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J o u r n a l  o f  F o o d  T e c h n o l o g y  (1986) 21, 661-662

Editorial

The J o u r n a l o f  F o o d  T e c h n o lo g y  has now completed its twenty-first year with this 
issue— it has reached maturity. As I indicated in the August issue, all areas of activity 
change with time, generating different needs as they develop. The field of food tech
nology has changed greatly over that period, from being relatively low-tech', but with 
a science base, to being ‘high-tech’ and science-led. The Journal, which serves research 
workers in this field, has been subjected to an extensive review of its role and the 
way in which it is fulfilled, and a number of changes have already been made. One 
change, already announced in August, is to make explicit its role as a broadly based 
vehicle for the international exchange of novel information relevant to the interests 
of the Institute— food science and technology.

The Journal has always included some food science as well as technology, although 
the emphasis has always been on the latter. This was entirely appropriate in its early 
days, when many developments in technology were led by a large measure of prag
matism, and, with notable exceptions, understanding of the underlying science fol
lowed. The situation has changed, and food science is now an established family 
of taught disciplines with a body of knowledge that is sufficiently mature to lead 
most developments in today’s food industry. Food technology is now so predominantly 
science-based in its application that it is both meaningless and inappropriate to try to 
separate it from the science.

The present title is therefore inaccurate— it reflects neither the current role nor 
content of the Journal. More importantly, it deters some workers in the more basic 
aspects of food science from using the Journal as an appropriate place in which to 
publish their research. A specific and frequently mentioned reason is the absence of 
‘Food Science’ from the title. Thus, there are strong reasons for a change in title to one 
that is more appropriate.

There are, of course, counter arguments. The Journal is well known and estab
lished, and a change would break with tradition and cause problems for abstracting 
and data retrieval services. Established practice and tradition should not be lightly 
discarded: but the world is dynamic and is constantly evolving; artifacts become 
redundant if they do not change with changing needs, and the Journal is no exception.

Beginning with the first issue of Volume 22, in February 1987, the Journal will be 
known as T h e  In te rn a tio n a l J o u r n a l o f  F o o d  S c ien ce  a n d  T e c h n o lo g y . It will have a 
subtitle F o rm e r ly  T h e  J o u r n a l o f  F o o d  T e c h n o lo g y ,  which will be used for the first 
few years. The new title also reflects the fully international content and circulation 
of the current Journal.

I also wish to express the grateful thanks of the editorial team to all those 
colleagues who have helped us by refereeing papers. The publication of research is 
totally dependent on the system of independent peer review to ensure that high 
standards are maintained. This has a cost— a lot of time and effort is required to 
review someone else’s work thoroughly and constructively. It is also unacknowledged 
because referees work anonymously, for obvious reasons. However, following a few 
other Journals, we now publicly thank our referees. In this issue we publish the names 
of those who have helped us in this way over the last few years.
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6 6 2 Editorial

One of our Deputy Editors, Jeremy Selman, has now resigned. I thank him for 
all the work he did whilst with us, and welcome the new Deputy Editor, Paul Nesvadba 
to the team.

Finally, although many of our readers may not celebrate Christmas, I would still 
like to wish you all a happy and peaceful Christmas season.

Derek G. Land 
E d ito r
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Review: Application of science and technology to 
poultry meat processing
J. M. JO N E S

Introduction

T h e  p o u ltry  p rocessing  industry  has p rogressed  dram atically , passing from  the 
e sse n tia lly  ‘co tta g e  in d u s try ’ o f th re e  o r fo u r decades ago to  to d ay ’s highly au to m ated  
fo o d  p ro d u c tio n  business. Its ex ten t m ay be gauged  from  the fact tha t in 1985 the U n ited  
K in g d o m  o u tp u t o f  p o u ltry  m ea t w as 875000 tonnes (A n o n ., 1986a). In addition  to 
w h o le  raw  an d  co o k e d  carcasses, th e re  a re  som e 100 types o f pou ltry  products available 
o n  th e  B ritish  m a rk e t, rang ing  from  p o rtio n s th rough  sausages and ham s, to  speciality 
p ro d u c ts  such as ‘C h icken  K iev’. In 1985, w ithin the  U .K ., som e 50000 tonnes o f poultry  
m e a t w e re  fu r th e r  p rocessed  in to  p ro d u c ts  o th e r  than  sim ple roasted  o r cooked  birds and 
p o r tio n s  (A n o n .,  1986a).

W hile  th e  ab ility  o f  the  pou ltry  b reed ing  com pan ies to  develop  the  types o f  birds 
re q u ire d  fo r  p a rtic u la r  m ark e ts  has co n trib u ted  greatly  to  the pou ltry  processing 
in d u s try ’s success, m uch  can be a ttr ib u te d  to  the d ram atic  advances th a t have been 
m a d e , n o ta b ly  in E u ro p e , in the design o f eq u ip m en t used to  transform  pou ltry  from  the 
live b ird  to  th e  fin ished  carcass o r  p roduct.

T h e  p u rp o se  o f  th is p a p e r is to  review  the  science and  technology th a t have played a 
p a r t  in re c e n t d e v e lo p m en ts  in p o u ltry  m eat p rep a ra tio n .

Processing

T h e  p ro cess  o f  go ing  from  the  live b ird  to  the final p ro d u c t is a m ulti-stage o p e ra tio n , the 
p rin c ip a l s tep s  o f  w hich are  show n in Fig. 1.

T h e  m a jo r ity  o f  th e  stages up to  and  including packaging  are sem i- o r fully au to m ated  
(S c h ip p e r, 1981), w hile g rad ing  and process con tro l w ithin the  p lan t m ay be carried  out 
u sing  c o m p u te riz e d  w eighing system s (V ee rk am p , 1983, 1984).

C h i l l i n g  a n d  c a r c a s s  q u a l i t y

O f  th e  v a rio u s  p rocessing  stages, th e  chilling o p e ra tio n  has a ttrac ted  a g rea t deal o f 
a t te n tio n  b e c au se  o f  its possib le  effect on  carcass quality . T he purpose  o f chilling is to 
re d u c e  rap id ly  th e  te m p e ra tu re  o f th e  ev iscera ted  carcass from  approx im ately  30°C to  
b e lo w  10°C, an d  h en ce  to  p rev en t the  m ultip lication  o f m icro-organism s o f public health  
sign ificance as well as delay ing  the  p ro life ra tio n  o f o rganism s th a t cause ‘spo ilage’ o f the 
ca rcass . G e n e ra lly  th e  chilling m e th o d  will be o ne  o f tw o types, im m ersion (w ater) and 
co ld  a ir. W a te r  chilling  is freq u en tly  used  in the  U .S . A . to  cool chickens d estined  fo r the 
‘f re s h ’ o r  ‘ch ill’ m a rk e t, w hile in E u ro p e  im m ersion  chilled pou ltry  is generally  frozen , 
w ith  ‘f re s h ’ p o u ltry  be ing  a ir chilled .

A u t h o r ’s add ress : 18 S y w e ll C lo s e , O ld  C a tto n ,  N o rw ic h ,  N o r f o l k  N R 6  7 E W ,  U . K .
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In  th e  ea rly  1970s concern  was expressed  w ithin the E E C  th a t, with hundreds or 
th o u sa n d s  o f  p o u ltry  carcasses passing th ro u g h  im m ersion chillers, th e re  w ould  be 
b a c te r ia l c ro ss-co n tam in a tio n  o f carcasses. H ow ever, an extensive investigation , 
in v o lv ing  a n u m b e r o f  research  lab o ra to rie s , show ed th a t th e re  was no hazard  if the 
te m p e ra tu re  and  vo lum e o f w a te r used in the  chiller w ere carefully  con tro lled  (A n o n .,
1976). T h is  s tudy  led  to  th e  accep tance o f the  ‘co u n te r c u rre n t’ im m ersion chiller w here 
th e  e v isc e ra te d  carcasses e n te r  the system  at one end  to  m eet increasingly cool w ater, 
w h ich  e n te rs  the  system  a t the  p o in t w here  the carcasses are d ischarged. A ccording to  
V e e rk a m p  (1985), co u n te r  c u rren t im m ersion chilling should  be regarded  as a first-stage 
ch illing  o p e ra tio n  fo r pou ltry .

Hang-on-------- ►Stunning-------►Bleeding------- ►Scalding-------- ►Plucking

Grading < ---------Chilling ◄----------------- Spray washing◄---------------- Evisceration

▼
(Port ion ing)---------- ►Packaging---------- ►Storage

F ig u re  1. S tag es  in  p o u lt r y  p rocess ing .

In  ad d itio n  to  su p p o sed  p rob lem s w ith bac teria l c ross-con tam ination , w ater chilling 
h as  b e e n  fro w n ed  u p o n  because  o f  the  fact th a t du ring  the process the  carcass takes up 
w a te r , som e o f  w hich will be lost la te r as ‘d r ip ’, thus leading to  consum er com plain ts. 
B e c a u se  o f  th is , E E C  R egu la tions lim it the am o u n t o f w a te r picked up during  w ater 
ch illing  to  a p p ro x im a te ly  5 % . D esp ite  this lim ita tion , th e re  has been  an increasing m ove 
aw ay  from  im m ersio n  to  a ir chilling p ro ced u res  in pa rts  o f E u ro p e .

W h ile  th e  a ir chilling process itself gives few er o p p o rtu n itie s  for cross-contam i
n a tio n , th e  fac t th a t m ost a ir chilled pou ltry  is ‘soft sca ld ed ’ a t 5 0 -5 2 °C  m eans th a t the 
a v o id a n c e  o f  c ro ss-co n tam in a tio n  at th e  early  stages of processing is ex trem ely  
im p o r ta n t  (M e a d , 1980). H ow ever, th e re  m ay be d isadvan tages to  air chilling in th a t a 
w e ig h t loss o f  som e 1 -2 %  is possib le du ring  chilling, and  conventionally  a ir chilled 
c a rcasses  m ay  show  signs o f  changes in flavour due to  ox idation  o r  autolysis a fte r  only  3 
m o n th s  in th e  frozen  s ta te  (G rey  et al. , 1982). In  o rd e r  to  overcom e these d isacvan tages, 
r e c e n t re se a rc h  in T h e  N e th e rlan d s  has been  d irec ted  tow ards the  use of evaporative  air 
ch illin g  as th e  first-stage cooling process in pou ltry  p lan ts. In this 
p ro c e ss , w a te r  is sp ray ed  o n to  carcasses as they pass th rough  an a ir chiller and is then  
re m o v e d  by e v a p o ra tio n  to  give a ra te  o f cooling  th a t is only 30%  less than  th a t o f 
c o u n te r  c u rre n t im m ersion  chilling (V ee rk am p , 1985). In add ition , the  evapo ra tive  air
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ch illing  m e th o d  allow s th e  cooling o f carcasses th a t have been  scalded a t 58 to  60°C 
w ith o u t th e  usual d isco lo ra tio n  p rob lem s no ted  during  air chilling o f chickens scalded at 
th is  re la tiv e ly  high te m p e ra tu re  (V eerk am p , 1981). A  suggested variation  on the 
e v a p o ra tiv e  m e th o d  is the  w etting  o f chicken carcasses w ith an electrically  charged  spray 
o f  w a te r  (D e w , 1982), a lthough  this m eth o d  does no t yet seem  to be used com m ercially .

Chilling and meat tenderness
F re q u e n tly  the  co o k ed  b reas t m eat o f chickens from  batches processed u nder 

a p p a re n tly  id en tica l cond itions show s a w ide varia tion  in tex tu re  (G rey  et at. , 1982). In 
so m e  cases th is va ria tio n  m ay be d ue  to  the  speed  o f the processing o p era tio n . F or 
in s ta n c e , u n d e r  com m erc ia l cond itions, w a te r chilled chickens m ay be packaged  and 
p laced  in a b last freezer w ithin 1 hr o f  s lau g h te r w hen the  carcasses are  in varying degrees 
o f  rigor mortis. A lth o u g h  G rey  et al. (1982) w ere able to  reduce the  tex tu re  range of 
im m ers io n  ch illed  ch ickens to  th a t o f  a ir chilled carcasses by sto ring  the  fo rm er in ice for 
1.5 h r  p r io r  to  freez ing , the  toughness p rob lem  w as no t elim inated  en tire ly  by this 
p ro c e d u re , n o r by th e  app lica tion  o f electrical stim ulation  in the early  stages of 
p ro cess in g  (Je n se n , Ju l & Z in ck , 1978).

O n e  m ean s o f  increasing  the  ten d ern ess  o f  chicken b reast m eat, and  at the  sam e tim e 
re d u c in g  th e  b ird  to  b ird  va ria tio n  in ten d ern ess , is to  in ject sodium  ch loride solu tion  
(4 %  w /v) in to  the  m uscle p rio r  to  chilling the  carcasses (Jones etal. . 1980), and recen tly  
in th e  U .S . A . th e re  have been  a n u m b er o f  stud ies aim ed at achieving the sam e effect by 
ch illing  th e  ch ickens in b rin e  ra th e r  than  in w ater.

W h en  b ro ile r  ch ickens w ere assessed fo r ten d ern ess  a fte r overn igh t chilling in tanks 
o f  5 %  b rin e , th e y  w ere  found  to be significantly m ore te n d e r than  chickens chilled in 
ic e -w a te r, w ith  the  b rin e  having a g re a te r  tenderiz ing  effect on 'to u g h e r ' than  on  ‘m ore 
t e n d e r 'm e a t  (Ja n k y  e tn / .,  1978; Jan k y , K o b u rg e r&  O b linger, 1982). A  16-hr im m ersion 
ch illing  tim e  w ou ld  be  u n accep tab le  to  the  com m ercial chicken p rocessor. H ow ever, 
su b se q u e n t s tu d ie s  show ed th a t if chickens w ere cooled  in b rine  u nder com m ercial tim e 
a n d  te m p e ra tu re  co n d itio n s, and  w ith ag ita tion  o f the cooling m edium , the resu lting  
m e a t w as sign ifican tly  m ore  te n d e r  th an  w ate r chilled chickens. This is possibly because 
th e  co m b in a tio n  o f  ch iller ag ita tion  and  a g radual decrease  in the chilling m edium  
te m p e ra tu re  re su lte d  in a m ore  efficient b rine  p e n e tra tio n  than  was achieved m erely  by 
so a k in g  th e  carcasses in b rine  (D u k es & Jan k y , 1984, 1985).

In th e  light o f  c u rre n t tren d s to  lim it the  d ie ta ry  in take  o f  sodium , the observa tion  of 
D u k e s  & Ja n k y  (1985) th a t cooked  m ea t from  brine chilled chicken co n ta ined  sodium  
levels th re e  to  fo u r tim es h igher than  those  norm ally  found  in b reast m eat could  be 
c o n s id e re d  a d isad v an tag e  o f the b rine  chilling process. C onsequen tly , the possibility of 
u sing  KC1 ra th e r  th a n  N aC I in th e  cooling  m edium  was investigated  by Sam s, D ukes & 
Ja n k y  (1986) w ho  fo u n d  th a t the  po tassium  salt was equally  effective in increasing breast 
m uscle  te n d e rn e ss  and  ap p a ren tly  did n o t p ro d u ce  adverse  flavour effects.

D e sp ite  th e  seem in g  advan tages o f  using sodium  o r po tassium  salts to  im prove m eat 
q u a lity , th e  p ro cess  does suffer from  the  d isadvan tage  th a t carcasses chilled in salt 
so lu tio n s  ta k e  up significantly  m ore  w a te r du ring  chilling than  those  chilled in w ater 
a lo n e  (S am s et al. , 1986). T h u s, if p rocesso rs w ere p e rm itted  to  use b rine  chilling, they 
m ig h t h av e  d ifficu lties in com plying w ith regu la tions on the  w a te r con ten t o f the chicken 
carcass an d  m igh t also  be req u ired  to  label th e ir  p ro d u c t to  m ake the consum er aw are of 
th e  fac t th a t ch ickens h ad  been  b rine  chilled.
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Influence of portioning and deboning on meat texture
A s s ta te d  e a r lie r , ch icken  and  tu rk ey  m eat is available in form s o th e r than  the in tact 
ca rcass . T h e  p re p a ra tio n  o f these  ‘value ad d ed ' p roducts involves e ithe r po rtion ing  the 
ca rcass , o r  rem o v a l o f  the  m eat by m anual o r m echanical debon ing  m ethods. W hile the 
e v o lu tio n  o f  th is face t o f th e  p ou ltry  industry  has led to  a num ber of techno log ical 
d e v e lo p m e n ts  th a t have  increased  efficiency, som e basic p rob lem s persist to  affect the 
e a tin g  qu a lity  o f  th e  m ea t.

P o r t i o n i n g

A  n u m b e r  o f  ‘fast fo o d ’ o u tle ts  specify the  n u m b er o f p o rtions to  be o b ta in ed  from  a 
ch ic k e n  carcass , and  th e re  a re  at least eight cu tting  techn iques used com m ercially  
(H u d s p e th  e t a l . , 1973). P o rtio n in g  m ay be p e rfo rm ed  m anually  or by m achine.

T h e  tim e  p o s t - m o r t e m  ( p . m . )  a t w hich the  b ird  is p o rtio n ed  and the  type of cu t m ade 
o n  th e  carcass have  b een  show n to influence the  ten d ern ess  o f the resu lting  portions. 
K lo se  e t  a l .  (1972) show ed  th a t m eat from  chickens cut in to  eight p ieces w ithin 25 m in of 
s la u g h te r  w as 30%  to u g h e r than  po rtions from  b irds tre a te d  in the conventional m an n er, 
i .e . co o led  fo r a t least 6 hr. Som e o f  the  cuts m ade  on w arm  or p r e - r i g o r  carcasses 
in flu en ced  to u g h n ess  m ore  than  o thers: those  having the  g reatest effect w ere a 
tra n sv e rse  cu t o f  the  b re a s t, rem oval o f the  wing at its junction  w ith the b reast, and 
fla tte n in g  o f  th e  p o rtio n e d  b reast (K lose, Sayre & P oo l. 1971; Lyon, Lyon & H u d sp e th , 
1973).

S u b se q u e n t to  th ese  stud ies, the  com m ercial p ractice  o f holding carcasses for 4 - 6  hr 
b e fo re  p o rtio n in g  w as ad o p ted .

D e b o n i n g

If  m e a t is to  be  rem o v ed  from  the pou ltry  carcass to  p roduce  breast fillets o r rolls, 
th e re  w o u ld  seem  to  be  a case for the p rocesso r to  rem ove m eat as soon as possible a fte r 
s la u g h te r , th u s saving tim e , w a te r and  space. C onsequen tly , th e re  has b een  an increased 
in te re s t in th e  q u es tio n  o f ho t d ebon ing  o f pou ltry  m eat.

T h e  find ing  o f  D aw son  & Jan k y  (1985), th a t a p . m .  debon ing  tim e betw een  5 and  15 
m in  d id  n o t affect the  d iffe rence  in ten d ern ess  o f chicken b reast fillets, was su ppo rted  by 
th e  o b se rv a tio n  o f  S tew art e t  a l .  ( 1984b) th a t w hile the instrum entally  m easured  
te n d e rn e s s  o f  m ea t s tr ip p ed  from  an unev iscera ted  carcass at 0 min p . m .  was num erically  
th e  g re a te s t, it d id  n o t d iffer significantly from  th a t o f m uscles excised at in tervals up to  
60 m in  p . m .  T h e  la tte r  au th o rs  rep o rte d  th a t ten d ern ess  was significantly g rea te r for 
m e a t excised  a t 120 and  240 m in p . m .  w hen it was app rox im ately  equal to the value for 
m e a t h e ld  on  the  b o n e  fo r 24 h r b e fo re  excision.

In  c o n tra s t to  th e  above  findings o b ta in ed  using unevisccrated  chickens, an o th e r 
in v e s tig a tio n  in d ica ted  th a t if the  b irds w ere ev iscerated  and chilled com m ercially , the 
tim e  o f  h o ld in g  b e fo re  d ebon ing  w ould  need  to  be ex tended . Lyon, H am m  & T hom son
(1985) ex am in in g  ch ickens im m ediate ly  a fte r chilling (less than 1 hr p . m . ) found  th a t the 
m e a t w as sign ifican tly  less te n d e r than  th a t from  b irds held for 1 o r m ore hr a fte r chilling. 
In d e e d , th e  d a ta  in d ica ted  th a t, in the case o f chickens, debon ing  should  be delayed  for 
a t  le a s t 6 h r  a f te r  chilling  to  assure a large pe rcen tage  o f b irds having te n d e r m eat. T he 
s itu a tio n  has n o t been  investigated  so extensively  w ith turkeys.

In  m an y  cases th e  d e b o n ed  ch icken , o r m ore particu larly  tu rkey , m eat m av be 
tra n s fo rm e d  in to  ‘ro lls ’ o r ‘ro as ts '. In the ir sim plest form s the m eat m ight be fab ricated
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in to  p ro d u c ts  w ith o u t fu rth e r  tre a tm e n t. It is no t surprising , the re fo re , th a t an early 
s tu d y  sh o w ed  th a t h o t d e b o n e d  tu rkey  m eat m ade in to  rolls, w ithout any m echanical o r 
ch em ica l tre a tm e n t, gave p ro d u c ts  th a t w ere to u g h er than  those  m ade from  conven
tio n a lly  ch illed  b re a s t m e a t (N ixon & M iller, 1967). H ow ever, the m eat m ay be cubed  o r 
g ro u n d  an d  a g ita te d  in the p resence  o f  sod ium  ch lo ride  o r po lyphosphate  in o rd e r  to 
e n h a n c e  b in d in g  o f  th e  m ea t p ieces, and  th e re  have been  a n u m b er o f recen t investi
g a tio n s  in to  how  th e se  p rocesses m ight affect the  tenderness  o f ho t d eb o n ed  pou ltry  
m ea t.

W a rd la w , M cC askill & A cton  (1973), com paring  loaves fo rm ula ted  from  chicken 
b re a s t m e a t th a t w as g ro u n d  p r e - r i g o r  (ho t d e b o n ed ) o r  p o s t - r i g o r  (chilled) and  b lended  
w ith  1 .5%  N aC l, fo u n d  th a t the loaves from  p r e - r i g o r  m eat w ere tougher, and  concluded 
th a t  th e re  a p p e a re d  to  be no significant industria l advan tage  in the use o f such m eat in 
p o u ltry  lo a f  p ro d u c tio n . O n  the  o th e r  h an d , th e  r i g o r  sta te  o f b reast m eat destined  for 
use  in tu rk e y  ro lls w as found  to  be o f no  significance, prov id ing  th a t the m eat cubes w ere 
m ixed  w ith  N aC l fo r an  ad e q u a te  p e rio d  p rio r to  transfo rm ation  into rolls (K ardouche  & 
S ta d e lm a n , 1978).

A  su b se q u e n t s tu d y , how ever, suggested  th a t the boning  m ethod  and salt addition  
s ign ifican tly  a ffec ted  the  ten d ern ess  o f  bo th  chicken and tu rkey  rolls (F u ru m o to  & 
S ta d e lm a n , 1980). S urprising ly , in the  absence o f  add ed  N aC l, rolls p re p a red  from  hot 
d e b o n e d  ch icken  m e a t w ere  m ore  te n d e r  than  those  from  cold b oned  m eat. T he reason 
fo r  th e  a p p a re n t anom aly  is n o t im m ed ia te ly  obvious, bu t m ay have b een  a 
c o n se q u e n c e  o f  th e  rap id  chilling o f  the chickens used for cold d eboned  m eat. W hen  the 
ch ick en  ro lls  c o n ta in e d  sa lt, th e re  was no significant d ifference betw een  hot and  cold 
d e b o n e d  m e a t. In c o n tra s t to  ch icken , the tu rkey  rolls exam ined  by F u ru m o to  and 
S ta d e lm a n  w ere  to u g h e r in the  case o f hot d eb o n ed  m ea t, bo th  in the  p resence and 
a b se n c e  o f  sod ium  ch lo ride .

W hile  it is n o t c le a r  w h e th e r the  d ifferences in ten d ern ess  no ted  in the  above studies 
w o u ld  b e  read ily  d e te c te d  by the consum er, it is obvious tha t the use o f ho t d eb o n ed  
p o u ltry  m e a t in c e rta in  p ro d u c ts  w arran ts  fu rth e r investigation .

I n v e s t i g a t i o n s  i n t o  t h e  c a u s e  o f  t o u g h n e s s

T h e  fac t th a t severing  o r excising m uscle shortly  a fte r slaugh ter o f the  b ird  causes 
to u g h n e ss  o f  p o u ltry  m uscle has led to  a g rea t dea l o f research  over the past 25 years. 
H o w e v e r , d e sp ite  th is e ffo rt, the  precise m echanism  by which portion ing  o r hot 
d e b o n in g  in c reases  toughness  has no t been  fully elucidated .

A f te r  th e  d e a th  o f  the  b ird , the co n cen tra tio n  o f the principal cellu lar energy  source 
o f  th e  m u sc le , ad e n o sin e  tr ip h o sp h a te  (A T P ), is m ain ta ined  firstly by the b reakdow n of 
c re a tin e  p h o sp h a te  and  th en  by the  d eg rad a tio n  o f the  sto rage  ca rbohydra te  glycogen. 
G ly co g en  b re a k d o w n  (glycolysis) p roduces lactic acid , and  thus u ltim ately  increases the 
ac id ity  o f  th e  p o s t - m o r t e m  m uscle from  an initial value in the  b reast m uscle o f the live 
b ird  o f  ap p ro x im a te ly  pH  7 .0  to  an u ltim ate  value in the  region o f 5 .6 -5 .8 . Initially , the 
ra te  o f  glycolysis is slow  as the  A T P  level in the m uscle is m ain ta ined  by crea tine  
p h o sp h a te  b re a k d o w n , b u t w ith the d isap p earan ce  o f the  la tte r, the ra te  o f glycolysis 
in c reases  an d  th e  A T P  co n cen tra tio n  falls. W hen the  A T P  level has reached  less than 
3 0 %  o f its in itia l v a lu e , the  m uscle passes in to  r i g o r .  In the  case of h o t d eb o n ed  chicken 
b re a s t m uscle  th e  o n se t o f r i g o r  com m enced  w ithin 3 0 -6 0  m in p . m .  (K ijow ski, 
N iew iaro w icz  &  K u jaw sk a -B ie rn a t, 1982).

M any  o f  th e  investiga tions on the ten d ern ess  o f p ou ltry  m eat have a ttem p ted  to 
e s tab lish  th e  re la tio n sh ip  be tw een  p o s t - m o r t e m  biochem ical changes and the onse t o f
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r i g o r  m o r t i s .  D e F rem ery  & Pool (1963) concluded  th a t an increased  ra te  o f  p o s t - m o r t e m  

glycolysis re su lte d  in to u g h e r pou ltry  m ea t, and  th a t an increased  ra te  o f lactic acid 
fo rm a tio n  w as a  decisive facto r. This view seem ed  to  be suppo rted  by the w ork of 
P e te rso n  (1977) w ho found  th a t if p o lyphosphate  was in jec ted  into chicken b reast 
m u sc le  som e tim e  p rio r to  ho t d ebon ing , the  norm al toughen ing  effect was elim inated . 
S ince  th e  u ltim a te  pFI value  o f  th e  in jec ted  m uscle was h igher (6.15 com pared  w ith 5.81 
fo r  u n tre a te d  m e a t) , P e te rso n  concluded  th a t th e  observed  tenderiza tion  effect w as d ue  
to  a slow ing  dow n o f th e  ra te  pH  decline in the  in jec ted  m uscle.

H o w e v e r, d esp ite  the  fact th a t hot d eb o n ed  pou ltry  m eat is generally  less ten d e r than 
th a t  p re p a re d  conv en tio n a lly  a f te r chilling, the  pH  decline o f hot excised o r  severed  
m uscle  is m o re  g rad u a l than  th a t o f in tact m uscle left on the  carcass, a lthough  the  
u ltim a te  p H  values o f  the  m uscles are sim ilar (S tew art e t  a l . . 1984a).

S te w a rt e t  a l .  (1984a) found  no differences in the ra te  o f te m p era tu re  decline 
b e tw e e n  excised  and  in tac t m uscle and thus concluded  tha t the observed  d ifference in 
th e  ra te  o f  p H  d ec line  was no t due to  d ifferences in m uscle tem p era tu re  decline. R a th e r , 
th e y  p o s tu la te d  th a t the  slow er pH  decline resu lted  from  a tem porary  decrease  in the 
ra te  o f  p o s t - m o r t e m  glycolysis b rough t ab o u t by the cu tting  of the m uscle. O n severing 
th e  fib res, th e  m uscle  cou ld  con trac t u n im peded , reducing  the  need  for high levels o f 
A T P  an d  th u s red u c in g , fo r a sh o rt period  a t least, the need  for glycolysis to  m ain ta in  the 
A T P  c o n c e n tra tio n . T h is in tu rn  w ould  lim it the p roduction  o f lactic acid in the m uscle.

L y o n , H am m  & T hom son  (1985) found  th a t the  pH  value o f m uscle excised 
im m e d ia te ly  a f te r  com m ercia l chilling (approx im ate ly  1 hr p . m . ) was significantly h igher 
th a n  th e  values in m uscles held  in ice at 2°C a fte r chilling, and tha t the  m ost rap id  pH  
d e c lin e  o c c u rre d  w ith in  1 hr o f  chilling, falling from  pH  6.22 to  5.64 a fte r 1 h r and then to 
5 .51 a f te r  4 hr. H o w ev er, S tew art e t  a l .  ( 1984b) found  a m uscle pH  value of 5.94 afte r 
ch ick en  carcasses  had  been  held  in slush-ice fo r 4 hr and concluded th a t the  r i g o r  

p ro c e sse s  w ere  in co m p le te  at th is tim e.
T h e  s tu d y  o f  S tew art e t  a l .  (1984b) ind ica ted  th a t the pre-excision holding te m p e ra 

tu re  in fluenced  th e  ra te  o f  pH  decline  since, in co n trast to  the  results o b ta in ed  at 4°C , the  
p o s t - m o r t e m  glycolysis and  r i g o r  ra tes had  levelled ou t at 2 - 4  hr p . m .  in the case of 
ca rcasses  he ld  at room  tem p e ra tu re  p rio r to  m uscle excision. U n d e r the la tte r 
c o n d itio n s , the  p H  value  o f the excised m uscle w as highly and  negatively co rre la ted  with 
th e  p o s t - m o r t e m  tim e o f  excision. S tew art e t  a l .  ( 1984b) concluded  th a t pH  decline and 
m u sc le  te n d e rn e ss  w ere  paralle l functions o f the  p o s t - m o r t e m  glycolysis and r i g o r  

p ro c e sse s , b u t w ere  n o t necessarily  re la ted  in a c a u se -e ffe c t relationsh ip .
R e c e n t re sea rch  has em phasized  the req u irem en t for a delay  p rio r to  the  cu tting  of 

p o u ltry  m e a t, w hich should  be no ted  by those  processo rs in tending  to  install the 
"on -line ' a u to m a tic  p o rtio n in g  and  d ebon ing  eq u ip m en t now  appearing  on the m arket. 
H o w e v e r, ev en  if the  toughness p rob lem s associated  w ith the portion ing  and debon ing  
o f  p r e - r i g o r  carcasses a re  overcom e, the  concep t o f ‘h o t' cu tting  m ay not be accep ted  for 
a n u m b e r  o f  reasons. For instance, chickens d eb o n ed  im m ediately  a fte r p lucking 
p ro d u c e d  a re d u ced  to ta l m eat yield w hen  com pared  w ith conventionally  processed  and  
ch illed  ch ickens (B en o ff e t  a l . , 1984), p robab ly  because the hot d eboned  carcasses had 
n o t b een  su b je c te d  to  th e  norm al w ashing and chilling opera tio n s and , thus, had not 
ta k e n  up  m o is tu re .

M o re  im p o rta n t th an  the  yield consideration  is the  fact tha t the  om ission o f the 
e v is c e ra tio n , w ash ing  and  chilling stages w ould p robab ly  m ake a hot cu tting  m ethod  
u n a c c e p ta b le  in th o se  a reas  such as the  E E C  and  U .S .A . w here th e re  are strict 
re g u la tio n s  re g a rd in g  th e  p o s t - m o r t e m  inspection  and chilling o f  slaugh tered  poultry .
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Mechanically recovered meat

T h e  in c reas in g  p o p u la rity  o f  po rtions and  fu rth e r p rocessed  pou ltry  p roducts left 
p ro c e sso rs  w ith  a su rp lu s  o f necks, wings and  'f ra m e s’ (body  ske le ton) for which it was 
n ecessa ry  to  find uses in o rd e r  to  avoid  w astage o f valuable p ro te in  and to  m ain tain  
p ro fits . T w en ty  to  30 years ago this led to  the  pou ltry  processing industry  adop ting  the 
te c h n iq u e  o f  m echan ical d eb o n in g , w hich had  a lready  been  in op era tio n  with the  fish 
p ro cess in g  in d u stry  fo r ab o u t 10 years. T he p ro ced u re  readily  gained accep tance, 
p a r tic u la r ly  in th e  U .S .A . w here  90 m illion kg o f m echanically  d eboned  pou ltry  m eat 
w as b e in g  p ro d u c e d  annually  in 1979 (A n o n ., 1979). T he p roduct is used in a variety  of 
fo rm s , such  as f ra n k fu rte rs , sausages, p a ttie s , luncheon  m eat and dry soup mixes.

T h e re  a re  basically  tw o types o f d ebon ing  m achine in use in the pou ltry  industry . In 
th e  o ld e r , au g e r-ty p e  m ach ine , the  raw  m ateria l m ay be used in tact bu t is m ore  likely to  
b e  b ro k e n  in to  sm a lle r p ieces b efo re  being  forced  against screens, slots o r filter p la tes in 
th e  d e b o n e r . T h e  ed ib le  m echanically  recovered  m eat (M R M ) passes th rough  the 
o p e n in g s , w hile  th e  bu lk  o f the  bone residue does not.

In c o n tra s t to  th e  above con tinuous tw o-stage m achines, a single stage batch  
d e b o n e r , w hich d o es n o t req u ire  the p re lim inary  grinding o f the  bones, has been 
d e v e lo p e d  in E u ro p e . In this m ach ine  th e  m eat is sep a ra ted  from  the  bones by the 
ap p lic a tio n  o f  high p re ssu re  and  is filtered  th ro u g h  grids. T he action  o f this 'p ressu re '-  
ty p e  m ach in e  causes th e  m eat te m p e ra tu re  to  rise by only 3 to  5°C, com pared  w ith the 
7 to  10°C rise caused  by th e  m echan ical ac tion  o f som e auger-type d eb o n ers  (M ast e t  a l . , 
1982; N e w m a n , 1983).

C o m p o s i t i o n  o f  p o u l t r y  M R M  a n d  e f f e c t  o n  p r o d u c t  q u a l i t y

( a )  G r o s s  s t r u c t u r e .  T he  physical p rocesses involved in m echanically  debon ing  
p o u ltry  m e a t m ean  th a t th e re  is considerab le  d isrup tion  o f the m uscle s truc tu re  with the 
M R M  em erg in g  as a paste -like  m ateria l. M ast e t  a l .  (1982) rep o rted  th a t M R M  from  a 
'p r e s s u re ’-type  d e b o n e r  co n ta in ed  larger in tact m uscle fibres than  m ateria l p roduce  by 
'a u g e r ’-ty p e  m ach in es , a lthough  even am ong these  th e re  was a variation  in the struc tu re  
o f  th e  sev e ra l b a tch es  o f  M R M  exam ined .

T h e  p a s te -lik e  consistency  o f p ou ltry  M R M  has generally  lim ited its use to  chopped  
em u ls io n  p ro d u c ts , and  in the U .S .A . alm ost all pou ltry  frank fu rte rs  are  m ade from  
100%  M R M  (M a rsd e n , 1982), a lthough  the  consum er acceptibility  o f the  fran k fu rte r 
m ay  v a ry  acco rd in g  to  the  source  o f M R M . F or instance, frank fu rte rs p re p a red  with 
M R M  from  ch icken  backs, from  which fa t was rem oved  p rio r to  debon ing , w ere ra ted  
m o re  h igh ly  th an  th o se  p re p a re d  from  neck M R M  (B ak e r & K line, 1984). O n the  o th e r 
h a n d , if th e  fa t w as n o t rem o v ed , the  M R M  from  chicken backs was ra ted  less well than 
neck  M R M  (M acN eil, M a s t&  L each . 1978).

M a u re r  (1979) co n sid ered  th a t p o ten tia l uses fo r pou ltry  M R M  m ight be increased  
by te x tu riz in g  th e  p ro d u c t in som e w ay, such as ex tru sion , pan-fry ing o r the  add ition  of 
so y a  p ro te in , a lth o u g h  he subsequen tly  found  th a t inco rpo ra tion  o f 3 0 -4 0 %  heat 
tr e a te d  tu rk e y  M R M  in to  tu rkey  sum m er sausages resu lted  in a p roduct th a t was less 
juicy a n d  visually  less accep tab le  th an  sausages m ade  w ith 'raw ' tu rkey  M R M  o r ground 
b e e f  (M a u re r , 1986). O n  the  o th e r  h an d , a tu rk ey  roast exhibiting good binding and 
te x tu ra l p ro p e r tie s  w as o b ta in ed  w hen m ea t chunks, p rep a red  by hea t setting  salted 
tu rk e y  M R M , w ere  m ixed  w ith e ith e r 'ra w ' tu rkey  M R M  o r cubed thigh m eat (L am pila, 
F ro n in g  & A c to n , 1985). M eg ard , K itab a tak e  & C hefte l (1985) concluded tha t by 
m ix ing  ch icken  M R M  w ith  b ind ing  agen ts such as w heat flour o r egg w hite it was possible
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to  co n v e rt th e  m ix tu re  in to  a tex tu rized  m ateria l resem bling  m eat loaf by high 
te m p e ra tu re  ex tru s io n  cooking  in a tw in-screw  m achine.

C lea rly  th e  use o f tex tu rized  M R M  in p ro d u c ts  w arran ts  fu rth e r research .
(b) Bone content. C oncern  has been  expressed  ov er a possib le health  hazard  caused 

by  th e  inclusion  o f  b o n e  fragm ents in M R M . W hile the m ateria l has been  show n to 
c o n ta in  som e b o n e  p a rtic les , these w ere  considered  to  be so sm all as to  be unde tec tab le  
in th e  m o u th  on  ea tin g  p roducts con tain ing  M R M  and  w ould  not constitu te  a health  risk 
to  c o n su m e rs  (A n o n .,  1979).

