 3  . 1 7 9  . 1 92 1 . 0  . 1 90 . 2 0 2  . 2 0 1  
2 . 25 . 4 2 2  . 4 62 . 4 1 8  . 4 3 0  1 . 5  . 3 4 6  . 3 6 4  . 35 8  
3 . 25 . 6 63 . 65 2  . 65 6  . 65 0  2 . 0  . 5 4 0  . 54 5  . 5 4 4  

2 . 5  . 7 0 0  . 7 0 7  . 7 1 9  
IBlanks represent excluded results due to error . IB lanks repre sent excluded result s due to e rror . 



Appendix 3 . 8 .  Change in abs orbance at 6 9 0  11m of the Appendix 3 . 7 .  Change in absorbance . at 6 9 0  11m of the detecto r  film,  for the laminate filT exposed detector film, for the laminate firm exposed t o  d i f ferent external RHs at 3 0 °C . to different external RHs at 2 0 ° C .  
External Time Replicate External Time Replicate RH ( % )  (hr)  1 2 3 RH ( % )  (hr) 1 2 3 

56. 0 0 . 0 .00 0  . 0 0 0  . 0 0 0  5 9 . 1  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  1 .  6 7  . 02 3  . 02 8  . 02 8  1 . 5  . 0 1 4  . 0 1 6  . 0 1 8  3 . 0 0 . 0 4 4  . 0 4 7  . 0 4 8  3 . 0  . 0 2 1  . 02 2  . 027 4 . 50 . 0 7 0  . 0 7 5  . 0 7 6  4 . 5  . 0 3 4  . 0 3 6  . 0 37 6 . 0 0 . 0 85 . 0 8 9  . 0 9 6  6 . 0  . 0 4 3  . 0 4 6  . 052 7 . 5 0  . 1 05 . 1 1 3  . 1 2 2  7 . 5  . 055 . 0 5 9  . 0 64 
9 . 0  . 0 7 1  . 0 7 6  . 0 8 3  7 5 . 1  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  

1 . 5 0 . 0 1 3  . 0 1 7  . 0 1 5  7 5 . 5  0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  2 . 92 . 0 52 . 05 6  . 0 4 5  1 . 32 . 0 1 6  . 0 1 2  . 02 0  4 . 5 0 . 0 9 3  . 0 9 4  . 0 8 8  2 . 82 . 0 3 7  . 0 3 1  . 0 4 3  6 . 0 0 . 1 2 8  . 1 3 2  . 1 2 2  4 . 32 . 05 3  . 0 4 8  . 0 66 7 . 5 0  . 1 6 6  . 1 6 9  . 1 6 4  5 . 8 2 . 0 7 3  . 0 62 . 0 8 9  
7 . 32 . 0 95 . 0 8 1 . 1 1 1  92 . 3  0 . 0 0 . 0 0 0  . 0 0 0  . 0 0 0  . 0 0 0  8 . 82 . 1 1 9  . 1 0 0  . 1 3 4  2 . 0 0 . 0 2 8  . 0 25 . 0 3 0  . 0 2 9  

3 . 67 . 0 8 3  . 0 7 2  . 0 7 9  . 0 7 2  94 . 6  0 . 0 0 . 0 0 0  . 0 0 0  . 0 0 0  . 0 0 0  5 . 0 0 . 1 2 3  . 1 1 2  . 1 1 4  . 1 0 8  1 . 0  . 0 1 2 . 0 1 7  . 0 1 9  . 0 1 7  6 . 5 0  . 1 8 8  . 1 7 6  . 1 65 . 1 57 2 . 5  . 0 3 9  . 0 4 4  . 0 4 0  . 0 4 4  7 . 5 0 . 2 35 . 2 32 . 2 0 5  . 1 9 3  4 . 0  . 0 62 . 0 7 1  . 0 7 8  . 0 6 9  8 . 5 0 . 2 5 6  . 2 4 3  5 . 5  . 0 8 5  . 0 9 9  . 1 0 5  . 0 9 6  9 . 5 0 . 3 1 5  . 3 0 2  7 . 1  . 1 1 6  . 1 2 9 . 1 4 0  . 1 2 8  
8 . 5  . 1 3 7  . 1 57 . 1 60 . 1 4 9  1Bl anks represent excluded results due t o  erro r .  

1Blanks represent excluded results due to error . 



Appendix 

External 
RH ( % )  

5 3 . 2  

7 4 . 7  

8 9 . 0 

1Blanks 
I 

3 . 9 . Change in absorbance at 6 9 0  11m of t he 
detector film,  for the laminate fi im exposed 
to d i f ferent external RHs at 4 0oC . 

Time Replicate 
(hr)  1 2 3 

0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  
1 . 7 2 . 0 0 2  . 0 0 6  . 0 05 
2 . 7 2 . 0 4 0  . 0 3 8  . 0 3 0  
3 . 7 2 . 0 5 9  . 0 61  . 0 5 8  
4 . 7 2  . 0 8 9  . 0 84  . 0 8 6  
5 . 7 2 . 1 2 2  . 1 1 7  . 1 1 8  
6 . 7 2 . 1 5 2  . 1 4 4  . 1 51  
7 . 7 2 . 1 8 4  . 1 7 2  . 1 8 6  
8 . 7 2 . 2 1 2  . 1 9 9  . 2 1 1  

0 . 0  . 0 0 0  . 0 0 0  . 0 0 0  
1 .  4 8  . 0 1 3  . 0 3 0  . 0 2 2  
2 . 4 8 . 0 6 8  . 0 8 4  . 0 6 6  
3 . 4 8  . 1 1 8  . 1 3 3  . 1 1 1  
4 . 4 8  . 1 8 0  . 1 8 4  . 1 64 
5 . 4 8  . 2 3 1  . 2 3 7  . 2 2 1  
6 . 4 8  . 2 9 3  . 2 92 . 2 7 7  
7 . 4 8 . 3 4 1  . 3 3 8  . 3 1 5  

0 . 0 0 . 0 0 0  . 0 0 0  . 0 0 0  
1 . 1 8 . 0 0 8  . 0 2 3  . 0 3 1  
2 . 1 8 . 0 57 . 0 68 . 0 8 2  
3 . 1 8 . 1 0 8  . 1 2 6  . 1 35 
4 . 1 8 . 1 7 2  . 1 9 6  . 2 0 4  
5 . 1 8 . 2 54  . 2 7 5  . 2 8 3  
6 . 1 8 . 3 3 7  . 3 63 . 3 61  
7 . 1 8 . 4 2 6  . 4 3 7  . 4 3 5  
8 . 1 8 . 5 0 7  . 5 1 3  . 4 8 6  

represent excluded resu l t s  due to err o r .  

N 
lJ1 
o 



Appendix 4 . 1 .  S ample o f  the sensory score sheet . 

Name : Set No . 
D ate : 

2 5 1  

A .  P l e a s e  eva l u ate the s amp l e s  o f  dr ied apr icot for  the 
i n t e n s ity o f  t h e  b r own c o l ou r . Remove t h e  c o v e r , one 
s ample at a t ime , evaluate the samp l e ,  answer the quest ion 
in P art B ,  and replace the cover a fter each evaluat i on . 

P lace a vertical mark across the line and indicate the 
c o d e n u mbe r o f  t h e  s amp l e  at  t h at p o i n t  wh i c h b e s t  
des cribes the int ens ity o f  the brown co l our . 

imperceptible moderate high 

B .  Do  you con s i der the dried apricot sample acceptable in 
terms of colour? P l ace a check mark under the appropriate 
answer . 

Sample Acceptable Not Acceptabl e  

Thank you . 



2 5 2  

App e n d i x  4 . 2 .  Re s u l t s o f  t he s e n s o r y ev a l u at i o n and 

obj ect ive measurement s ( absorbance ) f o r  browning in dried 

apricot .1 

Sample Trial 1 Trial  2 

No . 

Absorbance Sensory Absorbance Sensory 

S cores Scores 

1 0 . 0 6 0 1 .  3 4  0 . 0 5 3  1 .  3 5  

2 0 . 0 7 6  2 . 8 0 0 . 0 7 8  3 . 4 8 

3 0 . 1 1 5 5 . 7 8 0 . 1 4 4  5 . 8 2 

4 0 . 1 95 7 . 1 7 0 . 1 92 8 . 2 8  

5 0 . 25 8u 1 0 . 9 1 0 . 25 5u 1 0 . 85 

6 0 . 5 0 6u 1 3 . 4 0 0 . 3 7 0u 1 2 . 52 

u cons idered unacceptable by the pane l i sts 

1Mean s cores for 1 2  pane l i sts . 

Poo led est imate o f  the standard deviat ion 0 . 6 1 .  



Append ix 4 . 3 .  Change s in the qua l i t y  parameters o f  dried Appen d i x  4 . 4 .  Change s in the qua l i t y  paramet e rs o f  dried 
onion flakes during storage at 2 0°C and 3 3 %  RH .  onion flakes during storage a t  2 00C and 4 3% RH .  

Time Moisture Browning Thiol sulphinate T ime Moisture Browning Thio lsu lphinate 
( day s )  Content ( %wb) ( optical index) (1lID/g) ( days ) Content ( %wb) ( optical index ) (1lID1 g)  

0 4 . 46 6 1 . 8 8  1 2 . 4 3 0 4 . 46 61 . 88 1 2 . 43 
0 4 . 4 8 62 . 5 0 1 2 . 5 0 0 4 . 4 8 62 . 5 0  1 2 . 5 0 
0 4 . 35 6 4 . 0 4 1 2 . 0 7 0 4 . 35 6 4 . 0 4 1 2 . 0 7 
0 4 . 4 4 6 6 . 5 0 1 2 . 2 1  0 4 . 4 4 6 6 . 5 0 1 2 . 2 1 
0 4 . 4 6  64 . 3 6 1 2 . 2 8 0 4 . 4 6 6 4 . 3 6 1 2 . 2 8 

3 0  4 . 64 1 2 . 7 1 3 0  6 . 6 1 60 . 0 0 1 2 . 3 6 
3 0  4 . 8 6 1 2 . 93 3 0  6 . 55 55 . 0 0 1 2 . 57 
5 7  4 . 8 2 1 3 . 1 4 5 7  7 . 0 4 60 . 0 0 1 2 . 2 8  
5 7  4 . 8 3 60 . 0 0 1 3 . 3 6 5 7  7 . 0 7 60 . 0 0 1 2 . 57 
8 5  4 . 8 7 60 . 0 0 1 2 . 2 1 8 5  7 . 3 6 67 . 5 0 1 0 . 2 8  
8 5  5 . 0 6 62 . 5 0 1 1 .  93 8 5  7 . 3 3 65 . 0 0 

1 2 9  4 . 6 8 5 7 . 5 0 1 1 . 57 1 1 4  7 . 2 8  67 . 5 0 1 0 . 4 3 
1 2 9  4 . 6 9 57 . 5 0 1 1 . 0 7 1 1 4  7 . 4 0 67 . 5 0 1 0 . 8 6 
1 7 2  4 . 8 6  6 9 . 0 0  1 4 1  7 . 4 6  7 0 . 0 0 9 . 6 4 
2 2 3  5 . 25 57 . 5 0 1 0 . 8 5 1 7 2  7 . 2 2 67 . 5 0 9 . 5 0  
2 2 3  5 . 2 6  57 . 5 0  1 0 . 9 3 1 7 2  7 . 2 8  67 . 5 0 9 . 1 4 
2 5 4  57 . 5 0 1 0 . 64 1 9 8 7 . 3 9 7 2 . 5 0 9 . 1 4 
2 5 4  57 . 5 0 1 0 . 9 3 1 9 8 7 . 4 7  67 . 5 0 8 . 7 1 
2 9 8  5 . 0 6 67 . 5 0 9 . 8 6 2 2 3  7 . 53 7 2 . 5 0 8 . 7 1  
2 9 8 5 . 0 6 65 . 0 0 1 0 . 2 1  2 2 3  7 . 4 5 7 0 . 0 0 9 . 3 6 
3 4 9  62 . 5 0 9 . 7 1 2 5 4  7 7 . 5 0 7 . 8 6 
3 4 9  4 . 90 62 . 5 0 9 . 64 2 5 4  7 7 . 5 0 7 . 7 1 
3 8 4  6 0 . 0 0 2 9 8 7 . 4 8 8 5 . 0 0 7 . 7 8 
3 8 4  9 . 7 8 2 9 8  7 . 2 1  8 2 . 5 0 7 . 3 6 
4 4 2  5 . 3 1 65 . 0 0 8 . 93 3 2 3  7 . 2 0  8 5 . 0 0 7 . 1 4  
4 4 2  5 . 4 0  62 . 5 0 3 2 3  7 . 1 1 7 7 . 5 0 6 . 92 
4 7 5  65 . 0 0 3 4 9  7 . 3 8 90 . 0 0 6 . 6 0 
4 7 5  7 0 . 0 0 3 4 9  7 . 4 2 92 . 5 0  6 . 7 8 
5 0 5  5 . 2 9 65 . 0 0 9 . 5 0 3 8 4  8 7 . 5 0 6 . 1 4 
5 0 5  5 . 3 1 67 . 5 0 9 . 2 8 3 8 4  6 . 6 4 
5 6 6  5 . 1 1  62 . 5 0  8 . 4 3  4 4 2  7 . 3 4 90 . 0 0 6 . 2 1  
5 6 6  5 . 0 5 60 . 0 0 8 . 8 6 4 4 2  7 . 7 0 90 . 0 0 
6 3 1  5 . 1 7 7 0 . 0 0 4 7 5  1 0 7 . 5 0 6 . 2 1 
6 3 1  5 . 1 4  7 0 . 0 0 4 7 5  1 0 7 . 5 0 6 . 2 8 

5 0 5  7 . 5 9  1 0 5 . 0 0 6 . 0 0 
1 Blanks represent exc luded results due to error . 5 0 5  7 . 5 6 1 0 5 . 0 0 6 . 0 7 

5 6 6  7 . 3 6  1 0 0 . 0 0 5 . 6 4 
5 6 6  7 . 4 3 1 0 5 . 0 0 5 . 4 3 
6 3 1  7 . 3 1 1 1 5 . 0 0 4 . 93 
6 3 1  7 . 3 4 1 1 2 . 5 0 5 . 1 4 

1 Blanks repre sent excluded results due to erro r .  N 
U1 
W 



Appendix 4 . 6 .  Change s in the qu a l i t y  parameters o f  dried 
Append i x  4 . 5 .  Change s in the qua l i t y  paramete r s  o f  dried onion flakes during storage at 3 0°C and 32% RH .  
onion flakes during storage at 2 0°C and 5 9 %  RH .  