O n  ex am in in g  b o n e  fragm en ts iso lated  from  m echanically  and hand  d eb o n ed  tu rkey  
m e a t by  d ig estio n  w ith p ap a in , F ron ing  (1979) found  the  partic les from  M R M  to  be 
su b s ta n tia lly  sm alle r. A  su b seq u en t investigation  show ed th a t bone partic le  sizes in 
M R M  from  ch icken  an d  fowl (spen t layers) varied  considerab ly , b u t those from  fowl 
w ere  la rg e r , hav ing  an average w idth o f 299 )xm and length  o f  557 p m  com pared  w ith 240 
a n d  374 p,m , respec tive ly , for chicken (F ron ing  et al. , 1981). This la tte r  study show ed 
th a t  b o n e  p artic le s  ac tua lly  agg regated  w hen papain  was used to  isolate fragm en ts, thus 
g iv ing  rise to  e rro n e o u s  estim ates o f  partic le  size. F ron ing  et al. (1981) found  th a t the 
s h o r t- te rm  d igestion  o f  M R M  in alcoholic po tassium  hydroxide gave accurate  esti
m a tio n s  o f  p a rtic le  size and  concluded  th a t the  rap id ity  o f this m ethod  m ade it m ore  
p ra c tic a l fo r use in th e  processing  industry  than  the  enzym e m ethod .

F ro m  th e ir  ex am in a tio n  o f M R M  derived  from  various sources ranging from  young 
tu rk e y s  an d  ch ickens to  year-o ld  spen t laying fowl, G ru n d en  & M acN eil (1973) 
c o n c lu d e d  th a t th e  p re -s lau g h te r age o f  the b ird  was an im p o rtan t facto r in de term in ing  
th e  b o n e  c o n te n t o f  p o u ltry  M R M . T he  h igher levels found  in spen t layer M R M  (T able 
1) e x c e e d ed  the  1% level set by U S D  A  and  p robab ly  reflected  an increased  degree  of 
b o n e  ca lc ification  in these  o ld e r b irds. F low ever, M ast etal. (1982) rep o rted  bone levels 
o f  1 -2 %  in b ro ile r  ch icken  M R M  o b ta in ed  from  som e debon ing  m achines and stressed  
th a t  p ro p e r  a d ju s tm e n t o f  the  m achine was necessary  in o rd e r  to  avoid high bone 
c o n te n ts  in th e  p ro d u c t.

(c) Proximate analysis. F ron ing  (1981) rep o rte d  a w ide varia tion  in the  p roxim ate 
ana ly sis  (p ro te in , fa t, m o istu re ) o f M R M  p rep a red  from  raw  chicken , fowl and tu rkey , 
w ith  p ro te in  levels rang ing  be tw een  9.3 and  15.5%  and fat from  12.7 to  27 .2% . T he 
v a ria b ility  m igh t have  arisen  from  a nu m b er o f factors, such as the age o f the b ird , w ith 
fa t c o n te n t o f  th e  carcass increasing  w ith age, o r it m ight be re la ted  to  the am o u n t o f 
m e a t an d  skin left on  the  bones o r  ‘fram es’ to  be m echanically  deboned .

Table 1. B o n e  c o n te n t o f  M R M  f ro m  v a r io u s  sources*

S o u rc e

B i r d  age 

(w e e ks ) Sex

Pe rcen tage  bone 

so lid s*

B r o i l e r  b ac ks 7 - 8 M a le 0 .79

S p e n t la y e r  ( F o w l) >  52 F em a le 1.44

carcasses

T u r k e y  ra c ks 24 M a le 0.32

T u r k e y  ra c ks 52 F e m a le 0.55

‘ d a ta  o f  G ru n d e n  &  M a c N e il ( 1973).

Te s t im a te d  u s in g  a to m ic  a b so rp t io n  s p e c tro p h o to m e try .
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O n  using  b ro ile r  ch icken  backs and  necks from  a com m on source in trials using four 
ty p es  o f  d eb o n in g  m ach ines, M ast et al. (1982) re p o rte d  a m uch low er q uan tity  o f fat in 
o n e  tr ia l th a n  th e  o th e r  tw o. T h e re  w as also considerab le  varia tion  be tw een  the  M R M  
p ro d u c e d  by  th e  d iffe re n t m ach ines, a lthough  the  com positions o f the  various m eats d id 
n o t  d iffe r sign ifican tly  (P > 0 .05). This suggested  th a t the  type o f  debon ing  m achine did 
n o t  m a te ria lly  in fluence th e  M R M  com position , thus suppo rting  the  view o f O rr  & 
W o g a r (1979) th a t th e  sou rce  o f  chicken backs and  necks used for p roducing  M R M  had  a 
g re a te r  in fluence  on its fa t and  m o istu re  co n ten t th an  th e  debon ing  m achine used. Since 
th e  tr ia ls  o f  O r r  &  W o g ar (1979) and  M ast et al. (1982) w ere carried  o u t over a p e rio d  o f 
tim e  using  m ach in es loca ted  in food  processing  p lan ts , the  possibility  o f m achine settings 
b e in g  a lte re d  b e tw een  tria ls can n o t be  ru led  ou t. A s well as affecting yields, debon ing  
m a c h in e  se ttin g s m ay  m arked ly  influence th e  fa t co n ten t o f M R M  (F ron ing , 1981).

S ince th e  p ro te in  an d  fa t co n ten t o f the  raw  m ateria l m ay be used to  calcu late  the 
m e a t c o n te n t o f  p ro d u c ts , a w ide day-to -day  varia tion  in M R M  com position  could  be  o f 
p ra c tic a l c o n se q u en ce  to  a food  p rocesso r w ho w ould  need  to  be aw are o f the  possible 
so u rc e s  o f  v a ria tio n .

(d) Stability o f MRM. P ou ltry  M R M  m ay be held  fo r 5 - 6  days a t 3 o r 4°C  befo re  
ra n c id ity , d u e  to  au to -o x id a tiv e  reac tions in th e  p ro d u c t, is d e tec ted  (D im ick, M acN eil 
&  G ru n d e n , 1972; M oerck  & B all, 1974), w ith chicken M R M  being  m ore  stab le  than  
tu rk e y  M R M  b ecau se  o f  its h igher toco p h ero l co n ten t (D aw son & G a rtn e r , 1983).

T h e  re la tiv e  instab ility  o f  p ou ltry  M R M  m ay be re la ted  to  its com position . In 
a d d itio n  to  in tro d u c in g  oxygen in to  the  p ro d u c t, the  process o f m echanical deboning  
re le a se s  h aem  p ig m en ts  from  th e  bone  m arrow , and  these  find th e ir w ay in to  the  M R M  
(F ro n in g  &  Jo h n so n , 1973). This m ay be p articu larly  acu te  in th e  case o f the  young 
ch ick en s  (4 2 -4 9  days o ld) cu rren tly  used by m uch o f  the  b ro ile r industry , since the  bones 
o f  th e se  b ird s  will co n ta in  m ore  red  m arrow  than  those  o f o ld e r b irds such as laying fowl.

W h ile  trig ly cerid es  co n stitu te  som e 93%  o f th e  to ta l lipid co n ten t o f chicken M R M , 
th e y  seem  to  b e  re la tive ly  u n im p o rtan t in p ro m o tin g  au to -ox ida tion  (M oerck  &  B all,
1974). R a th e r , th e  d e te rm in in g  fac to r is the  1 -2 %  o f p hospho lip ids, 6 2 -6 5 %  o f w hich 
m ay  b e  u n s a tu ra te d  and  w hich, un like  th e  trig lycerides, con ta in  fatty  acids w ith  th re e  to  
six d o u b le  b o n d s  (M o erck  & B all, 1974; D aw son &  G a rtn e r , 1983). G enera lly , the 
h ig h e r  th e  p ro p o rtio n  o f  u n sa tu ra te d  fa tty  acids p resen t, th e  m ore  susceptib le  the  lipid 
sy stem  will be  to  o x id a tio n . I t is generally  accep ted  th a t lipid ox idation  is catalysed  by the  
iro n  p re se n t in m uscle , a lthough  w h e th e r haem  o r non -haem  iron plays the  dom inan t 
ro le  in  th e  p ro cess  is o p en  to  co n jec tu re  in th e  case o f certa in  red  m eats such as b e e f and 
p o rk  (L o v e , 1983). A lth o u g h  app rox im ate ly  50%  o f the  to ta l iron in pou ltry  M R M  was 
p re s e n t  as h a e m  an d  ap p ro x im ate ly  50%  as n o n -haem  iron , Lee etal. (1975) concluded 
th a t  th e  h a e m p ro te in s  w ere  the  p red o m in an t catalysts o f  lipid oxidation  in pou ltry  
M R M . an d  th a t th e  ra te  o f  ox ida tion  increased  as the  m o lar ra tio  o f p o lyunsa tu ra ted  
fa tty  acids to  h aem  p ro te in s  increased  from  350:1 to  approx im ately  500:1. T hus it is 
h igh ly  likely  th a t th e  p ro b lem  o f rancid ity  will be  m ore  acu te  in those cases w here skin is 
in c lu d e d  w ith  th e  m ea t to  be  d e b o n e d , since th e  d ebon ing  o p era tio n  will express fa t from  
th e  sk in  in to  th e  m eat.

T h e  o n se t o f  ox ida tive  rancid ity  during  re frig e ra ted  sto rage  m ay be substantially  
d e la y e d  by th e  in co rp o ra tio n  o f  an tiox idan ts, such as bu ty la ted  hydroxyanisole, 
b u ty la te d  h y d ro x y to lu en e  o r ro sem ary  o leo resin , in to  tu rk ey  sausage contain ing M R M  
(B a rb u t,  Jo se p h so n  & M a u re r , 1985).

A s re g a rd s  th e  frozen  sto rage  o f raw  tu rkey  M R M , storage tim e ra th e r than
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te m p e ra tu re  b e tw e e n  — 13°C and  + 32°C  was the m ost im p o rtan t facto r affecting the  
e a tin g  q u a lity  o f  p ro d u c ts  subsequen tly  p re p a re d  from  the  M R M  (Johnson , C unn ing 
h a m  & B o w ers, 1974). T h ese  resu lts , to g e th e r w ith those  of Froning  et at. (1974), 
sh o w e d  th a t in th e  case o f tu rk ey , the  M R M  should  n o t be  held  in the frozen s ta te  for 
m o re  th a n  6 - 1 0  w eeks.

Shelf life of poultry and poultry products
P ro b a b ly  th e  fa s te s t grow ing sec to r o f the  pou ltry  m eat industry  is tha t o f the  chilled 
p ro d u c t. N a tu ra lly , such  a p ro d u c t has a re la tively  sh o rt shelf life w hen held  a t norm al 
ch ill te m p e ra tu re s  ( - 1  to  4°C ), and  m uch  resea rch  effo rt h ad  gone in to  develop ing  
m e a n s  o f  ex ten d in g  shelf life and  also in to  try ing to  estab lish  re liab le  m eth o d s  of 
p re d ic tin g  th e  she lf life o f ch illed  p ou ltry .

T h e  m o st n o ta b le  ind ica tion  o f quality  d e te rio ra tio n  w ith tim e in the chilled pou ltry  
ca rcass  is th e  tra n s itio n  from  a ‘fre sh ’ p ro d u c t having v irtually  no sm ell, to  m eat having a 
d is tin c t ‘o ff’ o d o u r  and  a variab le  am o u n t of slim e on its surface. In the  case c f  the  b ird  
c o n v e n tio n a lly  p ack ag ed  in p o ly th en e , the  d eve lopm en t o f ‘o ff’ odours equ a tes  w ith  the  
n u m b e r  o f  b a c te ria  p re se n t on  th e  b ird  [ l x l O 8 o rgan ism s/cm 2 (Shrim pton  & B arnes, 
I9 6 0 )]. C o n se q u e n tly , a n u m b er o f  stud ies have been  d irec ted  tow ards re la ting  ‘o ff’ 
o d o u r  to  th e  vo la tiles p ro d u ced  by spoilage b ac teria . A m ong  these volatile substances 
a re  su lp h id es , e s te rs , alcohols and  k e to n es (F reem an  et al. , 1976; P itta rd  et cl., 1982). 
S o m e  o f  th e se , such as hydrogen  su lph ide, d im ethyl su lphide and m e th an o l, w ere 
c o n s id e re d  to  b e  assoc ia ted  w ith  the  typical ‘o ff’ o d o u r o f chicken b reast m ea t u n d e r
g o ing  spo ilag e  a t re frig e ra ted  tem p e ra tu re s , b u t it w as n o t estab lished  th a t the  
c o m p o u n d s  w ere  p ro d u c e d  in large q u an titie s  p rio r to  spoilage. T hus this avenue of 
in v e s tig a tio n  a p p e a rs  to  be  o f lim ited  value.

A lth o u g h  o d o u r  is the  no rm al quality  crite rion  by which shelf life is judged , it is no t 
id e a l s ince  it d o es  n o t ta k e  in to  account b iochem ical changes occurring  in the  m eat, 
p o ssib ly  a lte r in g  th e  flavour b e fo re  an ‘o f f  o d o u r is d e tec ted . F o r instance, nucleo tides 
u n d e rg o  m a jo r  c a tab o lic  changes w ith  A T P  passing to  inosinic acid (IM P ), w hich is used  
co m m erc ia lly  as a  flavour e n h an ce r, and  th en ce  to  hypoxan th ine , w hich is said to  im p art 
a  b i t te r  f lavou r to  m ea t. I t has been  cla im ed  th a t the  level o f h ypoxan th ine in the  tissue 
m ig h t b e  u sed  as an  index  o f  freshness in b eef (P izzocaro , 1978) and thus several 
in v e s tig a tio n s  hav e  b een  ca rried  o u t in to  its usefulness as a quality  index in poultry . 
K h a n , D a v id e k  &  L en tz  (1967) h ad  n o ted  th a t hypoxan th ine  could be used as an index 
o f  ch ick en  m uscle  q uality , b u t fe lt th a t e rro n eo u s  resu lts cou ld  be ob ta ined  in the  case of 
ice ch illed  b ird s  w h ere  n itro g en o u s m a te ria l m ight be  lost by leaching. R ecen t w ork 
w ith  tu rk e y  m e a t (Jo n es et al. , 1982) show ed th a t w hile hypoxan th ine levels increased  
d u r in g  chill s to ra g e , a ta s te  p anel d id  n o t re p o rt a steadily  increasing ‘b it te r ’ flavour as 
th e  h y p o x a n th in e  levels reach ed  those  know n to  influence the  acceptability  of re d  m ea ts  
( 2 2 -2 7  m g/100  g m uscle). F u rth e rm o re , the  w ork  of Jones et al. (1982) ind ica ted  th a t 
th e  h y p o x a n th in e  c o n c e n tra tio n  w as influenced by th e  pFI value o f the s to red  m uscle.

C u rre n tly  it seem s th a t m uch  m o re  w ork  is req u ired  befo re  accep tab le  b iochem ical 
m e a n s  o f  estim atin g  p o u ltry  m ea t shelf life a re  available. T h e re fo re , a tten tion  is tu rn ing  
to  th e  use  o f  t im e - te m p e ra tu re  m on ito ring  o f the  p ro d u c t, since it is well know n th a t 
te m p e ra tu re  is th e  m a jo r  fac to r influencing the  shelf life o f chilled pou ltry  (P ooni & 
M e a d , 1984). M ead  (1985) recen tly  described  a b a tte ry  o p e ra te d  tem p era tu re  function  
in te g ra to r ,  ava ilab le  in the  U .K ., w hich m ay be used to  m o n ito r therm al abuse along  the  
p ro c e ss in g  an d  d is trib u tio n  chains. T he  in stru m en t in teg ra tes the effects o f tim e and
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te m p e ra tu re  to  p red ic t th e  rem ain ing  shelf life, p resum ing  th a t the  re la tionsh ip  betw een  
te m p e ra tu re  an d  spo ilage ra te  is know n. A ccord ing  to  M ead  (1985), the  pred ictive 
e q u a tio n  is g iven  by:

R = ( 0 .1 T + 1 ) 2

w h e re  R  is th e  re la tiv e  spo ilage ra te  (re la tive  to  the ra te  a t a reference tem p era tu re , 
u sua lly  0 °C ) and  T  is th e  s to rage  te m p e ra tu re  in degrees C.

A  k n o w led g e  o f  th e  initial bac te ria l load o f the p ro d u c t is necessary if shelf life is to  be 
p re d ic te d  accu ra te ly .

A s re p o r te d  by W ells &  Singh (1985), th e re  a re  a num ber o f o th e r  t im e - te m p e ra tu re  
in d ic a to rs , som e o f  w hich are  abuse ind ica to rs, and  o th ers  o f which are  full history 
t im e - te m p e r a tu re  devices. A lth o u g h  these  seem  to have been used principally  with 
fro z e n  m e a t, fu r th e r  d ev e lo p m en t m ay resu lt in the ir being used w ith chilled poultry .

In a d d itio n  to  the  organism s th a t cause spo ilage, food poisoning b ac teria  such as 
sa lm o n e lla s  m ay  co n ta m in a te  high num bers o f pou ltry  carcasses. M any a ttem p ts  have 
b e e n  m a d e  to  red u ce  th e  bac teria l load on carcasses by using dips o r sprays o f chem icals 
such  as p h o sp h a te s , o rgan ic  acids o r g lu ta ra ld eh y d e , as well as by super-ch lo rina tion  
(M e a d , 1980). Such tre a tm e n ts  a re  freq u en tly  o f lim ited  value because they e ithe r 
p ro d u c e  a d v e rse  qu a lity  effects o r m ay no t be app roved  fo r food use by regu lato ry  
ag en c ie s , ev en  if th e  efficacy o f  a ce rta in  tre a tm e n t has been  estab lished . F o r instance , 
c h lo r in a tio n  o f  p rocessing  w a te r has been  show n to reduce  the  to tal bacterial load , bu t is 
n o t legally  p e rm itte d  in som e E u ro p e a n  coun tries (M ulder, 1982). F or these reasons, 
o th e r  te c h n iq u e s  fo r reducing  bac teria l load and ex tend ing  the  shelf life o f poultry  
ca rcasses  an d  p o rtio n s  have  been  stud ied .

Effect o f  reduced temperature
T h e  efficacy o f  using low te m p e ra tu re  for p ro longing  the  shelf life o f poultry  

ca rcasses  has been  w ell d o cu m en ted . F o r instance, holding chickens at 2°C  resu lted  in a 
2 d ay  ex te n s io n  o f  she lf life w hen com pared  w ith sto rage at 5°C (B ailey et al., 1979). 
H o w e v e r , th e  effec t o f  using even low er sto rage  te m p e ra tu res  was strikingly d em o n 
s tra te d  by  B arn es et al. (1978) w ho exam ined  tu rkey  carcasses held  in oxygen p erm eab le  
p o ly th e n e  bags a t te m p e ra tu re s  be tw een  5°C  and  - 2 ° C .  A t 5°C the  average tim e tha t 
e la p se d  b e fo re  th e  d e te c tio n  o f ‘o f f  o d o u r was 7.2 days; at 0°, 22.6 days, bu t at —2° the 
tim e  w hich  e la p se d  b efo re  the  de tec tio n  o f ‘o f f  o d o u r was 38 days.

T h u s , h o ld in g  carcasses a t —2°C m ight enab le  a pou ltry  p rocessor to  ensu re  a m ore 
e v e n  flow  o f  p ro d u c t at ce rta in  tim es o f the  year. H ow ever, the  p rocessor m ust exercise 
c a re fu l te m p e ra tu re  co n tro l since, a lthough  the  m eat is n o t frozen at this te m p e ra tu re , it 
is c lo se  to  its freez in g  p o in t o f  b e tw een  - 3  and  - 4 ° C  (B arnes, Im pey & G riffiths, 1979; 
S h r im p to n , 1965). It is n o t c lear w h e th e r pou ltry  held  a t - 2 ° C  could be sold as ‘ch illed ’ 
w ith in  p a r ts  o f  E u ro p e , since w ith in  the  E E C , for instance, the  recom m ended  
te m p e ra tu re  ran g e  fo r chilled  p ou ltry  p ro d u ce  is from  4°C  to -  1°C.

Modification o f atmosphere surrounding the meat

(a) Packaging material and vacuum packaging. T he  sim plest m eans o f  m odifying the 
a tm o sp h e re  a ro u n d  th e  carcass is to  m ake  use o f the  fact th a t post-mortem resp ira tion  of 
th e  p o u ltry  m e a t will ab so rb  oxygen and  re lease  carbon  dioxide. T hus, with a carcass 
h e ld  in an  oxygen  im p erm eab le  film o r package , th e re  will be a decrease  in the  oxygen
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c o n te n t  a n d  an  increase  in the  carbon  d ioxide level in the space betw een  the  bag and  the 
carcass .

In  an  ea rly  e x p e rim e n t, S hrim p ton  & B arnes (I960) com pared  chickens w rap p ed  in 
p o ly th e n e  bags w ith  o th e rs  in v iny lidene ch loride-vinyl ch lo ride  co-polym er bags th a t 

w ere  e v a c u a ted  and  h e a t sh ru n k . A fte r  12 days at 1°C, the  carbon  dioxide co n ten t in the  
p o ly th e n e  bags w as 2 .1%  (0 .2%  a t 0 days) and  the  carcasses had developed  a defin ite  
‘o f f ’ o d o u r . In  th e  case o f th e  evacua ted  packs ‘o f f  od o u rs  w ere not de tec ted  until a fte r 
16 days o f  s to ra g e , by  w hich tim e th e  carbon  d ioxide in the  packs had reached  a level 
o f  10% .

L a te r  w ork  w ith  ducks and  chickens (B arnes, Im pey & G riffiths, 1979; Igbinedion  et 
al., 1981) sh o w ed  th a t w rapp ing  in h ea t sh runk  oxygen-im perm eab le  film w ould ex tend  
sh e lf  life by  m o re  th a n  5 0 % , w hen  com pared  w ith sto rage  in po ly thene bags, and  the 
a u th o rs  a ssu m ed  th a t this benefit was d ue  to  the build  up o f CCL in the packs.

S tu d ie s  using vacuum  p ackaged  tu rk ey  d rum sticks and  b reast m uscle fillets revealed  
th a t  levels o f  C 0 2 as low as 3%  could  inhibit the  grow th o f spoilage b ac teria  and th a t the 
d e v e lo p m e n t o f  ‘o ff’ o d o u r in the  d rum sticks was delayed  from  14 to 20 days and from  16 
to  25 days in th e  case  o f  b reas t fillets (Jones etal. , 1982; M ead  et al., 1983). H ow ever, a 
tra in e d  ta s te  p a n e l fo u n d  m ark ed  flavour changes to  p recede  the de tec tion  o f defin ite 
‘o f f ’ o d o u rs , th u s su p p o rtin g  the  ea rlie r co n ten tio n  th a t o d o u r detection  alone m ight not 
b e  th e  b e s t c rite r io n  fo r judg ing  the  shelf life o f pou ltry  m eat. F u rth e r possible 
d ra w b a c k s  to  th e  use  o f  vacuum  packs fo r the  re ta il sale o f pou ltry  are the  leakage o f fluid 
fro m  th e  m uscle  d u rin g  s to rag e , leaving unsightly  ‘d rip ’ in the packs; a bluish tinge to  the 
m e a t re su ltin g  from  th e  red u c tio n  o f  the  m uscle m yoglobin , and lastly, a slight o d o u r 
p e rc e iv e d  w hen  th e  pack  is o p en ed . H ow ever, the  o d o u r d isappears and co lour is 
re s to re d  sh o rtly  a f te r  the  m eat has been  exposed  to  air (M ead  etal., 1983; H um phreys, 
1985).

(b) Gas flushing. T h e  resu lts o b ta in ed  by S hrim pton  & B arnes (1960) using 
e v a c u a te d  packs fo r th e  s to rag e  o f  chickens w ere no t too  surprising  in view o f ea rlie r 
o b se rv a tio n s . C o y n e  (1933) and  H aines (1933) found  th a t C 0 2 at levels o f 10 -20%  
in h ib ite d  th e  g row th  o f  a n u m b er o f spoilage organism s if the  sto rage tem p era tu re  was 
k e p t be low  4°C . A lth o u g h  use was soon m ade o f  the  findings o f C oyne and H aines to 
d e v e lo p  system s fo r th e  sh ipm en t o f  red  m eat on  long voyages, the m ethod  of tran s
p o r tin g  p o u ltry  m ea t in a  con stan t level o f C 0 2 at chill tem p era tu re  (con tro lled  
a tm o s p h e re , C A ) d o es n o t ap p e a r to  have been  w idely used in recen t years.

O gilvy  & A y res  (1951) ca rried  ou t the  first extensive study on the  use o f C 0 2 to  
p ro lo n g  th e  she lf life o f  chicken p o rtio n s w hen they exam ined  the  effects o f bo th  
c o n tro lle d  o r  m odified  a tm o sp h e re  (M A ), w here  p o rtio n s w ere packed  in CO-2 but no 
a t te m p t w as m ad e  to  co n tro l the  gas com position  during  sto rage. B oth  system s gave an 
e x te n s io n  o f  sh e lf  life , a lthough  th e  effect was g re a te r  in the  case o f C A . T hese  au tho rs 
a lso  fo u n d  th a t  w ith in  th e  range o f  0 -2 5 %  C 0 2 the  ra tio  o f keep ing  tim e o f chicken in 
th e  p re se n c e  o f  C 0 2 to  th a t in a ir w as a linear function  of C 0 2 concen tra tion . T hey  
c o n s id e re d  th e  25%  level o f C 0 2 to  be  the  m axim um  to be used because of the rap id  
d isc o lo ra tio n  o f  th e  m e a t w hich o ccu rred  during  sto rage at h igher levels. T hese  o b se r
v a tio n s  seem  to  be  a t variance  w ith  those  o f o th e r  w orkers (H otchkiss, B ak er & Q u re s h i ,  
1985) w h o  fo u n d  th a t th e  co lou r o f  chickens s to red  in a M A  contain ing  80%  C 0 2 at 2°C 
w as m a in ta in e d  fo r a t least 28 days. T he  study  o f H otchk iss et al. (1985) ind icated  th a t 
th e  o d o u r  o f  raw  ch icken  q u a rte rs  s to red  in 80%  C 0 2 was accep tab le  for up to  35 days, in 
c o n tra s t  to  th e  o b se rv a tio n s  o f W abeck , P a rm e tee  & S tadelm an  (1968) w ho found  th a t
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c a rcasses  h e ld  a t 1°C in a C A  o f a ir con ta in ing  10 o r  20%  C 0 2 developed  ‘sw ee t’ or 
‘f ru ity ’ ‘o ff’ o d o u rs  6 days b e fo re  con tro l carcasses held  in air. A  sim ilar sw eetish, 
n o n -c h a ra c te r is tic  spo ilage o d o u r w as also n o ted  w hen  chickens w ere sto red  in 
c o n ta in e rs  in so lid  C 0 2 (T hom son  & R isse, 1971) and  it was felt th a t this C o r r e la te d  
‘o f f ’ o d o u r  co u ld  b e  a p ro b lem  in s to rage  facilities o r  tightly  closed boxes.

A  co m m o n  fe a tu re  o f  stud ies on  chickens held in m odified a tm ospheres has been  the 
ra p id  d ec lin e  in C 0 2 levels in th e  packs. It m ay go from  100 to  40%  in 24 h r and  dow n to 
2 0 %  a f te r  2 days o f  s to rag e  (S an d er & Soo , 1978; G ray , E llio t & T om lins, 1984), and  it is 
g e n e ra lly  a ssu m ed  th a t th is d isap p earan ce  resu lts from  the  high solubility  o f C 0 2 in the 
liq u id  film on  the  su rface  o f  the  m eat.

In  c o n tra s t to  th e  co n sid erab le  am o u n t o f w ork carried  o u t on chicken , th e re  is little 
in fo rm a tio n  re la tin g  to  th e  gas packaging  o f tu rkey  m eat. M ead  et al. (1983), using 
sk in less  tu rk e y  b re a s t fillets, show ed th a t packs con tain ing  30%  C 0 2 in n itrogen  held at 
1°C w e re  ac c e p tab le  fo r up  to  3 w eeks o f s to rag e , a lthough  the m eat quickly lost its 
‘b lo o m ’. In  an  a tte m p t to  im prove m ea t co lour, som e fillets w ere sto red  in packs 
c o n ta in in g  10 o r  20%  oxygen  in ad d itio n  to  20 and  30%  carbon  dioxide. H ow ever, th e re  
w as a ra p id  d e v e lo p m e n t o f u n p leasan t flavours in th e  cooked  m eat, apparen tly  re la ted  
to  th e  C 0 2 c o n c e n tra tio n  in the  pack. In add ition , the  raw  m eat developed  a salm on pink 
c o lo u r , w hich  so m etim es persisted  in to  the cooked  m eat. T he  au tho rs concluded  th a t the 
inc lu sion  o f  0 2 in gas packs o f skinless tu rk ey  b reas t fillet w ould be o f little com m ercial 
v a lu e  an d  th a t fu r th e r  resea rch  was req u ired  in this a rea . This view is clearly  reinforced  
by  a re c e n t re p o r t th a t a t least o n e  com pany  in the  U .K . is m arketing  bulk packs of 
ch illed  tu rk e y  p o rtio n s  held  in b a rr ie r  bags u n d e r an a tm o sp h ere  o f carbon  diox ide/ 
n itro g e n /o x y g e n  (A n o n ., 1986b). Som e o f these  p roducts have skin a ttached  and so m ay 
b e h a v e  d iffe re n tly  from  the  b reast fillets used by M ead  et al. (1983).

Irradiation of poultry meat
A n  a lte rn a tiv e  m ean s o f  p ro long ing  shelf life, as well as reducing  the levels o f pa thogenic  
b a c te r ia  on  p o u ltry  m ea t, is to  su b jec t the  carcasses to  ionizing rad ia tion , a p rocess used 
fo r th e  p a s te u r iz a tio n  and  s te riliza tion  o f foodstuffs fo r 40 years. In this p a p e r only 
p a s te u r iz a tio n  will be considered .

A lth o u g h  im p o rta tio n  o r  sale o f irrad ia ted  foods is n o t cu rren tly  allow ed in the  U .K ., 
th e  ir ra d ia tio n  o f  se lec ted  foods is allow ed in a n u m b er o f coun tries. F or instance, in T he 
N e th e r la n d s  th e  m ax im um  dose app roved  fo r re frig e ra ted  pou ltry  carcasses is 3 kG y 
w h ile  in Is rae l an d  S o u th  A frica  p ou ltry  carcasses m ay be trea ted  w ith up to 7 kG y: the 
G ra y  (G y ) is th e  a b so rp tio n  o f 1 jo u le  o f  energy /kg  irrad ia ted  m ateria l and is equ ivalen t 
to  100/rads.

T w o  fo rm s o f  ra d ia tio n  p as teu riza tio n  m ay be used to  p ro long  shelf life.

Radurization is designed  to  kill o r  inactivate  the spoilage organism s, and for poultry  
th is  is g en e ra lly  ca rr ie d  o u t a t dose  levels o f ab o u t 2.5 kG y. T he  irrad ia ted  p roduct needs 
to  b e  s to re d  u n d e r  re fr ig e ra te d  conditions.

Radicidation is desig n ed  to  k ill, o r ren d e r harm less, non-spore  form ing bac teria  of 
p u b lic  h e a lth  im p o rta n c e  and  is generally  ca rried  ou t at doses o f 2 .5 -5 .0  kG y  for chilled 
(fre sh )  p o u ltry  an d  up  to  7.5  kG y  fo r frozen  p o u ltry  w here  the  reduced  availability of 
w a te r  re su lts  in an  in c reased  b ac te ria l resistance to  rad ia tio n . A s w ith radu riza tion , the 
‘f re s h ’ ir ra d ia te d  p ro d u c t is s to red  in the  re frig e ra ted  sta te .
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O f th e  va rio u s m e th o d s  o f  rad ia tio n  described  by M ead  & R oberts  (1986), dosage by 
g a m m a -ra d ia tio n  w ould  seem  to  be th e  one o f choice fo r pou ltry  carcasses because the  
h igh  p e n e tra tio n  w ou ld  allow  it to  affect b ac teria  in the  carcass cavity.

( a )  E x t e n s i o n  o f  s h e l f  l i f e  a n d  e l i m i n a t i o n  o f  p a t h o g e n i c  b a c t e r i a

D o se s  o f  irra d ia tio n  as low as 1 kG y  m ay e lim inate  spoilage b ac teria  and thus 
in c re a se  th e  sh e lf  life o f p ou ltry  m ea t, a lthough  the  ex tension  o f shelf life a tta in ed  will 
a lso  be  in fluenced  by the  sto rage  te m p e ra tu re . F or instance , M ulder (1982) rep o rted  
th a t  in th e  case o f  p o u ltry  carcasses irrad ia ted  at 2.8  kG y  and held  at 1.6°C the extension 
o f  sh e lf  life w as 21 days, bu t a t 4 .4°C  it w as 14 days. T he lim iting facto r to  the  shelf life of 
p o u ltry  d o es n o t seem  to be  m icrobial spoilage bu t a decline in the eating  quality  o f the 
ir ra d ia te d  m ea t. R ecen tly  B asker e t  a l .  (1986) found  tha t the eating  quality  o f  b reast 
m e a t from  ch ickens irrad ia ted  at 3.8  kG y and held  at 1°C was m ain ta ined  for 3 w eeks 
a n d  d ec lin ed  a fte r  a fu rth e r  w eek . A p p a re n tly , m icrobial spoilage did no t beco m e a 
p ro b le m  un til a f te r  35 days o f  s to rage  in the  case o f  irrad ia ted  chickens, com pared  w ith a 
sh e lf  life fo r  ch illed  n o n -irra d ia te d  carcasses o f ab o u t 4 days.

A s w ell as be ing  a too l for ex tend ing  shelf life, irrad ia tion  is curren tly  o f in te re s t to  
th e  fo o d  m icrob io log is t as a possib le m eans o f rem oving  pa thogen ic  b ac te ria , p a rtic u 
la rly  S a l m o n e l l a , com m only  found  on processed  pou ltry  carcasses. In the U .S .A ., an 
e x p e r t p a n e l co n c lu d ed  th a t irrad ia tio n  o f pou ltry  at 7 kG y w ould e lim inate S a l m o n e l l a . 
w hile  sm a lle r d oses o f  ap p ro x im ate ly  2 kG y  could  adequa te ly  reduce , o r even e lim ina te , 
S a l m o n e l l a  in ch ickens ra ised  and p rocessed  u nder good san itary  conditions (F roning ,
1978). H o w ev er, M u ld e r (1982) rep o rte d  th a t w hile irrad ia tio n  w ith 2.5 kG y caused  a 
te n -fo ld  d e c re a se  in the  to ta l n u m b er o f S a l m o n e l l a - p o s i t i v e  chicken carcasses, as well 
as re d u c in g  th e  n u m b e r o f  o rganism s p er carcass, this dose did not g u aran tee  a 
S a l m o n e l l a - ' f r e e ’ carcass. G re a te r  e lim ination  o f S a l m o n e l l a  was achieved if the 
ir ra d ia te d  carcasses w ere  held  a t -  18°C for 3 m onths.

W h ile  m ic rob ia l suscep tib ility  to  irrad ia tion  seem ed  to  be g rea te r w hen chicken 
c a rcasses  w ere  tre a te d  at 5°C  than  at — 18°C, th e re  was no statistical d ifference betw een  
th e  tw o  te m p e ra tu re s  (M u ld er, 1982).

( b )  E f f e c t  o f  i r r a d i a t i o n  o n  p r o d u c t  q u a l i t y

I r ra d ia tio n  p a s te u riz a tio n  m ay be considered  to  be a ‘co ld ’ process since it causes 
o n ly  a sligh t rise in p ro d u c t te m p e ra tu re , and  thus changes in nu tritional quality , such as 
re d u c tio n  in v itam in  co n te n t, are  generally  m inim al. H ow ever, the  sensory  quality  of 
p o u ltry  m ay  d ec line  as a resu lt o f irrad ia tio n  as m ay be judged  by the  fact th a t chicken or 
tu rk e y  m e a t ir ra d ia te d  a t 1 .2 5 -8 .0  kG y and held  u n d e r chill conditions developed  a 
p in k ish  o r  red  co lo u r w hich w as m a in ta in ed  th ro u g h o u t the  sto rage period  (C oleby , 
In g ra m  &  S h e p h e rd , 1960; M ead  & R o b e rts , 1986). It is no t c lear w h e th er th e  slight 
c o lo u r  ch an g e  p ro d u c e d  by irrad ia tion  w ould p re jud ice  consum ers used to  w hite sk inned  
o r  fle shed  p o u ltry .

C h a n g e s  in p ro d u c t qua lity  a re  no t confined to  the  co lour o f the  m eat, since early  
s tu d ie s  sh o w ed  th a t raw  ch icken  m ea t can develop  an ‘irrad ia tio n ’ o d o u r at dosages as 
low  as 1 k G y , w ith  th e  o d o u r increasing w ith increasing dose. W hile sensory panels w ere 
sa id  to  be  ab le  to  ran k  carcasses in o rd e r  o f increasing rad ia tion  dose on the  basis o f th e ir  
o d o u r  (C o leb y  e t  a l . , I960; H an so n , B rushw ay & L inew eaver, 1964), o th e r  stud ies gave 
so m e w h a t d iffe re n t resu lts . M ercu ri, K o tu la  & Sanders (1967) did no t find an ‘irrad ia-
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t io n ’ o d o u r  w ith  ch icken  irrad ia ted  at 1 o r  3 kG y , b u t rep o rte d  the  typical ‘w et h a ir ' o r 
‘f e a th e r s ’ o d o u r  w ith  a dosage o f 5 kG y. T he  o d o u r resu lting  from  irrad ia tion  seem s to  
b e  o n ly  tra n s ito ry , lasting  up to  4 days o f chilled sto rage  a fte r tre a tm e n t at 5 kG y 
(M e rc u ri e t  a l . , 1967; F ro n in g , 1978). F ron ing  (1978) re p o rte d  th a t, w hen the  trea tm en t 
w as re d u c e d  to  2.5  kG y , th e  ‘irra d ia tio n ’ o d o u r w as d e tec ted  on the day o f trea tm en t, 
b u t n o t a f te r  4 days o f  s to rag e . T h e  foregoing  re fe rs  to  experim en ta l d a ta  and it is not 
c le a r  w h e th e r  th e  co n su m er w ould  d e tec t the  ‘irra d ia tio n ’ o d o u r in pou ltry  tha t had 
p a sse d  a lo n g  th e  n o rm a l d is trib u tio n  chain.

In  a d d itio n  to  th e  p ro d u c tio n  o f ‘irrad ia tio n  o d o u r’, flavour changes in cooked  m eat 
m ay  o ccu r as a  re su lt o f irrad ia tio n . C o leby  e t  a l .  (1960) found  tha t the flavour o f  cooked  
m e a t fro m  ch ickens d o sed  w ith  be tw een  1.25 and 5 kG y  could  be ran k ed  in o rd e r  o f 
in c reas in g  d o se  if cook ing  w as carried  ou t by steam ing . This was not the  case with 
ro a s te d  m e a t. In fac t, an  ex p erien ced  taste  panel generally  failed to  select roasted  
ca rcasses  th a t h ad  rece ived  up to  8 kG y in the  raw  sta te . T he m asking o f ‘irrad ia tion  
fla v o u r’ by ro as tin g  has been  confirm ed by M ead  & R o b erts  (1986).

( c )  F e a s i b i l i t y  a n d  a c c e p t a n c e  o f  f o o d  i r r a d i a t i o n

I r ra d ia t io n  tech n o lo g y  has advanced  to  the  stage w here  the  process is ready  for 
a p p lic a tio n  by th e  food  industry , as ev idenced  by the  fact th a t gam m a-rad iation  p lan ts 
a re  a lre a d y  o p e ra tin g  in a n u m b er o f E u ro p e a n  coun tries (F ran k en , 1981; W ebb & 
H e n d e rs o n , 1986). If food  irrad ia tio n  w ere  to  be  legalized in the U .K ., presum ably  m ore 
p la n ts  w o u ld  be  d ev e lo p ed  at a s ta rt-u p  cost o f ab o u t £1 m illion each. T he cu rren t 
l i te ra tu re  g ives little  ind ica tion  o f the cost o f  irrad ia tio n  to  the pou ltry  processor, 
a lth o u g h  F ro n in g  (1978) suggested  th a t app lica tion  to  the  packed  and boxed  chickens 
w o u ld  b e  in th e  reg ion  o f 2 cen ts/kg , w hile F ran k en  (1981) po in ted  o u t th a t the  price 
w o u ld  b e  d e p e n d e n t up o n  the  app lied  dose , and  th a t for a dose o f 3 kG y the  cost w ould 
be  in  th e  ra n g e  o f  0 .1 6 -0 .2 2  D u tch  guilders p e r  kg chicken.

A  m a jo r  p ub lic  re la tio n s exercise m ight be n eed ed  to  get consum ers to  accept 
i r ra d ia t io n , d e sp ite  th e  fact th a t the  p rocess m ay im prove the  m icrobiological safety  of 
p o u ltry  as w ell as ex ten d in g  its shelf life. A cco rd ing  to  M ulder (1982), the  m ain reason 
fo r  ir ra d ia tio n  n o t becom ing  w idely used fo r p o u ltry  is the  consum ers’ resistance to  any 
p ro c e ss  in w hich a to m ic  energy  is involved , even though  som e au tho rities believe tha t 
th e  ir ra d ia tio n  p rocess  as app lied  to  food  does no t induce radioactiv ity  (A n o n ., 1986c). 
In d e e d , so m e  o f  th e  rad io ly tic  p roducts fo rm ed  in m eat m ay also be found  in non- 
ir ra d ia te d  p ro d u c ts  (B ryn jo lfsson , 1985).

A  re c e n t re p o r t  from  th e  A dv iso ry  C om m ittee  on the  Safety o f Irrad ia ted  and  N ovel 
F o o d s  (A C IN F , 1986) s ta te d  th a t ionizing rad ia tio n  p re sen ted  no toxicological hazard  
a n d  in tro d u c e d  no  specia l n u tritio n a l o r  m icrobio log ical p rob lem  if p roperly  app lied  up 
to  a d o sag e  o f  10 kG y . W eb b  & H en d e rso n  (1986) felt th a t the A C IN F  rep o rt did not 
c o v e r  p o ss ib le  h e a lth  effects in d e p th , and  also p o in ted  o u t th a t no  test is cu rren tly  
av a ila b le  to  iden tify  food  th a t has been  irrad ia ted . T his lack o f a definitive test was 
su g g ested  as a re a so n  fo r n o t yet legalizing food  irrad ia tio n  in the  U .K ., w hile the  pilot 
su rv ey  c a rr ie d  o u t by W eb b  & H en d e rso n  also show ed th a t food p roducers felt tha t 
ir ra d ia tio n  sh o u ld  n o t b e  used  to  co m p en sa te  for p o o r m anufac tu ring  practice.

C o n su m e r re a c tio n  to  irra d ia te d  food  m ay, how ever, vary  w ith the  consum er group, 
as sh o w n  in a re c e n t survey  ca rried  o u t in the  U .S .A . by B ru h n , Schütz & Som m er
(1986). H e re ,  co n v en tio n a l consum ers w ere m ore likely to  accept irrad ia ted  foods than

45
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‘a l te rn a tiv e ’ (eco log ically  sensitive) consum ers, and  th e ir  a ttitu d e  tow ards food irrad ia 
tio n  co u ld  be  positive ly  in fluenced by an ed ucational p rog ram m e. In general the  au thors 
fo u n d  th a t  co n su m ers show ed a h igher level o f concern  abou t the  use of food 
p re se rv a tiv e s  th a n  fo r food  irrad ia tio n , bu t w illingness to  buy irrad ia ted  food was based  
o n  th e  sa fe ty  o f  th e  p rocess  ra th e r  th an  th e  advan tage  o f the  food product.

Conclusion
T h e  in c re a se  in th e  efficiency o f p roduc tion  and  th e  con tinuous developm ent for fu rth e r 
p ro c e sse d  an d  ‘v a lu e  a d d e d ’ p ou ltry  p roducts w ould  not have been  possible w ithou t the 
a p p lic a tio n  o f  sc ience and  technology . H ow ever, som e o f the  innovations have been  
c o n c e rn e d  solely  w ith  m axim izing the  efficiency o f p roduc tion  and have not tak en  into 
a c c o u n t th e ir  possib le  effects on  m ea t quality , such as tenderness . In fact, the a rea  of 
m e a t te n d e rn e s s  is o ne  in w hich a m ore  com prehensive  understand ing  of the  post
mortem  b io ch em ica l reac tio n s accom panying  physical changes th a t occur in pou ltry  
m u sc le  is n e e d e d  b e fo re  c u rren t d ebon ing  m ethods can be  fully utilized.

F u r th e r  a reas  fo r investigation  include the  elucidation  of the  sensory  changes 
o c c u rrin g  d u rin g  the  s to rag e  o f p ou ltry  and  the  estab lishm en t o f definitive m ethods for 
p re d ic tin g  th e  sh e lf life o f  p ou ltry  p roducts.
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Effect of polysaccharide stabilizers on the rate of 
growth of ice

A. H. Ml HR * a n d  J. M. V. B L A N S H A R D t

Summary

Measurements of the linear rate of advance of ice into undercooled aqueous solutions 
and gels have been made. The solutes consisted of sucrose with smaller quantities of 
other substances, mostly polysaccharides. The linear crystallization velocity in sucrose 
solutions is mainly governed by the rate of diffusion of sucrose molecules, and the 
addition of soluble polysaccharides causes only a small extra retardation. However, the 
growth of ice into undercooled sucrose solutions is drastically retarded and altered in 
morphology by the presence of a gel network. This effect is discussed qualitatively in 
terms of the interaction of the ice front with the gel fibres, which reduces the 
equilibrium freezing point and may lead to rupture of the fibres.

Introduction

It is widely believed that hydrophilic gums (‘stabilizers’) interfere with ice crystal
lization in ice-cream. No direct evidence of an effect of stabilizers on ice crystal size has 
been published, but the use of stabilizers does result in a product that is perceived as 
being ‘smoother’. Since the coarseness of a population of crystals depends (for a given 
rate of heat removal) on the relative rates of nucleation and growth (Fennema, Powrie 
& Marth, 1973) it might be inferred that stabilizers either enhance the nucleation of ice, 
or reduce the rate of growth. As stabilizers affect nucleation of ice to an insignificant 
extent in frozen confectionery products (Muhr, Blanshard & Sheard, 1986), the second 
possibility is examined in this paper.

The three important potential rate determining steps for crystal growth are heat 
transfer, mass transfer and interface reaction kinetics. It was envisaged that stabilizers 
would have an insignificant effect on heat transfer (Callow, 1952) but might influence 
either or both of the other steps. To clarify the theoretical framework, consider the 
growth of an ice crystal in an undercooled unstirred solution, originally having a solute 
concentration of c h and temperature 7), (and retaining these values sufficiently far from 
the interface at all times). Exclusion of the solute from the growing interface will result 
in an enhanced solute concentration at the interface (c,). The temperature of a 
stationary interface, of radius of curvature R, should have the equilibrium value TM, 
where
T\i = Trie,) -2<r/R\Sv (1)

where TF (c,) is the equilibrium freezing point for a plane ice interface with a solution of 
concentration c,, c r is the ice/solution interfacial energy, and ASy is the entropy change
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when the unit volume of ice is formed from an infinite reservoir of the solution. 
However, for a finite rate of molecular deposition (corresponding to a linear crystal 
growth velocity V) the interface temperature T, will differ from TM by an amount AT, 
related to V by a growth law

V =  f(AT,„c,)- (2)

For the sake of clarity, the relationship between the various temperatures is given in 
Fig. 1.

Melting point of pure water

fct J Melting point of bath solution

T (C  )  ^ e^ 'n<3 P0'0' of solution at the interface 

Eguilibrium temperature of the interface
M '

Interface temperature 

Bath temperature

Figure 1. T h e  re la t io n s h ip  b e tw e e n  te m p e ra tu re s  fo r  c rys ta l g ro w th  in to  an u nd e rco o led  

s o lu t io n .

It is apparent that, for steady-state growth, c, and T, must attain such values that the 
macroscopic freezing rate (V) determined by mass transfer (driving force ATv) equals 
that determined by heat transfer (driving force AT),), or by the molecular deposition 
rate (driving force AT,). From Fig. 1,
Arj + A7’/ + A7'/I = AT-2o-/AS,R. (3)
If one of these processes (say that corresponding to ATs) is very much slower than the 
others then it follows that (neglecting capillarity),
A Ts = AT
and a considerable simplification is achieved, since the rather inaccessible values of c, 
and r, are removed from the problem. Use is made of this simplification in a theoretical 
treatment in the discussion section.

In the experimental work the linear growth rate V was measured as a function of c/, 
and Th. It proved necessary to use two techniques of measurement, namely the 'tube' 
and ‘flask’ techniques.

In the first technique, the undercooled solution was contained in a U-tube and, after 
seeding ice at one end, the rate of growth of ice along the tube was measured. The ‘tube 
experiment' was inapplicable to gels, since the ice spread rapidly between the gel 
surface and the tube wall, thus concealing the progress of any ice growing inside the gel. 
For this reason a second technique was devised in which an ice seed was introduced into 
the centre of a round flask filled with the undercooled gel (or solution). The ‘flask 
experiment’, however, proved unsatisfactory for sucrose solutions in the absence of 
stabilizers, since convective currents arose which were observed to seriously disturb the 
ice-crystal growth. The two techniques were thus complementary.
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Materials and methods

The source and specification of the stabilizers used have already been reported (Muhr, 
etal. 1986).

1. The tube experiment for ice-crystal growth rates

Background. The tube experiment has been used to measure linear crystallization 
velocities by many workers (Hartmann, 1914; Walton & Judd, 1914; Brann, 1918; 
Freundlich & Oppenheimer, 1925; Tammann & Buchner, 1935; Kost, 1953; Lusena, 
1955; Pruppacher, 1967; Glicksman, Schaefer & Ayers, 1976). What is measured, as 
presently understood, is the rate of advance of the front of a dendritic invasion of the 
contents of the tube. Such a dendritic invasion is (for a pure liquid) essentially an 
isenthalpic process, i.e. the time taken for the invasion of a particular volume element is 
short compared to the time required for a significant transfer of heat from the volume 
element to the bath (Glicksman etal., 1976). Under these conditions, the undercooling 
of the tube contents determines the rate of advance of the invasion front (V), and also 
the fraction of water transformed to ice. (Immediately after the invasion, the tem
perature of the ice/water is close to the melting point.) Heat transfer to the surrounding 
cold bath should only influence the subsequent ‘occupation’ of the invaded territory. 
Similar observations apply to the dendritic invasion of an under-cooled solution when 
mass transfer is the rate-limiting step. The tube serves merely as an experimental 
convenience and to provide graduation marks for spatial reference. Unfortunately, the 
tube may also complicate the situation by providing a solid substrate, and the dendrites 
may be encouraged to grow as a close packed parallel array and thus their thermal 
or concentration fields may overlap (Glicksman, et al., 1976). The isolated needles 
assumed in the theory of dendrite growth are more nearly attained by free radial growth 
of dendrites from a point source. Hobbs (1974) provides a useful figure in which 
literature values of the ‘linear crystallization velocity’ (i.e. tube experiment results), 
and of the free growth velocity of ice in pure water, are compared as a function of 
undercooling. The former are generally larger, presumably the advantageous prop
erties of the tube wall outweigh any retarding effect from the mutual thermal inter
ference of the dendrites.

The tube experiment should be carefully distinguished from the capillary method 
for determining the interface reaction kinetics for crystal growth (Jackson, Uhlmann & 
Hunt. 1967).

Method. The apparatus (Muhr, et al., 1986) consisted of a range of U-tubes (see 
Table 1) which contained the trial solutions, and a well-insulated Perspex freezing 
tank containing industrial methylated spirit (IMS). Cooling was achieved by a Neslab 
Cryocool (model CC-60II) heat exchanger. The IMS was vigorously stirred and 
the temperature was maintained to within ±0.()5°C of the desired value using a Neslab 
Exatrol heater. The U-tubes were filled to a uniform height with the trial solutions using 
a syringe, and then immersed in the freezing tank.

Reliable results required considerable attention to experimental detail in a fashion 
that has not always been evident in the previous literature. For example:

(a) The temperature of the filled \J-tube should be equilibrated to that of the bath 
temperature. The procedure can conveniently be standardized by establishing the time 
constant of the cooling curve, and thereafter assuring that samples are immersed for
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a minimum of six time constants prior to taking measurements of the velocity of 
crystallization.

(b) U-tubes of approximate dimensions should be employed. There is some apparent 
conflict in the literature as to whether or not V depends on the tube dimensions. To 
clarify the situation in the present study, a range of tubes of differing dimensions and 
materials was employed in a preliminary experiment. One copper tube was used; here 
the crystallization velocity was calculated from the time between abrupt increases in 
temperature, detected by thermocouples inserted into the copper tube every 10 cm (and 
sealed with epoxy resin). As a representative solution for these experiments 0.15 
g/cm:! sucrose solution, in every 100 cm3 of which has been dissolved 0.3 g Manucol 
DM, was used. The results are given in Table 1.

T a b le  1. T h e  e ffe c t o f  tu b e  s ize and  m a te r ia l o n  V  ( fo r  0 .15  g /cm 3 sucrose, 0 .3 %  

M a n u c o l D M .  7), = - 6 .0 0 °C )

T u b e  m a te r ia l

In s id e

d ia m e te r

(c m )

O u ts id e

d ia m e te r

(cm )

T im e  

cons tan t 

o f  c o o lin g  

(m in )

V
(cm /sec )

S ta n d a rd

d e v ia t io n

(± )

G la s s 0 .195 0 .370 0.08 0 .113 0.1X18

G la s s 0 .240 0 .420 0.09 0 .126 0.1X12

G la s s  s ta n d a rd 0 .500 0 .815 0 .34 0 .126 0.003

G la s s 0 .695 0.995 0 .54 0 .126 0.002

G la s s 0 .885 1.215 0 .80 0 .125 0.003

G la s s 1.670 2 .050 2.24 0 .125 0.002

P e rs p e x  s ta n d a rd 0 .370 0 .650 — 0.131 0 .004

P e rs p e x 0 .935 1.600 2.94 0 .126 0.002

C o p p e r 0 .440 0 .625 0 .190 0 .134 0 .006

It is apparent from Table 1 that the only significant change in V with tube size 
occurred for the smallest bore glass tube (V exceptionally low); while the only 
significant effect of tube material on V occurred for the copper tube (V a little high). The 
fact that V was not much larger in the copper tube probably reflects the greater 
importance of the rate of mass transfer rather than the rate of heat dissipation. Two 
tube types were selected for subsequent experiments, and these are denoted ‘standard’ 
in Table 1. Several standard glass tubes were made up for the first experiments but 
subsequently the standard Perspex tubes were used.

(c) Concentrations within the tube should be equilibrated prior to an experiment, 
and crystal type should be consistent in any series of experiments. Where a second 
determination of V was made for a tube soon after thawing, a higher value usually 
resulted. This was interpreted as being the result of incomplete water/residual syrup 
remixing after ice separation. More than one set of results for V from each filling of the 
tube was usually taken and, to avoid the incomplete remixing problem, several hours 
were allowed to elapse before a rerun. The standard deviation of the results was in 
general no worse than 10% of the mean (and usually rather better). Occasionally, 
however, the ice front exhibited two alternative modes of growth; ‘rotational’ in which 
the rays spiralled around the tube, and ‘spear’ in which the ice rays were directed 
parallel to the tube axis. Spear growth was the more common form, and also cor
responded to the most meaningful values of V. Similar observations of morphological
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variability have been reported by other workers (Brann, 1918; Kost, 1953; Glicksmanet 
a/., 1976).

Three series of experiments were undertaken using the tube technique.
(i) Solutions were prepared by dissolving, with the aid of a magnetic stirrer, a range 

of stabilizers (and quantities thereof) into 100 cm3 samples of 0.15 g/cm:i sucrose 
solution. The value of V was then determined for each sample at Tb = 6.0°C, cor
responding to AT = 5°C. The effect of stabilizers was put in context by determinations 
of V as a function of AT and sucrose concentration in the absence of stabilizer, and also 
in the presence of Manucol DH.

(ii) V was determined for a series of solutions (all having Manucol DM and sucrose 
in the mass ratio 2:100) that modelled the rising concentration of the residual syrup as 
ice separates out from a ‘typical’ frozen confectionery product. These solutions were 
prepared by first dissolving the alginate in an appropriate amount of water using a 
magnetic stirrer, and then dissolving the sugar into this solution in a volumetric flask, 
making a final volume adjustment with distilled water after air bubbles had been 
removed under low pressure (a slow process!). V was measured at a constant value of 
AT = 5°C.

Measurements of the viscosity of the trial solutions were obtained at a temperature 
of 4±0.5°C using a Deer Rheometer with a cone-and-plate geometry.

(iii) V was determined for a series of solutions made by dissolving additives (using a 
Silverson vortex mixer) in 0.75 g/cm:t (58.6% w/w) sucrose solution. Tb was kept at 
— 16.2°C for the ice growth experiments corresponding again to AT = 5°C for the 
stabilizer ‘additives' (glucose and citric acid).

2. The flask experiment for ice crystal growth rates
Method. A wide range of techniques for studying the free growth of dendritic 

crystals has been reported in the literature. The apparatus used here (Fig. 2) was a 
simplified form of the apparatus of Glicksman etal. (1976), employing the same method 
of initiation of crystallization in the centre of a spherical flask by means of a nozzle. 
Round bottom Quickfit flasks were used, and the nozzles were made from Pasteur 
pipettes. The nozzle tip was arranged (by eye) to be as close as possible to the flask 
centre. Having almost filled the flask with the sample (prior to gelation), a layer of

Figure 2. D ia g ra m  o f  th e  f la s k  and  a d ju n c ts  e m p lo y e d  in  s tu d y in g  the  ice-crysta l m o rp h o lo g y  

a n d  k in e t ic s  in  th re e  d im e n s io n s .
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paraffin was added (to discourage ice nucleation at the sample surface) and then the 
nozzle was inserted.

As with the tube experiment, the cooling time constant of the flasks was determined. 
A minimum of six time constants was allowed to elapse before crystallization was 
initiated.

The time of emergence of the ice from the nozzle, and the time at which the ice 
reached the side of the flask was recorded, visually and photographically, and notes 
were made of the morphological appearance of the ice.

Four series of experiments were undertaken.
(i) The effect of firmness of alginate gels. In the first series of experiments the effect of 

‘firmness’ (i.e. calcium content) of alginate cells on ice growth was studied. A stock 
solution of 0.40 g/cm:i sucrose (35% w/w) was prepared, and into 1 litre of this was 
dissolved 10 g of Manucol DM (using a Silverson high speed vortex mixer). Gels were 
made by mixing 1 g of a blend of CaHPO., and Na2HP04 into 150 cm3 measures of the 
alginate and sucrose solution, and mixing with 50 cm3 of the stock sucrose solution 
immediately after dissolving 2.0 g glucono-8-lactone in the latter. The gels were aged 
for 24 hr before initiating ice crystallization. The bath temperature (Th) was —6.5°C for 
the fullest range of calcium content, although ice growth in gels containing 0.00, 0.01 
and 0.025 g of CaHP04 per 100 cm3 were also studied at —4.5, -7.5 and —8.5°C, and a 
few additional experiments were performed at -4.7°C. At -9.5°C, spontaneous 
nucleation occurred preventing growth-rate studies. The freezing point of 0.404 g cm3 
sucrose solution was close to —3.5°C, although it should be noted that the presence of 
the phosphate salts (and to a lesser extent the glucono-S-lactone) will depress the 
freezing point somewhat.

(ii) The effect of gel age. In the second series of experiments, the effect of the age of 
alginate gels on ice growth within them was studied. The gels were prepared as in (i) 
using 0.01 g CaHP04 per 100 cm3.

(Hi) The effect of stabilizers. In a third series of experiments, the effect of a variety of 
stabilizers on the growth of ice in 0.404 g/cm3 sucrose solution was studied. The 
solutions were prepared by dissolving 1.125 g of stabilizer (using the Silverson high 
speed vortex mixer) into 150 cm3 of 0.404 g/cm3 sucrose solution. To allow a com
parison with the gel results (above), 0.75 g Na2HP04 and 1.5 g glucono-8-lactone were 
also dissolved in each measure of 150 cm3 sucrose solution. In the case of celacol 
(methyl celluose), a more complete dissolution was obtained by first dissolving the 
stabilizer in water and then adding the sucrose. In the case of xanthan, half the quantity 
was used; even at this concentration, xanthan gave exceedingly ‘thick’ solutions. For 
these stabilizer-sugar-water solutions, ice growth was studied at 7), = -5.0°C and at 
-6.5°C.

(iv) Results for other gels. Finally, some exploratory experiments were made on 
agar, gelatin and silica gels. The agar gels were made by adding 0.5 or l.Ogof agar to 100 
cm3 of 0.404 g/cm3 sucrose solution contained in a conical flask and stirred by a 
magnetic flea, using just sufficient heat to dissolve the agar. Gelatin gels (1.0 or 2.0 g in 
100 cm3) were prepared by the same method, although a lower temperature sufficed. 
Silica gels were prepared from mixtures of an appropriate ratio of sodium metasilicate- 
and-sucrose solution (0.0411 g/cm3 Si02, 0.0129 g/cm3 Na20  , 0.404 g/cm3 sucrose) 
and hydrochloric acid-and-sucrose solution (0.0365 g/cm3 HC1, 0.404 g/cm3
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Results

(i) The effect of stabilizers on ice growth in 0.15 g/cm3 sucrose solution (tube experiment) 
The results of the determination of the dependence of the linear ice crystallization 

velocity on sucrose concentration (0.10, 0.15 and 0.20 g/cm3), bath temperature and 
presence or absence of Manucol DH are shown in Fig. 3.

sucrose). It was found that a ratio of 20:5.5 (silicate: acid by volume) gave the most
rapid setting time (3 min). The gel concentration was in some cases reduced by adding,
in addition to the silicate and acid solutions, a volume of 0.404 g/cm3 sucrose solution.

0.4 r

0.3 ■

0,2 ■

0.1

-I -2 -3 -4 -5
h  <°C)

°  O.IO g/cm3
0 / _ I  sucrose

°  0 J5  9/cm3 f  alone
D 0.20 g/cm3

include 0.3 g Manucol DH per 100 cm3

Figure 3. T h e  d ep e n d e n c e  o f  th e  l in e a r  c ry s ta ll iz a t io n  v e lo c ity  (V )  o n  b a th  te m p e ra tu re  (T b) 
w it h  suc ro se  c o n c e n tra t io n  as a p a ra m e te r  (u s in g  s ta n d a rd  g lass tubes ).

It is apparent that the reproducibility of the technique is not good, nevertheless clear 
trends can be detected as Th or the sucrose concentration is altered. The presence of 
Manucol DH results in a consistent (albeit small) reduction in V.

The effect of different concentrations of methyl cellulose on V for 0.15 g/cm3 
sucrose, AT = 5°C, is displayed in Fig. 4. Methyl cellulose reduces V by a small but 
significant amount, somewhat in excess of the reduction caused by the same weight of
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extra sucrose (shown by the solid line in Fig. 4). The retarding effect appears to be 
greatest for the highest molecular weight (Celacol M2500), although variation with 
molecular weight is scarcely significant (the error bar in Fig. 4 represents twice the 
typical standard deviation).

_1__.__ ___,__.__I__.__.__,__.__1__.__,__.__*__1—,—.__.—.—1— .—.—.—.—I—.—.—*— <— I

0 1 2  3

Stabilizer concentration (g in 100 cm3)

o Celacol M20 

°  Celacol M450 

°  Celacol M2500

— Sucrose (increased above 0.15 g/cm3)

Figure 4. T h e  e ffe c t o f  m e th y l c e llu lo s e  o n  th e  l in e a r  ice c ry s ta ll iz a t io n  v e lo c ity  ( V )  in  sucrose 

s o lu t io n  (0 .15  g /cm ;}) u s in g  s ta n d a rd  glass tubes.

The effect of different concentrations of sodium alginate on V for 0.15 g/cm~3 
sucrose, AT = 5°C, is displayed in Fig. 5. For alginate concentrations up to 1%, V is 
reduced by a similar amount as with the methyl celluloses, although there is no 
significant difference for the different molecular weight alginates. For 2% alginate 
solutions, a far more substantial reduction in V appears to occur. However, the scatter 
in the results also becomes much larger (the longer error bar again represents two 
standard deviations for V in solutions with 2 g alginate per 100 cm3). The greater scatter 
was associated with a changing morphology of the ice growth (from 'spear' to
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0 1 2  3

Stabilizer concentration (g in 100 cm3)

o Manucol DF 

a Manucol DH 

+ Manucol DL 

°  Manucol DM

— Sucrose (increased above 0.15 g/cm3)

Figure 5. T h e  e ffe c t o f  a lg in a te s  on  th e  l in e a r  ice c ry s ta ll iz a t io n  v e lo c ity  (V ) in  sucrose s o lu tio n  

(0 .1 5  g /c m 3) u s in g  s ta n d a rd  g lass tubes.

‘rotational’). The substantial apparent reduction in V observed, therefore, is chiefly the 
result of some poorly understood morphological effect, and no true comparison of 
crystallization kinetics is possible. A similar instability in the morphology of ice growth 
was sometimes observed for the 2% methyl cellulose solution, but it was possible to 
select data applying almost only to ‘spear’ growth, with the consequence that the 
standard deviation and reduction in V were in line with the results for lower stabilizer 
concentrations.

(ii) The effect o f the quantity of water in the sucrose-alginate-water system (tube 
experiment)

The results are shown in Fig. 6. This plot has the same shape as the results for 
A T = 10°C of Lusena (1955). Three values of V, interpolated from the data of Tamman 
& Büchner (1935) are also given in Fig. 6; the agreement with the present results is 
reasonably good. It is apparent from Fig. 6 that the Manucol DM exerts only a small 
effect on V at lower sucrose concentrations (solids 0.6 g/cm3), but there is a somewhat
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0.1 \

0.01

0.001 ■

0.0001

° \

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Solids concentration (g/cm3)

♦ Sucrose only

°  Manucol DM and sucrose (wt ratio 2 : 100) 
f t  Manucol DM and sucrose (flask experiment)

★  Sucrose only (Tammann Buchner, 1935)

Figure 6. T h e  d e p e n d e n c e  o f  th e  l in e a r  ice c ry s ta ll iz a t io n  v e lo c ity  ( V )  on  sucrose c o n c e n tra tio n , 

w i t h  a n d  w it h o u t  M a n u c o l D M  (A T  -  5 °C , s ta n d a rd  P e rsp e x  tubes ).

greater effect at higher concentrations. These results may be contrasted with the large 
effect of Manucol DM on the viscosity shown in Fig. 7.

(iii) The effect of additives on ice growth in 0.75 g/cm3 sucrose solution (tube 
experiment)

The results are given in Table 2. The standard deviations have been entered only for 
systems for which many replicate experiments were performed. From Table 3 it is again 
apparent that stabilizers (at a concentration that is typical of their commercial use) 
cause a modest reduction in V, although the retardation of growth is somewhat greater 
than that caused by the same mass of micromolecular solutes (glucose, citric acid).

(iv) The effect offirmness of alginate cells on ice crystal growth and morphology (flask 
experiment)

The results are given in Tables 3 and 4, Figs 8-15. The term ‘MR Snowflake’ refers 
to the characteristic double snowflake form described by Macklin & Ryan (1966); an 
example is given in Fig. 13. MR snowflakes are thus a special case of straight dendrites. 
The other morphological descriptions are also represented in the plates. The value of 
V = 0.0104 cm/sec for a solution of 0.75 g Manucol DM in 100 cm3 of 0.404 g/cm3 
sucrose solution at Tb = —8.5°C (from Fig. 8) can be compared with the value of
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Sucrose concentration (q/cm3)

+ Sucrose only
o Manucol DM and sucrose (weight ratio 2 :100)

F ig u re  7 . T h e  v is c o s ity  (17) o f  sucrose s o lu tio n s , w ith  and  w ith o u t M a n u c o l D M ,  as a fu n c t io n  o l 

c o n c e n tra t io n  a t 4 °C .

V = 0.0141 cm /sec  fo r a so lu tion  o f  0.0081 g /cm :! M anucol D M , 0.405 g /c n r1 
su c ro se  a t T\ =  —8.5°C  o b ta in ed  using the  tube  techn ique  (see Fig. 7). B earing in m ind 
th e  p re se n c e  o f  p h o sp h a te s  and g lucono-8-lactone in the fo rm er system , this 
c o m p a riso n  can  be  re g a rd ed  as ind icating  a fair ag reem en t betw een  results ob ta ined  by 
th e  d iffe re n t tech n iq u es.

It is a p p a re n t from  Fig. 8 and  T ab le  3 th a t a significant effect on ice crystal 
m o rp h o lo g y  and  m ean  linear g row th ra te  (V) first occurs for 0.01 g C a H P O ,p e r  100cm :i 
(e q u iv a le n t to  a b o u t 20 ppm  C a -+). T his is a very low concen tra tion  o f calcium  (for 
e x a m p le , ice lollies a re  usually m ade with ab o u t 800 ppm  C a 2+). A ccord ing  to  Dow
(1974), e n h a n c e m e n t o f  the  viscosity o f \% M anucol DM  solutions due to C a - f content 
co u ld  be  d e te c te d  by conven tional c o n e - a n d - p la te  rheom etry  (shear ra te  5190/m in) 
on ly  fo r c o n c e n tra tio n s  g re a te r  than  300 ppm . It is thus m anifest tha t ice grow th is very 
sen s itiv e  to  gel s tru c tu re  (a t least for alg inate  gels).
46
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T a b le  2 . T h e  e ffe c t o f  a d d it iv e s  o n  V  ( fo r  5 8 .6 %  w /w  

suc ro se  s o lu t io n ,  T h =  — 16 .2°C , us ing  s tand a rd  

p e rs p e x  tu b e s )

A d d i t i v e

Q u a n t i t y  

a d d ed  to  

100 c m 3 

(g )

V 'x  104 
(cm /sec )

S ta n d a rd

d e v ia t io n

— — 6.5 0.3

C o u r lo s c  F 75 1.5 5.1 —

M a n u c o l D M 0 .1 6 . 0 —

M a n u c o l D M 0 .2 5.9 —

M a n u c o l D M 1.5 3 .9 0 .2

X a n th a n 1.5 4 .4 —

S o d iu m  p ec ta te 1.5 5 .7 —

G lu c o s e 1.5 5 .6 —

C it r ic  ac id 1.5 5.3 —

T a b le  3 . T h e  e ffe c t o f  c a lc iu m  c o n te n t o n  ice g ro w th  in  0 .7 5 %  o f  M a n u c o l D M  gels (3 3 %  w /w  

s u c ro se , T h = - 6 .5 °C , aged  24 h r )

S y s te m

C a H P O ,

(g / 100  c m 3)

V x  103 
(cm /sec) M o rp h o lo g y

N o  a lg in a te 0 6 . 0 S tra ig h t d e n d rite s , te nded  to  f lo a t up

A lg in a t e  s o lu t io n 0 4.1 S tra ig h t d e n d rite s

A lg in a t e  s o lu t io n 0 .005 4.0 S tra ig h t d e n d rite s

E x t r e m e ly  w e a k  ge l 

(c an  be p o u re d )

0 .0 1 1.8 C u rv e d  d en d rite s

V e r y  w e a k  ge l 0 .015 1.1 C lo u d  w ith  d is c e rn ib le  c u rve d  d en d rite s

W e a k  g e l 0 . 0 2 1.2 C lo u d  w ith  d is c e rn ib le  c u rv e d  d en d rite s

W e a k  ge l 0 .025 1.1 C lo u d  w it h  d is c e rn ib le  c u rve d  d end rite s

G e l (c a n ’t be p o u re d ) 0.05 1.0 C lo u d  w ith  la rg e  lobes

F ir m  g e l 0 . 1 0 0 .4 C lo u d  w ith  la rg e  lobes

For very firm gels it was found that a liquid film covered the gel surface, and allowed 
an easy path for ice growth up the outer surface of the nozzle tube and down the flask 
walls (Fig. f2). This problem prevented the study of ice growth in gels of a CaHP04 
content in excess of 0.2 g per 100 cm3.

Adding the freezing point depressions, which would occur if each solute was 
dissolved separately in the total amount of water, gives a reasonable estimate for the 
total freezing-point depression.

The 0.5 g of Na2HP04 and 1.0 g glucono-S-lactone dissolved in every 100 cm3 of 
0.404 g/cm3 sucrose solution is thus anticipated to depress the freezing point by 
~  0.6°C from —3.5 to —4.1°C. However, when a fine thermocouple junction (with a 
reference junction immersed in an ice/water slush) was inserted into the dendritic ice in 
a flask containing an alginate solution (Th = —7.5°C), the potential difference 
registered corresponded to a temperature of —4.3°C. For two alginate gels (0.01 g 
CaHP04 per 100 cm3 and 0.025 g CaHP04 per 100 cm3, bath temperature —7.5°C) the 
apparent temperature was —4.5°C. The fact that these temperatures lie so far below
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F ig u re  8. T h e  e ffe c t o f  c a lc iu m  c o n te n t on  ice-g row th  ra te  in  0 .7 5 %  M a n u c o l D M  gels (0 .404  

g /c m ;< su c ro se , age 24 h r )  w ith  b a th  te m p e ra tu re s  as a p a ra m e te r.

—4.1°C is surprising, but its significance is not clear. For systems which cannot be 
stirred, in which the ice growth rate is extremely slow, it is difficult to measure a 
well-defined freezing point (a similar difficulty was faced in concentrated sucrose 
solutions by Young & Jones, 1949).

T a b le  4 . T h e  e ffe c t o f  c a lc iu m  c o n te n t o n  ice g ro w th  in  0 .7 5 %  M a n u c o l D M  gels (3 5 %  w /w  

suc ro se , T h = - 4 . 7 °C , aged  24 h r)

S y s te m

C a H P O ,

(g / IO O c n r1)

V x  10 :l 

(cm /sec) M o rp h o lo g y

A lg in a t e  s o lu t io n 0 0.58 M R  sn o w fla ke

F ir m  g e l 0 .1 0 .1 2 S e ve ra l fan-shaped sheets o f  ice

V e r y  f i rm  ge l 0 . 2 0 . 0 2 D is t in c t ly  non- p lan a r fan-shaped sheets o f  ice
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Figure 9. Floating dentrites; 35% w/w sucrose+0.5 g Na^HPO^+l.O g glucono-8-lactone per 
100cm:i,T /, = -6 .5°C, 100 cm:l flask. 6 min after emerging.

Figure 10. Straight dentrites; 35% w/w sucrose+0.75 g Manucol DM+0.005 g CaHP04 per 1(X) 
cm'l,T i, = —6.5°C, 100 cm:l flask, 10 min after emerging.

Figure 11. Curved dentrites; 35% w/w sucrose+0.75 g Manucol DM+0.01 g CaHPID, per 100 
cm '.Tj, = —6.5°C, 100 cm;1 flask, 25 min after emerging.
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Figure 12. Cloud; 35% w/w sucrose+0.75 g Manucol DM+0.1 g CaHPO, per KM) cm3, 
T/, = - 6 .5°C, 100 cm3 flask, 50 min after emerging.

Figure 13. Double snowflake (so-called MR snowflake (Macklin & Ryan, 1966)). 35 % w/w 
sucrose+0.75 g Manucol DM+0.0gCaHPO, per 100 cm3. T h = -4.7°C. 100cm3 flask, 49 min 
after emerging.

F'igure 14. Fan-shaped sheets of ice; 35% w/w sucrose+0.75 g Manucol DM + 0.2gCaHPO, per 
lOOcnr'.T/, = -4.7°C. 100 cm3 flask. 30 hr after emerging.
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Figure 15. Straight dentrites; 35% w/w sucrose+0.75 g Manucoi DM+0.085 g CaHPO, per 100 
cm3.T/, = -4.5°C. 100 cm:l flask, 5 hr after emerging.

In view o f  the  cu rved  dendrites  observed  at g rea te r  undercooling, the straight 
d e n d r i te s  o b se rv ed  for a w eak  gel close to the  equilibrium tem pera tu re  (Fig. 15) are 
m o s t  surpris ing . M o re o v e r ,  it is also appa ren t  that such dendrites  grow at about the 
s a m e  ra te  as those  in the alginate solution (Fig. 8), in contrast to the substantial 
r e ta rd a t io n  o bse rved  at g rea te r  undercooling. H ow ever,  a ltered  morphology and a 
su b s tan t ia l  reduc t ion  in ice growth ra te  w ere  observed for firmer gels at —4.7°C (Table 4, 
Fig. 14).

F o r  gels with 0.2 g C aH PO .,  pe r  100 c n r 1, two simple experim ents showed that the 
gel s t ru c tu re  had  been  irreversibly rup tu red  by the growth of the ice sheets. Firstly, 
r e f reez in g  (again  at Th = — 4.7°C) a thaw ed sample af ter  24 hr resulted in a very rapid 
g ro w th  o f  ice ( 7 x  1(F4 cm/sec, c om pared  with 0 .2 x  H F 4 cm/sec originally, from Table
5) w ith  a lm ost  exactly  the  sam e position and shape as the original growth. Secondly, for 
a n o th e r  th a w e d  sam ple ,  the  nozzle was rem oved  and replaced by a Pasteur  p ipette . O n 
sq u e e z in g  the  tea t ,  a ir  was in jected  into (previously scarcely visible) pockets in the gel. 
which th en  strik ingly  resem bled  the original ice in appearance ,  even showing the fine 
s t ru c tu ra l  fea tu re s  (lines e tc .)  on the surface of the curved sheets.