Browning Thio l su lphinate Moisture Thio l su lphinate Time Moisture 
Time Browning (day s )  Content ( %wb) ( optical index) O·un/ g)  

(day s )  Content ( %wb) ( opt ical index)  (l-1J1I/g)  
0 4 . 4 6  61 . 8S 12 . 4 3  0 4 . 46 61 . S8 1 2 . 43 0 4 . 4 8  62 . 5 0 1 2 . 5 0 

0 4 . 4 8 62 . 5 0 1 2 . 5 0 0 4 . 35 64 . 0 4 1 2 . 07 
0 4 . 35 64 . 0 4  1 2 . 07 0 4 . 4 4  6 6 . 5 0 12 . 2 1 
0 4 . 4 4 6 6 . 5 0 1 2 . 2 1 0 4 . 4 6 6 4 . 3 6 12 . 2 8 
0 4 . 4 6 64 . 3 6 1 2 . 2 8  1 5  4 . 6 8 12 . 2 8 

3 0  1 1 .  0 1  6 7 . 5 0 1 0 . 1 4 1 5  4 . 8 0 
3 0  1 0 . 8 7 7 5 . 0 0 1 0 . 8 6 2 9  4 . 8 3 62 . 5 0 1 1 . 3 6 
5 7  1 1 . 5 6 7 7 . 5 0 1 0 . 0 0 2 9  4 . 6 6 67 . 5 0 1 0 . 5 7 
5 7  1 1 . 5 1 7 5 . 0 0 1 0 . 57 3 8  4 . 7 5 7 0 . 0 0 1 1 . 6 4 
8 5  1 1 . 64 8 5 . 0 0 8 . 5 0 3 8  4 . 65 65 . 0 0 1 1 . 3 6  
8 5  1 1 .  6 9  8 5 . 0 0 4 5  4 . 8 5 67 . 5 0 1 1 . 3 6  

1 0 1  1 1 . 67 8 5 . 0 0 8 . 2 8  4 5  4 . 8 1 65 . 0 0 1 1 . 6 4 
1 0 1  1 1 . 7 1 92 . 5 0 8 . 3 6 6 0  5 . 0 3 62 . 5 0 9 . 6 4 
1 1 4  1 1 . 57 92 . 5 0 8 . 5 0 60  5 . 0 1 65 . 0 0 9 . 7 1 
1 1 4  1 1 .  4 9  95 . 0 0 8 . 64 7 1  4 . 7 9  67 . 5 0 9 . 5 7 
1 2 9  1 1 . 5 4 95 . 0 0 8 . 2 1 7 1  4 . 7 9  67 . 5 0 9 . 6 4 
1 2 9  1 1 .  6 3  8 . 4 3 7 8  5 . 0 2 7 0 . 0 0 9 . 6 4 
1 4 1  1 1 . 4 3  1 0 0 . 0 0 8 . 0 0 7 8  5 . 1 3 7 0 . 0 0 - 9 . 7 8 1 4 1  1 1 . 60 1 02 . 5 0 8 . 0 0 8 7  4 . 4 5 67 . 5 0 8 . 9 3 
1 5 5  1 1 . 52 1 0 5 . 0 0 7 . 7 8  8 7  4 . 7 3  67 . 5 0 9 . 7 8 1 5 5  1 1 .  62  1 0 5 . 0 0  7 . 5 7 1 1 3  4 . 8 5 7 0 . 0 0 9 . 1 4 
1 7 2  1 1 . 2 8 1 1 0 . 0 0  1 1 3  4 . 7 7 72 . 5 0 8 . 7 8 
1 7 2  1 1 . 3 6  1 0 7 . 5 0 6 . 8 6  1 2 8  4 . 6 9 8 . 6 4 
1 8 3  1 1 . 67 7 . 7 1 1 2 8  4 . 7 9  8 . 4 3 
1 8 3  1 1 .  6 4  1 0 5 . 0 0 7 . 57 1 4 0  4 . 8 8 7 2 . 5 0 8 . 0 0 
1 9 8 1 1 . 35 1 1 2 . 5 0 6 . 2 1 1 4 0  4 . 92 7 2 . 5 0 8 . 0 0 
1 9 8 1 1 . 4 4 1 1 7 . 5 0 6 . 0 0 1 5 4  4 . 6 8 7 7 . 5 0 7 . 5 7 
2 2 3  1 1 .  8 1  1 1 7 . 5 0 1 5 4  4 . 7 0 7 5 . 0 0 3 . 1 4 
2 2 3  1 1 .  6 5  1 2 2 . 5 0 6 . 64 1 7 1  4 . 6 3 7 2 . 5 0 7 . 3 6 
2 5 4  1 2 2 . 50 5 . 1 4 1 7 1  4 . 6 6 7 5 . 0 0 7 . 4 3 
2 5 4  5 . 5 0 1 97 5 . 0 2 7 7 . 5 0 6 . 7 8  
2 9 8  1 1 . 2 8  1 4 2 . 50 4 . 93 1 9 7  4 . 95 8 0 . 0 0 6 . 6 4 
2 9 8  1 1 . 2 1  1 4 7 . 50 5 . 0 7 222  5 . 1 5 7 5 . 0 0 6 . 5 7 
3 2 3  1 1 . 1 4 1 5 2 . 5 0 4 . 5 0  222  5 . 0 8 7 7 . 5 0 6 . 57 
3 2 3  1 1 . 1 0 1 4 7 . 5 0 4 . 0 0 2 5 3  5 . 7 1 

253  6 . 2 8 1 Bl anks represent excluded results due to error . 297  4 . 8 9 8 7 . 5 0 5 . 7 1 
2 97 4 . 9 1 7 7 . 5 0 5 . 7 1 
322 4 . 5 6 5 . 64 
322 4 . 6 6 5 . 57 
3 4 8  4 . 8 2 8 5 . 0 0 5 . 7 1 
3 4 8 4 . 7 8 
3 8 3  82 . 5 0 4 . 9 3 
3 8 3  4 . 7 8  tv 
4 4 1  5 . 1 l 1 0 2 . 5 0 4 . 4 3 lJ1 
4 7 4  1 0 7 . 5 0 of:>, 
4 7 4  1 0 5 . 0 0 



Appendix 4 . 7 .  Change s in the qua l i t y  parameters o f  dried 
onion flakes during storage at 3 00C and 4 3% RH .  

Time Moisture Browning Thio lsulphinate 
( day s )  Content ( %wb) ( opt ical index ) <11m/g) 

0 4 . 46 61 . 8 8  12 . 4 3 
0 4 . 4 8  62 . 5 0 1 2 . 50 
0 4 . 35 6 4 . 0 4 1 2 . 0 7 
0 4 . 4 4 6 6 . 5 0 1 2 . 2 1 
0 4 . 4 6  6 4 . 3 6 1 2 . 2 8 

1 5  6 . 60 1 0 . 4 3 
1 5  6 . 7 0 1 0 . 2 8 
2 9  7 . 2 0 7 7 . 50 
2 9  7 . 2 1 7 5 . 0 0  1 0 . 2 8 
3 8  6 . 9 9 8 7 . 5 0 9 . 7 1 
3 8  7 . 1 7 8 5 . 0 0 9 . 7 8 
4 5  7 . 2 8  8 2 . 5 0 9 . 4 3  
4 5  7 . 1 7 8 0 . 0 0 9 . 1 4 
60  7 . 37 90 . 0 0 8 . 0 0 
60  7 . 4 3 90 . 0 0 7 . 7 8  
7 1  7 . 2 6 1 0 0 . 0 0 6 . 93 
7 1  7 . 2 0 95 . 0 0 7 . 2 8  
7 8  7 . 4 3 1 02 . 5 0 7 . 0 7 
7 8  7 . 4 7 1 0 2 . 5 0 7 . 0 0 
8 7  6 . 94 97 . 5 0 6 . 7 1 
8 7  7 . 1 4 1 0 2 . 5 0 7 . 0 7  

1 0 0 7 . 0 8 1 1 7 . 5 0 5 . 93 
1 0 0 7 . 2 1 1 2 2 . 5 0 6 . 0 0 
1 1 3  7 . 2 1  1 2 0 . 0 0 5 . 7 8 
1 1 3  7 . 2 1  1 1 7 . 5 0 5 . 9 3 
1 2 8  7 . 1 9 1 1 7 . 5 0 4 . 6 4 
1 2 8  6 . 9 9 1 2 0 . 0 0 
1 4 0  7 . 1 9 1 2 7 . 5 0 4 . 7 1  
1 4 0  7 . 2 4 1 3 0 . 0 0 4 . 4 3 

l: Blanks represent excluded results due to e rror . 

Appendix 4 . 8  Changes i n  the qu a l i t y  p a r ameters of dried 
onion flakes dur ing storage at 3 00C and 56% RH . .  

Time Moisture Browning Thiolsu lphinate 
(day s )  Cont ent ( %wb ) 

0 4 . 4 6 
0 4 . 4 8  
0 4 . 3 5 
0 4 . 4 4 
0 4 . 4 6  

1 5  9 . 9 9 
1 5  1 0 . 2 5 
2 9  1 0 . 4 0  
2 9  1 0 . 3 0 
3 8  1 0 . 4 8  
3 8  1 0 . 4 3 
4 5  1 0 . 3 0 
4 5  1 0 . 3 6 
5 3  1 0 . 4 5 
5 3  1 0 . 3 0 
6 0  1 0 . 5 0 
6 0  1 0 . 57 
7 1  1 0 . 4 7 
7 1  1 0 . 65 
7 8  1 0 . 61 
7 8  1 0 . 65 
8 7  1 0 . 2 6  
8 7  1 0 . 2 2 

1 0 0  1 0 . 5 0 
1 0 0  1 0 . 4 1 

l: Blanks represent excluded 

( opt ical index ) 

6 1 . 8 8  
62 . 5 0 
64 . 0 4 
6 6 . 5 0 
64 . 3 6 

1 0 5 . 0 0 
1 0 0 . 0 0 
1 1 0 . 0 0 
1 1 0 . 0 0 
1 1 2 . 5 0 
1 1 2 . 5 0 
1 2 5 . 0 0 
1 2 5 . 0 0 
1 2 7 . 5 0 
1 3 2 . 5 0 
1 4 7 . 5 0 
152 . 5 0 
1 5 0 . 0 0 
1 5 5 . 0 0 
1 5 7 . 5 0 
1 65 . 0 0 
1 7 2 . 5 0 
1 7 7 . 5 0 

results due to erro r .  

nun/ g )  

1 2 . 4 3  
1 2 . 5 0 
1 2 . 0 7 
1 2 . 2 1 
1 2 . 2 8 

9 . 8 6 
9 . 5 0 

8 . 3 6 
8 . 1 4 
7 . 2 8  
7 . 5 0 
6 . 5 0 
6 . 3 6 
6 . 64 
6 . 3 6 
5 . 64 
5 . 2 8 
5 . 4 3 
5 . 2 8 
5 . 2 8 
5 . 0 0 
4 . 0 7 
4 . 5 0  

N 
U1 
U1 



Appendix 4 . 9 .  Change s in t he qua l i t y  paramet e r s  o f  dried 
onion flakes during st orage at 4 0 0t and 3 2 %  RH .  

Time Moisture Browning Thiolsulphinate 
(day s )  Content ( %wb) ( optical index ) (Jlm/g)  

0 4 . 4 6 6 1 . 8 8  1 2 . 4 3  
0 4 . 4 8 62 . 5 0 1 2 . 5 0 
0 4 . 35 64 . 0 4 1 2 . 0 7 
0 4 . 4 4 6 6 . 5 0 1 2 . 2 1 
0 4 . 4 6  64 . 3 6 1 2 . 2 8 
4 4 . 4 0 5 9 . 7 0  1 1 . 7 1 
4 - 4 . 5 3  52 . 2 4 1 1 . 64 
8 6 1 . 8 8  1 0 . 7 8 
8 57 . 97 1 1 .  2 8  

1 2  4 . 3 3 6 1 . 8 8  1 0 . 7 1  
1 2  4 . 4 6 62 . 5 0 1 1 .  8 6  
2 0  4 . 4 8 7 2 . 1 1 9 . 5 7 
2 0  4 . 5 4  7 2 . 0 0 9 . 64 
2 4  4 . 55 6 9 . 65 1 0 . 0 0 
2 4  4 . 7 4 72 . 1 4 9 . 8 6 
3 0  4 . 3 9  8 2 . 5 0 7 . 8 6 
3 0  4 . 4 3 9 0 . 0 0 8 . 0 7 
35 4 . 5 9 8 5 . 0 0 8 . 0 7 
3 5  4 . 6 1 8 2 . 5 0 7 . 2 8  
4 2  4 . 4 9  8 7 . 5 0 
4 2  4 . 5 3 9 2 . 5 0 7 . 8 6 
52 4 . 60 1 0 0 . 0 0 6 . 0 7 
52 4 . 55 9 7 . 5 0 6 . 5 0 
5 9  4 . 7 2 1 0 7 . 5 0 5 . 5 0 
5 9  4 . 6 8 1 02 . 5 0 5 . 2 1 
7 0  4 . 4 9 1 1 5 . 0 0 4 . 7 1  
7 0  4 . 4 9 1 1 5 . 0 0 
7 7  4 . 6 1 1 3 0 . 0 0 4 . 7 8 
7 7  4 . 6 8 1 2 7 . 5 0 4 . 2 8  
8 6  4 . 4 3  1 3 2 . 5 0 4 . 0 0 
8 6  4 . 1 4 1 32 . 5 0 3 . 93 

1 Blanks represent excluded results due to error . 

Appendix 4 . 1 0 . Chang e s  in the qu a l ity parameters o f  dried 
onion flakes during storage at 4 0 °C and 43% RH .  

T ime Moisture Browning Thio l su1phinate 
( days ) Content ( %wb ) 

0 4 . 4 6 
0 4 . 4 8 
0 4 . 35 
0 4 . 4 4 
0 4 . 4 6 
4 5 . 3 8 
4 5 . 4 4 
8 
8 5 . 3 1 

1 2  6 . 7 8  
1 2  6 . 6 8 
2 0  6 . 8 1 
2 0  6 . 9 9 
2 4  6 . 8 8 
2 4  6 . 8 2 
3 0  7 . 0 6 
3 0  6 . 8 4 
3 5  7 . 0 2 
3 5  7 . 0 0 
4 2  6 . 8 4 
4 2  7 . 0 0 
5 2  7 . 0 3 
5 2  7 . 0 2 

1 Blanks repres ent excluded 

( opt ical inde x )  

61 . 8 8  
6 2 . 5 0  
64 . 0 4 
6 6 . 5 0 
64 . 3 6  
6 1 . 8 8  
5 6 . 65 
5 7 . 2 1  
5 7 . 6 9 
65 . 0 0 
7 0 . 0 0 
9 6 . 1 5  

1 0 1 . 9 9 
9 9 . 0 1 

1 2 7 . 5 0 
1 4 0 . 0 0 
1 35 . 5 0 
1 37 . 5 0 
1 7 0 . 0 0 
1 7 0 . 0 0 
2 0 7 . 5 0 
2 1 0 . 0 0 

results due to error . 