(v) T h e  e f f e c t  o f  g e l  a g e  ( f l a s k  e x p e r i m e n t )

T h e  results  a re  given in Table  5. It can be deduced  that at 4 hr the gelation process

Table 5. The effect of age on ice growth 
in 0.75% Manucoi DM gels (35% w/w 
sucrose. T h = -6.5°C, 0.01 g CaHPO, 
per 100 cm')

Age Cx 103
(hr) cm/sec Morphology

4 3.4 Straight dendrites
24 1.8 Curved dendrites
96 1.1 Curved dendrites

120 1.1 Curved dendrites
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(vi) T h e  e f f e c t  o f  d i f f e r e n t  s t a b i l i z e r s  ( f l a s k  e x p e r i m e n t )

T h e  resu lts  a re  given in Tables  6 and  7. It was difficult to discern the fine s tructures  of 
ice in locust b e a n  gum , guar  gum  and  xan than  gum solutions due to their  turbidity. It is 
a p p a r e n t  th a t  all stabilizers re ta rd  ice growth to  som e ex ten t,  but that at T h  =  —6.5°C 
on ly  x a n th a n  gum  has a substantia l effect on ice crystal m orphology (Table 6). In this, 
x a n th a n  gum  in so lu tion  resem bles a w eak  alginate gel, which fits in with the rheological 
e v id e n c e  o f  w eak  chain-aggregation  in xan than  solutions (Petti t t .  1979). T he  effect of 
th e  va r ious  s tabilizers  appea rs  to dep en d  on the undercooling, since at T h  = — 5.0°C 
(T a b le  7) g u a r  gum  had  the  m ost substan tia l influence on ice growth. This is also borne  
o u t  w h e n  T ab le s  6 and  7 are  co m p ared  with T able  2 (where  the undercooling is g reater ,  
as well as the  co n cen tra t io n  of  stabilizer and  sucrose, and the tube technique was used). 
H o w e v e r ,  since m ost  o f  the  values o f  V  w ere ob ta ined  from only one  o r  two d e te r 
m in a t io n s ,  the  d e g re e  o f  confidence a t tached  to this evidence of a com plicated variation 
o f  the  influence o f  stabilizers on ice-crystal growth with A T and /o r  sucrose con
c e n t r a t io n  is no t  very  great.

F o r  so lu tions  w ithou t  stabilizers (and  thus o f  low viscosity) a vertical colum n o f  
l iquid  o f  a d if fe ren t  refractive index was generally  observed  directly below the nozzle. 
O n  so m e  occasions small particles o f  ice could be observed to sink slowly in this column.

was far from complete, and that most of the gel structure developed in the first 24 hr,
although subsequently some further development occurred.

Table 6 . The effect of a variety of stabilizers on ice growth (35% w/w sucrose, 
/ = -6 .5°C, 0.75 g stabilizer per 100 cm'1)

Stabilizer
Lx HP 
cm/sec Morphology

None 6.0 Imperfect MR snowflake, tended to float up
Courlose F75 3.3 Imperfect MR snowflake
Manucol DM 4.1 Imperfect MR snowflake
Guar gum 2.7 Straight dendrites in all directions
Locust bean gum 3.0 Straight dendrites in all directions
Xanthan gum
(only 0.375 g per 100 cm’1)

1.5 A tight mass of curved dendrites

Table 7. The effect of a variety of stabilizers on ice growth (35% w/w sucrose. 7), = -5.0°C. 0.75 g stabilizer 
per 100 cm3)

Stabilizer
l-'x 10'
cm/sec Morphology

None 12.0 Straight dendrites, visible convection currents
Celacol M2500 9.4 Straight dendrites, in one experiment forming a MR snowflake
Courlose F75 9.4 Straight dendrites, in one experiment forming a MR snowflake
Manucol DM 9.0 Straight dendrites, in one experiment forming a MR snowflake
Guar gum 4.8 Many straight dendrites in all directions
Locust bean gum 7.5 Straight dendrites, tending to lie in one plane
Xanthan gum
(onlv 0.375 g per 100 cm1)

7.1 Many dendrites in all directions
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Discussion

T h e  o b se rv a t io n  that ice growth is severely re ta rded  in gels provides strong evidence 
th a t  if s tabilizers  (at least gelatin , agar and alginate) do not diffuse sufficiently rapidly 
aw ay  rrom  the  ice in te rface , then they exert an influence on the ice. F u r the rm ore ,  the 
fact th a t  all the  s tabilizers (in solu tion) affect ice growth in a similar way (and to only a 
sm all ex te n t )  po in ts  away from specific effects on interface kinetics (which might arise 
from  ad so rp t io n  caused  by the presence  o f  app rop ria te  functional groups— O h a ra  & 
R e id ,  1973; R a y m o n d  & deV ries . 1977) tow ards an effect on transport kinetics (which 
w o u ld  d e p e n d  prim arily  on m olecu lar  size).

W e  th e re fo re  need  to consider w hat m echanism s may account for the re ta rda tion  
a n d /o r  m odif ica tion  o f  ice crystal grow th  in gels on solutions o f  stabilizers.

( i ) I c e  g r o w t h  i n  g e l s

Since the  ex is tence o f  a gel ne tw ork  (of low concentra tion)  does not greatly affect 
th e  d iffusion o f  m icrom olecules  such as sucrose (M uhr  & Blanshard , 1982), we need 
on ly  c o n s id e r  the d irect in teraction  be tw een  the ne tw ork  and the ice. Freezing o f  the 
w a te r  in a n e tw o rk  can only occur if the w a te r  m igrates ou t  of the gel to the ice front 
( ‘c ryogen ic  suction") o r  if the ice pene tra tes  the gel pores, perhaps by rup turing  them . 
H o w e v e r ,  the g row th  o f  ice by cryogenic suction requires  a curvature  o f  the ice 
in te r face .  T h e  cu rv a tu re  m ust be such that the corresponding  Laplace pressure dif
fe ren ce  (A g u ir re -P u e n te  & A zoun i,  1973) is sufficient to supply the w ater  against the 
hyd rau l ic  resis tance  o f  the  ne tw ork  and the resistance of the netw ork to shrinkage. It is 
difficult to  quan t ify  the  la t te r  effect. M oran  (1926) found that during the freezing of 
gela tin  gels (1 2 -4 0 9 7 )  in air, ice did not p en e tra te  the gel but instead drew w ater out 
until the  gel phase  reached  a constan t composition (54%  gelatin). H ow ever, equ i
lib r ium  to o k  several days to attain .

T h e  m o re  d ilu te  gels s tudied  here  suffered rup tu re  during freezing, and it is 
a p p a r e n t  th a t  the  ice p e n e tra te d  the gel. For this case it is also difficult to  quantify  the 
effec t o f  the  gel on the  kinetics o f  ice growth. H ow ever ,  a crude model (based on 
classical capillary  th eo ry ) ,  which may identify the relevant param eters ,  will now he 
c o n s id e re d .

T re a t in g  the  gel as a mechanical ne tw ork  o f  fibres (of radius R ) and  the ice as a ‘fluid" 
with  the  surface  free  energy a  (against the solution en tra ined  in the gel) we may 
visualize the  icc/gel system as in Fig. 16. T he  model is the same as that used by E vere tt  
fo r  p o ro u s  m ed ia  (E v e re t t  & H aynes ,  1965).

t  ¡(¡»re 16. Impingement of an ice interface on an idealized gel network.
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C o n s id e r  an ice f ront o f  radius o f  cu rva tu re  /'which is a t tem pting  to pene tra te  a mesh 
in the  gel o f  rad ius R. Assum ing, for simplicity, that the contact angle of ice on the fibre 
is 180°, it can  be  readily  shown that each e lem en t o f  length d / of the fibre ring is subject 
to  a fo rce  2cr d /  no rm al to the surface of  the ice (this may be calculated e ither  from the 
su rface  tens ion  or  by considering  the d ifference in pressure  across the ice/fibre interface 
an d  across  the  f ib re /w ate r  interface).

T h e  fibre ring is thus  sub jec ted  to  a force ( : f ), o f  m agnitude 27rR.2o-.cos a  a long 
th e  axis o f  p ro p a g a t io n ,  whence

.7 =  4ircr(r2 — R - y 1 R/r. (4)

T h e  rad ia l c o m p o n e n ts  o f  force will result in a tension 7f ) in the fibre, which may be 
c a lcu la ted  from  balancing  the forces exerted  on halves o f  the ring:

:7 =  2 crR-lr. (5)

E q u a t io n  5 is essentially  the  result o f  Kuhn (1956). In equations 4 and 5 the effect o f  the 
e n h a n c e d  p re ssu re  (2(r /r ) in the ice phase  has been neglected. H ow ever, this pressure 
will on ly  p rov ide  a norm al force on each e lem en t dl of m agnitude  (2a/r) .pdl  which may 
be  neg lec ted  in com parison  to  the  above ‘f lo ta tion’ term  (since for a reasonable  model 
p «  R < r).

W h e n  a p lane  ice front advances towards a netw ork such as depicted in Fig. 16 it will 
thus  initially repe l each ring, until com pression of  the ne tw ork  is sufficient to p roduce  a 
c o u n te r  force  o f  47t<t R p e r  ring. F u r the r  encroachm ent o f  the icc front ( im posed by 
c o n t in u e d  ex trac tion  o f  la tent hea t)  is then only possible if the interface curves and 
beg ins  to  p e n e t r a te  the  rings. A ccording to  equation  5, the tension J  rises. If 
e x c e e d s  the  tensile  limit ( .7*) o f  the  fibres, they will be b roken  and the ice can proceed 
to  th e  next obstac le  in the  ne tw ork . T he  curvature  at which this happens is, from 
e q u a t io n  5, r* =  2(tR2/'.J* w hence the freezing-point depression, according to 
e q u a t io n  1. is

A T =  :T */R2ASv. (6a)

If .7 * >  2aR  the  ice f ront will p en e tra te  the ring w ithout rup tu re  and the freezing-point 
d e p re ss io n  will be

V =  2/RSy (6b)

E q u a t io n  6b is essentially  the result o f  Kanig (1960).
T h e r e  a re  m a jo r  p rob lem s in applying the  E vere tt  m odel to gels. The value of  <x is 

n o t  know n precisely , but p robably  lies be tw een  15 and 35 m J /m 2 H obbs, 1974. p. 
441). M uch  less is know n abou t the  contact angle o f  ice against the gel fibre, but it is 
likely to  be  less than  180°. T h e  o rd e r  o f  m agnitude  o f  R (the mesh size of  the gel) can be 
o b ta in e d  from  diffusion or  perm eability  experim ents; som e results from the literature 
a re  g iven in T a b le  9. A m e th o d  o f  estimating 2T * for covalent bonds has been  given by 
d e  B o e r  (1936) w ho  o b ta ined  a value o f  5 .6 x  10 ‘!'n  for the  C — C bond.

A ssu m in g  (as above)  that 6 = 180°, and putting  cr =  25 m J /m 2 and R = 100 nm 
th e  m a x im u m  tension  in the po lym er ring will be 2ctR =  5 x  10_i,N, which is com parab le  
to  7  * for non -assoc ia ted  carbon-chain  polymers. Thus  for networks with R >  100 nm 
we w o u ld  an tic ipa te  m a jo r  dam age  to the gel on freezing and only a small freezing-point 
d e p re ss io n .

T h e  ru p tu re  o f  gel s tructures  by crystal growth and freezing-point depressions 
c a u se d  by the  ne tw ork  has been observed  for a variety o f  systems (e.g. Kanig & Karge, 
1966: H en isch .  1970).
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C allow  (1925) investigated  ice growth in gelatin gels, and no ted  an enorm ous 
d e c re a s e  in the  linea r  crystal growth ra te  (at -3 .0 ° C )  when the gelatin concentra tion  
w as  in c re a se d  above  1%. H e  found  th a t  the  gel s truc ture  was irreversibly destroyed  by 
th e  s e p a ra t io n  o f  ice. H e  also m en tio n ed  th a t  ice-crystal growth was not so drastically 
r e ta r d e d  in gels o f  agar  (or  s tarch) as in gelatin gels. His results are thus broadly  in line 
w ith  th o se  p re se n te d  here .

It a p p e a rs  (accord ing  to equation  6a) th a t  7f */R2 is larger for gelatin gels than for 
a g a r  o r  a lg ina te  gels o f  com parab le  rigidity. U nfo r tuna te ly ,  estimates of  R  from the 
l i te ra tu re  a re  widely  sca tte red ,  and  it is not im m ediate ly  evident from Table  9 that R  is 
sm a l le r  fo r  gela tin  gels than  for agar  gels (of com parab le  rigidity). Similar uncerta in ty  
su r ro u n d s  es t im a tion  o f  -i * (since the  molecules m ay associate). Thus, fu rther  experi
m e n ts  a re  r e q u i r e d  befo re  a sem i-quantita tive  check of the model can be  m ade . The 
o b v io u s  d iffe rences  in ice m orpho logy  for the  different gels (see Table  8) canno t yet be 
in te r p r e te d ,  b u t  the  techn ique  m ay eventually  provide a useful p robe  for gel structure.

T h e  low er influence on ice grow th  tha t  alginate networks appear  to exert w hen  
th e  u n d e rco o l in g  is very  low (Figs 8 and  15) m ay perhaps  be explained by a yielding of 
th e  n e tw o rk  if e n ough  tim e (for ice growth) is allowed.

(ii) I c e  g r o w t h  i n  s t a b i l i z e r  s o l u t i o n s

T h e o r y .  A s exp la ined  above , only the  influence o f  stabilizers on  transport  kinetics 
n e e d  be  co n s id e red .  If convection  w ere  the  dom inan t  mechanism  of  transport  we would 
ex p e c t  th a t  stabilizers would  drastically re ta rd  ice-crystal growth (because they greatly 
e n h a n c e  viscosity). This was not found  for the experim enta l conditions used in this 
w o rk ,  b u t  has  b een  re p o r te d  for o th e r  conditions (Shipe, R oberts  & Blan ton , 1963).

Superficially , it m ight seem  tha t  m acrom olecules  (which diffuse slowly) would also 
r e ta r d  ice-crystal g row th  if diffusion (of w ater)  w ere  the  dom inan t ra te -determ ining 
t r a n s p o r t  m echan ism . T o  show tha t  this is fallacious, a criterion for the effectiveness of 
a so lu te  a t  r e ta rd in g  th e  growth ra te  o f  an ice crystal (for a given undercooling) will now 
be  d e v e lo p e d .  T h e  t re a tm e n t  also provides a criterion for judging the relative 
s ignificance o f  h e a t  flow and  solute diffusion as rate-limiting factors.

Table 9. Structural parameters for aqueous gels inferred from permeability data

Gel and 
reference

Gel volume 
fraction
é

Permeability
r (cm-x 10 14

Fibre radius 
(Signer &
Egli's model A)t 

) P (nm)

Pore radius
(White's
model)±

RMS spherical 
space radius 
(combination of the 
models of Ogston§. 
and Signer & Eglh) 
(nm)

Agar* 0.012 440 3.3 59 26
0.050 20 1.8 13 6.5

Gelatin* 0.056 200 6.2 40 20
Gelatin* 0.009 61 1.0 22 10

0.071 1.4 0.65 3.5 1.7
Silica geh 0.012 920 4.9 86 40

0.049 17 1.7 12 6.0
Polvacrvlamider 0.045 0.38 0.22 1.8 0.85

0.091 0.21 0.30 1.4 0.70
0.326 0.02 — 0.5 —

‘ P allm an  &  D euel ( 1945), +Signer&  Egli (1950). iW h ite  ( I960), SOgston (1958).
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C o n s id e r  an ice-crystal growing into an unstirred  solution of concentra tion  ch and 
t e m p e r a tu r e  7/, p laces rem o te  from the  interface (Fig. 1). T he  undercooling is 
A T = 7/,(c/,) — 77,. W e assum e that the ra te  o f  growth is controlled by diffusion 
(o f  e i th e r  hea t  o r  so lu te) from the interface (since there  is no heat sink in the ice 
p h ase ,  no  heat can be tran sp o r ted  th rough  it). The conditions for conservation  of 
so lu te  at the  in te rface  is

w h e re  n indicates  the  d irection  norm al to the interface and i refers to the interface. 
Sim ilarly , the  cond it ion  for conservation  of  heat at the interface is

L v ” - - k { Z ) -  <8)

w h e re  L is the  la ten t  hea t  o f  fusion per  unit volum e of ice and k is the therm al 
conduc tiv ity .  E q u a t io n s  7 and 8 are necessarily t rue  for non-steady state conditions and 
fo r  a m ov ing  in terface.

E q u a t io n  7 can be rewritten  as

V„ 2
<7

D ( c , - c h (9)

w h e re  0 =  (t— q , )/(c,- — c-/, ) is a d imensionless concentra t ion  obeying Fick's Second Law 
w ith  th e  b o u n d a ry  conditions

0t =  l, 0h =  0.

Sim ilar ly , (8) can be rew rit ten  as

Vn ( 10)

w'here 0 = ( T— I), )/A7/, is a d imensionless undercooling also obeying Fick’s second 
L aw  and  0, =  1. 0h = 0.

A s a first app rox im a tion  for a small com pact crystal we may take 6 at any instant to 
h ave  th e  value which satisfies =  0 th roughou t the solution. T ha t  this should be so 
follows if we cons ider  a small increase in volum e (8V) in time Sr o f  a crystal enclosed by 
an a rb itra r i ly  close sta t ionary  surface S. T hus for heat conservation

Sr I ou tw ard  flux -  L8V -c p T8V (11)

.S'
w h e re  c/t is the  specific hea t  o f  the solution. T h e  second term  on the r ighthand side o f  
e q u a t io n  (11) is an overes tim ate  for the ‘consum ption ’ o f  undercooling within S arising 
from  m o tio n  o f  the  in terface. Provided that

L »  cpAT  (12a)

this te rm  can be neg lec ted  so that the interface may be considered to be s ta tionary and 
<10/¿It ~  0. F o r  diffusion contro lled  crystal grow th , the equivalent criterion is

L »  (c ,-  ch ) (12b)
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If the appropriate criterion is met, it follows that (dORin), in equation (9) or (10) 
depends (to a first approximation) only on the geometry and is independent of 
D  or k .  It follows that just two independent factors contribute to a sluggish crystal 
growth rate; a low rate of diffusion (D  or k )  and a large amount of diffusant expelled 
per unit of volume of crystal formed (c, or L ) .  If we assume that the feezing curve is 
linear:

7 /(c )  =  7 /(0 )  - m e  

then (see Fig. 1) 

A T S = m (C i~ c h )

so that equation (9) becomes

V„ =
- D

A T S+ A T ,.: A  Ts (13a)

but equation ( 12b) can similarly be rewritten as

AT e  »  A T 5

whence

V„ =
— D  
A T e

A T , (13b)

For diffusion controlled growth (i.e. AT s = A T )  equation ( 13b) may not be grossly in 
error even when equation (12b) is not valid, since V„ should then be greater than 
anticipated from equation ( 13a), and should tend to infinity as ch —» 0 (i.e. A T,. —» 0).

Assuming either diffusion or heat transport is the dominant rate effect (A T s =  A T  
or A T =  A T .  respectively) comparison of equation (13b) with equation (10) shows 
that the growth rate is controlled by solution diffusion if

D lA T i «  k / L . (14)

and conversely. Strictly, the domain of validity of equation ( 14) is restricted by criterion 
12a or b, but we might expect it to be a conservative restriction.

For a fixed compact morphology the crystal growth rate is predicted to be pro
portional to A T . D /A T ,.. or A T . k / L  as is appropriate. The constant of proportionality has 
dimensions of 1/length. and from the solution of V-0 =  0, 6 = 1 on the surface of a 
sphere we may guess that

V x M T i A T  <15»

or

V  * k
RL

A T .

as is appropriate, where R  is the radius of curvature of the interface.

(15b)
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A p p lic a t io n  o f  th e  th e o ry  to the ex p er im en ta l results. We may now apply the criteria 
to aqueous sucrose solutions. First of all, L /c p ~  80°C for water, so that equation (12a) 
is satisfied for all moderate undercoolings. Equation (12b) will be satisfied for con
centrated solutions and moderate undercoolings (AT E »  AT ).

Criterion (14) may be applied using the estimated data given in Table 10. It appears 
that diffusion of sucrose away from the interface will control the rate of ice-crystal 
growth for solutions having a concentration in excess of a few weight percent. The linear 
dependence of V  on A T  over the narrow range shown in Fig. 3 lends some support to 
equation (15). A more exacting test is given in Fig. 17 where a log-log plot of V  against 
D /A T ,.  (from Table 10) is given, which strikingly confirms the dependence of V  on 
D / A T r: over most of the concentration range. The growth rate falls below the straight 
line plot for concentrations less than 0.1 g/cnr1 perhaps because heat diffusion is 
becoming a significant retarding mechanism (although it must be admitted that 
equation ( 12b) is certainly invalid if we assume it is diffusion controlled since A T  >  A T F 
for these low concentrations).

Figure 17. The dependence of the velocity of linear ice-erystal growth ( V) on D/A7). for sucrose 
solutions of varying concentration where AT,. = 6°C.

Flowever, the slope of the linear portion of Fig. 17 is not unity. Instead V  (for 
A T  =  6°C) is given by

V  =  0.08 ( D / A T f . ) ' :l

where V  is in cm/sec and D  in cm2/sec.
(16)
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T a b le  10. Transport data for sucrose solutions at the freezing point

G>

(%w/w) r c )

kx  103

(J/sec/cm/deg)

D x  10* 

(crrd/sec)

L

(J/cm:l)
r x l0 '
(cm2/sec/deg)

D/àT, x )0,; 

(cm2/sec/deg)

0 0.0 5.60 2.75 307 18.2 -
5 0.3 5.44 2.50 306 17.8 8.33

10 0.6 5.27 2.24 304 17.3 3.73
15 1.0 5.11 1.99 303 16.9 1.99
20 1.5 4.95 1.74 301 16.5 1.33
30 2.7 4.61 1.22 296 15.6 0.45
40 4.5 4.27 0.85 288 14.8 0.19
50 7.3 3.92 0.51 277 14.2 0.07
60 12.3 3.55 0.20 256 13.9 0.016
70 19.3 3.13 0.04 227 13.8 0.002

ATf.— From Pancoast and Junk ( 1980). 
k— Interpolated from the International Critical Tables.
D — Extrapolated from the data of Henrion ( 1964) for D  at 25°C by using the Arrhenius Law with 

activation energies from Gladden & Dole ( 1953).
L — From Hobbs ( 1974, p. 361). The contribution to L from the heat of dilution has been neglected.

The disagreement with the form of equation (13) remains when AT E is considerably 
larger than A T  so it would not seem to be a consequence of failure to satisfy equation 
( 12b). Instead the disagreement may arise because the assumption that the morphology 
of the ice crystal is independent of temperature and concentration is not justified. 
Indeed, such an effect plays a crucial role in recent theories of dendritic growth 
(Langer, 1980), which should eventually lead to a fuller understanding. However, it 
appears that the magnitude of D /A T E will be a useful guide to the effectiveness of a 
solute in retarding ice-crystal growth (for a given value of A T , the lower is D /A T E the 
lower will be V).

We may now consider whether or not stabilizers could significantly retard ice-crystal 
growth. Unfortunately, not very much data is available as to typical values of D  and 
A T E. However, Laurent e t al. (1976) gave a value of D  =  5 x 10-7 cm2/sec for a dilute 
dextran solution (molecular weight ~  150,000). Using

A T E — — 104 In nw,

where aw is the activity of water in the solution, and using the value of 5 .1 x l0 ~ 4 
mol/cm:i/g for the second viral coefficient for dextran solutions (Basedow & Ebert,
1979), we may estimate that A 7). ~  3x  10~:ioC for a 0.05 g/cm:i dextran solution. Thus, 
for a 5%  dextran solution D /A T E — 1 7 0 x l0 -6 cm2/sec/deg compared to 8 .3 x l0 -6 
cm 2/sec/deg for a 5 %  sucrose solution. It thus appears that the rate of diffusion of 
dextran is not sluggish enough to offset its very small effect on the freezing point, so that 
dextran should be less effective than sucrose at retarding ice-crystal growth. However, 
the effectiveness of dextran at retarding ice-crystal growth may well increase rapidly as 
the concentration is increased, because of the highly non-linear dependence of In aw on 
polymer concentration.

The superficial expectation that macromolecules should be very effective at 
retarding ice-crystal growth (because they diffuse sluggishly) is thus in conflict with both 
theory and experiment. However in the experiments, stabilizers did cause a somewhat
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greater retarding effect than an equal weight of sucrose. This small but definite effect 
may arise because the systems are ternary rather than binary solutions.

If the presence of sucrose renders stabilizers more effective at bringing about a 
freezing-point decrement, or reduces the rate of diffusion of stabilizer molecules, then 
the theory may be adequate to explain the results. There is reason to believe that both 
these effects may occur. The diffusion of macromolecules will be retarded by the 
enhanced ‘microviscosity ’ due to the presence of sucrose molecules, according to the 
Stokes-Einstein  equation. Also, the freezing-point curve for polymeric solutes is 
generally highly non-linear, d A T FJ d c  being almost zero at low c  but becoming quite 
appreciable at higher values (Farrant, 1969). An examination of theoretical models for 
In a w indicates that this steepening effect of the freezing-point curve does not depend so 
much on the polymer concentration as on the total solute concentration, so that the 
addition of a small concentration of polymer may reduce the freezing point of a 
concentrated sucrose solution by much more than it would reduce the freezing point of 
water (Muhr, 1983).

The elimination of convection currents (on addition of stabilizers) may make a 
contribution to the retardation of ice-growth velocity. Such convection currents were 
observed in experiments on ice growth in undercooled sucrose solutions contained in 
flasks.

Glicksman & Huang (1982) showed that natural convection can become the 
dominant mechanism for the growth of dendrites from the pure melt if the undercooling 
is less than a critical amount. Comparison of Figs 6 and 7 shows that convection cannot 
be the dominant transport mechanism for our system, but it could still make a significant 
contribution in the absence of stabilizers.

Conclusions

Stabilizers in solution (at concentrations typical of their commercial use in frozen 
confectionery) reduce the growth rate of ice in sucrose solutions by a factor of one-third 
to two-thirds. They do not greatly affect the morphology of the ice. This effect is larger 
than anticipated from considerations of their mobility and effect on the freezing point 
for a binary solution, but may be a consequence of the presence of sucrose as an 
additional solute It is not possible to judge whether this reduction in ice-growth rate is 
sufficient to explain the belief that stabilizers interfere with ice-crystal growth in frozen 
confectionery, since quantitative evidence for the belief is lacking.

A gross effect on both ice morphology and growth rate is observed for stabilizers 
which form a gel network. This effect can qualitatively be explained in terms of 
mechanical interference of the growth of ice. The gel fibres are expected to cause 
the ice-interface to develop a radius of curvature comparable in size to the mesh size of 
the network and hence to depress the freezing point. The gel fibres will be subject to a 
tension, which may result in rupture, especially for coarse networks. Again, the 
significance of this result for frozen confectionery is uncertain, especially as the effect 
seems to be smaller at very small undercoolings (such as would prevail in ice cream). 
However, the phenomenon should provide further insights into gels, as the ice crystal 
growth rate and morphology is highly sensitive to network structure.
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Infant food preparations from cowpea, coconut and 
soybean

I .  O . A K I N Y E L E  a n d  A . A D E S I N A

Summary

Composition and sensory properties of ‘milk’ extracted from cowpea ( V igna  
u n g u ic u la ta ) ,  coconut (C o cu s n u c ife ra )  and soybean (G lyc in e  m a x )  were compared 
with Frisolac (a commercial infant formula), cow’s milk and human milk. Cowpea milk 
and soybean milk were higher in nutrients than cow or human milk and Frisolac except 
for calcium and energy. The flavour of the products were rated acceptable. There were 
no differences in the flavours but the odours and colours of the milks were significantly 
different (P  <  0.05).

Introduction

Although soybean has become a very important food crop because of its high quality 
protein, oil, vitamins and minerals (Nicholas, Sinclair & Jellife, 1961; Oyenuga, 1978), 
cowpea ( V ig n a  u n g u ic u la ta ) is the most widely consumed food legume in the diet of 
Nigerians. The seeds are valuable as a source of protein, and especially as a lysine 
supplement to the lysine deficient cereals in the diet of Nigerians (Oyenuga, 1978; 
Onayemi & Potter, 1976). Coconut (C o cu s  n u c ife ra ) is also a valuable source of 
nutrients (Oyenuga, 1978) and has a good quality protein (Loo, 1968).

Attempts have been made to process these food items into forms in which their 
nutrients were more readily available and optimally utilized. Among these is the 
extraction of the juice in coconut and solubilization of the seeds to prepare milk 
substitutes. Plot water extraction (Wilkens, Mattick & Hand, 1967), acid grinding (Kon 
e t a l . ,  1970) and alkali soaking (Badenhop & Hackler (1970) have all been used for 
soymilk extraction. Nelson, Steinberg & Wei (1976), attempted to establish a standard 
method for the production of legume milks by soaking, blanching and adding sugar, 
flavour, sucrose, vanillin and starter distillate. Ebiringa (1983) attempted to produce 
cowpea-coconut-milk using the alkali soaking and wet grinding method of Nelson et 
a l . ,  (1976) with cowpea, corn and coconut. Coconut milk was a by-product of the 
coconut oil industries (Roxas, 1963, Robledana-Luzuriage, 1956) but the temperatures 
employed led to a decrease in the nutritive value of coconut protein (Mitchell, 
Hamilton & Beadles, 1945). The protein extracts from coconut are almost fibre-free 
and high in quality (Gunetileke & Laurentius, 1974).

It was the purpose of this study to extract ‘milk’ from cowpea, coconut and soybean 
with the primary objective of establishing their potential value for human nutrition 
especially for infants, children and those adults who are unable to digest the raw fruit 
and seeds.

Authors'address: Department of Human Nutrition, University of Ibadan, Ibadan, Nigeria.
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Materials and methods

M a ter ia ls
The soybean seeds (G lyc in e  m a x )  were obtained from the International Institute of 

Tropical Agriculture, Ibadan while the cowpea ( V igna  u n gu icu la ta )  and coconut 
( C o c u s  n u c ife ra )  were purchased from a local market in Ibadan.

S a m p le  p re p a ra tio n  f o r  c h e m ica l ana lysis
The seeds of soybeans and cowpeas were winnowed to remove particles, defective 

seeds and stones before being pounded in a mortar. Samples were reduced to fine 
powders in a Moulinex blender (M o d e l 2 4 1 ). The coconut was dehusked and broken 
into pieces before blending and the mash produced was dried (Gallenkamp moisture 
oven model OV-440, 60°C, 24 hr). The sample powders were stored in air-tight 
containers before analysis.

E x tr a c tio n  o f  m ilk
The methods used were modifications of the method of Nelson e t a l . .  (1976). 

Soybean milk (SBM ) and cowpea milk (CPM) were extracted by soaking in tap water 
(18 hr), blanching (80°C, 5 min), dehulling and blending to smooth pastes, diluting with 
water (SBM , 1 :3 ; CPM, 1 :2 ), sieving through muslin cloth, boiling the milk (filtrate) 
and finally cooling to room temperature. The coconut fruits were broken and the flesh 
was blended to a very smooth consistency. The mash was diluted 1:2 with water and 
subsequently treated as for CPM and SBM  to obtain the coconut milk (CCM).

C h e m ic a l  a n a ly s is
S a m p le  p re p a ra tio n . The SBM and CPM were dried in a moisture oven (AOAC,

1980) and the residues ground to a fine powder. The CCM sample was prepared using 
the A O A C (1980) method for preparing samples from a colloidal suspension. The 
residue, after centrifugating and decanting, was dired to constant weight (moisture 
oven, 60°C) and then ground to a powder.

M o is tu r e  co n ten t. The raw milks were evaporated in a vacuum rotary evaporator 
(40°C) and dried to constant weight (AOAC, 1980). The moisture content was obtained 
by difference.

Proximate Analyses were: crude protein ( N x 6 .2 5 )  and fat (AOAC, 1980); avail
able carbohydrate (a combination of methods Southgate, 1976; Dubois e t a l., 1956); 
minerals (atomic absorption Perkin Elmer model 305B), after dry-ashing and solution 
of the ash in distilled deionized water acidified with nitric acid), caloric values (ballistic 
bomb calorimeter, Gallenkamp model CB 370).

S e n s o r y  ev a lu a tio n
The CPM and SBM  were sweetened with sucrose (25 g per litre of milk) because of 

their bland taste. The multiple comparison test (Larmond, 1977) with eight assessors 
used soymilk (R ) as reference compared with SBM (414), CCM (411) and CPM (404) 
for flavour preference and differences in odour or colour. The correct identification of 
the reference SBM  (R) as being equal to SBM  (414) by seven out of eight of the panel 
demonstrated their sensory ability.
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Results

Table 1 shows the mean of duplicate determinations of the nutrient composition of the 
raw samples, the milks and the residues. Soybean had the highest solids (91.2 g% ), ash 
(5.2 g % ), protein (43.9% ) and energy value (534 kcal/100 g), while cowpea and 
coconut had the highest available carbohydrate (57.1 g%) and lipid (36.0 g% ), 
respectively.

Table I . Percent proximate composition of soybean, cowpea and coconut: their milks and residues

Soybea:ns Cowpea Coconut

Component Whole Milk Residue Whole Milk Residue Whole Milk Residue

Mositure (g) 8.8 91.7 72.8 10.4 92.0 63.6 40.2 92.5 60.0
Total solids (g) 91.2 8.3 27.2 89.6 8.0 36.4 59.8 7.5 40.0
Crude protein (g) 43.9 3.7 11.5 21.6 2.8 12.4 6.5 1.4 5.7
Crude fat (g) 
Available

20.5 1.9 5.0 2.7 0.4 1.2 36.0 4.1 19.5

carbohydrate (g) 15.0 2.1 5.8 57.1 4.3 17.5 12.2 1.7 7.8
Ash 5.2 0.6 1.8 3.8 0.5 1.7 1.8 0.3 1.6
Crude fibre (g) 6.6 3.1 4.4 3.6 3.3 5.4
Calcium (mg) 206.4 22.0 58.8 97.0 10.7 38.4 16.2 3.7 17.6
Iron (mg) 8.4 1.1 2.5 5.8 0.8 2.4 1.3 0.2 0.7
Energy (kcal) 534 59 136 426 44 179 510 67 281

O f the milks, SBM , CPM and CCM were significantly different from CM, HM and 
FM (chi-squared P  <  0.05). SBM , CPM and CCM were also significantly different 
from each other (P  <  0.05).

Table 2 represents the percentage of the RDA (Recommended Dietary 
Allowances, U .S. 1980) that can be met by 100 ml (of 7 -8 %  solid matter) of milks. The

Table 2. Percent RDA met by 100 ml of HM. FM. SDM, CPM and CCM for infants and children

Nutrient Energy (kcal) Protein (g) Calcium (mg) Iron (mg)

RDA for
<  1 year 820 14 550 5-10
1 -3  years 1360 16 450 5-10

Infants l<  1 year) % % % %
HM* 8.2 9.3 6.0 0 .8 - 1.6
FMt 8.2 10.0 8.2 4-8
SBM 7.2 26.4 4.0 11-12
CPM 5.4 20.0 1.9 8-16
CCM 8.2 10.0 0.7 2-4

Children ( 1-3 years)
HM 4.9 8,1 7.3 0 .8 - 1.6
FM 4.9 8.8 10.0 4-8
SBM 4.3 23.1 4.9 11-12
CPM 3.2 17.5 2.4 8-16
CCM 4.9 8.8 0.8 2-4

*McCance and Widdowson ( 1078). 
rFrisolac Composition ( 1983).
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SM B and CPM can supply higher percentage of the RD A of protein and iron for infants 
and children (1 -3  year) than HM and FM. The CCM is as rich as HM and FM in energy 
and protein for both age groups, and can meet more of RDA for iron than HM (v/v), 
but less than FM.

S e n s o r y  ev a lu a tio n
There were no significant differences (P  <  0.05) in the flavours of both the CCM 

and CPM , but there was a significant difference in their colours and odours (P <  0.05). 
No beany flavours were observed in the SBM and CPM. They had natural bland tastes 
while CCM had a natural sweet taste. The sweetening of the SBM and CPM was largely 
responsible for the similarity in flavour of the samples. The SBM had a cream colour, 
the CCM had a whitish milky colour and the CPM had an off-white colour. The CPM 
was rated the least acceptable in odour and colour. However, all the samples were 
acceptable to the taste panel.

E ffic ie n c y  o f  th e  ex tra c tio n  tech n iq u es
Evaluation of the efficiency of nutrient extraction has not been measured previously 

(Nelson e t a/., 1976, Thio Gaon, 1978, and Ebiringa, 1983). Table 3 shows the percent 
recovery (PR) of the nutrients present in the original samples.

Table 3. Percent nutrient recovery in the 
'milk' samples

Nutrient

Nutrient recovery (%)

SBM CPM CCM

Energy 53 42 37
Protein 42 W 85
Fat 44 60 32
Ash 67 55 68

Discussion

The nutrient composition of the raw samples was reflected in the milks, although the 
energy value of CCM was higher than that of the raw ‘coconut flesh’, probably because 
of the high fat content. The nutrient content of SBM was slightly higher than that of 
Nelson e t al. (1976) but lower than that of Thio Goan (1978), probably due to 
differences in the extraction methods. No data was available with which to compare 
CCM . The presence of large amounts of nutrients in the residues suggests the need for 
further improvement in the extraction procedure. As a child might consume up to 1000 
ml of milk per day, the milks could supply ten times the percentage of the RDA shown 
in Table 2, if consumed as much per day. The lack of crude fibre and high level of 
available carbohydrate in the milks could make them more tolerable sources of 
nutrients than the raw samples.

Since the level of crude protein is not satisfactory evidence of protein quality further 
studies are needed on the amino acid score, digestibility and bioavailability of the 
protein in the ‘milks'. Data on the composition of the available carbohydrates is also 
necessary because of the claimed association between the raffinose family of the 
oligosaccharides and the incidence of diarrhoea and flatulence in infants (Kon et a l..
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1973, Steggarda & Dimmick, 1966). However, this study has demonstrated that 
soybean, cowpea and coconut are potential sources of nutrients, especially for infants 
and children.
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Release of metals from soya products by the action of 
some gastric and intestinal enzymes

P . R O B B , *  D .  R .  W I L L I A M S ,  * H.  M.  C R E W S U  a n d  
D .  J .  M c W E E N Y t

Summary

Measurements have been made of the amount of calcium, magnesium, zinc, iron, 
copper, manganese and nickel released into solution from three types of soya product 
prior to, and following the use of, in  v itro  enzymatic degradation procedures. The 
amount of solubilized metal has been shown to depend upon the enzymes used, the 
metal under consideration, the pH and the type of soya being studied. Such experi
ments may help to improve understanding of the behaviour of metals released from 
soya by the action of enzymes in the gastro-intestinal tract.

Introduction

In order to maintain an adequate standard of health it is necessary to ingest and absorb 
sufficient quantities of nutrients to enable the body’s metabolic processes to function 
efficiently. Ingested food is degraded in the gastro-intestinal tract to produce a mixture 
of metal ions and complexes, amino acids, peptides, fats, fibre and many other 
substances. However, relatively little is known about the way in which these substances 
react together in  v iv o  and it is therefore difficult to predict which foods or mixtures of 
foods can provide a given nutrient in its most bioavailable form.

The bioavailability of essential metals from different soya products has been the 
subject of discussion for some time (Welch & Van Campen, 1975; O ’Dell, 1979; 
Erdman, 1981; Young & Janghorbani, 1981; Bodwell, 1983). Whilst soya products are a 
potentially rich source of some metals, the extent to which they exist in a bioavailable 
form in the gastro-intestinal tract is not known. The literature on this subject is 
somewhat confused, partly by the failure of some workers to adequately characterize 
the different types of soya product used in their experiments (Rackis & Anderson, 
1977; Waggle & Kolar, 1979).

An important stage in obtaining a better understanding of the bioavailability of a 
metal is to determine how much is released from a given food in soluble form under the 
conditions found in the gastro-intestinal tract. There are many problems associated 
with in  v iv o  studies and consequently a number of in  v itro  techniques have been 
developed to investigate the release of metals from foods (Narasinga Rao & 
Prabhavathi, 1978; Furuya, Sakamoto & Takahashi, 1979; Schricker, Miller & van 
Campen, 1982; Crews, Burrell & McWeeny, 1983, 1985).

Authors' addresses: ' Department of Applied Chemistry, University of Wales Institute of Science & 
Technology. PO Box 13. Cardiff CFI 3XF: and FMinistry of Agriculture. Fisheries and Food. Food Science 
Laboratory. Haldin House. Queen Street. Norwich NR2 4SX. U.K. 
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One such technique (Crews e t a l., 1983, 1985) has been used in this work to 
investigate the release of calcium, magnesium, zinc, iron, copper, nickel and 
manganese from three different types of soya product.

Materials and methods

M a ter ia ls
The hydrochloric, nitric and sulphuric acids, hydrogen peroxide, sodium chloride 

(Aristar grade reagents), 1000 /u.g/g Zn, Fe, Cu, Mn and Ni and 10000 gg/g Ca and Mg 
solutions (Spectrosol grade) used in this work were obtained from BDH Ltd. Sodium 
bicarbonate was obtained from Sigma Chemical Company Ltd. The in v itro  digestion of 
the soya products was carried out using Porcine enzymes (Sigma). Gastric enzymolyses 
were carried out using a solution of 10 mg/cm3 Pepsin (cat. no. P7000) in acidified saline 
(150 mmol/dm3 NaCl, 20 mmol/dm3 HC1). Intestinal enzymolyses were carried out 
using a solution containing 1.5 mg/cm3 Pancreatin (cat. no. P1750), 5 mg/cm3 Amylase 
(cat. no. A6880) and 0.75 g/dm3 bile salts (cat. no. B8756) in saline (150 mmol/dm3 
NaCl).

Sample homogenization was carried out using a Colworth Stomacher Laboratory 
Blender 400 with samples being contained in the appropriate stomacher bags. All 
volumetric glassware and polypropylene bottles (1 dm3) were acid cleaned prior to use 
and all analytical solutions were made up to volume with double distilled deionized 
water.

Three different types of soya product were used in this work. A full-fat soya flour, 
sample A , was donated by British Soya Products Ltd., and a concentrated soya protein, 
sample B , and a textured soya protein (mince variety), sample C, were donated by 
Lucas Ingredients Ltd. Further details of these products are given in Table 1.

Table 1. Some typical composition data (percentage dry 
matter basis), supplied by the manufacturers of the three 
soya products studied

A
Trusoy
(full-fat
flour)

B
Newpro
(concentrated
protein)

C
Solus
(textured
protein)

Protein 44.1 65 (Min) 42.5-52
Carbohydrate 25 17 29.5
Fat 21 2.5 1.5
Fibre 2.0 3.5 (Max) 3.0
Ash 4.9 4.5 (Max) 6
Moisture Packed at 6 (Max) 8

approx. 7

W et digestion of all samples was carried out using a Tecator Auto Digestion System 
which could deal with up to twenty samples simultaneously. Analytical determinations 
of metal concentrations were carried out using a Beckman Spectraspan III A DC plasma 
emission spectrometer.
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T ra ce  e le m e n t a n a ly s is
Details of the wet digestion procedure used in this work have been reported 

previously (Crews e t a l., 1983). In brief, however, the total amount of Ca, Mg, Zn, Fe, 
Cu, Mn and Ni in each of the three types of soya produce was determined in the 
following manner. The organic matrix of duplicate aliquots of each soya (1 ±0 .1  g) was 
decomposed using hot concentrated sulphuric and nitric acids followed by hydrogen 
peroxide (100 cm3/dm3) using a Tecator Wet Digestion System. Recovery deter
minations were also carried out by addition of a solution containing a known amount of 
each analyte to replicate aliquots of each soya. The aqueous solution produced by the 
wet digestion procedure was made up to 100 cm3 with distilled deionized water and Zn, 
Fe, Cu, Mn and Ni levels were then measured by Plasma Emission Spectrometry. This 
method was also used to determine the Ca and Mg levels, although a further hundred
fold dilution of the analyte was necessary. The wet digestion procedure was also used to 
determine the metal levels in aliquots (20 cm3) of the saline and enzymolysis 
supernatants.

S a lin e  ex tra c tio n s
Extractions of the soya products were carried out using saline solution (150 mmol/dm3) 

at either pH 2.5 or pH 7.0. Duplicate aliquots of each sample (25±0.1 g) were placed in 
Stomacher bags and pummelled with saline (100 cm3) for 30 sec. The resulting mixture 
was transferred to polypropylene bottles and incubated with continual shaking for 4 hr 
at 37°C. After incubation the pH was checked and adjusted as necessary to pH 2.5 or pH
7.0. The mixtures were then centrifuged and the supernatants analysed as described 
under Trace Element Analysis. Saline blanks were also taken through the procedure.

For each soya take:
six samples
three enzyme blanks

Centrifuge at x 1000 g for 30 min 
remove and analyse supernatant

/  I  kSupernatant Supernatant Supernatant
(i) pH 2.5 (ii) pH 7.0 (in) pH 2.5

Figure 1. Schematic of enzymolysis procedures.
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E n z y m a tic  d eg ra d a tio n s
Identical aliquots of each sample were prepared for use in the enzymolysis experi

ments. An aliquot (25±0 .1  g) for each sample was placed in a Stomacher bag and 
pummelled for 30 sec after the addition of gastric solution (150 cm3). The resulting 
mixture was then transferred into a polypropylene bottle and the enzymolysis was 
carried out as shown schematically in Fig. 1. After centrifugation, the enzymolysis 
supernatant was removed and the metal levels were determined as described under 
Trace Element Analysis. An aliquot of the solid residue was taken, dried, estimated 
gravimetrically and the amount of soya solubilized by the enzymolysis was calculated. 
Enzyme blanks were also prepared as control samples. The post enzymolysis 
adjustment to pFI 2.5 (Fig. 1; supernatant (iii)) was carried out to provide further 
information about the metal species present.

Table 2. Total element levels in three types of soya and percentage solubility before and 
after treatment with digestive enzymes at acid and neutral pH.

% Soluble

Sample
Total
(mg/kg)

Saline* 
(pH 2.5) Gastric-

Gastric
intestinali

Saline* 
(pH 7.0)

Gastric
intestinal!!

Zinc
A 46.6 80 91 105 36 63
B 31.7 60 69 74 66 3
C 55.1 76 90 101 28 46

Iron
A 80 10 42 89 19 31
B 132 20 61 78 65 32
C 108 5 50 100 22 42

Copper
A 13.8 38 65 89 70 92
B 15.6 15 51 76 64 79
C 16.4 24 61 88 68 88

Manganese
A 30.5 83 102 111 6 9
B 19.8 76 90 96 67 6
C 36.3 85 106 113 10 9

Nickel
A 6.30 112 112 125 123 114
B 3.64 70 67 78 95 81
C 8.86 86 83 91 95 95

Magnesium
A 2420 89 104 101 55 63
B 1140 91 94 100 85 49
C 2984 92 92 96 55 64

Calcium
A 2750 ^6 53 56 13 -3
B 3090 37 46 44 37 -10
C 2930 58 61 66 20 -1

*25 g soya: 100 cm-’ saline; +25 g soya: 150 cm’ -gastric' solution (pH 2.5);
+as + followed by addition ot 150 cm’ "intestinal solution (pH 7.0) and acidification to 

pH 2.5 after enzymolysis; § as i  but no acidification after enzymolysis
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Results and discussion

M e ta l c o n te n t o f  so y a  p ro d u c e
The amount of each metal found in the different soya products is shown in Table 2. 

Duplicate sample analyses gave a mean relative standard deviation of 5% .

P h y s ic a l rea c tio n s  o f  th e  so y a  p ro d u c e  w ith  e n z y m e  so lu tio n s
Quite different physical reactions were observed for the three different types of soya 

when the enzymolysis solution was first added. Sample A immediately formed a thin 
slurry, whereas sample B formed a thick paste that was relatively difficult to handle. 
Sample C, however, absorbed a quantity of solvent but retained its physical integrity. 
The amount of each sample solubilized by the enzyme treatment was found to vary 
according to the nature of the sample and the stage of digestion as shown in Table 3.

Table 3. Percent (w/w) of soya solubilized by 
the enzymolysis procedure

Gastric Gastric+intestinal
enzymolysis enzymolysis

Sample (pH 2.5) (pH 7.0)

A 47 78
B 23 52
C 48 85

The relatively small amount of sample B released into solution by the digestive 
enzymes may have been due to the inhibition of enzyme transport through the thick 
slurry that was produced when the aqueous enzyme solution was added to the soya.

S o lu b il iz a t io n  o f  m e ta ls  b y  e n zy m e s
The in  v itro  procedure described here permits measurement of the amount of metal 

solubilized by saline or enzyme solutions. It cannot accurately mimic complex in  v ivo  
systems to give precise information as to the amount of metal that is absorbable by the 
gastro-intestinal tract. However, the soluble metals found in the in  v itro  supernatants 
are at least potentially available for absorption. The final bioavailability will depend 
upon a number of other factors including the chemical form of the solubilized metal, 
nutritional status and the influence of other elements in the diet.

The percentage of metal released into solution from each soya after treatment with 
either saline or enzyme solutions is shown in Table 2. These results have been corrected 
for the amount of metal contributed by saline or enzyme solutions, which for Zn, Fe, 
Cu, Mn and Ni was < 0 . 1  mg/kg for the saline blank and <  1.2 mg/kg for the enzyme 
blank. For Mg and Ca, saline and enzyme blanks were <  7.0 mg kg-1 with the exception 
of the ‘gastric’ and ‘intestinal’ blanks for Ca which contributed 55-70  mg Ca/kg. 
Duplicate sample analyses gave a mean relative standard deviation of 4.4%  (range 
0 .23% ).

Two factors which may effect the solubility of all the elements studied should be 
noted. Firstly, the soya products were used without prior cooking, a factor that has been 
shown to influence the release of metals from soya (Lease, 1967; Weaver et al., 1984). 
Secondly, the sample to extractant ratios for the saline, ‘gastric’ and ‘gastric’ plus
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‘intestinal’ treatments (1 :4 , 1:6 and 1:12, respectively) are different. Consequently, 
any change in metal solubility may arise not only because of the action of ‘intestinal’ 
enzymes for example (where the ratio is greatest), but also because there is more liquid 
present and changes in equilibrium between solid and liquid phases may take place. 
This may be of proportionately greater importance if only slightly soluble species are 
present. Further work is needed to investigate the effects of equilibrium changes and an 
approach incorporating a dialysis technique (such as that reported by Schricker e t a l . ,
1982) might be useful.

The saline treatments do, however, provide some indication as to how effective are 
the enzyme treatments. Some trends apply to all the soya products for several of the 
elements studied. At acid pH the amounts of soluble Zn, Mn, Ni, Mg and Ca released 
by ‘gastric’ enzymolysis are much the same as released by saline treatment alone. 
Enzymolysis releases only a small additional amount of soluble element. Similarly, at 
pH 7.0, saline extraction releases much the same amounts of soluble Cu, Ni and Mg 
(sample B  behaves differently for Mg and this will be discussed below), as does the 
enzyme treatment.

Further interactions between analytes and the soya matrices studied, as affected by 
pH, enzymes and other parameters, are discussed below.

Z in c .  At pH 7.0 most Zn is released by saline treatment from sample B , the 
concentrated soya protein. Treatment with the ‘gastric’ plus ‘intestinal’ enzymes, 
increases the amount of soluble Zn from samples A and C but in contrast drastically 
reduces that from B . The Fe, Mn, Mg and Ca from the protein concentrate behave in a 
similar manner at neutral pH. The enzyme treatment either releases or provides a 
ligand(s) that significantly reduces the solubility of these elements from sample B at 
neutral pH. Although sample B was the least solubilized by enzyme treatment (Table 3) 
this may not wholly account for the reduced solubility since it appears that enzymolysis is 
not necessary to release substantial quantities of these particular elements. Lease 
(1967), found that enzymic digests (pH 6.8) of soya flour solubilized more Zn than did 
similar treatment of soya protein isolate. A ‘carrier’ molecule, (postulated to be a large 
molecule containing a sugar moiety and amino acids as integral constituents), was found 
to be present from soya flour which was able to render Zn soluble and dialysable at pH 
6.8 from insoluble phytate complexes. Furthermore, animal studies with chicks fed 
either defatted soya flour or soya protein isolate have found that only chicks fed the 
latter product required supplemental Zn (Rackis & Anderson, 1977).

It may be that the soya concentrate (B) in this present study is behaving in a similar 
fashion to Lease’s protein isolate, having no ‘carrier’ to maintain Zn (and possibly other 
elements) in a soluble form when enzymes are present at neutral pH.

I ro n . Enzyme treatment increases the amount of acid soluble Fe released from all 
three soya products. Approximately one-third of the Fe from each matrix was released 
at neutral pH following complete enzymolysis. Work with soya products has produced 
conflicting reports on Fe availability. For example, Weaver et al. (1984), investigating 
the bioavailability of Fe to rats from processed soya bean fractions, found no significant 
differences between Fe retention from any of the soya fractions. However, Schricker e t 
al. (1982), using an in  v itro  technique, found that soya isolates as a group had lower 
relative Fe availability than the group of soya flours evaluated. Of the soya products 
studied here, sample A , the full-fat flour, released the least amount of soluble Fe after 
enzyme treatment. It is difficult to speculate without further studies whether the
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phytate content (typically 1 .15-2 .17% , Rackis & Anderson, 1977) of soya, the soya 
protein itself or some other parameter (for example, the formation of insoluble ferric 
hydroxide) is responsible for the relatively low percentage solubility of Fe at pH 7.0 
reported here.

C o p p e r . Surprisingly much less Cu is soluble in saline at pH 2.5 than at pH 7, (Fe 
behaves similarly). Enzyme treatment increases the amount of soluble Cu appreciably 
at acid pH. Almost identical amounts are soluble at both acid and neutral pH after 
complete enzymolysis.

M a n g a n ese . The bulk of Mn in the food was released into solution under acidic 
conditions but very little was found in solution at pH 7.0 with the exception of sample B 
after saline treatment. Manganese carbonate is not very soluble at neutral pH and may 
explain the lack of solubility here at this pH following enzyme treatment, since sodium 
bicarbonate solution is used to neutralize the ‘gastric’ digests prior to the ‘intestinal’ 
stage. This ligand would also be found in  v iv o  and it is reported that, in the normal adult 
human, only about 3%  of orally ingested Mn from food is absorbed. After subsequent 
biliary excretion a net amount <  1% is retained (Scheuhammer & Cherian, 1983).

N ic k e l.  The levels of Ni, in the final diluted acid digests, were relatively low and the 
resulting increased measurement errors produced a situation in which apparently more 
than 100% of the metal was released from the soya. Even so, the results in Table 2 show 
that most of the Ni from all three soya products is soluble both with and without enzyme 
treatment and at both pH 2.5 and pH 7.0. The high solubility of Ni is of interest since 
Flyvholm, Nielsen & Andersen (1984), in a review of eighty-six foodstuffs, found that 
soya beans and soya products had very high Ni contents, (mean levels of 5.2 and 5.1 
p g /g ,  respectively; only cocoa, mean 9.8 p g /g  was higher), relative to other foodstuffs. 
This, combined with the apparent ease of solubilization of Ni from the products studied 
here, suggests that foodstuffs containing soya may make a significant contribution to Ni 
uptake.

M a g n e s iu m  a n d  ca lc iu m . At high pH the amount of soluble Mg was less than that 
found under acidic conditions (with the exception of sample B as mentioned earlier). 
Some Mg may be precipitated as the phytate at neutral pH and this will be discussed in 
connection with Ca below.

The insoluble food components and/or enzyme residues remaining after enzym
olysis at pH 7.0 appeared capable of abstracting Ca from solution to the extent that 
correction for Ca in the enzyme blank gave rise to the apparent negative values shown in 
Table 2. Some of the insoluble Ca at neutral pH may be present as the carbonate 
(solubility of calcium carbonate in cold and hot water is approximately 1 mg/100 cm 1; 
W east, 1984). The presence of phytate in the soya products may also have decreased the 
solubility of Ca. In the absence of protein, precipitation of calcium phytate will occur at 
pH 4.2 and higher (for magnesium phytate precipitation occurs at pH 5.2 and higher, de 
Rham & Jost, 1979). However, in the presence of protein from soya, the phytate in 
solution binds directly to the protein at pHs below the isoelectric point (for soya 
proteins this point lies around pH 5.5). When bound to protein, phytate cannot be 
precipitated as the Ca (or Mg) salt (de Rham & Jost, 1979). Phytate-protein binding can 
be disrupted at high pH (usually at pH >  10) or by high ionic strength solutions (e.g. 1.5 
M NaCl or saturated ammonium sulphate). Prattley, Stanley & van de Voort, (1982),
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found that soluble protein-Ca-phytate complexes which were formed at pH >  6, were 
dissociated above pH 10 at high ionic strength. For the soya proteins studied here, it is 
likely that both industrial processing and in vitro  enzyme treatment have caused 
denaturation of the proteins which will alter the binding sites available for Ca“+ and 
release phytate to form the insoluble Ca salt at neutral pH (Kroll, 1984).

Wien & Schwarts (1985), found that Ca solubility from full-fat soya flour could be 
decreased at pH 6.9, in  vitro  by the presence of bile salts. Further work is needed to 
determine whether the bile salts used in the in vitro  system reported here influence trace 
element solubility.

Conclusions
The present work has shown that both the action of enzymic digestion and the pH of the 
digest solution can play important roles in determining the amount of metal released 
from the food. Some elements were solubilized by the action of saline solution alone. 
Calcium and manganese were found to be present in relatively low concentrations in the 
intestinal digest of all three soya products at pH 7. In addition, a relatively small amount 
of zinc was solubilized by the intestinal enzymolysis of the concentrated soya protein at 
this pH.

The results presented in this report permit some assessment of the potential in  v ivo  
solubility of metals from the three soya products studied. This solubilized portion may 
provide an estimate of the upper limit that is potentially bioavailable. However, these 
soya products have been treated in isolation. They are likely to be ingested in v ivo  as 
part of a mixed food matrix and this, as well as other factors discussed above, will 
greatly influence the final bioavailability of metals from these products. Additional 
research is necessary to study metal speciation in the digest solutions to investigate the 
factors that influence the bioavailability of metals from soya in vivo.
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Rice bran as a source of dietary fibre in bread

G . R . S K U R R A Y ,  D.  A .  W O O L D R I D G E ,  a n d  M I N H  N G U Y E N

Summary

Samples of wheat bran, parboiled rice bran and fat extracted rice bran were analysed for 
chemical composition, particle size distribution and farinogram dough characteristics. 
Fat extraction increased the fibre and protein content of rice bran. Wheat bran had the 
highest fibre content, water holding capacity and particle size. The farinogram 
properties indicated that there was no significant change when parboiled or fat 
extracted rice bran was added to wholemeal dough. However, wheat bran markedly 
changed the farinogram properties of wholemeal flour dough. Bread was prepared 
using wholemeal flour and the wheat and rice brans. Wheat bran or fat extracted rice 
bran decreased the loaf volume, acceptability, texture, flavour and appearance but 
parboiled rice bran only reduced the loaf volume by 6.9% .

Introduction

Rice bran is light brown, slightly oily, unstable meal produced as a by-product of the 
rice milling process. It contains approximately 17% fat and 6% crude fibre (Houston,
1972). The instability is a result of the high levels of unsaturated fatty acids and the 
presence of lipase (James & Sloan, 1984); parboiling or removal of the lipid with solvent 
stabilizes the bran (Houston, 1972).

Jam es & Sloan (1984) investigated the functional properties of rice bran and wheat 
bran and found that defatted, extruded rice bran had higher stability and water holding, 
fat holding, and foaming capacities than non-defatted rice bran or wheat bran. These 
properties may affect the quality of bread made with added bran.

The development of high fibre breads has increased recently because of implications 
of dietary fibre deficiency in many diseases (Nelson. 1985; Meers. 1981). Wheat and soy 
bran and powdered cellulose have been used in bread making (Dubois, 1978), and a 
recent study has shown that up to 5% of acid or alkali treated rice bran could be added 
to wheat flour to produce acceptable bread (Fukui. 1982). The present study has shown 
that parboiled or fat-extracted rice bran may also be used to produce an acceptable 
high-fibre bread.

Materials and methods

Commercial parboiled rice bran (Ricegrowers Co-operative Mills Ltd., Leeton, NSW) 
was obtained by dehulling paddy rice cooked in steam at 120°C for 20 min. Fat- 
extracted rice bran was obtained from the same source by extracting the lipids with 
hexane. The bran was air-dried at 55°C with intermittent agitation; no residual solvent 
could be detected by taste. The wheat bran, wheat flour, yeast and bread improver were 
obtained from Allied Mills, Lidcombe, NSW, Australia.

Authors' address: Hawkesbury Agricultural College, Richmond, NSW 2753. Australia.



728 G. R. Skurray , D. A . Wooldridge and Minh Nguyen

Moisture, fat, crude protein, fibre, water absorptivity and bulk density were 
determined using the methods described by the AACC (1983). Particle size distribution 
was carried out on duplicate 50 g samples using a Foss Electric Sieve Shaker with sieve 
sizes of 1, 0.6, 0.25, 0.15, 0.125, and 0.075 mm.

Farinograms were produced using the Brabender farinograph model 820500, and 
dough development time, tolerance index, stability, resistance and dough elastically 
were calculated from duplicate curves (AACC 1983).

The bread making formulation was: wholemeal flour (85), bran (15), saturated fat 
(2 .0 ), gluten (10), sucrose (1.0), milk powder (4.0), yeast (3.2), bread improver (1.0), 
water (73), salt (2.5) and calcium propionate (0.2) (parts by weight). The control loaves 
(wholemeal) contained 100 parts wholemeal flour and no bran.

The mixing, moulding, proofing and baking were carried out according tc standard 
methods (James & Sloan, 1984). Coded samples of the loaves were rated by twenty-four 
experienced assessors on a nine point hedonic scale for flavour, texture, appearance 
and overall acceptibility. The results were analysed by analysis of variance and 
compared using Duncan’s Multiple Range Test (Snedecor & Cochran, 1967).

Results and discussion

Lipid extraction markedly increased the proportion of apparent crude protein and fibre 
contents of rice bran (Table 1) and probably caused the large difference in the visual and 
physical characteristics of each material. The crude protein, fibre and ash content of the 
lipid extracted rice bran was higher than expected. Flowever, there may have been a 
difference in the concentration of other constituents of the bran. The parboiled rice 
bran was a light brown colour powder with slight cohesive properties. The lipid 
extracted rice bran was lighter in colour, and a lack of cohesiveness led to ‘dustiness’ 
and difficulty in handling the powder, probably because it has a greater proportion of 
particles less than 0.25 mm in diameter (46.7% ) compared to wheat (2.6% ) or 
parboiled rice (7 .5% ) bran. However, the high fibre content of extracted rice bran did 
not lead to a higher water absorptivity than the two other brans (Table 1), unlike that of 
Jam es & Sloan (1984) where partially defatted rice bran had a higher water absorptivity 
than parboiled bran. This discrepancy may be explained by the particle size, as water 
absorptivity decreases with decreasing particle size (Lorenz & Lee, 1977). The farino
graph data indicated that adding bran to wholemeal flour did not significantly increase 
the water absorption (Table 2) but there was a significant difference in the water 
absorptivity of the individual brans (Table 1). The farinograph values were significantly 
increased by the addition of wheat bran, but not by the addition of parboiled and lipid 
extracted rice bran (Table 2). The problems associated with the addition of wheat bran 
have been well documented (Pomeranz e t a l., 1977: Roiter et a l., 1981; Shogren et a l .,
1981).

Table 1. Composition and water absorptivity of brans*

Sample
Crude protein 
(g/lOOg)

Lipid
(g/100g)

Ash
(g/100g)

Fibre
(g/100g)

Water
absorptivity
(g/lOOg)

Wheat bran 14.2a 2 .6a 5.7a 43.2a 338.2a
Parboiled rice bran 12.3b 16.4b 5.3a 7.3b 764.9b
Pat-extracted rice bran 17.7c 0 .2c 10.8b 13.2c 133.9c

*Means of three replications; means followed by a different letter differ significantly (P  <  3. 0 1 ).
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T able  2. D ough  characteristics ob ta ined  from farinogram s*

Addition to wholemeal flour

No addition
Wheat
bran

Parboiled rice 
bran

Fat-extracted 
rice bran

%Water absorption 66.4a 68 . 1a 67.5a 67.2a
Development 6 .0a 9.2b 6.5a 7.5c

time (min) 
Stability (min) 5.5a 35b 4c 5a
Resistance (min) 11.5a 44.2b 11,3a 12.5a
Tolerance index 60a 20b 60a 80c
(Brabender units) 
Time to breakdown 7.5a 29.5b 8.4c 9.Od
(min)
Dough elasticity 90a 120b 90a 90a

‘ Mean of duplicates: means within a row followed bv a different letter differ significantly (P <  0.01).

The loaves with added wheat bran had a significantly lower loaf volume and sensory 
evaluation scores (Table 3). Loaf volumes were much greater with the added rice brans 
compared to wheat bran but the loaf volume and sensory evaluation scores were lower 
for the loaves with added fat extracted rice bran compared to parboiled rice bran. The 
loaves with added parboiled rice bran were 91.3%  of the wholemeal loaf volume and 
there was no significant difference in flavour, texture and appearance (Table 3). 
However, the added parboiled rice bran loaves had a lower acceptability to this panel 
than wholemeal loaves, and there may be factors other than those tested that contribute 
to acceptability.

Pomeranz e t al. (1977) have suggested that added fibre reduces the loaf volume 
because of a dilution of the gluten content and changes in crumb structure which impair 
carbon dioxide retention. The wheat bran particles were larger than the rice brans and 
this may explain the higher loaf volumes obtained with added rice brans (Roiter et a l . , 
1981).

Overall it appears that parboiled rice bran may be a possibility for increasing the 
fibre content of bread. A larger survey, involving a greater number of assessors may 
give more accurate results.

Table 3. Loaf volume moisture and sensory evaluation of loaves containing different brans*

Addition to wholemeal flour

No addition
Wheat
bran

Parboiled rice 
bran

Fat-extracted 
rice bran

Loaf volume 2490a 1690b 2275c !920d
(cm2)
Moisture 41.7a 45.5b 42.5a 42.8a
Flavour 7.6a 6.3b 7.1a 5.9b
Texture 7.5a 5.3b 7.0a 5.3b
Appearance 7.8a 5.3b 7.3a 6 .6c
Acceptability 7.7a 5.9b 6.5c 5.9b

‘ M eans o f dup licate  o r m eans o f the scores from tw enty-four panelists: m eans in rows, followed by
d iffe ren t le tte rs  are significantly d ifferent ( / '  <  0.01 ).



730 G. R. Skurray, D. A . Wooldridge and Minh Nguyen

References
A A C C  (19 83 ). A p p ro ved  M ethods o f  the A m erican  

A ssocia tion  o f  Cereal Chemists, S t P a u l, M N .

D u b o is ,  D . K .  (1978 ). T h e  p ra c t ic a l a p p lic a tio n  o f 

f ib re  m a te r ia ls  in  b re a d  p ro d u c t io n . Bakers Digest 
4 , 3 0 - 3 3 .

F u k u i .  T .  (1 9 82 ). S tu d ie s  o n  m a k in g  b re a d  w ith  

a d d e d  f ib re  I I I .  Journal o f  the Japanese Society o f  
h o o d  Science and  Technology, 29 , 656.

H o u s to n .  D .F .  (e d .)  (1972 ). Rice— Chem istry and  
T echnology, S t. P a u l.  M N ;  A m e r ic a n  A s so c ia t io n  

o f  C e re a l C h e m is ts .

J a m e s . C '.A . &  S lo a n . S. (1964 ). F u n c t io n a l p ro p e r

tie s  o f  e d ib le  r ic e  b ra n  in  m o d e l system s. Journal 
o f  h o o d  Science, 49 , 3 10- 31 7 .

L o re n z .  K .  & L e e .  V . A .  (1977 ). T h e  n u t r i t io n a l and  

p h y s io lo g ic a l im p a c t o f  c e re a l p ro d u c ts  in  h um an  

n u t r i t io n .  C R C  Critical Reviews in Food Science 
a n d  N utrition  24, 3 8 3 - 3 8 6 .

M e e rs .  A . . I .  (1 9 81 ). T e c h n o lo g ic a l and  re g u la to ry  

aspec ts  o f  f ib re  use in  fo o d  p ro d uc ts , hoo d  Tech
n o logy  33 , 2 35- 23 7 .

N e ls o n ,  J .H .  ( 1985). W h e a t:  its  p rocess ing  a nd  u t i l i z 

a t io n .  A m erican  Journal o f  Clinical Nutrition. 41. 

1 070-1073 .

P o m e ra n z ,  Y . ,  S h o g re n . M . D .  F in n e y .  K .F .  &  

B e c h te l,  D .B .  (1977 ). F ib re  in  b re ad . Cereal 
C hem istry  54 . 2 5 - 3 1.

R o it e r ,  I.M., T a ra s e n k o ,  L. D e m c h u c k , A .P .  &  

C h u m a c h e n k o ,  N . A .  (1981 ). E ffe c t o f  a d d it io n  o f 

f in e ly  d isp e rse d  b ra n  o n  doug h  p ro p e rt ie s  and  

b re a d  q u a l it y .  K hlebopekarnaya Konditerskaya  
P rom ysh lernost 6 , 22- 27 .

S h o g re n ,  M . D . .  P o m e ra n z ,  Y .  &  F in n e y .  K .F .  

(1 9 8 1 ). C o u n te ra c t in g  th e  d e le te r io u s  e ffec ts  o f 

f ib re  in  b re a d  m a k in g .  Cereal Chem istry 58, 142— 

147.

S n e d e c o r,  G .  W .  i t  C o c h ra n .  W .G .  ( 1967). Statistical 
M ethods. 6 th  edn . A m e s .  1A : Io w a  S ta te  

U n iv e r s i t y  P ress.

(Received IS February 1986)



Journal of Foot! Technology ( 1986) 21, 731 -750

Multiple mechanisms of bean hardening

M. J. H IN C K S* a n d  D. W. STA NLEY

Summary

S ev e ra l a spec ts  o f  the  h a rd -to -co o k  p h en o m en o n  in black beans w ere investigated . 
B ean  h a rd e n in g  h ad  com m enced  by the fou rth  m onth  o f sto rage at 30°C and  85%  R H . 
T h e  h e a t t re a tm e n t used  in this study  caused initial soften ing  but actually  po ten tia ted  
th e  d e fec t on ce  th e  b ean s  w ere  su b jec ted  to  high tem p e ra tu re  and high hum idity . B oth 
h y d ra tio n  an d  so ak ed  hardness analyses ind ica ted  th a t the small d ifferences in w ater 
a b so rp tio n  b e tw een  h a rd  and  soft beans could  no t account for the  large d ifferences in 
c o o k e d  h a rd n ess . In c reased  hardness o f raw  defective beans was not re la ted  to  cooked  
h a rd n e ss  b u t to  e lev a ted  m o istu re  levels. A  m ultip le  m echanism  for bean  harden ing  is 
p re se n te d  w hich includes p h y ta te  loss as a m inim al co n trib u to r to  cooked  hardness 
d u r in g  in itia l s to rag e  and pheno l m etabolism  as a m a jo r co n trib u to r on ex tended  
s to ra g e . T h e  p h en o l m etabo lism  is th o u g h t to  be a lignification-like m echanism .

Introduction

S to ra g e  o f  legum es u n d e r adverse  cond itions o f high te m p era tu re  and high hum idity  
re n d e rs  th em  suscep tib le  to  a h a rd en in g  ph en o m en o n  charac terized  by ex ten d ed  
co o k in g  tim es fo r co ty ledon  soften ing . N o t only does this p resen t an energy  problem  
b u t n u tr itio n a lly  the  co oked  p ro d u c t is in ferio r and accep tance by the  consum er is low 
(A g u ile ra  & S tan ley . 1985; S tan ley  & A gu ile ra , 1985). A  m ore com plete understand ing  
o f  th e  u n d erly in g  m echan ism (s) causing this defect is necessary to p reven t its 
d e v e lo p m e n t.

T h e  o b jec tiv es  o f  this research  w ere to  m o n ito r several chem ical and physical 
in d ices  in b lack  b ean s (Phaseolus vulgaris) u n d e r various sto rage cond itions and  to  
e s ta b lish  th e ir  ro le (s)  in the  hard -to -cook  defect. T hese  included w ater abso rp tion , 
p h y ta te  levels, p h y tase  activ ity , pheno ls, m o istu re , and  s truc tu ra l and  hardness changes 
in th e  raw , so a k e d  and  co oked  p roduct.

Materials and methods

Materials
B lack  b ean s (Phaseolus vulgaris, var. o rfeo ) w ere provided  by the  C atholic  

U n iv e rs ity  o f  C h ile , SA . T he  beans w efe field d ried  in the  trad itiona l m anner to a final 
m o is tu re  c o n te n t o f  11.7% (dw b). A  p o rtion  o f  these  w ere subsequently  roasted  in a 
g ra n u la r  b ed  h e a t ex ch an g er (A gu ile ra  et al., 1982) at 15()°C for 2 m in. This hea t 
tr e a tm e n t re d u ced  the  m o istu re  co n ten t to  9 .4%  and resu lted  in an equ ilib ra ted  in ternal 
te m p e ra tu re  o f  80°C. T h e re  w as a delay  o f approx im ate ly  2 m onths betw een  harvest

Authors’ address: Department of Food Science, University of Guelph. Guelph. Ontario NIG 2WI,
Canada.
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an d  c o m m e n c e m en t o f the  sto rage  stud ies as a resu lt o f sam ple p rep ara tio n  and 
sh ip p in g .

M e t h o d s

S t o r a g e  c o n d i t i o n s .  R egu lar d ried  and  hea t trea ted  beans w ere stud ied  u n d e r two 
s to ra g e  co n d itio n s : high te m p e ra tu re , high hum idity  (30°C, 85%  R H ) and low te m 
p e ra tu re ,  low h u m id ity  (15°C, 35%  R H ). T hey  w ere con ta ined  in ju te  bags in lots o f 
a p p ro x im a te ly  10 kg and  p laced  in ap p ro p ria te  env ironm en ta l cham bers (C onviron 
C o n tro lle d  E n v iro n m e n ts , W inn ipeg , M an ito b a ). F or ease o f discussion the d iffe ren t 
tr e a tm e n ts  and  s to rag e  cond itions will be re fe rred  to  as follows: R D L L -regu lar d ried  
b e a n s , low te m p e ra tu re , ’.ow hum idity ; R D H H -reg u la r d ried  beans, high te m p era tu re , 
h igh  h u m id ity ; H T L L -h e a t trea ted  beans, low tem p e ra tu re , low hum idity; H T H H -h ea t 
tr e a te d  b e a n s , high te m p e ra tu re , high hum idity .

S o a k i n g  a n d  c o o k i n g  p r o c e d u r e s .  B ean sam ples w ere soaked  for 18 h r in five vo lum es 
o f  d is tilled  w a te r  at 25°C. T he  p ro toco l for cooking  beans consisted o f soak ing  as 
d e sc rib e d  a b o v e , rep lac ing  the sam e volum e o f d istilled  w ater and cooking at 100°C on a 
h o tp la te  fo r 2 h r w hile m ain ta in ing  the  vo lum e o f  w ater. C ook tim e com m enced  w hen 
th e  w a te r  s ta r te d  boiling . T he cooked  bean  sam ples w ere d ra ined  and allow ed to  cool 
fo r 1 h r to  fac ilita te  accu ra te  m ass m easu rem en ts  fo r hardness.

H a r d n e s s  m e a s u r e m e n t s .  T h e  h ard n ess  o f raw and soaked  beans w ere m easu red  
u sing  an In stro n  U niversal T esting  M achine (M odel 1122, Instron  C anada , B urling ton , 
O n ta r io )  em p loy ing  the  w edge system  o f S efa-D edeh , S tanley  & V oisey (1978). 
M ax im u m  force re q u ire d  to  cu t th rough  the seed coat and coty ledons was m easured  for 
20 ind iv id u a l b ean s and  the  average force rep o rted  as kg /bean . T he load cell used and 
in s tru m e n ta l se ttin g s w ere those  rep o rted  by S efa-D edeh  e t  a l .  (1978).

C o o k e d  b ean  h ard n ess  was d e te rm in ed  using a 10 cm 2 O ttaw a T ex tu re  M easu re 
m e n t S ystem  (O T M S ) test cell w ith an eight b a r w ire extrusion grid (C anners 
M a c h in e ry , S im coe , O n ta r io )  as described  by S efa-D edeh , S tanley  & V oisey (1979). 
T h e  m ax im u m  fo rce  to  com press and ex trude  a 30 g sam ple w as m easured . D e te rm in 
a tio n s  w ere  p e rfo rm e d  in trip lica te  and  the results rep o rted  as kg/30 g cooked  sam ple.

P h y t a t e .  T h e  an io n  exchange m ethod  of H arlan d  & O b erleas  (1977) was used to 
re c o v e r  p h y ta te  and  the  co lou rim etric  p ro ced u re  o f  L a tta  & Eskin (1980) used for 
p h y ta te  d e te rm in a tio n . T he  initial ex traction  was m ade using 2 .4%  HC1 according to  
L a tta  & E sk in  (1980). P hy ta te  was expressed  as m g/g o f b eans, on a dry m a tte r basis. 
F o u r  rep lic a tio n s  w ere  p e rfo rm ed  p er trea tm en t.