( Jlm/g)  

1 2 . 4 3 
1 2 . 5 0 
1 2 . 0 7 
1 2 . 2 1 
1 2 . 2 8 
1 1 . 4 3  
1 1 . 5 0 
1 0 . 5 7 
1 0 . 57 
1 1 . 0 0 
1 0 . 2 8 

8 . 0 7 
8 . 1 4 
7 . 8 6 
7 . 5 7 
5 . 6 4 
5 . 9 3 
5 . 3 6 
5 . 0 7 
4 . 5 0  
5 . 0 0 
4 . 2 1  
4 . 0 7  

tv 
lJl 
0'\ 



Appendix 4 . 1 1 .  Changes in the qua l ity parameters 
onion flakes during st orage at 4 00C and 53% RH .  

o f  dried 

Time Moist ure Browning Thiol sulphinate 
( days ) Content ( %wb) ( optical index)  (1llTl/ g)  

0 4 . 46 61 . 8 8 1 2 . 4 3 
0 4 . 4 8  62 . 5 0 1 2 . 5 0 
0 4 . 35 64 . 0 4 1 2 . 0 7 
0 4 . 4 4 6 6 . 5 0 1 2 . 2 1 
0 -. 4 . 4 6 64 . 3 6 1 2 . 2 8 
4 6 . 7 6  1 1 . 5 0 
4 6 . 8 0  1 1 . 3 6 
8 7 . 3 3 57 . 6 9 1 0 . 7 1 
8 7 . 3 8 67 . 1 6 9 . 8 6 

1 2  9 . 4 2 7 4 . 2 6  1 0 . 2 1 
1 2  9 . 4 6  7 8 . 8 2 9 . 8 6 
2 0  9 . 5 7 1 2 3 . 1 9  6 . 7 1 
2 0  9 . 7 9 1 1 5 . 0 2 6 . 7 1 
2 4  9 . 3 9 1 5 1 . 7 4  6 . 0 7 
24  9 . 8 1 1 4 1 .  7 9  6 . 1 4 
3 0  9 . 2 6  2 1 0 . 0 0 4 . 5 0 
3 0  9 . 4 8  1 9 0 . 0 0 4 . 2 1  
3 5  9 . 3 6 2 1 0 . 0 0 3 . 93 
35 9 . 57 2 0 7 . 5 0 3 . 4 3 
4 2  9 . 55 257 . 5 0 
4 2  9 . 5 8 252 . 5 0 3 . 0 0 
5 2  9 . 4 9 3 2 0 . 0 0 2 . 2 1 
52 9 . 5 0 3 3 2 . 5 0 2 . 2 8 

1: Blanks represent excluded results due to error . 

Appendix 4 . 1 2 .  Changes in the qua l it� 
green beans stored at 2 0 0C and 3 3 %  RH .  

T ime Moisture SO� Chph � 
( days ) Content ( %wb ) (mg/ g )  

0 3 . 5 9  4 65 . 9  2 6 8 . 4  
0 3 . 57 4 6 1 . 4 2 6 6 . 8  
0 3 . 65 4 7 2  . 0  257 . 6  
0 3 . 67 4 6 3 . 2  2 6 1 . 7  
0 3 . 6 6 4 5 8 . 9  2 5 9 . 6  
0 3 . 5 8 4 8 9 . 5  2 5 8 . 9  

2 8  4 . 4 6 3 7 3 . 0  2 7 0 . 1  
2 8  4 . 5 6  4 1 9 . 6  2 64 . 6  
5 9  4 . 4 2 3 4 0 . 0  2 63 . 9  
5 9  4 . 3 4 3 6 1 . 1  257 . 8  
8 4  4 . 57 3 1 6 . 0  2 60 . 4  
8 4  4 . 55 3 7 2 . 0  2 62 . 3  

1 4 1  4 . 5 2 4 0 2 . 6  2 4 6 . 5  
1 4 1  4 . 4 9  3 9 6 . 1  2 3 7 . 4  
1 8 2  4 . 6 0 4 0 7 . 2  2 3 2 . 1  
1 8 2  4 . 7 1 3 7 5 . 6  2 5 0 . 3  
2 3 4  5 . 0 3 3 67 . 6  2 3 8 . 3  
2 3 4  5 . 0 5 3 1 0 . 7  2 2 7 . 3  
2 6 0  4 . 8 8 3 8 8 . 2  
2 6 0  4 . 67 3 5 6 . 2  2 4 1 . 3 
3 0 2  4 . 5 9  3 3 3 . 8  22 7 . 8  
3 0 2  4 . 7 4 3 4 4 . 7  2 3 3 . 2  
32 9 4 . 65 
32 9 4 . 7 3 2 94 . 5  2 3 0 . 3  
3 6 0  4 . 6 0 3 4 0 . 1  225 . 1  
3 6 0  4 . 6 9 3 0 2 . 9  2 32 . 6  
5 1 2  5 . 1 4 
5 1 2  5 . 1 8 2 0 9 . 1 
5 6 8  4 . 8 1 3 6 8 . 4  2 1 9 . 1  
5 6 8  4 . 8 2 3 8 5 . 7  2 2 4 . 1  
637 3 4 5 . 1  2 0 5 . 8  
6 3 7  3 7 5 . 9  2 1 3 . 0  

1: Blanks represent excluded results due 

parameters o f  dried 

Chph 12 total chph 
(mg/kg)  

8 2 . 9  
8 1 .  4 
8 0 . 8  
8 2 . 5  
8 2 . 1  
8 0 . 1  
8 4 . 5  
8 0 . 9  
7 5 . 8  
7 9 . 5  
7 6 . 6 
7 8 . 2  
7 3 . 3  
7 4 . 2  
7 8 . 1  
7 8 . 2  
7 9 . 3  
7 6 . 8  

7 7 . 4  
8 0 . 9  
8 0 . 6  

7 1 . 0 
7 3 . 2  
7 7 . 5  

7 1 . 1  
8 1 . 0  
7 9 . 7  
6 9 . 0  
7 4 . 2  

t o  error . 

3 5 1 . 3 
3 4 8 . 1  
3 3 7 . 8  
3 4 4 . 2  
3 4 1 . 7  
3 3 9 . 1  
3 5 4 . 6  
3 4 5 . 6  
3 3 9 . 7  
3 37 . 6  
3 37 . 0  
3 4 0 . 5  
3 1 9 . 8  
3 1 1 . 6 
3 2 0 . 2  
2 3 8 . 5  
3 1 7 . 6  
3 0 4 . 9  

3 1 8 . 6  
3 0 8 . 6  
3 1 3 . 8  

3 0 1 . 3 
2 9 8 . 3  
2 9 8 . 3  

2 8 0 . 2  
3 0 0 . 1  
3 0 3 . 8  
2 7 4 . 9  
2 8 7 . 3  

IV 
U1 
-..J 



Appendix 4 . 1 3 .  Changes in the qua l it� parameters o f  dried 
green beans stored at 2 0 °C and 4 3 %  RH .  

Time MoIsture SO� Chph .2- Chph 12 t otal chph 
( days ) Content ( %wb) (mg/ g )  (mg/kg) 

0 3 . 5 9 4 65 . 9  2 6 8 . 4  8 2 . 9  3 5 1 . 3 
0 3 . 57 4 61 .  4 2 6 6 . 8  8 1 . 4  3 4 8 . 1  
0 3 . 65 4 7 2 . 0  2 5 7 . 6  8 0 . 8  3 37 . 8  
0 3 . 67 4 6 3 . 2  2 6 1 . 7 8 2 . 5  3 4 4 . 2  
0 3 . 6 6 4 5 8 . 9  2 5 9 . 6  8 2 . 1  3 4 1 . 7  
0 3 . 5 8 4 8 9 . 5  2 5 8 . 9  8 0 . 1  3 3 9 . 1  

2 8  6 . 0 4 3 8 5 . 9  2 6 0 . 6  7 7 . 6  3 3 8 . 2  
2 8  5 . 92 3 9 1 . 1  2 5 9 . 1  8 0 . 1  3 3 9 . 2  
5 9  6 . 4 2 3 3 9 . 7  2 4 8 . 0  7 0 . 0  3 1 7 . 9  
5 9  6 . 3 9 3 2 4 . 2  2 4 7 . 9  7 1 . 7  3 1 9 . 6  
8 4  6 . 61 2 4 8 . 3  7 7 . 6  3 2 5 . 9  
8 4  6 . 57 3 1 5 . 9  2 5 8 . 4  7 4 . 1  3 3 2 . 5  

1 3 0  6 . 4 3 3 3 8 . 8  2 4 7 . 6  7 1 . 5  3 1 9 . 1  
1 6 8  6 . 62 3 1 1 . 5  2 4 8 . 1  7 5 . 6  3 2 3 . 7  
1 68 6 . 62 3 0 5 . 0  2 4 4 . 7  7.6 . 5  3 2 1 . 2  
2 1 3  2 8 1 . 4 2 2 4 . 8  7 1 . 2  2 9 6 . 0  
2 1 3  2 8 3 . 0  
2 60 6 . 5 1 2 6 9 . 3  2 1 7 . 6  6 6 . 0  2 8 3 . 6  
2 60 6 . 4 8 2 5 4 . 5  2 1 4 . 5  7 1 .  8 2 8 6 . 2  
3 0 2  6 . 5 4 2 4 4 . 0  2 1 7 . 4  7 5 . 5  2 92 . 9  
3 0 2  6 . 55 2 2 4 . 8  2 1 4 . 7  7 3 . 8  2 8 8 . 5  
3 2 9  6 . 65 1 98 . 3  2 0 6 . 3  7 3 . 0  2 7 9 . 4  
3 2 9  6 . 63 2 1 8 . 6  7 1 . 1  2 8 9 . 7  
3 6 0 6 . 32 1 8 5 . 1  
3 60 6 . 4 4 1 8 4 . 7  2 0 5 . 0  65 . 9  2 7 0 . 9  
5 1 2  6 . 90 1 8 2 . 3  65 . 5  2 4 7 . 8  
5 1 2  6 . 8 5 1 7 6 . 7  62 . 8  2 3 9 . 5  
5 68 6 . 63 1 7 8 . 0  67 . 9  2 4 5 . 9  
5 6 8  6 . 5 7 1 67 . 2  64 . 5  2 3 1 . 7  

1 Bl anks represent excluded resu lts due to erro r . 

Appendix 4 . 1 4 .  Changes in the qu a l i t� green beans stored at 2 0 °C and 5 9 %  RH .  

Time MoIsture SO� Chph !! 
( days ) Cont�nt ( %wb) ( mg/ g) 

0 3 . 5 9  4 65 . 9  268 . 4  
0 3 . 5 7 4 6 1 . 4 2 6 6 . 8  
0 3 . 65 4 7 2 . 0  2 5 7 . 6  
0 3 . 67 4 63 . 2  2 6 1 . 7 
0 3 . 6 6 4 5 8 . 9  2 5 9 . 6 
0 3 . 5 8 4 8 9 . 5  2 5 8 . 9  

2 8  1 0 . 0 3 2 9 6 . 2  2 5 5 . 1  
2 8  9 . 9 8 2 95 . 2  2 3 2 . 6  
5 9  1 0 . 4 1 1 8 1 . 7  2 2 5 . 2  
5 9  1 0 . 35 2 2 2 . 9  2 3 0 . 6  
8 4  1 0 . 2 2 1 8 5 . 6  2 2 5 . 2  
8 4  1 0 . 2 9  1 92 . 6  2 1 9 . 0  

1 1 4  1 0 . 3 7 1 6 1 . 0 2 0 6 . 2  
1 1 4  1 0 . 3 8 1 4 5 . 4  2 0 4 . 0  
1 4 1  9 . 60 1 65 . 7  1 7 2 . 0  
1 4 1  9 . 9 9 1 4 7 . 4  1 8 2 . 0  
1 5 6  1 0 . 1 0 1 0 3 . 6  1 8 2 . 1  
1 5 6  1 0 . 3 1 1 1 8 . 7  1 7 3 . 1  
1 6 8 1 0 . 1 4 1 1 6 . 5  1 7 6 . 1 
1 6 8 9 . 9 8 1 2 5 . 1  1 7 7 . 5  
1 8 2  9 . 95 1 1 7 . 4  1 5 6 . 9  
1 8 2 1 0 . 0 2 1 1 2 . 5  1 7 1 . 7  
2 1 3  9 6 . 8 
2 1 3  9 0 . 6  1 3 4 . 1  
2 3 4  1 0 . 2 3 7 8 . 2  
2 3 4  1 0 . 2 5 7 7 . 7  1 2 9 . 0  

1 Blanks represent excluded results due 

parameters o f  dried 

Chph Q total chph 
(mg/kg) 

8 2 . 9  
8 1 . 4  
8 0 . 8  
8 2 . 5  
8 2 . 1  
8 0 . 1  
7 5 . 9  
7 3 . 6  
6 9 . 4  
7 3 . 0  
6 9 . 4  
6 6 . 4  
6 8 . 1  
6 4 . 6  
6 6 . 4  
6 3 . 4  
6 3 . 5  
6 1 . 6 
6 1 . 5  
6 3 . 9  
5 7 . 5  
5 9 . 2  

4 9 . 3  

4 9 . 5  

t o  erro r .  

3 5 1 . 3 
3 4 8 . 1  
3 3 7 . 8  
3 4 4 . 2  
3 4 1 .  7 
3 3 9 . 1  
3 3 0 . 9  
3 0 6 . 3  
2 9 4 . 6  
3 0 3 . 6  
2 9 4 . 6  
2 8 5 . 5  
2 7 4 . 3  
2 68 . 6  
2 2 8 . 4  
2 4 5 . 4  
2 4 5 . 5  
2 3 4 . 7  
2 3 7 . 6  
2 4 1 . 4 
2 1 4 . 4  
2 3 0 . 9  

1 8 3 . 4  

1 7 8  . 5  

N 
U1 
00 



Appendix 4 . 1 5 .  Changes in the qua1it� parameters o f  dried 
green beans stored at 300C and 32% RH .  

Time Moisture SO� Chph � Chph Q total chph 
( day s )  Content ( %wb) (mg/ g )  (mg/kg)  

0 3 . 5 9  4 65 . 9  268 . 4  82 . 9  3 5 1 . 3  
0 3 . 5 7  4 61 . 4  2 6 6 . 8 8 1 . 4 3 4 8 . 1  
0 3 . 65 4 7 2 . 0  2 57 . 6  8 0 . 8  337 . 8  
0 3 . 67 4 63 . 2  2 6 1 . 7 8 2 . 5  3 4 4 . 2  
0 3 . 6 6 4 58 . 9  2 5 9 . 6  8 2 . 1  3 4 1 . 7  
0 -. 3 . 5 8 4 8 9 . 5  2 5 8 . 9  8 0 . 1  3 3 9 . 1  

1 4  3 . 8 2 4 64 . 0  2 7 2 . 4  8 8 . 2  3 60 . 5  
1 4  3 . 8 6 4 3 5 . 8  2 8 1 . 3 92 . 0  3 7 3 . 3  
2 9  4 . 1 6 4 1 3 . 8  2 8 2 . 6  8 7 . 5  3 7 0 . 2  
2 9  4 . 4 2 4 0 8 . 8  2 7 5 . 6  8 7 . 2  3 62 . 9  
4 5  4 . 5 3 2 6 9 . 9 8 2 . 6  352 . 5  
4 5  4 . 5 3 2 4 9 . 2  7 8 . 0  3 2 7 . 2  
61  4 . 55 2 4 0 . 4  7 4 . 2  3 1 4 . 6  
6 1  4 . 4 6  2 4 4 . 9  7 2 . 8  3 1 7 . 7  
7 1  4 . 4 6  2 62 . 2  7 6 . 3  3 3 8 . 5  
7 1  4 . 4 7 2 5 0 . 3  7 5 . 4  3 2 5 . 8  
8 5  4 . 3 2 2 5 0 . 0  7 6 . 2  3 2 6 . 3  
8 5  4 . 4 3 2 4 0 . 6  7 1 .  3 3 1 1 . 8 

1 1 3  4 . 64 2 2 2 . 9  6 6 . 7  2 8 9 . 6  
1 1 3  4 . 6 1 2 3 7 . 4  7 4 . 2  3 1 1 . 6 
1 2 9  4 . 35 333 . 1  2 32 . 2  7 2 . 6  3 0 4 . 8  
1 2 9  4 . 4 4 3 4 6 . 2  2 2 3 . 1  6 8 . 7  2 9 1 . 8 
1 5 5  4 . 7 2 3 1 8 . 0  2 3 9 . 8 7 9 . 8  3 1 9 . 7  
1 5 5  4 . 62 322 . 1  2 2 6 . 8  7 2 . 8  2 9 9 . 6  
1 67 4 . 2 2 2 97 . 4  2 2 2 . 4  7 4 . 2  2 9 6 . 6  
1 67 4 . 4 8 3 1 3 . 7  2 2 2 . 1  7 2 . 2  2 9 4 . 4  
2 1 2  2 3 6 . 1  1 9 6 . 6  6 8 . 1  2 6 4 . 6  
2 1 2  2 60 . 7  1 8 8 . 8  6 1 . 7 2 5 0 . 6  
2 5 9  4 . 52 2 60 . 6  1 8 7 . 9  6 8 . 2  2 5 6 . 1  
2 5 9  4 . 6 6 255 . 2  1 90 . 9  6 0 . 4  2 5 1 . 4  
3 2 8  4 . 8 5 2 3 6 . 1  1 6 6 . 2  5 6 . 5  2 2 2 . 7  
3 2 8  4 .  8 0  2 1 7 . 9  1 6 6 . 4  5 8 . 5  2 2 4 . 9  
3 5 9  4 . 52 2 2 4 . 4  
4 1 5  4 . 7 9 1 5 3 . 5  5 8 . 3  2 1 1 . 9 
4 1 5  4 . 91 2 3 7 . 3  

1 Blanks represent excluded results due to erro r .  

Appendix 4 . 1 6 .  Change s i n  the qu a 1 it � green beans sto red at 3 0 0C and 4 3 %  RH .  

Time Moisture SO� Chph � 
( days ) Content ( %wb) (mg/ g) 

0 3 . 5 9  465 . 9  2 6 8 . 4  
0 3 . 57 4 6 1 . 4 2 6 6 . 8  
0 3 . 65 4 7 2 . 0  2 57 . 6  
0 3 . 67 4 6 3 . 2  2 6 1 . 7  
0 3 . 6 6 4 5 8 . 9  2 5 9 . 6  
0 3 . 5 8  4 8 9 . 5  2 5 8 . 9  

1 4  5 . 4 2 4 35 . 7  2 6 3 . 9  
1 4  5 . 05 4 2 0 . 1  2 68 . 9  
2 9  6 . 3 7 323 . 2  
2 9  6 . 4 1 3 6 2 . 5  2 6 8 . 1  
4 5  6 . 4 1 2 3 1 . 6  2 4 0 . 8  
4 5  6 . 3 6 2 4 5 . 0  2 4 8 . 4  
6 1  6 . 4 8 1 8 2 . 4  2 4 3 . 7  
6 1  6 . 4 6  1 8 5 . 0  2 3 7 . 4  
7 1  6 . 4 8 1 92 . 8  2 3 6 . 0  
7 1  6 . 5 1 2 1 2 . 3  232 . 2  
8 5  6 . 2 1  1 7 1 . 6 2 1 5 . 7  
8 5  6 . 3 8 1 5 0 . 5  2 1 6 . 2  
9 9  6 . 6 8 1 3 7 . 1  2 1 7 . 1  
9 9  6 . 6 0 1 6 6 . 5  2 2 5 . 8  

1 1 3  6 . 4 1 1 3 9 . 4  2 0 1 . 6 
1 1 3  6 . 3 3 1 3 4 . 6  2 0 4 . 1  
1 2 9  6 . 4 0 1 92 . 6  
1 2 9  6 . 3 0 1 7 9 . 2  
1 4 0  6 . 0 9 1 8 6 . 1  
1 4 0  6 . 2 0  1 8 8 . 6  
1 6 . 7 6 1 7 7 . 0  
1 5 5  6 . 65 1 65 . 6  

1 Blanks represent exc luded results due 

paramet ers o f  dried 

Chph Q 
(mg/kg) 

82 . 9  
8 1 . 4 
8 0 . 8  
82 . 5  
8 2 . 1  
8 0 . 1  
8 7 . 1  
8 8 . 1  

8 2 . 9  
7 3 . 3  
7 4 . 8  
7 7 . 2  
7 7 . 0  
7 2 . 8  
7 2 . 6  
64 . 4  
6 8 . 4  
7 6 . 5  
7 9 . 3  
6 6 . 8  
7 2 . 4  
60 . 0  
5 8 . 6  
63 . 8  
5 9 . 7  
5 9 . 9  
5 7 . 3  

t o  error . 

total chph 

3 5 1 . 3 
3 4 8 . 1  
3 3 7 . 8  

. 3 4 4 . 2  
3 4 1 . 7  
3 3 9 . 1  
3 5 1 . 0 
357 . 0  

3 5 1 . 1  
3 1 4 . 1  
3 2 3 . 2  
3 2 0 . 9  
3 1 4 . 4  
3 0 8 . 7  
3 0 4 . 8  
2 8 0 . 1  
2 8 4 . 6  
2 93 . 6  
3 0 5 . 1  
2 6 8 . 4  
2 7 6 . 4  
2 52 . 6  
2 3 7 . 8  
24 9 . 9  
2 4 8 . 3  
2 3 6 . 9  
2 2 2 . 9  

tv 
U1 
1.0 



Appendix 4 . 1 7 .  Changes in the qUa l it� parameters o f  dried 
green beans stored at 3 00C and 5 6 %  RH .  

Time Moisture SO� Chph .a Chph Q total chph 
( days)  Content ( %wb) (mg/ g) ( mg/kg) 

0 3 . 5 9  4 65 . 9  2 6 8 . 4  82 . 9  351 . 3 
0 3 . 5 7  4 61 . 4  2 6 6 . 8  8 1 . 4  3 4 8 . 1  
0 3 . 65 4 72 . 0  2 57 . 6  8 0 . 8  3 3 7 . 8  
0 3 . 67 4 63 . 2  2 6 1 . 7  8 2 . 5  3 4 4 . 2  
0 3 . 6 6 4 5 8 . 9  2 5 9 . 6  8 2 . 1  3 4 1 . 7  
0 3 . 5 8 4 8 9 . 5  2 5 8 . 9  8 0 . 1  3 3 9 . 1  

1 4  8 . 1 6 3 4 9 . 7  257 . 9  8 3 . 6  3 4 1 . 4 
1 4  8 . 2 4 3 4 4 . 2  2 5 1 . 6 8 4 . 1  3 3 6 . 3  
2 9  9 . 3 6 2 4 9 . 8  2 3 7 . 8  7 5 . 3  3 1 3 . 0  
2 9  9 . 0 9 2 3 6 . 6 2 1 5 . 7  67 . 3  2 8 3 . 0  
4 5  9 . 02 1 1 9 . 5  2 0 3 . 8  6 6 . 4  2 7 0 . 2  
4 5  9 . 0 4 1 3 3 . 3  
61  9 . 1 6 68 . 2  1 8 9 . 6  6 1 . 9 2 5 1 . 5  
6 1  9 . 2 4  7 3 . 7  1 8 0 . 9  6 3 . 1  2 4 3 . 9  
67 9 . 0 4 1 6 9 . 7  62 . 5  2 3 2 . 2  
67 9 . 0 9 1 7 9 . 4  7 0 . 4  2 4 9 . 8  
7 1  9 . 32 7 0 . 7  1 7 8 . 9  6 1 . 5  2 4 0 . 4  
7 1  9 . 1 0 7 0 . 9  1 6 8 . 6  62 . 1  2 3 0 . 7  
8 0  9 . 1 7 5 3 . 8  
8 0  9 . 2 5 5 9 . 4  1 65 . 7  67 . 0  2 3 2 . 7  
8 5  9 . 2 0 50 . 0  
8 5  9 . 1 3 5 9 . 3  1 4 6 . 3  5 6 . 0 2 0 2 . 3  
9 9  9 . 52 4 5 . 3  1 3 3 . 2  4 9 . 0  1 8 2 . 2  
9 9  9 . 2 4  3 8 . 4  1 2 8 . 6  5 4 . 4  1 8 3 . 0  

1 Bl anks represent exc luded re sults due t o  error . 

Appendix 4 . 1 8 .  Changes i n  the qua l it� green beans stored at 4 0 0C and 32%  RH .  

Time Moisture SO� Chph .a 
( days )  Content ( %wb) ( mg/ g) 

0 3 . 5 9 4 65 . 9  2 6 8 . 4  
0 3 . 5 7 4 6 1 .  4 2 6 6 . 8  
0 3 . 65 4 7 2 . 0  25 7 . 6  
0 3 . 67 4 6 3 . 2  2 6 1 . 7 
0 3 . 6 6 4 5 8 . 9  25 9 . 6  
0 3 . 5 8 4 8 9 . 5  2 5 8 . 9  
4 4 . 0 8 4 67 . 4  2 8 2 . 4  
4 3 . 9 7 4 5 4 . 8  2 64 . 4  
8 4 . 1 6 4 2 1 . 5  2 62 . 3  
8 4 . 1 8  4 1 9 . 6 2 6 1 . 2  

1 6  4 . 0 3 3 95 . 0  2 64 . 5  
1 6  3 . 97 3 95 . 6  2 6 8 . 4  
2 4  4 . 4 7  3 3 9 . 1  2 4 4 . 8  
2 4  4 . 4 6  3 1 0 . 9  2 4 9 . 3  
3 4  4 . 3 4 2 6 4 . 0  2 4 3 . 4  
3 4  4 . 2 5 2 98 . 2  25 6 . 0  
4 3  4 . 2 6 2 1 8 . 2  
4 3  4 . 1 7 2 3 9 . 0  2 3 6 . 0  
4 9  4 . 32 1 7 5 . 5  2 2 2 . 8  
4 9  4 . 3 8 1 62 . 5  2 2 8 . 9  
5 6  4 . 2 6  1 6 6 . 2  2 0 6 . 7  
5 6  4 . 32 1 4 5 . 9  2 1 8 . 3  
6 6  4 . 3 7 1 2 5 . 5  2 0 3 . 0  
6 6  4 . 4 4 1 6 4 . 6  2 1 2 . 1  
7 9  4 . 5 0 1 1 1 .  4 1 9 4 . 3  
7 9  4 . 55 1 2 5 . 1  1 92 . 4  
9 9  4 . 4 4  8 1 .  9 1 4 7 . 7  
9 9  4 . 4 6  1 0 2 . 6  1 55 . 2  

1 Blanks represent exc luded resu lts due 

parameters of dried 

Chph Q total chph 
( mg/kg) 

8 2 . 9  
8 1 . 4  
8 0 . 8  
8 2 . 5  
8 2 . 1  
8 0 . 1  
8 6 . 5  
8 0 . 8  
7 6 . 4  
8 0 . 8  
8 1 . 8  
8 5 . 0  
7 3 . 7  
7 0 . 2  
7 7 . 0  
8 1 . 0  

7 2  . 8  
7 5 . 3  
7 3 . 4  
6 9 . 2  
7 7 . 6  
7 3 . 9  
7 4 . 8  
7 4 . 1  
7 2 . 5  
5 3 . 6  
5 7 . 9  

t o  erro r .  

3 5 1 . 3 
3 4 8 . 1  
3 3 7 . 8  
3 4 4 . 2  
3 4 1 . 7  
3 3 9 . 1  
3 68 . 9  
3 4 5 . 2  
3 3 8 . 7  
3 4 1 . 9 
3 4 6 . 3  
3 5 3 . 4  
3 1 8 . 5  
3 1 9 . 5  
3 2 0 . 4  
3 3 7 . 0  

3 0 8 . 7  
2 9 8 . 1  
3 0 2 . 3  
27 6 . 0  
2 9 6 . 0  
2 7 6 . 9  
2 8 7 . 0  
2 6 8 . 4  
2 64 . 9  
2 0 1 . 3  
2 1 3 . 1  

N 
0"1 
o 



Appendix 4 . 1 9 .  Changes in the qua 1 it� parameters o f  dried Appendix 4 . 2 0 . Changes in the qua 1 it� parameters o f  dried 
green beans stored at 4 0 0C and 4 3 %  RH .  green beans stored at 4 00C and 53% RH .  