P h v t a s e  a c t i v i t y .  C ru d e  phytase  ex tracts  w ere o b ta in ed  and phytase activity 
m o n ito re d  acco rd in g  to  the  m e th o d  o f  L olas & M arkak is (1977). T he ra te  o f increase in 
in o rg a n ic  p h o sp h o ro u s  w as d e te rm in ed  by the m ethod  o f C h en . T o rib a ra  & W arn er
(1956). P ro te in  c o n te n t w as m easu red  using the  B iu re t reaction  (G ornell, B ardaw ill & 
D a v id , 1949). Specific activity  o f  phy tase  was expressed  as p g  P J mg p ro te in /30  m in. 
A c tiv ity  v a lues w ere  co rrec ted  using a con tro l con ta in ing  enzym e which had  been 
b o ile d  fo r 10 m in. T h re e  assays w ere p e rfo rm ed  p er trea tm en t. T he  enzym e ex tracts 
w e re  fro zen  an d  s to re d  a t 40°C until needed .
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Phenols. T h e  p rev iously  frozen enzym e ex trac t w as assayed for to ta l phenol 
c o n te n t . A  1.0 ml a liq u o t o f crude  enzym e fraction  was ex trac ted  w ith 2.0 ml of 
m e th a n o l fo r  10 m in on  a w rist sh ak er and cen trifuged  fo r 10 min in a clinical centrifuge 
se t a t m ax im um  sp eed . A  1.0 ml p o rtio n  o f this su p e rn a tan t was analysed fo r pheno ls 
using  th e  F o lin -C io ca lteu  reag en t (S chanderl, 1970). R esu lts w ere expressed as mg 
ta n n ic  acid  /g  d ry  b e a n . It m ust be em phasized  th a t these  resu lts w ere ob ta in ed  from  the 
en zy m e  e x tra c t an d  n o t on  an ex trac t o f w hole beans. E x tracts  w ere available for 
m o n th s  1 ,2 ,4 ,8  an d  10.

Moisture. M o is tu re  co n ten t o f the  beans was d e te rm in ed  in duplicate  according to 
th e  A A C C  a ir  oven  m e th o d  (4 4 15A).

Water absorption. W a te r  ab so rp tio n  characteristics o f the beans w ere follow ed on 
tr ip lic a te  10 g sam p les th a t had  been  so ak ed  in 50 ml of distilled w ater for 1, 3 ,6 ,  12 and 
24 h r  a t 25°C. A fte r  soak ing  fo r the  ap p ro p ria te  tim e the w ater was d ra in ed  and 
su rface  w a te r  rem o v ed  by b lo tting . G ain  in w eight was taken  as the am ount o f w ater 
a b so rb e d  an d  ex p ressed  as a p e rcen tag e  o f  the dry  w eight. T he hardness o f these 
sa m p le s  w as also  m easu red .

Microscopy. B ean s w ere  im m ersed  in liquid n itrogen  and freeze frac tu red . Sam ples 
w e re  fixed in 2% g lu ta ra ld eh y d e  in 0.01 M H E P E S  buffer. pH  6.0 for 6 h. T hey  were 
th e n  rin sed  five tim es in bu ffer ov er a p eriod  o f 2 h r to  rem ove g lu tara ldehyde and 
d e h y d ra te d  in an e th a n o l series (10, 20, 30, 40, 50, 60, 70, 80, 90 and  3 x 100% ).

S am p les fo r scann ing  e lec tron  m icroscopy w ere critical po in t d ried , m oun ted  on 
a lu m in iu m  stubs and  co a ted  w ith ~  30 nm  o f go l/pallad ium . T hese  w ere view ed and 
p h o to g ra p h e d  on an E T E C  scanning  e lec tron  m icroscope at an accelerating  voltage of 
10 kW

S am p les  fo r light m icroscopy w ere  em b ed d ed  in E pon  812 afte r dehydra tion . 
B lu e -g re e n  sec tio n s (0 .5 -1 .5  /xm) w ere cut w ith a d iam ond  knife on a Sorvall P o rte r 
B lum  u ltra m ic ro to m e  (Ivan  Sorval In c ., N orw alk , C onneticu t) and exam ined  on a Z eiss 
p h o to m ic ro sc o p e  (M o d e l 62727, Z eiss O p tical In stru m en ts , T o ro n to , O n ta rio ). P h o to 
m ic ro g ra p h s  w ere  ta k en  on K odak  E k tach ro m e film (A S A  400). Specific stains 
e m p lo y e d  a re  d esc rib ed  in the  discussion.

Results and discussion

Water absorption
B ean  h y d ra tio n  p a tte rn s  a re  illu stra ted  in Fig. 1. T hey  w ere charac terized  by an 

in itia l p e r io d  o f  rap id  w a te r u p tak e  follow ed by a progressively decreasing  ra te  until 
s a tu ra tio n  h ad  been  a tta in ed .

B ean s  s to re d  u n d e r  high te m p e ra tu re  and high hum idity  conditions (H H ) exhib ited  
h ig h e r in itia l ra te s  o f  w a te r ab so rp tio n  w hen com pared  to  the low te m p era tu re , low 
h u m id ity  (L L ) sam p les. T his increased  ra te  has been  a ttr ib u ted  to  the h igher m oistu re  
c o n te n t  (C re a n  & H a ism an , 1963). Tw o exp lanations for this ra te  d ifference are 
p o ss ib le . S e fa -D ed eh  et al. (1979) identified  the seed  coat as the  prim ary b a rr ie r  to 
w a te r  u p ta k e  d u rin g  the  initial stages o f  abso rp tion . E ssen tia lly , beans w ith an elevated  
m o is tu re  c o n te n t a re  ‘p r im e d ’ for fu rth e r  w a te r abso rp tion  during  the  soaking process 
a n d  d o  n o t show  the  longer lag tim es o f low m oistu re  legum es. This effect is best 
d e m o n s tra te d  by the  transition  in w a te r u p tak e  from  m onth  0 to  1 in the HH beans,
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F ig u re  1. W a te r  a b s o rp t io n  d u r in g  h y d ra t io n  o f  sam p les  s to red  fo r,  □ =  0 m on ths . +  =  2 

m o n th s ,  O  =  6  m o n th s , A  =  1Ü m o n th s , (a ve rag e  s ta n d a rd  d e v ia t io n  w as 2 .5 5 % ) .

c o n s is te n t w ith  the  eq u ilib ra tio n  o f the  beans in th e ir  new  storage env ironm ent and 
re s u lta n t  in c rease  in m o is tu re  (Fig. 2).

S w elling  o f  seeds du rin g  w ate r abso rp tion  has been  a ttr ib u ted  to  the increase in 
v o lu m e  o f  ab so rb e d  a tm o sp h eric  gases w hen disp laced  by w ater (Parrish  & L eopo ld ,
1977). T h e se  a u th o rs  suggested  th a t as gas expansion  p roceeds, a ‘pressurized  b u b b le ’ 
fo rm s w hich  resists fu r th e r  u p tak e  o f  w a te r until so lubilization  increases and the gas can 
e v e n tu a lly  e scap e . T his back  p ressu re  is a function  o f the  am oun t o f abso rbed  gases 
a n d /o r  th e  d e g re e  o f  so lub iliza tion  o f the  gases p rio r to  w etting . In the case o f the HFI 
s to ra g e , e ith e r  less a tm o sp h eric  gas is p re sen t o r the  h igher m oistu re  con ten t p recludes 
d e v e lo p m e n t o f  back  p ressu re  until fu rth e r hyd ra tion  occurs.

T h is  back  p re ssu re -d e so rp tio n  process helps explain  the  slow er absorp tion  ra te  o f 
th e  L L  b e an s  seen  in Fig. 1. W ith g rea te r q uan tities  o f absorbed  gases and low er 
m o is tu re  c o n te n ts  back  p ressu re  develops m uch m ore  rapidly  and re ta rd s the  ra te  o f 
w a te r  u p ta k e .

A n o th e r  c h a rac te ris tic  o f F1H sto rage was th a t the  ra te  o f absorp tion  increased  as 
s to ra g e  tim e  ad v an ced . This tren d  was ev iden t in bo th  the regu lar d ried  (R D ) and h ea t 
tr e a te d  (H T ) beans. LL  beans show ed a fairly consisten t ra te  o f absorp tion  over tim e 
e x c e p t fo r  the  sam p les s to red  fo r 10 m onths w here  the  no ticeab le  increase in ra te  m ay 
h a v e  b e e n  caused  by the  slight increase  in the  initial m oistu re  con ten t o f the beans 
(F ig . 2).

R D F IH  b ea n s  h ad  significantly low er ab so rp tio n  values than  the o th e r  sam ples 
(119 .8  versus 123 .2% , P <  0 .05). T hese  d a ta  m ust be in te rp re ted  w ith care  as th is
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F ig u re .  2. M o is tu re  c o n te n t d u r in g  s to rag e , □  =  R D L L ,  +  - R D H H ,  </> -  H T L L ,  

A  =  H T H H .

d iffe re n c e  m ay  he ex p la ined  by the loss in so luble solids during  soaking. B oth H H  
s to ra g e  tre a tm e n ts  exh ib ited  an ap p a re n t decrease  in absorp tion  (by 24 hr) as storage 
tim e  in c re a se d  and  th is w as g re a te r  in the R D  sam ples. Jones & B ou lte r (1983) found  a 
n e g a tiv e  re la tio n sh ip  be tw een  'im bib ition  va lue’ and solu te leakage w hen exam ining 
b lack  b e a n s  s to re d  u n d e r H H  and LL conditions.

T h e  ro as tin g  p rocess m ay serve to  cou n te rac t the  effect o f the H H  sto rage, causing 
ch a n g e s  to  e ith e r  the  te sta  o r co ty ledon  co m ponen ts , increasing the ir resistance to 
so lu b iliz a tio n  and  su b seq u en t leaching during  soaking. M olina el al. (1976) rep o rted  
th a t  h e a t tre a tm e n ts  o f  increasing d u ra tio n  caused  progressively g rea te r w ater 
a b so rp tio n . It is o f  in te re s t to  question  w h e th e r this resistance to  leaching is re la ted  to 
th e  d e v e lo p m e n t o f  h ardness.

W a te r  a b so rp tio n  is actually  a balance betw een  the  ra te  a t which w ater is ab so rbed  
an d  th e  ra te  a t w hich so lub le  solids are lost. T ow ards the end of the soaking tim e, w hen 
w a te r  a b so rp tio n  is slow , the loss o f solids m ust be g rea te r in the H H  beans to  show the 
loss in a b so rp tio n . In co n tras t, the ra te  o f soluble solids lost m ust be m inim al in LL 
b e a n s  since no loss in ab so rp tio n  w as observed .

S o lu te  leak ag e  has b een  re la ted  to  m em brane  deg radation  an d /o r abnorm alities 
(C h in g  & S ch o o lc ra ft, 1968; H allam , R o b erts  & O sb o rn e , 1973; V arriano-M arston  & 
Ja c k so n . 1981). T h e  b reak d o w n  of in te rce llu la r co m ponen ts , for exam ple, p ro te in , may 
c o n tr ib u te  to  th ese  lost solids (S tan ley  & A guilera , 1985; A . H oh lberg  and D .W . 
S tan ley , u n p u b lish ed  d a ta ). A lthough  th e re  is a significant difference betw een tre a t
m e n ts  it is d o u b tfu l w h e th e r  a 4%  change w ould be significant w ith respect to cooked 
h a rd n e ss , especia lly  if the loss o f so luble solids is taken  into account. Solute leakage 
r a th e r  th a n  ha rd sh e ll is ind ica ted  as the la tte r  p h enom enon  is characterized  by severe 
d e p re ss io n  o f  w a te r  abso rp tion  (A n tu n es  & S garb iera , 1979; H su, Kim & W ilson,
1983). Such a d ep ress io n  w as no t ev iden t in this study. T hus hardness changes which 
o c c u rre d  d u rin g  s to rag e  can n o t be a ttr ib u te d  to  hardshell, and fall in to  the 'h a rd -to - 
c o o k ’ ca teg o ry .
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Soak time ( h )

F ig u re  3 . W e d g e  fo rc e  o f  so a ke d  beans d u r in g  s to rage . Cl =  R D L L . + =  R D H H .  C. • =  H T L L ,

A  =  H T H H .

Effect o f  soaking time on hardness
T e x tu re  o f  the  beans w as m easu red  afte r 0, 1, 3, 6, 12, 18 and 24 hr soaking. In 

g e n e ra l, as soak  tim e increased  the  force req u ired  to  cut the  bean decreased  until 
s a tu ra tio n  h a d  o c cu rred  (Fig. 3) and th e re a fte r  rem ained  constan t. B eans sto red  u n d e r 
H H  c o n d itio n s  show ed  a fa s te r ra te  o f soften ing  than  the  LL beans. O nce sa tu ra tion  is 
re a c h e d  th e  so ftness o f  th e  seeds is the sam e, regard less o f storage condition  o r heat 
tr e a tm e n t.

T h e  d a ta  suggest a logarithm ic re la tionsh ip  betw een  soaked  softness and w ater 
a b so rp tio n  once  eq u ilib ra tio n  to  the  env ironm en ts has been  reached  ( i .e . , afte r 1 m o). 
C o rre la t io n  coefficien ts fo r log force against w ater abso rp tion  for each trea tm en t w ere 
h igh ly  sign ifican t (P < 0 .001). T he  ra te  o f softening was d ep en d en t on sto rage
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c o n d itio n s , w ith  H H  s to rage  yield ing the  fastest ra tes , w hile p revious heat trea tm en t 
h a d  little  effec t. T h is d iffe rence  in soften ing  ra te  is re la ted  prim arily  to  the  increased 
h a rd n e ss  o f  th e  raw  p ro d u c t u n d e r H H  conditions (Fig. 4). W hen the  beans have 
im b ib e d  ap p ro x im a te ly  100% w a te r , on  a dry w eight basis, the force values becom e 
c o n s ta n t. T h is occu rs a f te r  ab o u t 3 h r fo r the  H H  beans and 6 h r fo r the LL beans (Fig.

F ig u re  4 . W e d g e  fo rc e  o f  ra w  beans d u r in g  s to rag e , □  =  R D L L ,  +  -  R D H H . O  -  H T L L ,

A  =  H T H H .

T y p ica l fo rce -tim e  d e fo rm a tio n  curves for the raw  and soaked  beans are illustrated  
in F ig . 5. T h e  sh ap e  o f  th e  curves fo r raw  seeds ind icated  an initial rap id  increase in force 
fo llo w ed  by a re lax a tio n  p e rio d  and  a second  resistance peak  o f dim inished m agnitude. 
T h is  p a tte rn  m ay be in te rp re te d  as the  first peak  being  the  force req u ired  to  cut th rough

F ig u re  5. F o rc e - t im e  d e fo rm a t io n  cu rve s  fo r ra w  and  soaked  beans. A  — L L  raw , B  — H H  

r a w ,  C  =  L L 2 4 h r s o a k . D  =  H H 2 4 h r s o a k .
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th e  se e d  co a t and  first co ty ledon  w hile the sudden  d rop  occurs as a result o f the  space 
c re a te d  by th e  inside  cu rv a tu re  o f the  tw o co ty ledons th a t offers little resistance. T he 
se c o n d  p e a k  is th o u g h t to  reflect the renew ed  force necessary  to  cut th rough  the second 
c o ty le d o n . T h is  p eak  is generally  sm aller than  the  first as th e re  is no t the  added  
re s is ta n c e  o f  th e  seed  coa t. T h e  ab ru p t d ecrease  follow ing the  second peak  is caused  by 
th e  u ltim a te  sp litting  o f  th e  bean .

C h a ra c te ris tic s  o f  th ese  curves m ay be used to  in te rp re t the  increased force requ ired  
to  c u t th ro u g h  seeds s to re d  u n d e r H H  conditions. T he m agn itude o f peak  2 reflects the 
c o n tr ib u tio n  o f  th e  co ty ledon  only  w hile the  ra tio  o f peak  1 to  peak  2 is re la ted  to  the  
c o n tr ib u tio n  o f  the  seed  coat. U n d e r  H H  env ironm en ts th e re  is a significant increase in 
b o th  p e a k s  (p e a k  1 -4 .4 9 )  versus 7 .59; p eak  2 -2 .4 5  versus 4 .82, P < 0 .05), suggesting  
th a t  th e  effec t o f  acce le ra ted  s to rage  on  th e  raw  seed hardness is no t re la ted  to  th e  seed  
c o a t b u t to  th e  co ty led o n s them selves. T h e  significantly h igher ra tio  o f the tw o peaks in 
L L  b e a n s  (1 .99  versus 1.67, P <  0 .05) ind icates th a t the  seed  coat m akes a  g re a te r  
c o n tr ib u tio n  to  te x tu re  th an  in th e  H H  b eans. This effect is p robab ly  re la ted  to  the 
re d u c e d  m o is tu re  c o n te n t and  increased  b rittleness  o f the  seed  coat u nder LL  cond itions.

D iffe re n c es  in fo rce -tim e  d e fo rm atio n  curves a re  no longer ev iden t once w a te r has 
b e e n  a b so rb e d  (F ig . 5). A fte r  24 hr soak ing  the  con tribu tion  o f the  seed  coat is 
n eg lig ib le  an d  th e  fo rce  req u ired  to  cu t th e  co ty ledons is sim ilar. N or is the decrease  in 
re s is ta n c e  b e tw e e n  p eak s as p ro n o u n ced  since the co ty ledons have sw elled upon 
im b ib in g  w a te r  and  th e  space be tw een  them  has been  reduced .

It has  b e e n  show n th a t th e re  is a strik ing  d ifference in th e  hardness o f the  raw beans 
a f te r  s to ra g e  u n d e r  H H  cond itions. This increase co rre la tes  well w ith the  e levated  
m o is tu re  c o n te n t (r =  0 .972, P < 0 .0001). It is logical to  assum e th a t the  increase in 
h a rd n e ss  o f  th e  raw  b ean  is re la ted  to  the in trace llu la r com ponen ts, o f w hich starch is 
th e  p rim a ry  c o n s titu e n t, com prising  approx im ate ly  40%  o f the  coty ledons on a dry 
w e ig h t basis (P o w rie , A dam s and  Pflug, 1960). It is believed th a t the initial 8-10% - of 
w a te r  a b so rb e d  by sta rch  is ‘bound  w a te r’ and  th a t fu rth e r hydra tion  upon equ ilib ra tion  
in a s a tu ra te d  a tm o sp h e re  causes expansion , the  deg ree  o f  which is d ep en d en t upon the 
so u rc e  o f  th e  sta rch  (L each , 1965). Jones & B ou lte r (1983) found th a t the  iso lated  
s ta rc h  fro m  b ean s  in acce lera ted  sto rage had som ew hat g rea te r swelling pow er than 
c o n tro ls  s to re d  at 4°C. It is p ro b ab le  th a t the  L L  beans essentially  contain  bound  w ater 
o n ly  a n d  so lv a tio n  is m in im al. T h e  w edge m ay sim ply slide by dry starch granules and 
p ro te in  b o d ies , push ing  th em  aside  as it passes th rough  the  coty ledon . In the H H  beans, 
w ith  in c re a se d  m o is tu re  and  expansion  o f the  sta rch , as well as a m ore  fully hyd ra ted  
cy to p la sm ic  m a trix , th e  w edge w ould  not be allow ed to  slip by as easily, m eeting  with 
in c re a se d  resis tan ce . T his ‘s tick ie r’ n a tu re  o f the  in trace llu la r com ponen ts w ould 
p ro v id e  d rag  on  th e  w edge. F u r th e r  h y d ra tion  upon  soaking , initially very rap id  for 
b o th  H H  a n d  L L  b ean s , causes soften ing  and  elim inates the  d iffe ren ces .

F ig u re  6 d ep ic ts  S E M  m icrographs o f raw  beans from  bo th  sto rage conditions a fte r 
th e  w ed g e  te x tu re  te s t. T hese  sam ples w ere no t fixed b u t im m ediately  coa ted  and 
v iew ed . T h e  s ta rch  g ranu les  w ere n o t frac tu red  in e ith e r case. T he increased  force , 
th e re fo re , c a n n o t be du e  to  the w edge being  forced to  cleave the granules. It was 
o b se rv e d , h o w ev er, th a t th e  co ty ledon  cells o f H H  beans w ere often  devoid o f g ranules, 
w ith  on ly  a d ep re ss io n  rem ain ing . This could  be a resu lt o f the starch  granules being 
d ra g g e d  from  th e  su rro u n d in g  m atrix  by the  w edge du e  to  the ir m ore  adhesive 
p ro p e r t ie s  a t th e  h ig h e r m o istu re  con ten ts. W hen  this occurs, the m atrix  is com pressed  
as a re su lt  o f  th is d ragg ing  resistance. W here  starch  g ranu les rem ained  in the  cell they 
a p p e a re d  c lo se r to g e th e r , possibly from  partia l swelling. In cells from  LL  sam ples,



Bean hardening 739

F ig u re  6 . S c an n in g  e le c t ro n  m ic ro g ra p h s  o f  ra w  beans sub jec ted  to  th e  w edge  te x tu re  test. ( A )  

_ L  c o ty le d o n  s h o w in g  loss o f  a few  s ta rch  g ra n u le s  (o p e n  a r ro w )  b u t no  e v id ence  o f stress to  th e  

s u r ro u n d in g  m a t r ix ,  S =  s ta rch  g ra n u le .  P =  p ro te in  b o d y . (B )  H H  co ty le d o n  w ith  g re a te r  loss 

o f  s ta rc h  g ra n u le s  (o p e n  a r ro w s )  a nd  c o m p ress io n  o f  th e  c y to p la sm ic  m a t r ix  in  these  a reas (so lid  

a r ro w ) .  (C )  L L  c o ty le d o n  w ith  m in im a l w r in k l in g  on  th e  s ta rch  g ra n u le  su rface . (D )  H H  

c o ty le d o n  s h o w in g  e x te n s iv e  w r in k l in g  o n  g ra n u le  su rface .

w h e re  s ta rch  g ran u le s  w ere  no t in p lace , th e re  was no evidence o f com pression o f the 
c y to p la sm ic  m atrix . T h e  starch  g ranu les o f the H H  beans had  an extensively w rinkled  
su rfa c e ; th is  w as no t nearly  as p ro n o u n ced  in the LL  beans. This m ay be a m em b ran e
like m a te r ia l (S ilva & L uh , 1978) which was affected  by the  e levated  tem p era tu re  and 
h u m id ity .

T h e  im m e d ia te  increase  in hardness o f  raw  beans upon  exposure to  the H H  en v iro n 
m e n t and  th e  co n sis ten t e lev a ted  levels u n d e r these  cond itions seem s to  preclude the 
cell w all from  being  involved  in this increase. If the  cell wall w ere a m ajo r co n trib u to r to 
raw  h a rd n e ss , fo rce  values w ould  be expected  to  increase consistently  o ver tim e, sim ilar 
to  th a t  seen  fo r th e  co o k ed  h ard n ess , no t rem ain  co n stan t upon a change in the 
e n v iro n m e n ta l cond itions.
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Cooked hardness.
B ean s k e p t at e lev a ted  tem p e ra tu re  and hum idity  developed  the  hard-to -cook  

d e fe c t by th e  fo u rth  m on th  o f  sto rage  w hile those s to red  at low te m p era tu re  and 
h u m id ity  ch an g ed  little  (Fig. 7). T ab le  1 gives a statistical analysis of the force values.

F ig u re  7. C o o k e d  te x tu re  o f  b la c k  beans d u r in g  s to rag e , □ -  R D L L ,  +  -  R D H H ,  

O  =  H T L L .  A  =  H T H H .

A t m o n th  0, p rio r  to  s to rag e , the  cooked  force values w ere low, but those for the H T  
sa m p le s  w ere  significantly  low er th an  fo r the R D  sam ples (P < 0 .05). T he R D  sam ples 
a c tu a lly  g rew  so fte r  du rin g  the first 2 m onths o f  sto rage  a fte r which tim e storage at 
e le v a te d  te m p e ra tu re  and  hum idity  led to  the  defect. H T H H  sam ples grew  p ro 
g ressive ly  h a rd e r  d u rin g  s to rage  and  w ere significantly h a rd e r than the R D H H  beans 
fro m  th e  sixth m o n th  onw ard .

T h e se  d a ta  have  several im plications. T he hea t tre a tm e n t p rio r to  sto rage reduced  
c o o k e d  h a rd n e ss  w hen  co m p ared  to  the  regu lar d ried  sam ples at m onth  0. H ow ever, 
u n d e r  h ig h e r te m p e ra tu re  and hum idity  conditions this p re -trea tm en t seem ed  to

T a b le  1. E f fe c t  o f  t re a tm e n t and  s to rag e  on  m ean  fo rce  to  e x t ru d e  co oked  

b ean s  ( kg /30  g)

T r e a tm e n t

M o n th

0 2 4 6 8 10

R D L L :,2 6 . 17“ He 19 4 3 1' b 2 1 .2 7 “ hc 19 .73“ c 18.00“ hc19.77“

R D H H “ 2 5 .4 0 “ “ 21 .2 3 “ h 32 .10 h c38 .77h d52 .40b “58 .4 3 h

H T L L a2 0 . 10b “ 2 0 . 10“ b21 .7 0 “ “20 .07 “ “ 18.97“ “ 20 .17“

H T H H “ 2 0 . l( )h “b2 4 .2 0 b b31 .5 0 b c52 .60c '■56.4“ d 71 .27“

N B  L e ft- m o s t s u p e rs c r ip t re fe rs  to  row s. R igh t-m o s t sup e rsc r ip t re fe rs  to 

c o lu m n s .

M e a n s  w it h  a d if fe re n t  s u p e rs c r ip t a re  s ig n if ic a n t ly  d if fe re n t  (P  <  0 .05 ).
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a c c e n tu a te  th e  d e v e lo p m en t o f the  d efec t follow ing 4 m onths o f sto rage. A g u ile ra  & 
S te in sa p ir  (1985) fo u n d  th a t a high tem p e ra tu re -sh o rt tim e trea tm en t caused  a re 
d u c tio n  in co o k e d  h ard n ess , as m easu red  by p u n c tu re  force. In th a t study, how ever, the  
h a rd n e ss  re m a in e d  low er than  in the con tro l du ring  sto rage . This d ifference is p robab ly  
a re su lt o f  a m o re  in tensive  h ea t tre a tm e n t (exposure  to  250°C for 3 m in, final bean  
te m p e ra tu re  105°C) th a n  the  p resen t sam ples received. It seem s th a t a lthough  the  lesser 
h e a t t re a tm e n t cau sed  initial so ften ing , it even tually  led to  the  developm en t o f 
in c re a se d  h a rd n ess . A  sim ilar response  to  th a t o f A gu ile ra  & S teinsap ir (1985) was 
r e p o r te d  by M o lin a  et al. (1976), a lthough  in this case the  beans w ere e ithe r re to rte d  or 
h e a te d  u n d e r  s te a m , b o th  p rocesses allow ing m ore hea t p en e tra tio n  due to  the  h igher 
te m p e ra tu re ,  tim e a n d /o r  w a te r con ten t.

T h e  d iffe ren ces  in o u r d a ta  m ay re la te  e ith e r to  enzym atic  activation  o r to  an initial 
in ju ry  o f  th e  enzym es responsib le  for the  h arden ing  process, which subsequently  
re c o v e r an d  in itia te  the  p h en o m en o n , especially  at the  h igher tem p era tu res  and 
m o is tu re  levels. A lth o u g h  it will be seen  th a t the  enzym e we stud ied  d id  no t behave in 
th is  m a n n e r , th e  possib ility  o f  o th e r  enzym es partic ipa ting  in the defect canno t be ru led  
o u t.

In  su m m ary , th e re  is ev idence th a t th e  app lication  o f  a hea t trea tm en t can reduce 
th e  to u g h n e ss  o f  co o k e d  beans if they  are s to red  u n d er su itab le  conditions. H ow ever, if 
th e  s to ra g e  co n d itio n s  a re  n o t favou rab le , a hea t tre a tm e n t, if sub-le thal to  the com 
p o n e n ts  p a rtic ip a tin g  in the  h a rden ing  m echan ism , can actually  accen tuate  the  defect as 
s to ra g e  p ro g resses .

M i c r o s c o p y

M icro sco p ic  ex am in a tio n  o f co oked  beans revealed  reduced  cell separa tion  in 
d e fe c tiv e  b ean s . F igu re  8 show s the  d ifference in co ty ledon  cell separa tion  betw een  
R D H H  and  R D L L  b ean s s to red  for 4 m onths. T hese  sections w ere sta ined  w ith C ongo 
re d  fo r  fluo rescence  m icroscopy  (F u lch er & W ong, 1980), a techn ique specific for 
b e ta -g lu c a n s  in th e  cell wall th a t p rov ides a strik ing  highlight o f the  cell boundary . 
D isc re te  s ta rch  g ran u les  a re  qu ite  no ticeab le  in hard  beans w hereas in the  soft beans 
th e y  a p p e a r  as d a rk  bod ies, o ften  fused  to g e th e r. T his, in con junction  w ith reduced  
cell ex p a n s io n  o f  h a rd  b ean s , suggests th a t a secondary  result o f restric ted  cell 
s e p a ra tio n  cou ld  be  th e  lack o f starch  ge la tin ization  during  cooking , which w ould 
c o n tr ib u te  to  th e  defect.

S can n in g  e le c tro n  m icrog raphs o f reg u la r and hard  beans a re  show n in Fig. 9. B eans 
fro m  e le v a te d  s to rag e  cond itions exh ib it dense  packing o f the co tyledon cells with 
m in im a l se p a ra tio n . M iddle lam ella  rem nan ts  are  also observed , resu lting  from  
s tru c tu ra l  b re a k d o w n  o f the m iddle lam ella  during  cooking  (S efa-D edeh  et al., 1979). 
A lth o u g h  it w as difficult to  d iscern  any differences in the am ount o f m iddle lam ella 
re m n a n ts  b e tw e e n  h a rd  and  soft beans it w as no ted  th a t cell walls o f defective beans had 
a c tu a lly  b ro k e n  o p en  o r  pu lled  o ff w here  ad jacen t cells had been  s ituated  before  
fra c tu rin g . T h is  ind ica tes th a t the  adhesion  be tw een  cells was g rea te r in hard  beans.

Phytate
In itia l s ta tis tica l analysis o f the p h y ta te  d a ta  ind icated  th a t each trea tm en t/s to rag e  

c o m b in a tio n  sh o u ld  be  tre a te d  separa te ly . R egressions w ere perfo rm ed  and  the slopes 
o b ta in e d  fo r  each  re p lica te , estim ating  the  ra te  o f p h y ta te  deg radation  and  app rop ria te  
ana ly sis  o f  v a rian ce  w as p e rfo rm ed  on the  slopes. T he d a ta  ind icated  th a t there  was a 
sign ifican t d iffe ren ce  in the ra te  o f  p h y ta te  hydrolysis over tim e. P rep lanned  m ultiple 
49
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F ig u re  8 . L ig h t  m ic ro g ra p h s  o f  co o ke d  bean . ( A )  R R D L  sam p le  sho w ing  sep a ra ted  cells, 

S =  s ta rc h  g ra n u le .  (B )  R D H H  sam p le  in d ic a t in g  la c k  o f  c e ll sep a ra tio n .

c o m p a riso n s  using D u n c a n ’s p ro ced u re  revea led  th a t the  ra tes  fell into th ree  categories: 
L L ’s, R D H H  an d  H T H H  (P <  0 .05).

P h y ta te  d e g ra d a tio n  w as sim ilar fo r beans s to red  u n d er LL conditions and  these 
ra te s  w ere  sign ifican tly  low er than  those  for the  H H  sto rage  (P <  0.05). H ea t trea tm en t 
re ta rd e d  p h y ta te  loss w hen  co m p ared  to  beans th a t had  been  field d ried , but this was 
s ign ifican t o n ly  fo r  b ea n s  s to red  u n d er high tem p e ra tu re  and hum idity . A  general tren d , 
th e re fo re , w as seen  be tw een  h igher ra te s  o f ph y ta te  loss and the developm en t o f 
h a rd n e s s  in the  co o k ed  beans. T he  co rre la tion  coefficient betw een  these two 
p a ra m e te rs  w as significant (r =  -0 .7 1 6 , P <  0 .01).

A lth o u g h  th e  p h y ta te  d a ta  have been  p resen ted  in Fig. 10 as a com parison  o f slopes 
it sh o u ld  b e  n o te d  th a t in te rcep ts  fo r the  hea t tre a te d  sam ples w ere h igher than  those  of
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F ig u re  9. S c an n in g  e le c t ro n  m ic ro g ra p h s  o f  c o o ke d  bean . ( A )  R D D L  sam p le  sho w ing  loose 

a s so c ia t io n  o f  ce lls , m lr  =  m id d le  la m e lla  re m n an ts . (B )  R D H H  sam p le  s ho w in g  t ig h t ly  

p a c k e d  c e lls  a n d  a reas  (a r ro w h e a d s )  w h e re  c e ll w a l l has been  b ro k e n  open  o r  p u lle d  o ff.

th e  R D  b e an s  a t tim e  0. T h e  R D  sam ples also exh ib ited  a slight increase in p h y ta te  over 
th e  first 2 m o n th s  o f  s to rage  b efo re  show ing any decrease. T hese  ab erra tio n s are 
possib ly  a re su lt b o th  o f  in itial dam ag e  to  phy tase  by the  application  o f  dry  h ea t and  of 
p h y ta te  syn thesis . P a ra lle l changes a re  seen  in the  cooked  hardness during  the  first few 
m o n th s  o f  s to ra g e . T h e  overall ra te  o f p h y ta te  loss w as used because the  p h y ta te  levels 
fo r  th e  raw  sam p les  p rio r to  any tre a tm e n t (a t tru e  tim e 0, i.e ., harvest) w ere  not 
k n ow n .

M a ttso n  w as the  first to  suggest th a t legum e cookability  was d ep en d en t upon 
p h y ta te  (M a ttso n , 1946; M attso n  et al., 1950). Since his p ioneering  w ork several studies 
hav e  e x a m in e d  th e  re la tio n sh ip  be tw een  the  h a rd -to -cook  defect and phy tate  conten t. 
T h e  m a jo r ity  o f  th is resea rch  has su p p o rted  M a ttso n ’s w ork and has covered several
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sp ec ie s  a n d  v arie tie s  o f  legum es and  cereals, i .e ., P eers (1953) w heat; R osenbaum  & 
B a k e r  (1966) p e a s ; K u m ar et al. (1978) v aried ; L onge (1983) cow pea; S hehata , A bu  
B a k r  & E l-S h im i (1983) fab a  b eans; and  M oscoso, B o u rn e  & H o o d  (1984) k idney 
b e a n s . O th e r  re se a rc h e rs  have re p o rte d  low co rre la tions be tw een  these tw o p aram ete rs  
(C re a n  & H a ism a n , 1963; H en d e rso n  and  A n k ra h , 1985).

F ig u re  10. P h y ta te  loss d u r in g  s t o r a g e , ----- , R D L L ; -----, R D H H ;  ---- , H T L L ;

------- , H T H H .

T h e  low  b u t significan t co rre la tio n  coefficient found  in the  p resen t study im plies tha t 
p h y ta te  is a c o n tr ib u to r  b u t p e rh ap s  n o t th e  sole o p era tin g  m echanism  in the  harden ing  
d e fe c t. T h is is em p h asized  by th e  ra te  o f  ph y ta te  loss in the  H T  sam ples s to red  u nder 
H H  c o n d itio n s . It is low er th an  in the  R D  b ean s , yet the  cooked  hardness increases as 
tim e  p ro g resses .

Phytase
A lth o u g h  th e  p h y tase  d a ta  fluc tua ted , a genera l q u ad ra tic  tren d  was ind icated  (Fig. 

11). T h is  f lu c tu a tio n  m ay be the  resu lt o f an o n /o ff m echanism  acting on the  enzym e 
w h ich  su b d u es  th e  tre n d  a t these  low levels o f  activity . In genera l, beans in H H  sto rage 
e x h ib ite d  in c reasin g  activity  ov er tim e. L L  sto rage  suppressed  activity initially a fte r 
w h ich  activ ity  in c reased  to  th e  orig inal levels. T h e  specific activity o f the  h ea t trea ted  
sa m p le s  w as re d u c e d  in com parison  to  the  R D  beans and  this was ev ident for bo th  
s to ra g e  co n d itio n s .

A s e x p e c te d , th e  activ ity  profiles pa ra lle led  the  loss o f p h y ta te . T hough the  specific 
ac tiv itie s  a re  q u ite  low , those  fo r m o n th  0 sto rage  are  sim ilar to  values rep o rte d  for 
o th e r  raw  legum es, e .g . H en d e rso n  &  A n k ra h  (1985) found  a specific activity o f 0 .24 fig 
Pi/m g  p ro te in /3 0  m in fo r Viciafaba.

T h e  su b s ta n tia l in itia l dec rease  in activ ities fo r beans s to red  at low er tem p era tu re  
a n d  h u m id ity  a p p e a rs  to  be d ue  to  suppression  o f th e  enzym e. L ow er activities o f  the  
h e a t  tr e a te d  sam p les  m ay ind ica te  p a rtia l d en a tu ra tio n  o r d isrup tion  o f the  enzym e, 
th o u g h  it re m a in s  active and  even tually  recovers. A lth o u g h  no d a ta  are available on
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F ig u re  11. P h y ta s e  a c t iv it y  d u r in g  s to rag e , □ , ------ . R D L L ;  + , -----, R D H H ; ^ . ---- ,

H T L L ;  A , ------- , H T H H .

p h y ta se  re g e n e ra tio n , th is p h en o m en o n  is well docu m en ted  for o th e r enzym es such as 
p e ro x id a se .

P h y ta se  is a th e rm o sta b le  enzym e (P eers , 1953; C hang  & Schw im m er, 1977; R eddy , 
S a th e r  & S a lu n k e , 1982), the  d eg ree  o f  stability  against therm al inactivation  being 
d e p e n d e n t up o n  species and  on w h e th e r the  study is d one  in vitro o r in vivo. T he 
p h y ta se  ac tiv itie s  suggest th a t th e  dry  hea t app lied  to  w hole dry  beans w as no t sufficient 
to  cau se  in a c tiv a tio n , a lthough  it d id  low er activities com pared  to  regu lar d ried  beans.