T ime Moisture SOR Chph .5!. Chph Q total chph T ime Moisture SOR Chph .5!. Chph Q total chph 
(days)  Content ( %wb) (mg/ g)  (mg/kg)  ( days)  Content ( %wb) ( mg /  g )  (mg/kg ) 

0 3 . 5 9  4 65 . 9  2 68 . 4  8 2 . 9  351 . 3  0 3 . 5 9 4 65 . 9  2 68 . 4  8 2 . 9  3 5 1 . 3 
0 3 . 57 4 61 . 4  2 6 6 . 8  8 1 . 4 3 4 8 . 1  0 3 . 57 4 6 1 . 4  2 6 6 . 8  8 1 . 4  3 4 8 . 1  
0 3 . 65 4 72 . 0  257 . 6  8 0 . 8  3 3 7 . 8  0 3 . 65 4 7 2 . 0  25 7 . 6  8 0 . 8  3 3 7 . 8  
0 3 . 67 4 63 . 2  2 6 1 . 7 8 2 . 5  3 4 4 . 2  0 3 . 6 7 4 63 . 2  2 6 1 . 7  8 2 . 5  3 4 4 . 2  
0 3 . 6 6 4 5 8 . 9  2 5 9 . 6  8 2 . 1  3 4 1 . 7  0 3 . 6 6 4 5 8 . 9  25 9 . 6  8 2 . 1  3 4 1 . 7 
0 - 3 . 5 8 4 8 9 . 5  2 5 8 . 9  8 0 . 1  3 3 9 . 1  0 3 . 5 8 4 8 9 . 5  2 5 8 . 9  8 0 . 1  3 3 9 . 1  
4 5 . 65 4 0 3 . 5  2 5 7 . 7  8 1 . 6  3 3 9 . 2  4 6 . 2 6 3 92 . 4  2 68 . 1  8 2 . 0  350 . 2  
4 5 . 5 1 4 2 8 . 4  2 5 4 . 3  8 1 . 5  3 3 5 . 8  4 6 . 0 5 4 1 9 . 9  2 62 . 6  7 9 . 3 3 4 2 . 0  
8 5 . 8 7 3 4 6 . 1  2 4 6 . 5  7 4 . 2  3 2 0 . 6  8 7 . 5 8 3 4 2 . 9  2 6 6 . 8  8 4 . 4  3 5 1 . 3 
8 6 . 0 1 3 6 9 . 3  2 4 3 . 1  7 5 . 0  , 3 1 8 . 2  8 7 . 4 5  3 1 6 . 7  2 52 . 0  7 5 . 9  327 . 9  

1 6  5 . 9 6 3 0 9 . 3  2 5 3 . 9  8 0 . 4  3 2 4 . 2  1 6  7 . 7 4  2 8 2 . 8  2 4 1 .  0 7 5 . 3  3 1 6 . 4  
1 6  5 . 8 4 297 . 2  2 4 6 . 7  7 7 . 1  3 2 3 . 8  1 6  7 . 8 1 2 7 1 . 2  2 4 4 . 1  6 8 . 6  3 1 2 . 7  
2 4  6 . 5 9 1 87 . 7  2 2 0 . 0  6 8 . 7  2 8 8 . 7  2 4  8 . 8 8 1 1 0 . 4  1 94 . 5  6 1 . 6 25 6 . 1  
2 4  6 . 4 1  2 1 0 . 5  2 4  8 . 7 2 1 0 4 . 9  1 8 8 . 0  6 0 . 5  2 4 8 . 5  
3 4  6 . 3 0 1 3 9 . 0  2 1 1 . 1  7 2 . 7  2 8 3 . 7  3 4  8 . 2 0 64 . 6  1 5 5 . 6  62 . 7  2 1 8 . 3  
3 4  6 . 3 0 1 2 7 . 4  2 0 5 . 3  7 1 . 7  2 7 6 . 9 3 4  8 . 2 4  68 . 3  1 4 6 . 8  6 0 . 1  2 0 6 . 9  
4 3  6 . 1 9 1 0 3 . 9  1 9 3 . 3  6 6 . 0  2 5 9 . 4  4 3  8 . 2 8  3 5 . 4  9 8 . 7  4 9 . 2  1 4 7 . 9  
4 3  6 . 2 5 1 0 6 . 7  1 97 . 2  6 9 . 2  2 6 6 . 4  4 3  8 . 2 2  3 0 . 1  1 0 9 . 8  5 0 . 9  1 6 0 . 6  
4 9  6 . 2 2 67 . 5  1 7 0 . 0  5 9 . 6  2 2 9 . 7  4 9  8 . 61 3 0 . 1  
4 9  6 . 2 7 92 . 6  1 7 3 . 5  63 . 5  2 3 7 . 0  4 9  8 . 4 6  3 0 . 7  7 3 . 7  4 0 . 6  1 1 4 . 4  
5 6  6 . 3 0 3 6 . 5  1 5 3 . 8  6 3 . 9  2 1 7 . 6  5 6  8 . 4 4 6 1 . 3 4 6 . 8  1 0 8 . 1  
5 6  6 . 37 4 1 . 8  1 55 . 7  65 . 4  2 2 1 . 1  5 6  8 . 35 5 1 . 6 3 3 . 4  8 5 . 0  

1 Blanks 1 represent excluded re sults due to error . Blanks represent excluded results due to error . 



Appendix 4 . 2 1 . Changes in the qua l ity parameters o f  dried 
apricots dur ing storage at 2 0 0C an"d 5 9 %  RH .  

Time MoIsture Browning 5°2 ( days ) Content ( %wb) ( absorbance ) (mg/kg) 

0 25 . 62  0 . 05 0  1 4 5 7 . 3  
0 2 5 . 9 6  0 . 0 4 8  1553 . 2  
0 2 5 . 4 0  0 . 05 0  1557 . 0  
0 25 . 4 9 0 . 0 5 4  1 6 61 . 3  
0 2 5 . 3 8 0 . 0 4 7  1 6 1 1 . 2  

3 0  1 5 . 8 4 
3 0  1 8 . 33 
5 9  0 . 0 4 2  1 5 6 0 . 2  
5 9  0 . 0 4 6  1 68 5 . 6  
8 5  1 3 . 0 2 0 . 0 65 1 8 5 8 . 0  
8 5  1 2 . 5 6 0 . 0 65 1 5 0 8 . 9  

1 1 4  1 2 . 7 7 0 . 0 7 2  1 3 0 7 . 8  
1 1 4  1 2 . 7 3 0 . 0 7 4  1 6 1 6 . 1  
1 4 2  1 0 . 3 5 0 . 0 7 3  1 6 38 . 3  
1 4 2  1 0 . 0 6  0 . 0 7 2  1 6 9 4 . 8  
1 6 3  1 2 . 3 3 0 . 095  1 3 2 8 . 7  
1 6 3  1 3 . 1 3 0 . 0 8 0  1 3 4 6 . 7  
1 7 8  1 3 . 37 0 . 1 0 6  1 3 6 1 . 7  
1 7 8  1 2 . 8 8 0 . 1 0 0  1 2 7 6 . 8  
2 0 4  1 2 . 7 4 0 . 1 0 5  1 2 7 3 . 1  
2 0 4  1 1 . 0 2  1 1 8 6 . 9 
2 2 4  0 . 1 3 0  
2 2 4  0 . 1 3 6  
2 3 9  1 5 . 1 5 0 . 1 62 1 0 8 6 . 8  
2 3 9  1 4 . 5 3 0 . 152  1 2 65 . 8  
2 5 2  1 3 . 4 6  0 . 1 7 1  1 0 2 0 . 1  
2 5 2  1 2 . 8 3 0 . 1 9 0  92 8 . 7  
2 8 8  1 2 . 7 8 7 4 8 . 4  
2 8 8  1 3 . 64 0 . 2 2 0  9 8 7 . 7  
3 1 5  1 2 . 34 0 . 1 9 9  6 9 9 . 1  
3 1 5  1 2 . 52 0 . 2 0 1  8 64 . 0  
3 3 6  1 1 . 1 6 0 . 2 5 5  6 8 0 . 4  
3 3 6  1 1 . 2 0 0 . 2 5 4  6 8 0 . 4  

1 B l anks represent exc luded results due to error . 

Appendix 4 . 2 2 . Changes in the qu a l ity pa ramet ers 
apri cots dur ing storage at 2 0 0C and 7 0 %  RH .  

Time Moisture Browning 
(days) Content ( %wb) ( abs orbance ) 

0 25 . 62 0 . 0 5 0  
0 2 5 . 9 6 0 . 0 4 8  
0 2 5 . 4 0 0 . 05 0  
0 2 5 . 4 9  0 . 0 5 4  
0 2 5 . 3 8 0 . 0 4 7  

3 0  2 0 . 8 7 0 . 0 68 
3 0  2 0 . 92 0 . 0 6 8  
5 9  
5 9  2 0 . 3 0 0 . 0 6 0  
8 5  1 9 . 2 1  0 . 0 9 4  
8 5  1 8 . 8 9 0 . 0 8 5  

1 0 0  1 7 . 9 9 0 . 0 97 
1 0 0  1 8 . 2 6 0 . 0 8 2  
1 1 4  1 9 . 0 7 0 . 1 1 5  
1 1 4  1 7 . 8 4 0 . 1 3 3  
1 2 9  0 . 1 4 5  
1 2 9  0 . 1 5 0  
1 4 2  1 8 . 4 2 0 . 1 35 
1 4 2  1 7 . 60 0 . 1 3 4  
1 5 1  1 8 . 3 3 0 . 1 3 0  
1 5 1  1 7 . 4 2 0 . 1 3 0  
1 6 3  1 9 . 3 7 0 . 1 6 0  
1 6 3  1 9 . 1 0 0 . 1 65 
1 7 8  1 9 . 1 7 0 . 1 4 4  
1 7 8  1 8 . 2 6 0 . 1 60 
2 0 4  1 7 . 35 0 . 1 8 9  
2 0 4  1 8 . 4 0 0 . 2 1 5  
2 2 4  0 . 2 5 7  
2 2 4  0 . 2 7 3  

1 Blanks represent excluded results due to erro r .  

o f  dried 

50� (mg/ g )  

1 4 5 7 . 3  
1 5 5 3 . 2  
1 5 5 7 . 0  
1 6 6 1 . 3  
1 6 1 1 .  2 
1 1 8 8 . 4  
1 2 3 0 . 0 1 
1 0 6 9 . 3  

922 . 5  
6 8 0 . 3  
5 9 6 . 6  

6 0 7 . 6  
4 3 3 . 8  
4 5 7 . 5  
4 6 6 . 7  
4 6 6 . 9  
3 4 3 . 5  
3 4 3 . 2  
2 8 4 . 7  
3 1 5 . 0  
2 4 0 . 9  
2 2 9 . 7  
1 92 . 6  

N 
'" 
N 



Appendix 4 . 2 3 . Changes in the qu a l ity parameters of dried 
apricots during sto rage at 2 0 °C and 8 1 %  RH .  

Time MoIsture Browning 50� ( days ) Content ( %wb) ( absorbance ) ( mg/ g)  

0 2 5 . 62 0. 0 5 0  1 4 5 7 . 3  
0 2 5 . 9 6  0 . 0 4 8  1 5 5 3 . 2  
0 2 5 . 4 0  0 . 05 0  1 5 5 7 . 0  
0 2 5 . 4 9  0 . 0 5 4  1 6 61 . 3  
0 2 5 . 3 8  0 . 0 4 7  1 6 1 1 . 2  

3 0  2 3 . 5 0 0 . 0 64 
3 0  -. 2 4 . 4 0  0 . 0 6 5  1 5 0 1 . 1  
5 9  0 . 0 5 0  1 3 64 . 5  
5 9  2 7 . 3 0 0 . 0 5 6  1 3 0 9 . 1  
8 5  2 7 . 3 3 0 . 0 6 6  1 0 0 6 . 0  
8 5  2 7 . 5 6 0 . 0 6 9  1 0 0 9 . 9  

1 1 4 2 8 . 1 1 0 . 0 8 5  8 2 9 . 5  
1 1 4  2 8 . 4 1  0 . 0 7 5  1 0 5 7 . 6  
1 4 2  2 5 . 64 0 . 0 9 0  7 4 5 . 1  
1 4 2  2 7 . 0 1 0 . 0 8 0  7 3 7 . 4  
1 63 2 6 . 7 5 0 . 0 9 9  7 2 9 . 2  
1 63 2 7 . 32 0 . 0 8 4  6 8 8 . 4  
1 7 8  2 8 . 9 1 0 . 1 0 2  4 8 0 . 5  
1 7 8  2 8 . 5 2 0 . 0 9 9  5 35 . 4  
2 0 4  2 7 . 63 0 . 1 2 2  5 4 6 . 4  
2 0 4  2 7 . 3 0 0 . 1 0 0  5 0 0 . 1  
2 2 4  0 . 1 2 6  
2 2 4  0 . 1 1 7  
2 3 9  2 8 . 7 2 0 . 1 6 6  4 1 5 . 9  
2 3 9  3 0 . 5 4 0 . 1 3 0  4 0 0 . 4  
2 5 2  3 0 . 7 0 0 . 1 2 9  3 0 2 . 7  
2 5 2  2 9 . 6 6  0 . 1 5 3  3 2 0 . 6  
2 8 8  2 9 . 8 0 0 . 2 0 3  1 6 8 . 1  
2 8 8  2 8 . 5 6 0 . 1 7 8  1 5 4 . 1  
3 1 5  2 8 . 0 6  0 . 2 5 4  
3 1 5  2 9 . 2 5 0 . 2 5 1  

1 Blanks represent excluded results due to error . 

Appendix 4 . 2 4 . Changes in the qua l ity parameters 
apr i cots during st orage at 3 0 °C and 5 6% RH .  

Time Moist ure Browning 
( day s )  Content ( %wb ) ( absorbance ) 

0 2 5 . 62 0 . 05 0  
0 2 5 . 9 6 0 . 0 4 8  
0 2 5 . 4 0  0 . 0 5 0  
0 2 5 . 4 9  0 . 0 5 4  
0 2 5 . 3 8 0 . 0 4 7  

1 5  2 3 . 64 
1 5  2 3 . 0 4 0 . 0 61 
3 0  1 1 . 1 7 0 . 0 8 4  
3 0  1 3  . 1 9 0 . 0 8 4  
4 4  1 0 . 2 7 0 . 0 9 7 
4 4  1 0 . 0 0 0 . 0 92 
5 9  1 0 . 3 9 0 . 1 3 8 
5 9  9 . 5 6 
7 1  9 . 4 3 0 . 1 8 2  
7 1  1 0 . 2 6  0 . 1 6 0  
8 6  1 1 . 4 3  0 . 2 3 7  
8 6  1 1 . 8 3  0 . 2 6 1  
9 9  9 . 3 0 0 . 3 2 7  
9 9  8 . 9 1 0 . 3 4 7  

1 Blanks represent excluded results due to error . 

o f  dried 

5°2 
(mg / kg)  

1 4 5 7 . 3  
1 5 5 3 . 2  
1 5 5 7 . 0  
1 6 6 1 . 3  
1 6 1 1 . 2  

1 67 2 . 4  
1 7 0 8 . 3  
1 5 67 . 0  
1 5 3 0 . 1  
1 4 1 8 . 2  
1 2 2 6 . 4  
1 0 4 4 . 8  

9 9 3 . 7  
8 9 7 . 8  
6 8 7 . 2  
6 8 3 . 1  
6 7 3 . 8  

tv 
0'1 
W 



Appendix 4 . 2 5 .  Changes in the qua l ity parameters of dried 
apricots dur ing storage at 3 0 0C and 6 8 %  RH .  

Time 
( days ) 

o 
o 
o 
o 
o 

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

Moisture 
Content ( %wb) 

25 . 62 
2 5 . 9 6  
2 5 . 4 0 
2 5 . 4 9  
2 5 . 3 8 
2 0 . 6 1 
1 9 . 6 1 
1 8 . 2 7 
1 8 . 3 6 
1 7 . 1 3 
1 6 . 4 7 
1 7  . 2 0  
1 6 . 6 6 
1 5 . 6 0 
1 5 . 6 6 
1 5 . 9 1 
1 6 . 8 8 
1 4 . 5 7 
1 4 . 1 0 

Browning 
( abs orbance ) 

0 . 0 5 0  
0 . 04 8  
0 . 05 0  
0 . 0 5 4  
0 . 0 4 7  

0 . 1 0 3  
0 . 1 0 0  
0 . 1 3 6  
0 . 1 4 9  
0 . 2 0 8  
0 . 2 6 6  

0 . 2 5 1  
0 . 2 90 
0 . 3 1 7  
0 . 4 5 0  
0 . 4 0 0  

1 Blanks represent excluded results due to error . 

5°2 
(mg/kg) 

1 4 5 7 . 3  
1 5 5 3 . 2  
1557 . 0  
1 6 61 . 3 
1 6 1 1 . 2  

1 2 5 9 . 0  
6 7 8 . 3  
64 9 . 3  
627 . 8  
3 3 4 . 1  
4 1 0 . 8  
3 7 5 . 9  
2 62 . 3  
1 5 6 . 0  
1 1 1 . 1  

91 . 1  
8 8 . 0  
8 8 . 2  

Appendix 4 . 2 6 .  Changes i n  the qua l it y  parameters o f  dried 
apricots dur ing storage at 3 00C and 8 1 %  RH .  

T ime 
( day s )  

o 
o 
o 
o 
o 

1 5  
1 5  
3 0  
3 0  
4 4  
4 4  
5 9  
5 9  
7 1  
7 1  
8 6  
9 9  
9 9  

Moisture 
Content ( %wb ) 

2 5 . 62 
2 5 . 9 6 
2 5 . 4 0 
2 5 . 4 9 
2 5 . 3 8 
2 5 . 8 0 
2 6 . 7 2 
2 5 . 3 0 
2 5 . 5 5 
2 4 . 8 6 
2 4 . 32 
2 4 . 8 0 

2 3 . 95 
2 5 . 2 3 
2 6 . 62 
2 6 . 2 2 
2 7 . 5 8 

Browning 
( abs orbance)  

0 . 0 5 0  
0 . 0 4 8  
0 . 05 0  
0 . 0 5 4  
0 . 0 4 7  
0 . 0 5 4  
0 . 0 4 9  
0 . 0 7 2  
0 . 0 68 
0 . 0 94 
0 . 0 8 9  
0 . 1 2 2  
0 . 1 1 1  
0 . 1 5 7  
0 . 1 5 8  
0 . 2 1 7  
0 . 2 3 3  
0 . 2 2 5  

1 B l anks represent excluded resu lts due t o  error . 

5°2 (mg/kg) 

1 4 5 7 . 3  
1 5 5 3 . 2  
1 5 5 7 . 0  
1 6 6 1 . 3  
1 6 1 1 . 2  
1 4 5 9 . 6  
1 1 4 3 . 0  

8 9 4 . 8  
8 64 . 5  
7 7 6 . 8  
7 64 . 2  
5 8 2 . 3  
4 9 1 . 0 
3 8 0 . 0  
3 9 4 . 2  

1 7 6 . 2  



Appendix 4 . 2 7 .  Changes in the qua l ity parameters o f  dried Appendix 4 . 2 8 . Changes in the qu a l ity parameters o f  dried 
apricots dur ing storage at 4 00C and 53% RH .  apr i cots during st orage at 4 00C and 66% RH .  

Time Moisture Browning S02 
Time Moisture Browning 5°2 

( day s )  Content ( %wb) ( absorbance ) (mg/kg) ( days ) Content ( %wb ) ( absorbance ) (mg/kg)  

0 25 . 62 0 . 05 0  1 4 57 . 3  0 2 5 . 62 0 . 0 5 0  1 4 5 7 . 3  
0 2 5 . 9 6 0 . 0 4 8  1 5 5 3 . 2  0 2 5 . 9 6 0 . 0 4 8  1 5 5 3 . 2  
0 25 . 4 0 0 . 05 0  1 5 5 7 . 0  0 2 5 . 4 0 0 . 0 5 0  1 5 5 7 . 0  
0 25 . 4 9  0 . 05 4  1 6 61 . 3  0 2 5 . 4 9  0 . 0 5 4  1 6 6 1 . 3 
0 25 . 3 8  0 . 0 4 7  1 6 1 1 . 2  0 2 5 . 3 8 0 . 0 4 7  1 6 1 1 . 2  
3 1 7 . 5 0 0 . 0 7 8  1 2 3 1 . 3  3 2 0 . 6 1 0 . 0 8 9  9 9 9 . 9  
3 -. 1 5 . 8 5  0 . 0 8 1  1 3 4 4 . 0  3 2 0 . 8 9 0 . 0 8 4  9 8 3 . 3  
6 1 3 . 5 9 0 . 0 9 5  1 2 92 . 6  6 1 6 . 7 1 0 . 1 2 7  6 8 7 . 1  
6 1 2 . 5 4 0 . 0 9 3  1 1 1 3 . 8  6 1 8 . 4 0 0 . 1 1 6  6 3 6 . 5  
9 1 1 . 1 8 9 8 9 . 2  9 1 5 . 8 5 0 . 1 3 0  524 . 2  
9 1 1 . 5 8 0 . 1 4 6  1 1 0 0 . 2  9 1 6 . 3 1 0 . 1 5 6  5 2 1 . 8  

1 1  1 1 .  0 9  0 . 1 5 9  8 63 . 4  1 1  1 6 . 0 5 0 . 2 0 7  4 5 8 . 0  
1 1  1 5 . 5 8 0 . 1 8 7  945 . 5  1 1  1 6 . 1 6 0 . 1 97 4 3 5 . 9  
1 3  1 0 . 3 4 0 . 2 3 4  8 8 1 . 0 1 3  1 6 . 9 0 0 . 2 63 2 8 5 . 8  
1 3  1 0 . 8 3 0 . 2 0 3  8 7 2 . 7  1 3  1 5 . 4 1 0 . 2 25 3 0 1 . 9 
1 5  1 0 . 32 0 . 3 1 0  69 9 . 9  1 5  1 6 . 5 7 0 . 2 8 7  2 6 0 . 7  
1 5  1 0 . 6 8 0 . 2 6 6  7 8 8 . 6  1 5  1 5 . 5 2 0 . 2 8 6  2 62 . 0  

l: l: Blanks represent excl uded results due to error . Blanks represent excluded results due to error . 



Appendix 4 . 2 9 .  changes in the qua l i t y  parameters o f  dried 
apricots during storage at 4 0 0C and 8 0 %  RH .  

Time 
( days ) 

o 
o 
o 
o 
o 
3 
3 
6 
6 
9 
9 

1 1  
1 1  
1 3  
1 3  
1 5  
1 5  

Moisture 
Content ( %wb) 

25 . 62  
2 5 . 9 6 
2 5 . 4 0 
2 5 . 4 9  
2 5 . 3 8 
2 5 . 6 1 
25 . 6 3 
2 5 . 4 9  
2 5 . 1 5 
2 6 . 2 0 
2 6 . 3 1 
2 6 . 4 8  
2 6 . 8 3 
2 6 . 8 0 
2 7 . 3 9 
2 5 . 2 0 
2 7 . 32 

Browning 
( absorbance ) 

0 . 0 5 0 
0 . 0 4 8  
0 . 0 5 0  
0 . 0 5 4  
0 . 0 4 7  
0 . 0 6 6  
0 . 0 7 8  
0 . 0 92 
0 . 0 9 9  
0 . 1 1 5  
0 . 1 1 4  
0 . 1 5 4  
0 . 1 5 2  
0 . 2 2 1  
0 . 1 9 6  
0 . 2 67 
0 . 2 5 0  

1 Blanks represent excluded results due t o  error . 

5 ° 2 (mg/kg) 

1 457 . 3  
1 5 5 3 . 2  
1557 . 0  
1 6 6 1 . 3  
1 6 1 1 . 2  

1 1 2 3 . 7  
9 4 2 . 8  
8 1 3 . 2  
5 2 2 . 6  
4 7 7 . 9  
4 35 . 5  
4 0 5 . 9  
3 4 7  . 2  
3 2 2 . 3  

2 4 1 . 8 
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1 0  REM --------------------

. 20 REM Pr o g r am- I d .  SHL I FE . 

30 REM ------ --------------

40 F:EM 

1 00 DEF I N T  X 
1 1 0 CLEAr.:: 5000 
1 20 OPEN " I "  , 11 , " A : SHL I F E . DAT " 
1 30 OPEN " I "  , #2 , " A : SHL I FE . TBL " 
500 REM 
51 0 D I M  MO ( 5 ) , C ( 5 ) , f« 5 ) , 1 0  ( 5 ) 
520 D I M  0 1 ( 5 ) , 02 ( 5 ) , E l ( 5 ) , E2 ( 5 )  
530 D I M  A l ( 5 ) , A2 ( 5 ) , B l ( 5 ) , B2 ( 5 )  
560 D I M  X 5 ( 20 ) , X 5 $ ( 20 ) , X P ( 1 0 )  
570 D I M  SAS ( 5 ) , PA $ ( 5 ) , ER$ ( 2 0 )  
5 0 0  X 5$ (1 )  = "  SAMPLES " : X 5 $  ( 2 )  = " PACf<A G I  N G "  : X 5 $  ( 3 )  = "  D 1 "  : X 5 lt  ( 4 )  = "  D2 " 
6 1 0  X 5$ ( 5 ' = " E l "  : X 5 $ ( 5 ) = " E 2 "  : X 5$ ( 7 ) = " A l " : X 5 S ( 8 ) = " A2 "  
620 X 5 $ ( ,3 ) = " B l " : X 5$ ( 1 0 ' = " B2 "  : X 5$ ( 1 1 ' = " I O "  
630 FM$ = " # #iI # . ##I " 
640 X7 = 0 : REM r e sul t s  p r i n t i n g i n d i c at or 
700 REM 
701 REM Er r or Messages 
702 REM --------------

7 1 0  ER$ ( 1 )  " DATA READ ERROR " 
720 EF:$ ( 2 )  " TABLE READ ERROR" 
730 ER$ ( 3 )  " NO DEF I N I T I ON " 
740 EF:$ ( 4 )  " UNRECoGN I Z ABLE I NPUT" 
750 EF:$ ( 5 )  " ALREADY DEF I NED " 
750 EF.:lt, ( 5 )  " I NVAL I D  MATEF: I AL "  
779 ER$ ( 7 )  " I N\;IAL I D  PACKAG I NG MATER I AL "  
900 REM 
901 REM Pr ompt for out put d ev i c e  
902 REM ------ ------------------

'350 PF: I NT " D i r e c t  out put to ( P ) r i n t e r or ( S l c r e e n ?  " 
960 L$ = I NPUT$ ( l )  
'355 X l  = 0 
'370 I F  L$ " P "  OR L$ '" " p "  THEN X l  
'375 I F  L$ " 5 "  OR LS = " s "  THEN X l  2 
980 I F  X l  0 THEN 960 
1 000 F.:EM 
1 0 0 1  REM Read i n  Ccm s t a n t s t ab l e 
[002 REM ---- -------------------

1 050 L I NE I NPUT# 2 ,  L$ 
1 070 IF LEFT$ ( L $ , l )  = " * "  THEN 1 050 
1 080 IF LEFT$ ( L S , l )  < >  " : " THEN X R  = 3 : GOTO 30000 
1 090 LAS = " "  : LA$ = M I D$ ( L $ , 2 , 4 )  

, 1 1 00 I F  LA$ = " SAMP" THEN GOSUB 1 (1000 : GOTO 1 070 
1 1 1 0  IF LA$ = " PACK " THEN GOSUB 1 1 000 : 130TO 1 070 
1 1 25 I F  X 2=0 THEN LA$= " SAMPLES " X R= 3  GOTO 30000 
1 1 2 6  IF X 3=0 THEN LA$= " PACKAG I NG "  : X R=3 : GOTO 30(�0 
1 1 30 LAS = " "  : LA$ M I D$ ( L$ , 2 , 2 ) 
1 1 40 I F  LAS " D l "  , THEN GOSUB 1 3000 
1 1 50 IF L/\$ " D2 "  THEN 130SllB 1 3500 
1 1 50 I F  LA$ " E l " THEN 130SUB 1 4 000 
1 1 7 0  IF LA$ " E2 "  THEN GOSUB 1 4500 
1 1 80 IF LAS " A l " THEN GOSUB 1 5000 

130To 
GoTO 
GoTO 
GOTO 
130TO 

1 05 0  
1 05 0  
1 050 
1 050 
1 050 

Append i x  5 . 5 .  Comp u t e r  i t e ra t i on program . 