A n  im p o rta n t co n sid era tio n  w hen exam ining  enzym es is the env ironm ent in which 
th e y  o p e ra te . B ean s have a low m o istu re  co n ten t w hich m eans th a t small changes in 
m o is tu re  can  cause  large  changes in w a te r activity  (aw). B eans in the  H H  env ironm ent 
h av e  a m o is tu re  c o n te n t o f  be tw een  17 and  18% com pared  to  8 -9 %  for LL  sam ples. 
T h is  d iffe ren ce  has som e im p o rtan t im plications w hen biological reactions are 
c o n s id e re d . D a ta  on  b lack beans ind ica te  aw s o f  ab o u t 0.77 and  0.40 at m o istu re  
c o n te n ts  o f  18 and  9%  (dw b), respectively , at 25°C (A gu ile ra  & B alliviar, 1986). U n d e r 
H H  c o n d itio n s  th e  so lven t capacity  and m obility  of w a te r w ould be only slightly 
d e c re a se d  w hile  in L L  cond itions severe  reduction  in these  a ttr ib u te s  will occur. In H H  
s to ra g e  en zy m atic  activ ity  and  ox idative  reac tions could  p roceed  un im peded  and w ould 
a lso  b e  e n h a n c e d  by e lev a ted  tem p era tu res .

Extractable phenols
T h e  ex tra c ts  used  fo r phy tase  activ ity  analyses w ere observed  to  change co lour 

d u r in g  s to ra g e . E x trac ts  from  low te m p e ra tu re , low hum idity  beans re ta ined  the ir 
d a rk  b lu e /p u rp le  hu e  w hile high te m p e ra tu re , high hum idity  bean  ex tracts w ere 
o b se rv e d  to  lose co lo u r, tu rn ing  progressively  ligh ter du ring  sto rage. By 10 m onths the 
e x tra c ts  o f  H H  b ea n s  w ere  a light b lue  to  w hitish g rey .

T h e  lim ita tio n s  o f  th e  pheno l m eth o d  used should  be m en tioned . V alues o f  tannic 
ac id  a re  n o t ab so lu te  b u t d e p e n d  on  th e  cond itions used and  the  n a tu re  o f the  starting  
m a te r ia l. W a te r  w as used  as the  in itial ex trac ting  m edium  and this is know n to be less 
effic ien t th a n  m e th a n o l o r  acidified m e th an o l in ex tracting  the soluble phenols (M a &
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B liss, 1978). T h e  co lo rim etric  test w as p e rfo rm ed  on a sam ple o f the enzym e ex trac t and 
s u b se q u e n t e x trac tio n  w ith  100% m ethano l m ay no t have been  com plete since p ro te in -  
p h e n o l in te ra c tio n s  can in te rfe re  w ith the  ex trac tion . B ecause all sam ples w ere trea ted  
id e n tic a lly  and  the  p ro te in  co n ten t o f the  ex tracts w ere sim ilar (3 6 .6 ± 3 .8  m g/m l), the 
re la tiv e  v a lues o f  to ta l pheno ls w ere considered  valid to  use as a p relim inary  p robe  into 
p o ss ib le  m echan ism s.

L L  b ea n s  lost significantly  m ore  phenols to  the  ex tracting  m edium  than the H H  
b e a n s  (P <  0 .01) (F ig . 12). T h e  pheno l losses w ere sim ilar for all trea tm en ts  up to  the 
fo u r th  m o n th , a f te r  w hich the  H H  extracts had m uch less ex tractab le  phenol com pared  
to  th e ir  L L  c o u n te rp a rts .

F ig u re  12. E x t ra c ta b le  p he n o ls  fro m  bean  e n z vm e  e x tra c t,  □  =  R D L L .  +  =  R D H H ,  

O  =  H T L L .  A  =  H T H H .

T h e  levels o f  e x trac tab le  pheno ls w ere  com pared  to  cooked  hardness, which 
re m a in e d  low o v e r th e  h igher range  o f  pheno l con ten ts (Fig. 13) bu t an ab ru p t change 
o c c u rre d  below  a b o u t 0.25 mg tann ic  acid /g  dry bean  w here  the hard-to -cook  defect 
b e c a m e  ev id e n t. S ta tistica l analysis ind icated  th a t pheno l co n ten t could  account for 
o n ly  58%  o f  th e  v a ria tio n  in cooked  hardness over the en tire  sto rage period , although  
th is  w as sign ifican t (P <  0 .001). It was ev ident though  th a t this p a ra m e te r was 
im p o r ta n t  on ly  in th e  la tte r  stage o f  s to rag e , i .e ., beyond  4 m onths.

A n  o b v io u s  q u es tio n  w hich arises ov er the  d ifference in ex tractab le  phenols is why 
th e re  is a d iffe ren ce  be tw een  sto rage  and how  these  re la te  to  cooked  hardness. Sim ilar 
c h a n g e s  have  b een  d o cu m en ted  by o th e r  researchers. D esh p en d e  & C heryan  (1985) 
fo u n d  th a t  assayab le  tan n in s o f m illed bean  flour d ecreased  during  sto rage and th a t high 
re la tiv e  h u m id itie s  a c c en tu a ted  this decrease . K adam  et al. (1982) show ed th a t po ly
p h e n o l c o n te n t d e c re a sed  as m atu rity  o f  w inged bean  increased , with a concom itan t 
in c re a se  in co ok ing  tim e ov er sim ilar m atu rity  stages. C hanges in ex tractab le  pheno lic  
su b s ta n c e s  ex h ib ited  du rin g  post-h a rv est sto rage  have been  a ttr ib u ted  variously  to: 
p o ly m e riz a tio n  to  p ro d u ce  insoluble high m o lecu lar w eight polym ers (K adam  et al.,
1982); a tta c h m e n t to  ca rb o h y d ra te  m atrix  (S alunkhe et al., 1982); o r as a resu lt of 
b in d in g  to  p ro te in  (B resan i et al., 1983).
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It is suggested  h e re  th a t the change in ex trac tab le  pheno ls is, in p a rt, due to  the ir 
in c re a se d  p o ly m eriza tio n  during  sto rage  and tha t a possible lignification-like 
m ech an ism  is fu n c tio n in g  to  restric t cell sep ara tio n  on cooking. Lignin is a p roduct of 
th e  o x id a tio n  o f  p o lypheno lic  com pounds. T he p rocess o f lignification can occur e ithe r 
en zy m atica lly  (m e d ia te d  by cell wall b o und  perox idase) o r, a t least partia lly , non- 
en zy m atica lly  (B lo u in , Z a rin s  & C h erry , 1982). T h a t lignification m ay be occurring  is 
n o t a  new  co n cep t (M olina  et al., 1976), b u t it has no t been  conclusively p roven . 
F ro m  th e  p re se n t d a ta , it w ould  ap p e a r th a t the d ecrease  in ex tractab le  phenols does 
n o t a ffec t co o k e d  h ard n ess  un til fairly  low levels are seen.

F ig u re  14. C h a ng e s  in  R 1 c o n t r ib u t io n  to  c o o ke d  h a rd ness  w ith  s to rage t im e  fo r tw o

in d e p e n d e n t v a r ia b le s .  □ ---- □ =  p h y ta te . <>----0 =  e x tra c ta b le  p h e n o ls ,----- =  typ ic a l

b ean  h a rd e n in g  c u rv e , • • •  =  m a x im u m  s u b je c t iv e  a c c e p ta b ility  le ve l.
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Two parameters, phytate and extractable phenols have been examined in this study 
at the bean hardening process. Each when analysed separately has been shown to relate 
to cooked hardness, however the R2 values, though significant, were low. To gain more 
insight into the role of each and their interrelationships, a multiple regression analysis 
was performed to relate both factors to the cooked hardness at different storage times 
(Fig. 14).

When both variables are included 97 to 100% of the total variation is accounted for 
at each storage period. During the initial months of storage any changes are pre
dominantly due to phytate while in the latter months extractable phenols become the 
major contributor. Figure 14 indicates that the transition occurs between 4 months and 
8 months. This is around the time that the hardening defect is accelerated (Fig. 7). 
Aguilera & Ballivan (1986) state that a relative hardness of 1.8 is the maximum for 
subjective acceptance. This translates to about 41 kg/30 g, which occurs within the 
transition region.

It would appear that phytate levels only cause minor differences in hardness of 
cooked black beans, possibly not even to the point of consumer differentiation. This 
would explain why, even though phytate levels continue to decrease in LL beans 
beyond 10 months, only minor changes in hardness of cooked beans were noted. With 
time, as phenols become polymerized or bound, in what is believed to be associated 
with a lignification-like mechanism, a major change in hardness after cooking results, 
completely overriding the minor effects of phytate.

If this is the case, the aspects of a multiple mechanism in bean hardening must be 
accepted. Future research, presently under way, necessarily includes further evidence 
of lignification in the cell walls of hard beans and the fate of polyphenols under different 
storage conditions. An investigation of the differences in hydration of defective and 
control beans during cooking is also being conducted.
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Improving pectin technology: extraction using 
pulsating hydrodynamic action

C. K R A T C H A N O V , *  K. MARE V,  N. KI RC HE V a n d  

A. B R A T A N O F F

Summary

A model of an extraction process of pectin from vegetable raw material is proposed, and 
factors determining the extraction efficiency are discussed. Based on the model, a new 
method of pectin extraction has been developed using pulsating hydrodynamic action 
on fruit mass during turbulent recirculation. An appropriate flow pattern and diagrams 
of typical cyclic changes in local time-mean velocity and pressure of the fluid are 
presented. These show steep local gradients which are thought to cause flexing and 
disruption of cell walls thereby accelerating pectin removal. Laboratory and industrial 
tests of the new method and equipment resulted in an increased yield of pectin 
(30-60%), faster extraction (2-5 times) and increased extract concentration (over 
0.5%) compared to already established processes.

Introduction
Industrial extraction of pectin from fruit pomace using aqueous solutions of mineral 
acids is carried out mainly by two types of processes:

(a) Periodic multiple extraction in separate apparatus (Kertesz, 1951);
(b) Continuous counter-current extraction with screw or belt conveying of raw 

materials (Kertesz, 1951; Doesburg, 1965; Nowlin, 1974).
Slow stirring of the mixture is a special feature common to both methods. This 

results in slow diffusion both of solvent molecules into the fruit pomace and of pectic 
molecules outwards. Consequently, the duration of processing is long (6-24 hr), the 
degree of extraction is low (approx. 75% of the laboratory extracted pectic substances), 
the pectin content of the aqueous extract is below 0.3% and energy consumption is 
considerable. These disadvantages of the existing extraction methods necessitate 
theoretical and experimental studies aimed at improving the extraction process.

Materials and methods

Materials
All reagents used in the analysis were of AR grade. Table 1 shows the characteristics 

of the apple pomace samples used in the laboratory and industrial experiments.

Analytical methods
The polyuronic acid content and the degree of esterification of the polyuronides of 

apple pomace, the purity and the degree of esterification of pectic preparations were all 
A u th o r s '  a dd ress : O rg a n ic  C h e m is t ry  &  B io c h e m is try .  H ig h e r  In s t itu te  o f  Foo d  and  F la v o u r  Ind u s tr ie s . 

26 . L e n in  B lv d . .  4000  P lo v d iv .  B u lg a r ia .

* T o  w h o m  c o rre sp o n d e n c e  s h o u ld  be add ressed .



752 C. Kratchanov et al.

T a b le  1. C h a ra c te r is t ic s  o f  a p p le  pom ace and  ap p le  p ec tin

A p p le  pom ace A p p le  pec tin

P o ly u ro n ic E x tra c ta b le D e g re e  o f

ac id  c o n te n t p ec tin . ( % ) e s te r if ic a tio n . P u r i ty  G e l

r u (s ta n d a rd ) (% ) ( % )  s tre n g th

1. P o m a c e  f o r  la b o ra to r y  

e x p e r im e n ts 12 3 6.75 68.9 92.4 180

2. P o m a c e  fo r  in d u s t r ia l 

e x p e r im e n ts 16.6 10.80 71.4 56.4 220

determined by standard methods described in a preceding publication (Kratchanov et 
a/., 1981). Gel strength was determined by Tarr and Baker’s method (Bender, 1949).

The photomicrographs (Fig. 2a, b, c) of apple pomace under extraction processes 
were taken under magnification x 100. Technical measurements and calculations of the 
operational mode of the EP-16 extractor were carried out in accordance with Reynolds
(1974). The measurement of static pressure was taken by probing at specific places of 
the extractor—at the sucker, in front of the propellor and into the diffuser after the 
guide blades.

Laboratory process experiments
1501 of 0.5%, 1.0% or 2.0% nitric acid at 73 or 83°C were poured into a 3001 EPtype 

laboratory extractor (produced in our laboratory). 7.5 kg apple pomace were added 
upon starting the propeller (for experiments with 20:1 hydromodule). Extraction 
temperature was maintained at 70 or 80°C for a total period of 45 min, during 
continuous turbulent stirring (at 8 m/sec peripheral velocity of the propeller). Samples 
of the mixture were taken at 10, 15, 20, 25, 30 and 45 min. Upon filtration, the pectin 
concentration of the samples was determined by coagulation with ethanol. The pectic 
preparations thus isolated were then analysed (degree of esterification, purity, gel 
strength).

Industrial experiments
Comparison experiments were conducted under industrial conditions by the new 

technology elaborated by the authors (Marev et al., 1983) and by the old technology 
used previously (Solms & Deuel, 1962) using the same kind of apple pomace.

Model of the extraction process
Hindered diffusion during the extraction of pectin is mainly due to the mode of binding 
of the pectic molecules in the vegetable tissue. A diagrammatic model of the instantane
ous state of extracted mass is shown in Fig. 1. The difference in the solution concen
trations inside and outside the fruit mass was the main driving force according to Fick's 
law of diffusion. However, in the case of the extraction process of pectin the following 
specific features were considered:

(a) The fibrillar pectic molecules are complex polymers of a relatively high average 
length-to-diameter ratio (1/d > 1000). Even under more favourable conditions these 
cannot be instantly transferred from the vegetable tissue to the liquid phase. Therefore.
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F ig u re  1. M o d e l o f  e x t ra c t io n  p rocess: (1 ) pec tic  m o lecu le s  passing th ro u g h  the  su rface  o f  the  

f r u i t  p a r t ic le ;  (2 ) p ec tic  m o le c u le s  passed in to  s o lu t io n ;  (3 ) g e la t in o u s  co a tin g  a ro u n d  the  f ru it  

p a r t ic le ;  (4 ) f r u i t  p a r t ic le s .

a special action (physical or mechanical) and time are required to achieve this transfer.
(b) In the vegetable tissue the pectic macromolecules are tightly attached to the 

other polymer components of the cell (polysaccharides, lignin, proteins) secondary 
valent bonds and covalent (ether, ester) bonds. These must be broken to release free, 
mobile pectin by using a dilute aqueous solution of mineral acids in the extraction.

(c) The swelling of fruit particles during the extraction process (mainly due to 
increased hydration of hydrophilic colloids in the cell) causes additional difficulties as a 
result of the narrowing of passages for diffusion of macromolecules. The effect of this 
factor should be reduced by distintegration of raw materials.

(d) The pectic molecules partly extracted from the fruit particles, together with the 
water molecules solvating the fruit particles, form a gelatinous coating. The coating 
thickness would be increased both by the low molecular carbohydrates available in the 
solution (especially with insufficiently washed raw materials) and by the presence of 
mineral acids. This coating hinders further free mass-transfer. The photomicrographs

fb) (c)
F ig u re  2. Photomicrographs of apple pomace particles during extraction using dilute nitric acid: 
(a) after 5 min, (b) after 25 min, (c) after 45 min.
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of apple pomace under extraction process using dilute nitric acid (Fig. 2a-c) serves as 
some experimental evidence to support this assumption. Apparently, with the progress 
of the extraction process the gelatinous coating of a separate particle gradually changes, 
passing through a maximum during the first half of the process (Fig. 2b).

These specific features of the pectin extraction require multiple and prolonged 
extraction with a relatively high hydromodule (pomace:solvent = 1:40-1:50), and 
application of a hydrolysis catalyst (mineral acids such as hydrochloric, nitric 
and sulphurous acids).

New method and equipment for pectin extraction
The model of extraction of pectin shown in Fig. 1, and the special features of the process 
required substantial change to develop new technological solutions to the problems. 
Initially an appropriate mode of action was neded to treat the mass in order to loosen 
the bonds between the pectic molecules and the other components, to ensure their 
accelerated and sufficient removal from the extracting particles, and to accelerate the 
entire diffusion process of extraction with minimum energy consumption and pro
cessing time.

Innovative experiments led to a new method of periodic extraction of pectin under 
conditions of an intensive hydrodynamic field. The fruit mass was mixed with the 
extracting agents using a propeller homogenizer. The latter was operated periodically 
by a pre-set program and provided a fountain-like turbulent mixing at relatively high 
velocities ranging from 3 to 10 m/sec, while the whole mass was repeatedly transferred 
from zones of low pressure to zones of high pressure. Thus during a fixed time, the 
working mixture of raw materials and solvent was subjected to an intensive mass- 
transfer with a specific impulse action. A recent version of production equipment (Fig.
3), consisted of a vertical cylindrical heat-insulated vessel closed at the top with a lid and 
an access hatch, and equipped with a double conical bottom. The vessel was supplied 
with an internal cylindrical drainage wall made of perforated sheet steel completed with 
radial ribs, and the homogenizing device was located in the centre of the vessel. An 
operating propeller wheel with spaced turned paddles and cowling was mounted on the 
lower end of the vertical shaft which was enclosed in a special bearing fastened by 
curved ribs for directing the flow to a prolonged diffuser. The latter was connected at 
the lower end to a suction inlet fixed by bolts to the conical bottom. The lid had hot and 
cold water inlets, as well as with vents and charging holes. The downwards sprayer of 
the injector installation for vapour, gas, mineral acids and other reagents needed for the 
process, was suspended from the top. Under the upper lid, a shower device for washing 
the extractor was inserted. The driving gear of the homogenizer pump, controlled 
semi-automatically by programme setting to a two-speed mode, was mounted on the lid. 
In this version the extractor had the following operating data:

—net working volume 
—height of working volume 
—internal diameter of cylindrical body 
—diameter of working wheel 
—rotational speed of working wheel 
—rate of circulation 
—mean flow velocity in the diffuser 
—power of two-speed motor

16 m3 
3.5 m 
2.54 m 
0.4 m

720/360 rpm 
0.360/0.180 m3/sec 
3.40 m/sec 

12/9 kW
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F ig u re  3 . C o n s t ru c t io n  o f  th e  e x t ra c to r.

The extractor was fitted with a control and measuring unit for level, volume, 
temperature and pH.

The mode of operation and the performance of the equipment were as follows: the 
solvent and raw materials were simultaneously fed to the extractor while the homo
genizing device ran at low rotational velocity. Under these gentle operating conditions a 
continuous mixing and homogenization of the working mixture was achieved. After 
filling up the working volume and adjusting the temperature and the acidity, using the 
injector installation, with feed-back to the control instruments of the extractor, the 
programme action of the homogenizer was activated. At a high rotational speed the 
working wheel applied its complete pumping power to the fluidized mass causing 
intensive motion within the entire working volume. The mass was sucked in from the 
bottom of the extractor and forced upwards through the guide ribs and the diffuser to 
the surface. The powerful flow of turbulent mass ran over the surface and sank down, 
and was flooded continuously by subsequent quantities of ejected mass. Upon reaching 
the bottom, the mass was sucked in again and thus underwent continuous circulation. A 
complex fountain and turbulent motion in vertical and radial direction in all zones of the
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working volume was thus achieved. The high velocities, the relatively high rate of 
circulation, and particularly the impulse hydrodynamic action of the propeller on the 
fruit mass in the passage channel, ensured rapid and complete diffusion of the pectic 
substances. Alternation of the two speeds used the driving energy more economically.

The driving gear was either stopped manually or automatically by a programme. 
The extract was separated by gravity rapidly and completely due to the special drainage 
system. The hydrodynamic field created throughout the entire working volume of the 
extractor is indicated in Fig. 4a. The particles of mass followed the lines of the field in a 
circular motion. The approximate form of the trajectory of moving particles in the field 
of the extractor is outlined in Fig. 4a. The motion continuously varied in direction and 
magnitude of its velocity.

F ig u re  4 . (a )  S c he m e  o f  th e  h y d ro d y n a m ic  f ie ld , (b ) V e lo c ity  o f  f lu id ,  (c ) P ressu re  o f  f lu id .

The character of motion of the fluid flow was evaluated by the Reynolds number
(Re):

c-D ^
V

Re =
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where: c = flow mean velocity; D = flow diameter and v = the kinetic viscosity 
coefficient. The latter varied with the nature of the fluid and the temperature. For 
example, in water of 90°C, v = 0.3x 10-B m2/sec. In this instance v = 4.2x 10-6 m2/sec 
was adopted. In the case of ascending flow through the diffuser:

Re = 3-2x°4y  1Qh = 305000 »  2320 = Recrit.

In the case of descending flows:

Re 0.08 (2.54-0.4)x 10“ 
4.2 = 40762 > 2320 = Recrit.

In both cases turbulence ensured good rates of mass transfer.
As the particles of vegetable mass crossed different zones of the extractor, they were 

subjected to the action of variable flow accelerations and various hydropressures. 
Typical variation in the velocity of a particle on the trajectory for one cycle is estimated 
in Fig. 4b. This velocity determined the hydrodynamic pressure of the flow. Fig. 4c 
shows the variation in the hydrostatic pressure of the flow for the same cycle. Data were 
theoretically established from the laws of hydraulics, and experimentally confirmed by 
measurements of specific sections of the flow. The variation of these two factors in the 
course of a single cycle is of a particular interest. Based on operating data for an EP-16 
extractor, the mean period of a cycle was estimated as:

T ~ ~Q ~ (1360 ~ 44 sec
where: V = volume of the extractor, ma; Q = rate of circulation, ma/sec.
The cyclic plots in Fig. 4b and c were transformed to a corresponding time-ordinate in

m/sec
15

\

T=45 sec
V 10 

5

11 v ____i______i______ i______1----- 1----- 1----- 1---^

/
/

/

5 10 15 20 25 30 30 40 45 Sec
Time

50

F ig u re  5. (a )  V a r ia t io n  o f  th e  v e lo c ity  o f  f lu id  fo r  one  cyc le , (b ) V a r ia t io n  o f  th e  p re ssu re  o f  f lu id  

f o r  o n e  cvc le . ( c ) C y c lic  v a r ia t io n  o f  th e  p re ssu re  o f  f lu id  d u r in g  e x tra c t io n .
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Fig. 5a and b, where the position of the particles in the lower part of the extractor was 
adopted as the origin of the coordinates.

The character of the diagrams revealed a succession of brief dynamic treatment and 
subsequent more gentle and prolonged action. In the active part of the period the 
particles of mass received abrupt aceleration (Fig. 5a), when taken up by the propeller 
paddles, and then a deceleration when dashed against the flow-directing paddles of the 
diffuser. During the same interval, an abrupt change in pressure occurred from vacuum 
to maximum overpressure (Fig. 5b). This impulse action of pressure caused distortions 
in the cells, cracking and even breaking them, thus loosening the links between the 
pectic molecules and the tissue, and removing the former from the latter. The multiple 
repetition of these convulsions is shown in Fig. 5c. The changing acceleration and 
friction eliminated continuously the gelatinous coating formed around the particles 
(Fig. 2). The pectic molecules released as a result of this action were rapidly dispersed 
and homogenized in the turbulent flow. The physical nature of such treatment achieved 
the necessary requirements enumerated by the model, for the extraction of pectic 
substances.

X5a>>-

10 20 30 40 50
Extraction time (min)

F ig u re  6 . E f fe c t  o f  e x t ra c t io n  p a ra m e te rs  o n  p ec tin  y ie ld  (1 ) 0 .5 % ;  (2 ) 1.0 %  ; (3) 2 .0%  n it r ic  

a c id  a t 7 ()°C : (4 )  0 . 5 % ;  (5 )  1.0 %  ; (6 ) 2 .0 %  n it r ic  ac id  a t 80 °C .
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Results and discussion

The newly developed method and equipment required were tested under laboratory 
and industrial conditions. The first series of pilot extractor experiments were conducted 
in order to study the effect of temperature on the process. The data in Fig. 6 represent 
pectin yield at 70°C (curves 1,2,3) and at 80°C (curves 4, 5, 6), the usual temperature 
range for pectin extraction. The tests were carried out using three acid concentrations 
(0.5, 1.0 and 2.0% nitric acid). An increase in temperature and acidity caused the 
expected acceleration of the extraction process. The data presented indicate that the 
yield of pectin increased to a maximum after about 30 min. Note that the limit of the 
acid-extractable pectin under the adopted conditions was considerably lower than the 
‘theoretical’ yield estimated by the polyuronide content, but at the same time rather 
higher than the yield achieved by the conventional method marked as 100%. The data 
about the gel strength obtained from the series of pectic preparations (Fig. 7) show that 
the increase in the acidity at 70°C had no negative effect upon the gel strength in the 
whole time-interval studied, whereas the prolonged treatment of the mass at 80°C and 
at a high acidity (2% nitric acid) had a definite unfavourable effect.

10 15 20 25 30 35 40 45
Extraction time (min)

F ig u re  7. In f lu e n c e  o f  a c id ity ,  e x t ra c t io n  t im e  and  e x tra c t te m p e ra tu re  on ge l s tre n g th  o f  p ec tin

(1 )  0 . 5 % ;  (2 )  I . o r ; ; (3 )  2 .0 %  n it r ic  ac id  at 7 0 °C ; (4 ) 0 .5 % :  (5 ) 1.0%  : (6 ) 2 .0 %  n it r ic  ac id  at 

8 0 °C .

The next series of experiments were designed to study the effect of rotational speed 
of the propeller homogenizing device upon the extraction rates. Figure 8 presents part of 
the data obtained which shows that an increase in the speed caused only a minor 
increase in rate of pectin diffusion. Speed had a lesser effect compared to the medium, 
the temperature and the acidity. Therefore, the working mode of the propeller homo
genizing device was appropriately chosen. Further experiments with an extractor 
having a capacity of 16 m:! (Fig. 3) were carried out under industrial conditions. The 
results (Table 2) were in agreement with the results obtained under laboratory 
conditions.
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F ig u re  8. E ffe c t o f  ro ta t io n a l speed o f  th e  p ro p e lle r  upon  the  e x t ra c t io n  ra te  (1) 1570 rp m : (2) 

2000 rp m .

Another peculiarity of the new method was the reduced energy consumption. The 
data in Table 2 show that increasing the hydromodule ratio increased pectin yield, but 
also increased energy consumption.

T a b le  2. D a ta  f ro m  in d u s t r ia l e x p e r im e n ts

R u n

E x p e r im e n ta l

c o n d it io n s

Pec tin

c o n c e n tra t io n  

in  e x tra c t

( % )

r/r o f  p ec tin  y ie ld  

in  respect to  

s tand a rd

E n e rg y

co nsum p tio n

( T )

B la n k T r ip le  e x t ra c t io n  

in  c o n v e n t io n a l 

e x t r a c to r  (4 0 : 1 

h v d ro m o d u le ) 0.21 75 100
1 D o u b le  tu rb u le n t  

e x t ra c t io n  (2 0 :1  

h v d ro m o d u le ) 0 .60 112 50

2 D o u b le  tu rb u le n t  

e x t ra c t io n  (2 8 :1  

h y d ro m o d u le ) 0.43 121 62
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Conclusions

These studies showed that the new method of pectin extraction, which was developed 
on the basis of pulsating turbulent homogenization of raw material, represents a rational 
technological solution characterized by the following advantages when compared to the 
existing methods and installations for pectin extraction.

1. The periodic running of the process provides optimum conditions for extraction in 
a turbulent state of mass-exchange. This corresponds to the specific features of the 
pectic raw materials, giving a high yield of pectin.

2. Other merits of the method were the versatility of the technological conditions, 
the easy and simplified control of the process, and the high reliability in servicing the 
equipment.

3. Energy consumption of this extraction process was substantially lower than 
conventional methods. Equipment was designed to provide fountain-like turbulent 
mixing of the vegetable tissue and the extracting agent, using a propeller homogenizer 
centered in a cylindrical vessel with drainage walls. Trials using this equipment gave an 
increased yield of pectin (30-60%), the duration of the process was reduced 2-5 times 
and the concentration of pectin in the extract was also increased (over 0.5%) compared 
to those of established processes.
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M u s s e l  p r o t e i n  r e c o v e r y — b a t c h  d i s s o l v e d  a i r  f l o t a t i o n  

s t u d i e s

C. R. H O L L A N D *  and P. McCOMI SKEY

Summary

B atch  d isso lved  air  f lotation is em ployed  as the  solid/liquid separation  technique in the 
r e c o v e ry  o f  flocculated  mussel p ro te in  solutions. M axim um  flocculated suspended 
solids recove r ies  a re  o b ta in ed  in all cases a t an air/solids ratio  o f  0.02. Results show that 
th e  p e r fo rm a n c e s  o f  the  flocculating agents used, su lphuric  acid, ligninsulphonic acid, 
C a lg o n  and  ch i to san ,  are  pH  and dosage d e p e n d e n t  with chitosan, having a protein  
r e c o v e ry  o f  8 0 % , be ing  the superio r  material.

Introduction

T h e  inc reas ing  d e m a n d  for p ro te in  has led to intensive searches for cheap sources of 
p ro te in .  B e c a u se  o f  the  fecundity , ra te  o f  grow th  and wide distribution of cultures o f  
m usse ls ,  th ey  m ay  prov ide  an im portan t  a lternative  source o f  prote in . On-going 
re se a rc h  is tak ing  place into the dev e lo p m en t  o f  a continuous  process for the production 
o f  a p ro te in  c o n c e n tra te  from fresh sea mussels. Initial processing involves the size 
re d u c t io n  o f  the  w hole  mussels followed by the separa tion  o f  flesh from shell by 
h yd rau l ic  classification in a grit tank. T h e  liquid effluent contains the protein  in the 
p ro p o r t io n s  o f  4 0 %  w/w  insoluble and  60%  w/w soluble prote in .

S usp en s io n s  o f  the  p ro te ins  having micron and  sub-micron particle sizes m ay be 
m o re  effectively  rem o v ed  if they are  caused  to aggregate. This may be achieved by 
‘c o a g u la t io n ’ and  ‘f loccu lation’. In engineering  convention , coagulation is seen as the 
des tab i l iz ing  process  b ro u g h t  abou t by the  addition  of some reagent to a dispersion of  
pa r t ic le s  in a  co n t in u o u s  liquid phase  in which it is possible for the  particles to adhere  
a n d  fo rm  floes, whilst flocculation is the  hydrodynam ic  process in which these collisions 
a re  b ro u g h t  ab o u t .  In this p a p e r  the  term  "flocculation' will be used to describe any 
p h e n o m e n a  th a t  cause  aggregation  of  particles.

F lo ta t io n  is a very  effective m e thod  o f  so l id - l iq u id  separa tion  and has distinct 
a d v a n ta g e s  for  the  rem oval o f  low density  particles which have a tendency  to float. 
V a r io u s  flo ta tion  processes  are  available, but the  cu rren t  study is concerned  with 
d isso lved  air  flo ta tion . In this process a liquid s tream  is sa tu ra ted  with gas, primarily air, 
a t e le v a te d  p ressu res .  R educing  the  pressure  to a tm ospheric  l iberates small bubbles 
th a t  a t ta c h  to  the  solid particles o r  floes, lowering the  appa ren t  density below that of 
w a te r ,  a llow ing the  bubble /so lid  agg lom era te  to  float to  the  surface.

T h e  p a p e r  re p o r ts  resea rch  w ork  on the assessm ent o f  various m aterials  to  precip i
ta te  an d  f locculate  mussel p ro te ins  and  the subsequen t so l id - l iqu id  separa tion  in a 
b a tc h  d isso lved  air  f lotation vessel.

Authors' address: Department of Chemical Engineering, Queen's University Belfast, 21 Chlorine
Gardens. Belfast, Northern Ireland, U.K.

*To whom correspondence should be addressed.
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Materials

1. L igninsu lphonic  acid ( LSA)
L ig n insu lphon ic  acid is a by-p roduct from the sulphite wood pulping industry and  is 

co m m e rc ia l ly  availab le  in a varie ty  o f  forms and  quality. T h e  spent sulphite liquors 
c o n ta in s  w o o d  lignins tha t  have b een  m ade  soluble by the  in troduction of  su lphonate  
g ro u p s  in the  lignin. Ligninsulphonic  acid is not a s tandard  chemical, but a ra the r  
c o m p le x  m ix tu re  of  these  su lphona ted  lignins plus m inor  wood extract impurities. 
S u lp h o n a te d  lignins a re  large m olecules (m olecu lar  weights up to 15000) which have 
a p p ro x im a te ly  50%  o f  m a jo r  repea ting  units (polym erized coniferyl alcohol) sul
p h o n a te d ,  pr im arily  on the  a liphatic  carbon  a ttached  to  the  a rom atic  ring.

In so lu t ion  the  su lp h o n a te  g roup  is essentially com plete ly  ionized resulting in a 
n e g a t iv e  charge  on  the  m olecule. It m ain ta ins  this charge even at pH  2.0. It is this anion 
th a t  con fe rs  its reactiv ity  and  po ten tia l  as a p ro te in  precip itan t and  flocculant. It has 
b e e n  used  successfully on n u m erous  effluents from industrial waste waters. A  few 
e x a m p le s  a re : T o n se th  (1968) Jo rgensen  (1971) and  H opw ood  (1980).

2. Calgon
C alg o n  is the  reg is te red  t ra d e m a rk  of  A lbrigh t and W ilson’s glassy sodium  phos

p h a te s  o r ,  as one  o f  several synonym s, sodium  hexam etaphospha te .  It is a condensed 
p h o s p h a te ,  which are  those  contain ing  m ore  than  one  P a tom  and having P - O - P  bonds. 
C a lg o n ,  w hen  in so lu tion ,  will undergo  ionization as illustrated in Fig. 1.

W ith  acidification the  p h o sp h a te  g roup  continues to carry a negative charge at low 
p H  values. T h e re fo re ,  prec ip ita t ion  o f  soluble pro te in  with Calgon in acidic aqueous 
m e d iu m  will be  a reac tion  involving the negatively charged  POi~ and P O j  groups and 
posit ive ly  cha rg ed  am in o  groups  on the  pro te in  molecules.

T h e  l i te ra tu re  contains  n u m erous  exam ples o f  the  application of condensed phos
p h a te s  to  the  t re a tm e n t  o f  effluents from fish and m ea t  processing plants at p H  levels 
va ry ing  f rom  2.0 to  8.0, (Spinelli & Koury , 1970; Johnson  & Peniston, 1971; Finley. 
G a u g e r  &  Fallers ,  1973; Finley & H a u ta la ,  1976; G rah am  & Y acob , 1975 and C o o p e r  & 
D e n m e a d ,  1979).

~0 — P — 0

0 “

P — 0"
II
0

II
0

II
0

n- 2
Figure 1. Ionized Calgon.

3. C hit os an
C h ito sa n  is th e  p ro d u c t  a f te r  the  alkaline N -deacetylation  of the naturally  occurring 

p o ly m e r  chitin . T h e  principal repea ting  units are given in Fig. 2.
C h i to sa n  is difficult to  get into solution being insoluble in w ater and in organic 

so lv en ts .  It will, how ever,  dissolve in d ilute  solutions of acetic acid. In solution the 
p o s i t iv e  h y d ro g e n  ion from  the  acid will associate with the am ino group in chitosan 
p ro d u c in g  a n e t  positive charge on  the  po lym er giving it potentia l precip itation  and 
f loccu la ting  p ro p e r t ie s .
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H 0
I II

Figure 2. Principal repeating units of chitosin.

C h ito sa n  has no t  experienced  the wide application in waste w ater t rea tm en t  unlike 
th e  o th e r  two m ateria ls .  A dso rp t ion  processes to rem ove m etal ions are rep o r ted  
(M uzzare ll i  & R o cche tt i ,  1974; A verbach , 1982; Sakaguchi & N akajim a. 1982) but 
little w o rk  on  industrial  p ro te inaceous  wastes. A n  exception is Bough ( 1976) who 
r e p o r te d  su sp e n d e d  solids recoveries o f  up to 77% on effluents from m eat and poultry 
p rocess ing  plants.

T h e  a b o v e  m a te r ia ls  w ere  m ade  up into the solutions:
(i) 5 %  w/w  lign insu lphon ic  acid;
(ii) 5 %  w/w  C algon;
(iii) 1 .66%  w/w ch itosan  (in 5%  v/v glacial acetic acid).

E x p e r i m e n t a l

T h e  ba tch  dissolved air flotation appara tu s ,  which consists of a flotation vessel and 
liquid  s a tu ra to r ,  is show n in Fig. 3. T h e  flotation vessel was constructed  from Perspex, 
w ith  a capac ity  o f  2.25 litre, and  a d ia m e te r  o f  0.14 m. A  sample point was prov ided  at 
the  base  for  clarified effluent sampling. A  lip was provided at the top  o f  the cessel to 
e n a b le  th e  co n c e n tra te  to  be 'sc raped  o f f .

T h e  sta in less steel p ressure  vessel, have a capacity  of 11.4 litres was two-thirds filled 
w ith  d is tilled w a te r .  A ir  was in troduced  at an absolute pressure o f  5 bar. Unless 
ag i ta t io n  was em p lo y ed ,  poor  sa turation  was achieved. The vessel was. therefore, 
in v e r te d  an d  violently  shaken  several times, a ‘c ru d e ’ but effective m ethod  of  achieving 
c o n s is ten t  s a tu ra t io n  levels, at the  systems te m p e ra tu re  and pressure, of 98%.
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D isch a rg e  o f  the  w a te r  from  the  pressure  vessel was achieved by activating a time 
c o n tro l le d  so leno id  valve. T h e  constan t  e levated  air pressure  in the sa tu ra to r  forces the 
w a te r  a t  a co n tro llab le  ra te  th rough  the  solenoid valve and into the base of the do ta tion  
vessel. Ju s t  be fo re  the  w a te r  e n te red  the  flotation vessel it flowed through two 8 mm  
d ia m e te r  eccentr ic  orifice pla tes s ituated  10 m m  apart .  T h e  purpose  of these  orifice 
p la te s  was to  red u ce  the  pressu re  to  a tm ospheric  p ressure  at low velocities. A  shroud 
sec t io n  was also p ro v id ed  to fu r the r  reduce  the ou tle t velocity (Fig. 3).