I F  LA$ II A2 11 THEN GoSUB 1 5500 
I F  LA$ " B 1 11 THEN GOSUB 1 5000 
I F  LA$ " B 2 "  THEN 130SUB 1 5500 
I F  LAS II I O "  THEN GoSUB 1 8500 
LA$ = 11 11 : L A S  M I D$ ( L$ , 2 , 3 ) 
I F  LA$ II END I! THEN 130SUB 1 '3<)1)0 

1 1  '30 
1 200 
1 2 1 0  
1 245 
1 :250 
1 250 
1 270 
2000 

X F: = 4 : GOTO 30000 
F�EM 

2 0 0 1  REM Read i n  d a t a  
2002 REM ------------

2050 I NPUT# 1 ,  T$ 
2060 I NPUT# 1 ,  M$ 
2070 I NPUT# 1 ,  PK$ 
2080 I NPUT# 1 ,  T l  
2090 I NPUT# 1 ,  RH 
2 1 00 I NPUT. 1 ,  M l  
2 1 1 0  I NPUT# 1 ,  T O ,  00$ 
2 1 1 5  I NPUT. 1 ,  PO 
2 1 20 I NPUT# 1 ,  AR 
2 1 3 0  I NPUTI 1 ,  WS 

GOTo 1 050 
GOTo 1 05 0  
G O T O  1 050 
GOTO 1 050 

GOTO 2 000 

2 1 40 I NPUTI 1 ,  X P ( l ' , X P ( 2 ) , X P ( 3 ) , X P ( 4 ) , X P ( 5 ) , X P ( 6 ) , X P ( 7 ) , X P ( 8 ) , X P ( 9 )  
2200 REM 
2208 GOSUB 6800 REM get ffiax c h e c k p o i n t  
22 1 0  GoSUB 7000 REM v a l i d a t e  MATER I AL ( M$ )  i n p u t  
2 22(1 GOSUB 7300 F:EM v a l i d at e PACf(AG I NG ( Pf( $ )  i n p u t  
2240 G o S U B  8 0 0 0  REM p r i n t i n p u t  d a t a 
2250 GoSUB 4500 REM c omp u t e  al l ot h e r  var i ab l e s 
2260 GOSUS 5000 REM c Offip u t e  Per ffiean c e  ( P )  f or g i ven Rh & t e mp 
2300 REM st ar t of l oop 
2302 REM -------------

2400 
24 1 0  
2420 
2450 
2500 
2 5 0 1  
2502 
2550 

2550 
2570 
2575 
2580 
258 1 
2582 
2585 
2586 
25'30 
3000 
3050 
3055 
3060 
30£5 
30£5 
3070 

GOSUB 5300 F:EM ': .:.mput t? ... at er ac t i v i t y  
GOSUB 5'300 REM Comp u t e- P l  � Q 
GOSUB 6500 REM Comp u t e  AW at T2 . . .  
GoSUB 5500 REM c omput i?' c on c e- n t r a t i on 
REM 
REM t es t  c on d i t i cm f or i t e r at i on 
REM ---- ------------------------

I F  X2 = 1 THEN 3000 
IF X 2  = 3 THEN 3200 
REM o n i clt') s :  
I F  I > 1 05 . 0  THEN GOSUB 6000 
IF I > 1 05 . 0 AND X P ( 9 )  < >  999 THEN 40000 
Ml = M2 + ( 0 . 0 1 5  * ( I - 10 » 
REM M l  = M2 
1 0  = I 
l30SUB 8700 
IF T2 => X P ( 1 0 )  THEN 40000 
GOTO 2300 
F:EM g r  ", e n  b e a n s :  
I F  I < 327 . 0  THEN GOSUB 5�)0 
I F  I < 327 . 0  AND X P ( 9 )  < >  999 THEN 40000 
10 '" I : Ml = M2 

GoSUB 8700 
IF T 2  => X P ( 1 0 )  THEN 40000 

GoTO 2300 

( Al� ) 

( 1 )  f c,Y" r-' 

N 
....:J 
V1 



3200 
32 1 0  
32 1 5  
3220 
8224 
3:230 
3235 
3240 
4500 
450 1 
4502 
4540 
4545 
4550 
4555 
4570 
4580 
45'30 
4600 
46 1 0  
4620 
4650 
4660 
4670 
4680 
46'30 
5000 
500 1 
5002 
5050 
5060 
5070 
5080 
508 1 
5 1 30 
5300 
530 1 
5302 
53E,0 
5370 
5380 
53'3t) 
5500 
550 1 
55 1 0  

· 5600 
560 1 
5602 
5650 
5652 
5550 
5670 
5580 
55'30 
5700 

F�EM oni on s 
I F  I < 5 . 0 
I F  < 5 . 0  
M l  M2 

C Th i o 1 su 1 p h i n a t e )  
THEN GOSUB 5000 

AND X P ( 9 ) < >  999 THEN 4(�00 

1 0  I :  1 4  = 1 3  
GOSUB 8700 
IF T2 => X P ( 1 0 )  THEN 40000 

GOTO 2300 
F�EM 
REM Comp u t e  a l l ot h e r  var i ab l e s 
REM ---------------------------

10 = I O ( X2 )  : 14 = 1 0 ( 2 )  
R = 8 . 3 1 7  
TMP = T l  + 273 . 1 5  
P E  = PO * RH 1 1 00 . 0  
I F  X 2  = 1 THEN 4E.50 
F�EM o n i o n s  
MO 4 �1 3 4  * E X P ( 1 7 E. . 28E. 1 TMP 
r = 0 . 0 1 5  ::I: E X P ( 1 524 . 840 1 TMP 
K = 1 . 252 * E X P ( -7 5 . 574 1 TMP 
F�ETURN 
REM gr een b e a n s  
M O  1 . 578 * E X P ( 432 . 589 1 TMP 
C = 0 . 052 * EXP ( 1 093 . 1 48 1 TMP 
K = 1 . 1 37 * E X P ( -54 . 1 32 1 TMP 
RETUF.:N 
F:EM 
REM Comp u t e  P�r ro� a n c e  
R E M  -----------------

A A 1 C X 3 ) ::I: ( EXP C A2 ( X3 )  1 RH ) ) 
B B l ( X 3 )  + C B2 ( X 3 )  1 RH ) 
P A * ( E X P ( ( -B* 1 000 . 0 )  1 ( R::t.TMP ) ) )  
P P * 5 .  '35 
REM PF: I NT " P = " ; P  
F�ETUF:N 
F:EM 
REM Comp u t e Wat er Ac t i v i t y 
REM ----------------------
Z l  MO * C ::t. f( 
Z 2  C * K - ( 2 . 0*K ) 
Z 3  C::I: C K::I:f( ) ) - ( K�� 

Z 4  Z l / M l  ) - Z 2  
A W  ( -Z 4  + SQR ( Z 4 ::1: Z 4  + 4 ::1: Z 3  ) ) / ( 2::1: Z 3 ) 
REM PR I NT " AW= .. ; AW 
F:ETUF:N 
REM 
REM Comp ut e Con c en t r at i on ( 1 )  
REM -------------------------

IF X2 = 1 THEN 5800 
IF X 2  = 3 THEN 5750 

F�EM on i on s :  
D D 1 C X 2 )  + ( 02 ( X2 )  ::t.

·
AW ) 

E 1 . 0 1 ( E l ( X2 )  - ( E2 ( X 2 )  1 A W  ) )  
Z l  ( 1 . 0 / TMP ) - <: 1 . 0 /303 . 1 5  ) 
Z2 - C E::I: 1 000 . 0 )  1 8 . 3 1 7  
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57 1 0  
5720 
5730 
5740 
5750 
57 5 1  
5752 
5754 
5756 
5758 
5750 
5762 
5754 
5755 
5800 
58 1 0  
5820 
5830 
5840 
5850 
5850 
5870 
5880 
5'300 
5'3 0 1  
5'302 
5'� 1 0  
5'320 
5930 
5'33 1 
5'340 
5000 
500 1 
6002 
E.005 
E.005 
6050 
E. l (1) 
E. 1 1 0 
5 1 30 
6 1 32 
E. 1 40 
5 1 4 2  
5 1 50 
E. 1 52 
E. 1 50 
E. 1 7 0  
5300 
E.3 1 0  
6330 
6332 
6340 
6342 
6350 
6352 

Z l  E X P ( Z 2 ::t. Z l ) 
1 1 0  + ( D::I:TO::t. Z l  ) 
T2 T2 + TO 
F.:ETUF.:N 
REM on i o n s  ( Th i o l su l p .' i n a t � )  
GOSUB E.E.OO 
D 0 1 ( X2 )  + ( D 2 ( X 2 )  * AW ) 
E 1 . 0  1 ( E l ( X 2 )  - ( E2 ( X 2 )  ::I: AW » )  
Z l  ( 1 . 0 / TMP ) - ( 1 . (1 / 303 . 1 5  
Z 2  - C E * 1 000 . 0 )  1 8 . 3 1 7  
Z l  E X P ( Z 2 ::t. Z l ) 
I 1 0  ::I: E X P ( -O*TO* Z l  ) 
T 2  T 2  + T D  
RETURN 
F:EM g r een b e a n s :  
o 0 1 ( X 2 )  * E X P (  02 ( X 2 )  * AW ) 
E 1 . 0  / ( E l ( X2 )  - ( E2 ( X 2 )  1 AW ) )  
Z I  ( 1 . 0 / TMP ) - ( 1 . 0 / 303 . 1 5  ) 
Z 2  - ( E* 1 000 . 0 ) 1 8 . 3 1 7  
Z I  E X P ( Z 2 ::1: Z 1 ) 

1 (>  ( O;t:TD:n 1 
T2 T2 + TO 
F:ETUF�N 
REM 
REM Comp ut e PI & Q 
REM ---- -------- ---

P 1 Al� :.: PO 
Q = ( P::t.AR ) * ( PE -P l  ) ::t. TO 
M2 = C ( M l / 1 00 . 0 l *W S  + Q ) 1 WS ::I: 1 00 . 0 
REM P F: I NT " P l = " ; P l , " Q= " ; Q  
RETUF:N 
F:EM 
REM Pr i n t Out r e s u l t 
REM ----------------

IF X7 = THEN RETURN 
X 7  = 1 
I F  X l  = 2 THEN 5300 
LPR I NT LPR I NT " Re s u l t s : - --------- --------- - " 

LPF.: I NT II S h e l f l i f e- o f  " ;  M$ ; 
. .  

= II ; T2 ; 1
1 d ay ( s ) 1I 

LPR I N T " F i n a l  Mo i s t ur e  Con t e n t  ( M2 )  • . .  " ; 
LPR I NT US I NG F M $  ; M 2 ;  : LPR I NT .. g m / 1 00 g m "  
LPR I NT " F i n a l W a t e r  Ac t i v i t y ( Aw )  . . . . . .. ; 
LPR I NT US I NG FM$ ; AW 
LPF� I NT " F i n a l  Conc e n t r a t i on ( I )  . • • . • . .  " ; 
LPR I NT US I NG FM$ I 
LPR I NT : LPR I NT " - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

RETUF�N 
PR I NT PR I NT Resul t s :  --------------- -- --- .. 
PR I NT " S h to l f l i f .: o f  " ;  M $ ;  1 1  = " ;  T2 ; 1 1  d ay ( s ) 1I 

P R I NT " F i n a l  Moi st ur e Con t e n t  ( M 2 )  . . .  " ; 
PF� I NT US I NG FM$ ; M2 ; ,  : PR I NT " g rro/ 1 00grro" 
PR I NT " F i n a l  \oJ a t er A c t i v i t y  ( Aw )  . . . . .  " ; 
PR I NT US I NG FM$ ; A W  
PR I NT " F i n a l  Con c e n t r at i on 0 )  . . . . . . . .. ; 
PR I NT US I NG FM$ ; I 



E.3E.0 

E.370 
6500 
E.50 1 
6502 
E.5 1 0  
E.520 
6530 
E.540 
E.580 
E.58 1 
6585 
E.590 
E.E.OO 
E.E.O l 
E.E.02 
E.5 1 0  
5E.20 
E.E.30 
5540 
E.550 
E.5E.0 
E.E.70 
E.E.80 
5590 
5700 
E.7 1 0  
G720 
G730 
5740 
E.800 
E.8 1 0  
5820 
E.830 
E.840 
6850 
6860 
5870 
7000 
700 1 
7002 
7050 
7060 
7070 
7080 

· 7090 
7300 
730 1 
7302 
7350 
7360 
7370 
7380 
7390 
8000 

PF� I NT : PF: I NT 
F�ETUF;t� 
REM 
REM Comp ut e W , t i:' r  Ac t i v i t y  a t  T2 
REM -----------------------------
Z 1 MO :t: C :t: K 
Z2 C * K - ( 2 . 0�� ) 
Z3 ( C* ( K* K »  - ( K*K 
Z4 ( Z l /M2 ) - Z2 
AY -Z 4  + SQR ( Z 4 * Z 4  + 4*Z3 
AZ AW 
AW ( AW+AY ) I 2 
RETURN 
REM 

I C 2:1-:Z 3 )  

REM B r own i n g p ar t  f or T h i o l su l p h i n a t i:'  
REM ---------------------------------
D D 1 ( 2 )  + ( D2 ( 2 )  * AW ) 
E 1 ;-0 I ( E 1 ( 2 )  - ( E2 ( 2 )  I AW » )  
Z l  ( 1 . 0/TMP ) - ( 1 . 0/303 . 1 5  ) 
Z 2  - ( E* 1 000 . 0 ) / 8 . 3 1 7  
Z l  E X P ( Z 2 * Z l ) 
1 3  1 4  + ( D*TD* Z l 

M2 + ( 0 . 0 1 5  * 
MO * C * K 
C * K - ( 2 .  O:l:I( 

1 3  - 14 » M2 
Z l  
Z 2  
Z3 
Z 4  

( C* ( K* K )  ) - ( K*K 
( Z l / M2 ) - Z2 

AY 
AW ( 
F�ETURN 
REM 

- Z 4  + SQR ( Z 4 * Z 4  + 4 * Z 3  ) ) I ( 2* Z 3 )  
A Z +AY ) I 2 

REM g e t  max c h i:'o: k p o i n t  
R E M  -------------------
X P ( 1 0 )  = X P ( l )' 
FOF� XE. = 2 TO 8 
I F  X P ( X E. )  > X P ( 1 0 )  THEN X P ( 1 0 )  X P ( X 6 )  
NE X T  X E.  

, RETUF�N 
F�EM 
REM Mate-r i a l val i dat i on 
REM -------------------
FOR X E.  = 1 TO X2 
IF M$ = SA$ ( X 6 )  THEN X 2  X 5  RETURN 
NEXT XE. 
XR = 6 
GOT a 30000 
REM 
REM Pac kag i n g  mat e-r i a l val i dat i on 
REM -----------------------------
FOR XE. = 1 TO X3 
IF PK$ = PA$ ( X E. )  THEN X 3  = X 6  : RETURN 
NEXT XE. 
X R  = 7 

GOTO 30000 
REM 
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800 1 R E M  Pr i n t I n p u t  d a t a 
8002 REM ----------------
8 0 1 0  IF X l  - 2 THEN 8300 
8040 LPR I NT LPR I N T " SHL I F E >st ar t o f  r un 
8050 LPF.: I NT LPF: I NT " " ; T$ 
80GO LPF: I NT Fo:,od sar,.,p I "  . . . . . . . . . . . . . .  " ;  M;<' 
8070 LPR I NT Pac k ag i n g �at "r i a l • . . . . . .  " ;  PKS 
8080 LPR I NT T"mp"r a t ur " . . . . . . . . . . . . . .  " ;  T l  ; "  d i:'g . C " 
80'30 LPR I NT F�h . • • . . . . . . . . . . . . . . . . . . . .  " ; RH 
8 1 00 LPR I NT I n i t i a l Mo i st ur e  Cont et1t . .  " ; M l ; "  g r,., / l 00gr,., " 
8 1 1 0  LPR I NT T i me i n t i:'r va l  . . . . . . . . . . . .  " ;  T D ;  " d a y ( s ) " 
8 1 1 5  LPR I NT Wat i:'r vap our p r i:'ssu r e  • . • .  " ; PO ; " "� Hg " 
8 1 20 LPR I NT Ar i:' a  . • . • • . . . . . . • . • . . . . • . .  " ;  AR ; "  sq . o: m "  
8 1 30 L P R I NT D r y  sc, l i d  we i g ht . . . . . . . . .  " ;  WS ; "  g r,., " 
8 1 40 RETUF�N 
8300 REM 

P R I NT " SHL I FE >st a r t  o f  r un 
P R I NT ' " " ;  T$ 

Food samp l e  . . . . . . . . . . . . . .  II ; M$ 
Pac k ag i n g rf,at "r i a l . . . . . . . " ;  PI($ 

8305 PR I NT 
8 3 1 0  P F� I NT 
8320 PF� I NT " 
8330 PR I NT " 
8340 PR I NT " 
8350 PR I NT " 
83E.O ' PR I NT " 
8370 PR I NT " 
8375 P R I NT " 
8380 PR I NT " 
83'30 PF� I NT " 
8400 F�ETUF�N 
8700 F�EM 

T t- rtl p t- r a t u r e- .. .. .. .. .. .. .. .. .. .. .. .. .. .. II ; T l  ; I I  d E-g . e l• 
Rh . . . . . . . . . . . . . . . . . . . . . . .  " ;  F�H 
I n i t i a l Mo i st ur i:'  Con t i:'nt . .  " ; M l ; "  g rf, / l 00gr,., " 
T i me i n t er v a l  . . . . . . . . . . . .  11 ; T n ;  II day ( s ) " 
Wat er vap our pr e ssu r e  . . • .  II ; PO i ll ffim Hg " 
Ar e a  . . . . . . .. . . . . . . . . . . . . . .  " ;  A F: ; " sq . c ra'l ' I 
D r y  sc,l i d  wi:' i g h t  . . . . . . . . .  " ;  WS ; " g r', " 

8 7 0 1  
8702 
87 1 0  
8720 
8730 
8740 
8800 
8820 
8830 
8832 
8840 
8842 
8850 
8852 
8860 

REM p r i n t c h i:' o: k p o i n t s  
REM ------------------
FOF� X 5  = 1 TO 8 
I F  T2 = X P ( X 5 )  THEN 8800 
N E X T  XE. 
RETUF:N 

IF X l  = 2 THEN 8900 
LF'R I NT : LPR I NT " C h " c k p co i n t  at : " ;  T2 ; " 
LPR I NT " Mo i st ur i:'  Con t e n t  ( MZ )  . . .  " ;  
LPR I N T  US I NG F M $  ; M2 ; : LF'R I NT " g rn / l 00gm " 

LF'F: I NT " W a t e- r  Ac t i v i t y ( Aw )  . . . . .  " ;  
L P R I NT US I NG FM$ ; AW 
LPR I NT " Conc e- n t r at i on ( I )  . . . . • • .  " ;  
LPR I NT US I NG FM$ ; I 
RETUF:N 

8900 REM s c r "e-n d i sp l ay 

days l1 

8920 PF� I NT : P F: I NT " Ch.,o: k p c, i n t  at : " ;  T 2 ;  " d ay s "  
8930 PR I NT " Mo i st ur i:'  Con t en t  ( M2 )  . . . " ; 
8'932 P R I NT US I NG FM$ ; M 2 ;  : P R I NT " g m / l 00g r,., " 
8940 PR I NT " W a t " r  Ac t i v i t y  ( A w )  • . . . .  " ; 
8942 P R I NT US I NG F M $  ; AW 
8950 PR I NT " Conc e- n t r at i on ( I )  . . . . . . . " ;  
8'952 P R I NT US I NG FM$ ; I 
8'350 RETUF�N 
1 0000 F:EM 
1 000 1 REM R ., . d  Samp l e- s ( MA X  5) 



1 0002 
- 1 0050 

1 0 1 00 
1 0 1 1 0  
1 0 1 20 
1 0 1 30 
1 0 1 40 
1 0 1 50 
1 0200 
1 0 2 1 0  
1 1 000 
1 1 00 1 
1 1 002 
1 1 050 
1 1 1 00 
1 1 1 1 0 
1 1 1 20 
1 1 1 30 
1 1 1 4 0 
1 1 1 50 
1 1 200 
1 1 2 1 0  
1 3000 
1 30 0 1  
1 3002 
1 3050 
1 301S0 
1 3070 
1 3080 
1 3500 
1 350 1 
1 3502 
1 3550 
1 3560 
1 3570 
1 3580 
1 4000 
1 4 00 1 
1 4 002 
1 4050 
1 4060 
1 4070 
1 4080 
1 4500 
1 4 50 1 

- 1 4502 
1 4550 
1 4 560 
1 4570 
1 4 580 
1 5000 
1 50 0 1  
1 5 002 
1 5050 
1 5060 

REM ---------------------
IF X 2  < >  0 THEN X R  = 5 : GOTO 30000 

FOR X IS  = 1 TO 50 
I NPUT# 2, L$ 
IF LEFT$ ( L$ , 1 )  = 

11 * " THEN 1 0200 
IF LEFT$ ( L $ , 1 )  = 

" : " THEN F,ETUF:N 
X 2  = X2 + 1 : X 5 ( 1 )  = X 5 ( 1 )  + 1 
I F  X2 < 6 THEN SA$ ( X 2 )  = L$ 
NE X T  X 6  
RETURN 
F:EM 
REM Read Pac k a g i ng ( MA X  5 )  
REM ----------------------
IF X 3  < >  0 THEN X R  = 5 : GOTO 30000 

FOR X 6  = 1 TO 50 
I NPUTtI 2, L$ 
IF LEFT $ ( L$ , l )  = " lI: "  THEN 1 1 200 
I F  LEFT'$ ( L$ , 1 )  = " : " THEN F:ETURN 
X3 = X3 + 1 : X 5 ( 2 )  = X 5 ( 2 )  + 1 
IF X3 < IS THEN PA$ ( X 3 )  = L$ 

NE X T  X 6  
RETURN 
REM 
REM 0 1 , i n d e x ed b y  samp l e s 
REM ----------------------
IF X5 ( 3 )  < >  0 THEN X R  = 5 : GOTO 30000 
I NPUT# 2, 0 1 ( 1 ) , 0 1 ( 2 ) , 0 1 ( 3 ) , 0 1 ( 4 ) , 0 1 ( 5 )  
X 5 ( 3 )  :: 1 
RETURN 
REM 
REM 02 , i n d e x ed b y  samp l es 
REM ----------------------
IF X 5 ( 4 )  ( >  0 THEN X R  = 5 : GOTO 30000 
I NPUTff 2, 02 ( 1 ) , 02 ( 2 ) , 02 ( 3 ) , 02 ( 4 ) , 02 ( 5 )  
X 5 ( 4 )  = 1 
RETUF:N 
REM 
REM E l , i n d e x ed b y  samp l es 
REM ----------------------
IF X 5 ( 5 ) < >  0 THEN XR = 5 : GOTO 30000 
I NPUT# 2, E l ( 1 ) , E l ( 2 ) , E l ( 3 ) , E l ( 4 ) , E l ( 5 )  
X 5 ( 5 )  = 1 
RETURN 
REM 
REM E2, i n d e x ed by samp l es 
REM ----------------------
IF X 5 ( 1S )  < >  0 THEN XR = 5 GOTO 30000 
I NPUT# 2, E2 ( 1 ) , E2 ( 2 ) , E2 ( 3 ) , E2 ( 4 ) , E2 ( 5 )  
X5 ( 1S )  = 1 
F:ETURN 
REM 
REM A t , i n d e x e d  by pac k ag i n g 
REM -------------------------
IF X 5 ( 7 )  < >  0 THEN XR = 5 : GOTO 30000 
I NPUTtI 2, A l ( 1 ) , A l ( 2 ) , A l ( 3 ) , A l ( 4 ) , A l ( 5 )  
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1 5070 X 5 ( 7 )  = 

1 5080 RETURN 
1 5500 F:EM 
1 55 0 1  REM A2 , i n d e x ed by p a c k ag i n g 
1 5502 REM -------------------------
1 5550 IF X5 ( 8 )  ( >  0 THEN XR = 5 : GOT a 30000 
1 5560 I NPUT# 2, A 2 ( 1 ) , A2 ( 2 ) , A2 ( 3 l , A2 ( 4 l , A2 ( 5 l  
1 5570 X 5 ( 8 )  = 1 
1 5580 RETUF:N 
1 6000 F:EM 
1 600 1 REM B l , i n d e x e d  b y  pac k ag i n g 
1 6002 REM -------------------------
1 6050 IF X 5 ( 9 )  < >  0 THEN X R  = 5 : GOTO 30000 
1 6060 I N PUTtI 2, B l ( 1 ) , 8 1 ( 2 ) , 8 1 ( 3 ) , B l ( 4 ) , B l ( 5 )  
1 6070 X 5 ( 9 )  = 1 
1 6080 RETUF:N 
1 65 0 0  F:EM 
1 650 1 REM 82 , i n d e x ed b y  p a c k ag i n g 
1 6502 REM -------------------------
1 6550 IF X 5 ( 1 0 )  < >  0 THEN XR = 5 : GOTO 30000 
1 6560 I NPUT# 2, B2 ( 1 ) , 82 ( 2 ) , B2 ( 3 ) , 82 ( 4 ) , B2 ( 5 )  
1 6570 X 5 ( 1 0 )  = 1 
1 6580 F:ETURN 
1 8500 REM 
1 850 1 REM 1 0 ,  i n d e x e d  b y  samp l e s 
1 8502 REM -

- - - -
-- - --- - --

-
-

-
-- - -

-

1 8550 I F  X 5 ( 1 1 )  < >  0 THEN X R  = 5 : GOTO 30000 
1 8560 I NPUT# 2, I I) ( 1 ) , 1 0  ( 2 )  , 1 0  ( 3 )  , 1 0  ( 4 )  , 1 0  ( 5 )  
1 8570 X 5 ( I I I  = 1 
1 8580 RETUF:N 
1 9000 REM 
1 900 1 REM C h ec k f or mi s s i n g  d at a  i n  t ab l e  
1 9�)2 REM - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - -

1 9050 FOR X IS  = 1 TO 1 1  
1 9060 I F  X 5 < X 1S )  0 THEN PF: I NT " M I SS I NG OAT A :  " ; X 5 $ ( X IS )  
1 '3070 N E X T  X IS  
1 9080 I F  X 5  ( l IS )  
1 90'30 RETUF:N 
30000 REM 

THEN 40000 

3000 1 REM E r r or Rou t i n e 
37002 REM -------------
3 7 0 1 0  IF X l  THEN 37500 
3 7 020 IF X R  > 1 00 THEN 37200 
37025 IF X R  = 3 OR 4 OR 5 THEN PR I NT LA$ ; " " ;  
37030 PR I NT ER$ ( X R )  
37040 GOTO 40000 
37200 XR = XR - 1 00 
372 1 0  I F  XR = 3 OR 4 OR 5 THEN PR I NT LA S ; " " ;  
37220 PR I NT ER$ ( X R )  
37230 RETURN 
37500 REM 
37520 IF X R  > 1 00 THEN 37700 
37525 - I F  XR = 3 OR 4 OF: 5 THEN LPF: I NT L A$ ; " " ;  
37530 LPR I NT ER$ ( XR )  
37540 G O  TO 40000 

X 5 (  l IS )  

N 
-....J 
CX) 



37700 XR = XR - 1 00 
377 1 0  I F  XR = 3 OF� 4 OR 5 THEN LPF: I NT LA$ ; " " ;  
37720 LPR I N T  ER$ ( X R )  
37730 F:ETURN 
40000 F�EM 
400 0 1  REM End r out i n e 
49002 REM --- - --------
4'3005 PR I NT : PR I NT " Do you ",ant t o  d i sp l ay t h e  .:o:.n st a n t s·" " 
4900S L$ = I NPUTS ( l l  
4'3007 I F  L$ = " N "  Of;: L$ = " n "  THEN 49500 
490 1 0  PR I NT X 2 , X 3  
49020 FOF: X S  - =  1 TO 5 
49030 PR I NT SA$ ( X S ) , PA $ ( X S )  
4 '3040 N E X T  X E.  
4'3045 PF� I NT : F'F.: I NT II D 1 11 , II D2 11 , II E 1 " , I I E 2 "  
4 9050 FOR X E.  = 1 T O  5 
490E.0 PR I NT D l ( X E. ) , D2 ( X E. ) , E I ( X E. ) , E2 ( X E. )  
4'3070 N E X T  X E.  
49080 REM· PF� I NT " Pr ess a n y  k e y  t o  e on t i nLI" " 
49�30 REM L$ - I NPUT$ ( I )  
49 1 00 PF: I NT : PR I N T  " A I " ,  " A2 " ,  " B l " ,  " B2 " , "  1 0 "  
4 9 1 1 0  FOR X E.  = 1 T O  5 
49 1 20 PR I NT A l ( X 5 ) , A2 ( X E. ) , B l ( X E. ) , B2 ( X E. ) , I O ( X 5 )  
4'3 1 30 N E X T  X E.  
4'3500 f;:EM 
4'3500 I F  X l  1 THEN LPR I NT : LPF: I NT " ",nd e. f r un " 
4':1550 PF� I NT PF� I NT " "nd e. f r un " 
4'3'300 CLOSE 
4 9 '3 1 0  END 

Append i x  5 . 5 .  cont i n ued 

130TO 49'300 

* TABLE OF CONSTANTS USED IN SHLIFE PROGRAM 

: SAMPLES 

" GREEN BEANS" , ONIONS , "ONIONS THIO" 

: PACKAGING 

LOPE , LAMINATE 

: 0 1  

0 . 0 3 8 3 4 0  , - 1 . 3 7 2 6 8 3  , -0 . 0 0 7 6 4 6  

: 02 

6 . 5 8 1 3 9 3 , 4 . 57 1 4 5 1  , 0 . 0 3 2 6 9 4  

: El 

0 . 0 1 1 9 1 2  , 0 . 0 0 9 6 5 8  , 0 . 0 1 1 6 9 6  

: E2 

0 . 0 0 0 6 5 4  , 0 . 0 0 1 1 7 9  , 0 . 0 0 0 9 8 2  

: A l  

0 . 0 8 9 8 4 8  , 0 . 0 0 0 0 8 9  

: A2 

- 4 3 8 . 6 3 0 0 8 7  , 6 6 . 0 2 1 3 5 7  ' "  

: Bl 

2 7 . 5 2 4 7 5 0  , 9 . 0 9 7 1 9 6  

: B2 

- 1 0 6 1 , 4 8 8 7 7 5  , 2 1 4 . 3 2 8 8 1 7  

: I O 

4 8 1 . 0 0 , 5 4 . 0 0 , 1 2 . 0 5 " 

: END 
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