In th e  flo ta tion  tests, p ro te inaceous  sam ples con ta ined  in the flotation vessel are 
su b je c te d  to  chem ica l t re a tm e n t  to  p ro m o te  flocculation. T he  floe is then tested  for its 
abili ty  to  be  f lo ta ted  by the  use o f  the dissolved air m echanism . T he  ratio o f  the volum e 
o f  a i r - s a tu ra te d  w a te r  in troduced  to the  volum e o f  p ro te inaceous  sample is re fe rred  to 
as th e  recycle  ratio .
T e s t  p ro c e d u re :

(a) a bu lk  p ro te in aceo u s  solution is ob ta ined  and  well m ixed;
(b)  the  bu lk  solution is sam pled  to  assess its p ro te in ,  suspended and total solids 

con ten ts ;
(c) 1.5 litre  sam p le  is a d d e d  to  the  f lotation vessel;
(d )  ra p id  s tirr ing  (200 rpm ) is applied  for 1 min;
(e)  th e  des ired  pFI o f  th e  sam ple  is o b ta in ed  by the  addition  o f  acid o r  alkali;
(f) a know n  dosage  o f  flocculant is added  and p H  read jus ted  if required;
(g) rap id  s tirr ing  is m ain ta ined  for 1 min;
(h)  the  so lu tion  is sam pled  to assess its suspended  and total solids contents;
(i) slow stirr ing  (20 rpm ) is applied  for 15 min;
( j)  a c on tro l led  vo lum e o f  a ir-sa tura ted  w ate r  is adm itted  to the flotation vessel;
(k )  f lo ta tion  is allowed for 15 min;
(l) clarified liquid and  co n cen tra te  samples are ob ta ined  and assayed for 

p ro te in ,  su spended  and  total solid contents.
A  series  o f  these  tests  w ere  conduc ted  at a fixed flocculent dosage but varying pH  for 

e a c h  flocculant in o rd e r  to  ob ta in  the  op tim um  p H  for m axim um  protein recovery. A 
se c o n d  series  o f  tests  was u n d e r ta k e n  at constan t  op t im um  pH  but varying flocculant 
d osages .  T h e  p ro te in  con ten ts  o f  the  solids and  solutions w ere  assessed by Kjeldahl and 
B iu re t  tes ts ,  respectively . T h e  soluble prote in  of the  u n trea ted  solution was assessed as 
th e  p ro te in  c o n te n t  o f  the  liquid rem ain ing  after the un trea ted  solution had been  
c e n tr i fu g e d  fo r  10 m in at 1 . 7 0 x l 0 ,Jg. Insoluble prote in  was assessed on the solids 
o b ta in e d  ( th e  su sp e n d e d  solids) af ter  the above centrifugation . S tandard  evaporation  
p ro c e d u re s  w ere  used  for solids conten ts  o f  concen tra tes  and solutions. T he  results 
o b ta in e d  on  the  clarified liquid (step 1) w ere  ad jus ted  to the volume o f  the un trea ted  
sa m p le  (s tep  c).

Results and discussion

T h e  initial p rocess ing ,  by grinding and  hydraulic  classification, o f  the mussels p roduced  
typical bu lk  so lu tions  o f  the  order:

(i) to ta l  solids con ten ts  o f  4 g /l i tre ;
(ii) to ta l su sp e n d e d  solids conten ts  o f  1.3 g /litre;
(iii) p ro te in  c on ten ts  o f  2.5 g/litre;
T h u s  a p p ro x im a te ly  70%  of the  mussel tissue was in a soluble form and protein  

ana ly ses  re v e a le d  th a t  ab o u t  60%  o f  the  p ro te in  p resen t was in a soluble form. All the 
initial tes ts  to  assess the  various flocculants w ere  conducted  at 50%  recycle ratio.
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Initially  the  bulk  solution  was tested  for the  effectiveness o f  acidification alone in 
rec o v e r in g  p ro te in .  A  10% v/v sulphuric  acid solution was used and the results are 
sh o w n  in Fig. 4. A n  op t im um  p H  of 4.5 was ob ta ined  giving prote in , total and 
s u s p e n d e d  solids recoveries  o f  54.1, 27.1 and 98 .6% , respectively. T he  quality o f  the 
floe a t  a p H  o f  4.5 was very fine and  fragile and the effluent ob ta ined  af ter  flotation was 
slightly tu rb id .  A t  p H  values e i the r  side o f  4.5 the flocculation fell dramatically  with no 
n o t ic e a b le  f locculation at p H  values o f  2 and  7.

Figure 4. The effect of pH, using acidification alone, on the concentrate (■ >), total solids ( □), 
suspended solids ( A) and protein ( + ) recoveries.

A  p o o r  m ax im um  concen tra te  solids con ten t  o f  0 .45%  was ob ta ined  at pH  4.5 
b e c a u se  p o o r  quali ty  floe, which did not drain well, was being p roduced  by acidic 
f locculation .

T h e  m echan ism  o f  p ro te in  p recip ita tion  in opera t ion  is isoelectric precipitation. The 
n e t  ch a rg e  on the  p ro te in  m acrom olecu le  is zero  resulting in precip itation , but, because 
o f  th e  fragili ty  an d  small size of  the  floes, only 54.1 %  of the pro te in  was recovered using 
th e  d isso lved  air  techn ique .  T h e  small size o f  the floe reduces the possibility of bubble  
c a p tu re  w ith in  the  surface  irregularities o f  the floe particles. A dhesion  be tw een  the 
b u b b le s  an d  part ic les  m ust  also have been poor.

T h e  var ious  chem icals  w ere  individually tested  to im prove prote in  recovery. With 
l ign insu lphon ic  acid pro te in  recovery im proved  to 62 .8%  at pH  2.5 (Fig. 5) and at a 
d o sa g e  o f  330 mg/1 (Fig. 6). Recoveries  o f  to tal and  suspended  solids of 31 and 100% 
w ere  o b ta in e d .  F locculation  occurred  im m ediate ly  on  the  addition o f  ligninsulphonic 
acid  an d  th e  floe p ro d u c e d  at p H  2.5 was large and volum inous, forming a concentrate
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Figures. The effect of pH. using ligninsulphonic acid as flocculant on the concentrate (%); total 
solids (□  ), suspended solids ( A ), and protein (+ ) recoveries.

w hich  was co m p ac t  with good  self-draining properties . It had a maximum solids content 
o f  4 .2 %  w/w. A t  p H  2.5 with acidification only, a very p oo r  concentra te  o f  0.2% solids 
w as o b ta in e d  with a p ro te in  recovery o f  22 .4% . T he  effluent ob ta ined  after flotation 
w as c lear.  As the  pH  was increased above  2.5 the  visual quality o f  floe d e te r io ra ted ,  and 
at the  isoelectric  p H  little o r  no flocculation occurred ; the protein  recovery decreased  to 
3 .0 %  at p H  4.5. T h e  co rrespond ing  value for acidification alone was 54% . T he  p resence 
o f  the  negatively  charged  ligninsulphonic acid molecules solubilized the pro te ins  by 
e i th e r  p roduc ing  organic  micellar o r  solvation effects at the prote in  isoelectric point. 
A lso  at p H  4.5 the  negatively charged  ligninsulphonic acid took  up positively charged  
a m in o  g roups  on  the  pro te ins  producing  a net negative charge on the l ig n in -p ro te in  
c om plex . A n  increase  in acidity below pH  4.5 would be required  to p roduce  m ore  
positively  ionized am ino  groups and  low er isoelectric point of the lign in -p ro te in s .  
F igu re  5 shows this as m axim um  insolubility and  floe form ation, as p rote in  recovery  
o c c u r re d  at pH  2.5. This  value can be tak en  as the isoelectric point o f  the l ig n in -p ro te in  
c o m p lex ,  a l though  32 .7%  of the p ro te in  still rem ained  in solution.

C a lg o n  shows a similar trend  to  ligninsulphonic acid. T he  op tim um  pH  occurred  at 
2.5  (Fig. 7) with m ax im um  pro te in , total and suspended  solid recoveries o f  62.7, 30 and 
100% . T h e  o p t im u m  chemical dosage was again approxim ately  330 mg/litre. Visually 
th e  floe was no t as good  as that p roduced  by ligninsulphonic acid and a poo re r  c o n cen 
t r a te ,  2 .5 % ,  at o p t im u m  conditions was ob ta ined , a lthough the effluent after flotation 
w as c lear .  T h e  m echanism  of  flocculation with Calgon is similar to that in the lignin
su lp h o n ic  acid system , i.e. reaction  be tw een  the positive am ino groups and  the
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negatively charged Clagon along with a desolvating effect. However, comparison of 
Figs 5 and 7 indicates that desolvating effect was more active in the Calgon system. 
At a pH of 4.5, 41%  protein recovery was obtained with Calgon compared with only 
3 .0%  with ligninsulphonic acid. Flocculation is enhanced by a bridging mechanisms, 
which is a concept proposed in situations where charge neutralization effects can not 
be explained. In this mechanism, dispersed high molecular weight polymers (e.g. Calgon) 
are adsorbed onto the solid’s surface then either compressed at the surface, leading to 
peptization, or collision of particles covered, to form bridges. In the latter case large 
floes are formed having structured rigidity. A notable feature of this series of tests was 
the fact that at the higher Calgon dosages protein recovery was lowered; the quality of 
the floe deteriorated and there was a consequential drop in float solids concentration 
(Fig. 8). At these higher concentrations, the effluent after flotation was hazy. This could 
possibly be explained by the phenomenon of peptization where excess flocculant 
'insulates' the coaguli formed and prevents bridging flocculation. Cooper, Russell & 
Adam (1982), using Calgon to precipitate fibrogen and haemoglobin, also found 
increasing precipitant dosages increased solubility of organic carbon. However, they 
reported that equivalent recoveries could be obtained by a subsequent lowering of pH.

Figure 6. The effects of ligninsulphonic acid dosage, at pH 2.P. on the concentrate ( ). total
solids (□  ). suspended solids (A ), and protein ( +  ) recoveries.

C'nitosan presents a very different situation to those previously discussed (Fig. 9). A 
maximum protein recovery of 80% was obtained at pH 6.4 and total and suspended 
solids maximum recoveries were 60 and 100%, respectively; an improvement on all the 
other chemicals. A large voluminous floe was formed immediately upon chitosan
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Figure 7. The effect of pH, using Calgon as flocculant, in the concentrate (<>); total solids (□ ), 
suspended solids (A ) and protein ( +  ) recoveries.

Figure 8 . The effect of Calgon concentration, at pH 2.5, on the concentrate (<>), total solids 
( □ ), suspended solids (A) and protein ( +  ) recoveries.
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Figure 9. The effect of pH, using chitosan as flocculant. on the concentrate (O). total 
( □ ), suspended solids ( A) and protein (+ ) recoveries.

Figure 10. The effect of chitosan concentration, at pH 6.4, on the concentrate (<)>)■  total solids 
( r  ). suspended solids ( A ) and protein (+ ) recoveries.
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addition, and after flotation, a clear liquid and a compact concentrate having a solids 
content of 5%  were obtained. Protein recoveries remained relatively constant at 45% at 
and below the isoelectric point of the mussel proteins, rising significantly as the mussel 
proteins become more negatively charged enabling them to react with the positively 
charged NH;f group in chitosan. The latter comes from the repeating glucosamine unit, 
which may be regarded as a chelating ligand, which possess the important property of 
acting as bridging groups. It is suspected that this chelation is responsible for the 
precipitation of soluble protein by chitosan. As reasonable levels of flocculation and 
protein recoveries were obtained over the whole acidic pH range and because of the size 
of the chitosan molecules, bridging flocculation may also be taking place. No floccu
lation occurred in the alkaline region. Maximum protein recovery (Fig. 10) is obtained 
at a chitosan dose (30 mg/litre), ten times lower than either ligninsulphonic acid or 
Calgon, both of which give inferior protein recoveries and clearly establishes chitosan as 
the superior protein recovery agent (Table 1 ).

C. R. H olland and P. M cCom iskey

Table 1. Summary of batch flotation tests

Optimum
PH

Optimum
dosage
(mg/litre)

Total
solid
recovery ( rc )

Suspended
solids
recovery (c/c )

Protein
recovery
% )

Concentrate 
( cr ) solids

Acid 4.5 25.2 100 53.5 0.45
I.SA 2.5 330 31.1 100 62.S 4.17
Calgon 2.5 330 35.8 UK) 62.7 1.59
Chitosan 6.4 33 60.0 1(K) 80.0 5.03

In addition to establishing the optimum conditions for flocculation, the technique 
of dissolved air flotation, which is a solid/liquid separation technique, requires sufficient 
air to Rotate the solids. There are three basic methods of bubble-particle attachment. 
(Vrabilk, 1959):

(i) bubble capture within the surface irregularities of floe particles;
(ii) formation of floes around bubbles;
(iii) adhesion of bubbles to particles.
The first two mechanisms require destabilization between particles and the third 

requires a destabilization between bubbles and particles.
The quantity of air introduced into the flotator depends upon the saturator pressure, 

the degree of saturation and the recycle ratio. The amount of air required for flotation 
can be related to the total suspended solids concentration in the flotator after floccu
lation by the air/solids ratio. Ay.

_  19.5 P  R  f
■ c — '

where A s =  air/solids ratio, mg/mg;
P  =  absolute pressure in saturator, atmospheres;
R  = recycle ratio;
f  =  fraction of saturation of air in water;
C  = suspended solids concentration
The suspended solids was the total quantity of flocculated solids under conditions of 

optimum pH and flocculant dosage. A saturator pressure of 5 bar and recycle ratios of
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Figure 11. The variation of suspended solids recovery, using various flocculants, with air/solids 
ratio.

10, 20, 30, 40 and 50% were used. The relationships between air/solids ratio and 
percentage suspended solids removal and float concentration are given in Figs 11 and 
12, respectively. With all the flocculants tested an air/solids ratio of 0.02 would give

51
Figure 12. The variation of concentrates solids content, using various flocculants, with air/solids 
ratio.
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100% removal of the suspended solids. As can be seen from Figs 11 and 12, chitosan 
again has a superior performance at corresponding A s levels.

It was noticeable, in this study, that the quality of the floe seemed to influence the 
concentrates solids content directly. Visual observations made on floe quality assessed, 
as voluminosity, revealed that the best floe was produced by chitosan with the other 
materials decreasing in the following order:

Chitosan >  ligninsulphonic acid >  calgon >  sulphuric acid.
This order is reflected in the sludge concentrations and also in their suitability for 

solids removal. It would seem, therefore, that the bigger or the better quality floe 
produced, the better the self draining properties of the concentrate obtained by 
flotation.

Conclusion

The batch studies, using dissolved air flotation as a means of protein recovery, have 
shown that the technique is feasible. The results show the importance of pH in the 
flocculation process and on the prevailing recovery mechanism. Of the materials tested, 
chitosan is shown to have a much superior performance in requiring comparatively 
smaller dosages but giving higher protein recoveries. Similar air/solid ratios, for 
optimum performance, are required for all the chemicals tested but the solids content of 
the concentrates formed vary with the individual chemical.

References
Averbach, B.L. (1982). The interaction of anions 

and cations with chitosan. Proceedings of the 2nd 
International Conference on Chitin and Chitosan, 
Sapporo, Japan, 248-251.

Bough. W. A. (1976). Chitosan, a polymer from sea
food waste for use in treatment of food processing 
waste and activated sludge. Process Biochemistry, 
11, 13-16.

Cooper. R.N. & Denmead. C.F. (1979). Chemical 
treatment of slaughterhouse wastes with protein 
recovery. Journal of Water Pollution Control 
Federation, 51, 1017-1023.

Cooper, R.N., Russell. J.M. & Adam. J.L ., (1982). 
Recovery and utilization of protein from 
slaughterhouse effluents by chemical precipi
tation. Proceedings of 36th Faster School, 
Nottingham University, (edited by D.A. Ledward, 
A.J. Taylor & R.A. Lawrie). Pp. 31 -49. London: 
Butterworths Scientific Press.

Finley, J.W ., Gauger, M.A. & Fallers, D.A. (1973). 
Condensed phosphates for precipitation of protein 
from gluten-washing effluent. Cereal Chemistry, 
50, 465-474.

Finley. J.W. & Hautala. E. (1976). Recovery of 
soluble proteins from waste streams. Food 
Production and Development, 10,92-93.

Graham. E.E. & Yacob, A. W. ( 1975). Dissolved air 
flotation for treatment of fish effluents. Third 
National Chemical Engineering Conference, 
Mildura, Australia. TI56-T158.

Hopwood, A.P. (1980). Recovery of protein and fat 
from food industry wastewaters. Water Pollution 
Control, 79, 225-232.

Johnson E.L. & Peniston, Q.P. (1971). Pollution 
abatement and by-product recover}' in the shellfish 
industry. 26th Industrial Waste Conference, 
Purdue University, 497-513.

Jdrgensen, S.E. (1971). Purification of protein in 
wastewaters. Vatten, 27, 58-72.

Muzzarelli, R.A.A. & Rocchetti, R. (1974). 
Enhanced capacity of chitosan for transition metal 
ions in sulphate-sulphuric acid solutions. Talanta. 
21, 1137-1143.

Sakaguchi, T. & Nakajima, A. (1982). Recovery of 
uranium by chitin phosphate and chitosan phos
phate. Proceedings of the 2nd International 
Conference on Chitin and Chitosan, Saporro, 
Japan, 177-182.

Spinelli, J. & Koury, B. (1970). Phosphate com
plexes of soluble fish proteins, their formation and 
possible uses. Journal of Agricultural Food 
Chemistry. 18, 284-288.

Tonseth, E.I. & Berridge, H.B. (1968). Removal of 
proteins from industrial wastewaters. Effluent and 
Water Treatment Journal, 8 , 124-128.

Vrablik, E .R. (1959) Fundamental principles of 
dissolved air flotation of industrial wastes. I4th 
Industrial Waste Conference. Purdue University. 
743-779.

(R e c e iv e d  23  N o v e m b e r  1985)



Journal of Food Technology (1986) 21, 775-780

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

f l a v o u r  i n t e n s i t y

R .  L .  M c B R I D E *  a n d  D.  A .  B O O T H  +

Summary

In Experiment 1 a classical psychophysical method, the method of constant stimuli, is 
adapted to determine the most preferred flavour intensity of an orange drink. Twenty- 
five assessors were each presented with five concentrations of the drink, and were 
required to respond either 'too strong’ or 'not strong enough', the notional concept of 
ideal-intensity serving as the standard in the comparison. All assessors exhibited an 
ideal-point within the stimulus range presented, and the overall estimate of optimum 
concentration was close to that of previous work. In Experiment 2, the method of 
constant stimuli was applied in orthodox manner, with the optimum concentration (as 
determined from Experiment 1) physically presented as the standard in a series of 
paired comparisons. Assessors were required to identify the stronger drink within each 
pair. The estimates of discriminability in Experiments 1 (the 'hedonic’ just noticeable 
difference) and 2 (the conventional just noticeable difference) were found to be almost 
identical.

Introduction

The methods of classical psychophysics are primarily concerned with the determination 
of sensory differences. For example, the m e th o d  o f  co n s ta n t s tim u li is traditionally 
applied as follows.

Assessors are presented with a pair of stimuli and are required to nominate the more 
intense with respect to a particular characteristic (e.g. for two sugar solutions the 
question might be 'which is sweeter?’). One member of the stimulus pair is the 
preselected (but undeclared) standard, the other is variable— either slightly more or 
slightly less intense. After many judgements (e.g. 100) of each of several pairs, the 
proportions of 'stronger’ responses are transformed into normal deviates (¿-scores, see 
Guilford, 1954, pp. 123-128) and plotted against log stimulus level (Rubin, 1976: 
Thurstone, 1928); a curve is commonly fitted by regression or probit analysis. Normal- 
probability paper, which positions the raw proportions on the y-axis such that their 
spacing corresponds to ¿-scores, may alternatively be used for graphical presentation. 
The stimulus level that evokes a 50%  ‘stronger’ response is labelled the point of 
subjective equality (PSE), and the difference between the stimulus levels that evoke, 
respectively, 75% and 50% 'stronger' responses is known as the (ascending) just 
noticeable difference, or JND. The Weber ratio is given by JND/PSE. This method has 
been used previously on several taste stimuli (e.g. Lundgren et a l ., 1976, 1978; 
M cBride, 1983).

Authors' addresses: 'Food Research Laboratory, CSIRO Division of Food Research, PO Box 52. North
Ryde, NSW 2113. Australia, and ^Department of Psychology. University of Birmingham, PO Box 363,
Birmingham B15 2TT, U.K.
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Although traditionally confined to intensity judgement, the above methodology 
might, in some cases, be appropriate for hedonic assessment. Many taste stimuli exhibit 
single-peaked hedonic functions: that is, their pleasantness increases with stimulus 
intensity up to an ideal-point (breakpoint), then decreases with further increase in 
stimulus intensity (e.g. sugars; see Moskowitz, 1971). Assuming the assessor has a clear 
notion of what is ideal intensity, then he or she should, when presented with a number 
of different stimulus levels, be able to respond either ‘too strong' or ‘not strong enough'. 
In other words, the task would be analogous to that in the method of constant stimuli 
described above, except that the individual's n o tio n a l ideal would serve as the pre
selected standard.

Single-peaked hedonic functions are ubiquitous among food and drink stimuli, and 
are not restricted to the taste modality. For example, an aroma may be too strong or not 
strong enough, a sample too hot or not hot enough, a texture too soft or not soft enough, 
and so on. Furthermore, there is now much evidence that the ideal-point for a given 
stimulus is indeed a clearly held concept (Booth, Thompson & Shahedian. 1983 Booth 
e t a l., 1986; Frijters & Rasmussen-Conrad, 1982; Griffiths, Clifton & Booth, 1985; 
Mattes & Lawless, 1985; McBride, 1982, 1985; Moskowitz, 1972). Accordingly, this 
study explores the feasibility of using the method of constant stimuli to determine the 
ideal flavour intensity for a g ro u p  of assessors.

When used in this role, the terms PSE and JND take on different meaning. The 
PSE, the stimulus level at which responses are split fifty/fifty, will now correspond to the 
ideal-point; and the JND will relate to hedonic discrimination rather than to pure 
intensity discrimination.

Experiment 1

M a ter ia ls  a n d  m e th o d s
The stimulus material was an artificially flavoured orange drink mix ( ‘Tang’, Cottees 

General Foods) dissolved in distilled water. A previous investigation using this material 
(M cBride, 1985) had suggested 15.0% w/v as the mean optimum concentration. 
Therefore, five stimulus levels were chosen to fall symmetrically about this value: 9.0,
12.0, 15.0, 18.0, and 21.0%  w/v (0.6, 0.8, 1.0, 1.2, and 1.4x15.0% , respectively). 
Stimuli (80 ml) were served at 10°C in clear glass tumblers.

Twenty-five employees of the C SIRO  Food Research Laboratory, most of whom 
were experienced in sensory testing, served as assessors. They attended four replicate 
sessions on consecutive days, providing one hundred judgements per stimulus. At each 
session the five stimulus concentrations were presented simultaneously. Assessors were 
instructed to drink a portion of each in the (individually randomized) order specified on 
the response sheet, and, after tasting each, to state whether the flavour was ‘too strong' 
or ‘not strong enough’ (forced-choice). Rinsing with distilled water was mandatory 
before and between stimuli.

R e su lts
Assessors reported the task to be straighforward, signifying that the notional ideal 

was able to function as a d e  fa c to  standard. Figure 1 is a normal-probability plot of the 
percentage of ‘too strong’ responses (circles) against log stimulus concentration (see 
Guilford, 1954). The 21% concentration evoked a perfect (100%) ‘too strong’ response 
and therefore could not be included in the analysis; nevertheless, the remaining four



points, when transformed to z-scores, are well described (r =  0.99) by the semi-log 
regression

z  = 13.32 log C -  15.15 (1)

where C  is stimulus concentration.
From equation (1), the ideal stimulus concentration, which corresponds to the 50% 

(z =  0) ‘too strong’ response on the ordinate, is found to be 13.72% (illustrated 
graphically by the dotted line in Fig. 1). Similarly, by inserting the appropriate z  value 
(0.675) in the regression equation, the concentration corresponding to the 75% 
‘stronger’ response is found to be 15.42% (also obtainable graphically from Fig. 1 ). The 
difference between these two estimates, 1.70% , is the hedonic JND, and the hedonic 
Weber ratio =  1.70/13.72 =  0.12. It now remains to compare these hedonic 
parameters with those obtained in the equivalent intensity discrimination task.

Ideal flavour intensity 111

Stimulus concentration (% w/v)

Figure 1. A  normal-probabil i ty  graph of  the hedonic ( 'too strong’) responses in Experiment 1 
(circles),  an d  the intensity ( 's tronger ')  responses in Experim ent 2 (squares), plotted against 
(log) s timulus concentra t ion .  The best-fitting semilog regressions for the hedonic (solid curve) 
an d  intensity (b roken  curve)  data  are almost coincident.  The  ideal-concentration corresponds 
to the 50%  'too  strong ' response on the o rd inate  (dotted  line).

Experiment 2

M a te r ia ls  a n d  m e th o d s
In Experiment 2, conducted 6 weeks after Experiment 1, the method of constant 

stimuli was applied in an orthodox manner. Twenty-five assessors participated, twenty- 
one of whom had taken part in Experiment 1; the remainder were drawn from the same 
pool. At each of four replicate sessions over consecutive days, they were presented with 
four p a ir s  of stimuli, one member of which was always the (undeclared) standard. They 
were required to taste each pair in the (randomized) order specified, and to identify the 
stronger stimulus with each. The concentration of the standard was 13.72%, the level 
determined as ideal in Experiment 1, with the four comparison stimuli distributed 
symmetrically about this value in ratios of 0.76, 0.92, 1.08, and 1.24 (the stimulus range 
was truncated to preclude the perfect discrimination that had occurred in Experiment 
1). Stimuli were presented in opaque red tumblers to mask any possible differences in
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colour density within stimulus pairs; in other respects the experimental conditions 
remained as in Experiment 1.

R e su lts
Figure 1 gives the percentage of ‘stronger’ responses (squares) plotted against log 

stimulus concentration. The four data points are well described (r = 0.99) by the 
semi-log regression

Z =  13.14 log c -  14.83 (2)

From equation (2), the PSE (z  =  0) is found to be 13.45%. The concentration that 
corresponds to the 75% ‘stronger’ response is 15.14%, giving a JND of 1.69%, and so 
the W eber ratio =  0.12. These discriminantly estimates are almost identical to those in 
Experiment 1, and similar to other previously determined values for taste stimuli 
(Lundgren e ta l . ,  1976, 1978; McBride, 1983; Schütz & Pilgrim, 1957).

Discussion

As demonstrated by Experiment 1, the method of constant stimuli is viable even when 
the standard in the pairwise comparison is purely notional. Assessors found the task 
straightforward, and all clearly exhibited an ideal-point: of the 100 judgements for the 
9%  stimulus, 99 were ‘not strong enough'; conversely, all 100 judgements of the 21% 
stimulus were ‘too strong’.

C o n v e rg e n c e  o f  d iffe r e n t p sy c h o p h y s ic a l m e th o d s
The present estimate of optimum concentration, 13.72%, is close to (less than 1 JND 

from) 15.0% . the estimate suggested by an earlier rating study on the same stimulus 
material (M cBride, 1985). (In the rating study, assessors were required to evaluate 
various concentrations on a graphic rating scale, labelled ‘Not nearly strong enough’ at 
one end, ‘Much too strong’ at the other, with ‘Just right' in the centre.) Furthermore, 
the responses in the present study appear to be normally distributed about the ideal- 
point; this accords with data from rating studies that show no change in slope or 
intercept at the ideal-point (Booth e t a l., 1983). This result is of some importance to 
psychophysics, for it represents a further instance (cf. McBride, 1983) of agreement 
between direct (rating) and indirect (classical) psychophysical methods, traditionally 
held to be disparate.

H e d o n ic - in te n s ity  lin k
The estimates of discriminability from the ideal-point discrimination task 

(Experiment 1) and from the pure intensity discrimination taks (Experiment 2) were 
found to be almost identical. The simplex interpretation of this result is that, on a panel 
basis, the notional ideal in Experiment 1 functioned just like the perceived intensity of 
the physically presented standard in Experiment 2; assessors judged the same 
perceptual attribute in both conditions, but made a preference judgement in one case 
and an intensity judgement in the other. This result is also of some significance to 
psychophysics, as it again raises the possibility of a simple link between the hedonic and 
intensity attributes of a stimulus (Henion, 1971; McBride, 1985).
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F u r th e r  q u e s tio n s
The present method may, like the rating approach (McBride, 1982, 1985), be 

susceptible to range bias: presentation of a different range of stimuli might result in a 
different estimate of ideal. The present study is unlikely to be significantly range- 
biased, because previous work suggested appropriate concentrations. In general, 
however, pilot work would be needed to select the stimulus levels. Other ways of 
avoiding range bias include the use of monadic-sequential stimulus presentation 
(M cBride, 1982), an individually applied ‘staircase’ approach (Booth e t a l., 1983), or 
the use of a separate-groups design (Poulton, 1979).

Several questions remain. The present method provides a group estimate of ideal, 
but to what extent do the ideal-point, and discriminability about the ideal-point, vary 
within and between individuals? Recent data (Conner, Haddon & Booth, 1986) suggest 
that individuals’ ideal points are normally distributed about log stimulus concentration. 
The confounding of intra- and inter-assessor variabilities in the present study precludes 
any such analysis, but it seems as though in this case variability within assessors was just 
as great as variability between: only seven of the twenty-five assessors in Experiment 1 
responded in exactly the same way at all four sessions; only eight responded in the same 
way at the last three sessions. It also remains to be determined whether the present 
methodology is so readily adapted to other types of stimulus, and to what extent it 
depends upon the degree of familiarity with the stimulus material.

Notwithstanding these issues, the present study has demonstrated yet another 
application for classical psychophysics in sensory and consumer research. In particular, 
the method may have potential in product development. The task is easy to under
stand, requires only a simple forced-choice response, and estimates not only the 
optimum level of a stimulus component but also the tolerable deviation from that level.
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B o o k  R e v i e w s

Rice: Chemistry and Technology, 2nd edn. Ed by Bienvenido O. Juliano. St. Paul, 
Minn.: American Association of Cereal Chemists, 1985. Pp. xvi +  774. ISBN 0 913250 
41 4. U S$87.00.

The present monograph updates that of 1972, with emphasis on recent developments, 
and is wider in scope, with more detail of Asian practice, particularly in the chapters on 
parboiling, milling, and rice products, though, with this a stated intention, it is a pity the 
universal term ‘paddy’ is not used instead of the American term ‘rough rice'.

Such monographs are intended primarily as source books so the approach is 
detailed and prior knowledge of the basic sciences to first degree level is a prerequisite 
for the reader. This book covers all aspects of post-harvest rice, starting from the grain 
and its gross composition, its polysaccharides, proteins and lipids, and biochemistry— 
the Editor elected to write these parts and, as the world authority on rice chemistry, he 
has done a splendid job.

Parboiling (60 pp.) receives a complete and thorough rewrite by Bhattacharya from 
Mysore, giving the subject a more useful perspective by the inclusion of Indian tech
nologies and costings. The overview of milling by van Ruiten covers all scales and 
techniques, from village upwards. The section on the comparison of milling systems (10 
pp.) is far too short, as is this whole chapter (40 pp.). The reviewer would have liked the 
chapter to have also included the excellent material provided by Wimberly in R ice  
P o s t-H a r v e s t  T e c h n o lo g y  edited by Araullo, de Padua & Graham for IDRC (1976)— 
this was more practically oriented.

Drying is covered by Calderwood with Kunze as co-author. This chapter does not 
deal adequately with small-scale dryers designed for use in villages and small mills in 
developing countries, such as the IR R I designs, and the reader is referred to other 
publications. The book would have benefited from a section of, say, five pages, on this 
important subject.

Cogburn contributes a short chapter (only 23 pp.) on Storage— barely longer than in 
1972. This could have been enlarged to include greater detail on entomology of storage 
pests, rodent types and their habits, and much more detail on modified atmosphere 
storage.

Juliano himself writes a comprehensive account of rice bran (42 pp.)— the best 
account the reviewer has read. It is amusing to note that the subject of solvent 
extraction milling, given 13 pages in 1972 and which has impressed a generation of 
students by its neat technology, is now given 8 lines as a discontinued process.

The reviewer has found this new edition up-to-date and very comprehensive. There 
are few books on rice with the ID RC manual mentioned above being an important and 
practical supplement to the standard monograph, of which the present book is the sole 
example devoted only to Chemistry and Technology.

The book is well-produced, clearly printed with good illustrations. The index, so far 
as can be judged from a short period of use, is accurate and covers the contents well (the 
1972 edition was not free from errors). The binding does not seem strong enough for a 
large book intended for constant use. The reviewer's 1972 edition has been a bench and 
mill companion throughout the world, yet is still in fair condition. It is doubtful if the
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second edition will stand up to constant use for such a long period: the quality of the 
binding is not up to the generally excellent quality of the contents. Nonetheless, an 
essential book and good value for the price.

D . A . V .  D e n d y

Interactions of Food Components. Ed by Gordon G. Birch and M.G. Lindley. 
London: Elsevier Applied Science, 1986. Pp. xi+343. ISBN 0 85334 398 5. £42.00.

This book is the proceedings of a Symposium held at the National College of Food 
Technology, Reading, in April 1985. As such the editors, publishers and authors must 
be congratulated on producing such a well-written text so quickly. Almost all food 
science and food technology is concerned with understanding, and controlling, the 
nature of the interactions between food components and thus the Symposium could, to 
some extent, have been very diverse and lack cohesion. This is not the case as the 16 
papers presented are grouped in such a way as to make a logical sequence and appeal to 
scientists and technologists, manufacturers, nutritionists and psychophysicists working 
with food although the balance of the papers will obviously appeal to some readers 
more than others. For example there is only one paper (chapter 2) concerned with the 
interaction of water with food components although this area has of course been of 
m ajor research interest for many years. Incidentally this short chapter is an excellent 
introduction to the topic and should be compulsory reading for all interested in the 
rather nebulous concepts of ‘water activity’ and ‘bound’ water in foods.

Chapters 3, 4 and 5 are all concerned with the possible interaction between 
minerals, especially iron, and carbohydrates or proteins. It is good to see rational 
chemical approaches being made to metal binding in foods and the attempts to interpret 
these results in nutritional terms. However one must interpret the results of such studies 
with care and ensure that the nutritional conclusions are based on a thorough under
standing of both the chemistry and physiology of the system. Thus, although iron 
undoubtedly binds to many proteins and prevents its passage through an everted rat gut 
(chapter 4), in  v iv o  such proteins will be digested and the low molecular weight iron 
complexes so produced may actually aid absorption; it is known that high protein diets 
aid iron absorption.

Chapters 6, 7 and 8 discuss the interactions between selected additives (anti
oxidants, nitrate and sulphur dioxide) and food components. All three chapters are 
concise up-to-date accounts of the role of these preservatives in foods. Chapter 9 is 
concerned with the interactions of food components affecting microbial growth and 
rightly stresses that much microbiological research has been devoted to determining 
‘minima’ for growth of most microbes under laboratory conditions which may be 
irrelevant to food commodities and lead to unnecessarily harsh legislation. As the 
authors state ‘increasingly there is a need for data bases, perhaps commodity based, to 
enable the shelf-life and microbiological safety to be estimated with respect to the 
microbes of concern. Food microbiology has failed to organize its resources to begin 
providing that information’.

Chapters 10, 11 and 12 are all concerned with interactions of importance in the 
development and perception of flavour and aroma in foods and specifically deals with 
phenol-protein interactions and their possible significance for astringency, physico
chemical interactions involved in aroma transport processes from solution and inter
actions of non-volatile and volatile substances in foods. These chapters would be of
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interest to workers in the appropriate fields but are of less general interest than the 
earlier chapters.

Chapter 13 is concerned with the functional properties of pectins in various food 
systems and may have benefited by a less specific treatment as the role and function of 
the pectin in many of the systems could be duplicated by other ingredients.

The last three chapters are concerned with interactions in specific foods and 
systems, namely milk components in food systems, of confectionery products and those 
between protein and lipid in bread dough. These three chapters, which take up about 
25%  of the text, are obviously of interest to workers in the relevant areas and are 
excellent, relatively concise reviews,which should be widely appreciated.

The book itself is well-produced, remarkably free of typographical errors and 
the legibility of the typeface and clarity of the illustrations make for very easy reading 
and, although not extensive, the index is adequate.

In conclusion, this book is a worthwhile addition to the ever-expanding literature 
concerned with food science and will find a place in many libraries but, one suspects, 
few studies or offices.

D .A .  L e d w a r d

Rheology of Wheat Products. Ed by Hamed Faridi. St. Paul, Minn.: American 
Association of Cereal Chemists, 1985. Pp. vi+273. ISBN 0 913250 42 2. US $41.00.

This book is based on contributions to the symposium of R h e o lo g y  o f  W h ea t P ro d u c ts  as 
part of the annual meeting of the American Association of Cereal Chemists (24 
September, 1985, Orlando. Florida).

Consumer acceptance of many wheat based products is dependent not only on how 
such materials respond to deformation but also to their rheological ‘states’ at various 
stages of processing. Currently there is increasing interest in the rheology of such 
products and, therefore, the appropriate assessment of rheological properties is of vital 
importance in controlling both their development and formulation.

This volume is intended to present ‘an objective state-of-the-art discussion of 
various aspects of wheat rheology’. However, it in fact contains papers that take us from 
the more empirical testing traditionally used in the baking industry through to the more 
fundamental types of rheological measurements, which are finding increased appli
cation in the food industry in general.

The papers provide a very good introduction to the theory and application of wheat 
flour rheology, an interesting insight into the trend toward non-destructive mechanical 
testing and a useful source of up-to-date reference material. The inclusion of papers 
from some of the large industrial laboratories has ensured a good balance between the 
theoretical considerations and the more practical or applied aspects of cereal rheology.

In general the book is clearly written; however, it has been reproduced directly from 
the submitted typewritten copy and as a consequence has many of the problems 
associated with such material (Variable typeface, single margin justification, double 
margin justification etc). This is most obvious in the poor clarity of some of the 
illustrations.

While I would not consider, as the editor claims, that the book is ‘state-of-the-art’, it 
is a useful book and would be most helpful to anyone entering the field of cereal 
rheology.

A .E .  B e ll
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Functional Properties of Food Macromolecules. Ed by J.R . Mitchell and D A. 
Ledward. London: Elsevier Applied Science, 1985. Pp. xii+433. ISBN 0 85334 373 X. 
£52.00.

This is a book that comprehensively covers the major mechanisms of the interaction of 
food macromolecules. These components find significant usage in various sectors of the 
food industry, in particular, being used to control the rheological properties of many 
modern convenience food products.

Each chapter provides essentially a good review of the subject area. (The viscosity 
of polysaccharides and proteins; gelation of polysaccharides, gelatin and globular 
proteins, water and fat holding, foaming, emulsification, and texturization of proteins.) 
In these areas, recent developments are considered and their implications relating to our 
understanding of the functional properties of food macromolecules are examined. The 
references at the end of each chapter are both useful and generally well researched.

The various contributions from industrial, institutional and academic authors have 
ensured wide coverage both of the range of molecules considered and the underlying 
fundamental phenomena. In particular, attention has been given to the properties of 
aqueous protein-polysaccharide mixtures, a situation approaching the behaviour of 
multicomponent systems such as most foods.

The general layout design and appearance of the volume is attractive. There is an 
excellent subject index but no author-index; however, a list of contributors is given. 
Both the printed text and the figures are very clear, on the other hand some of the 
photographs have lost a certain amount of detail by having been scaled down. This is 
particularly noticeable in some of the electron micrographs.

Aimed primarily at food scientists and technologists, it is a book which is clearly 
written and, with some prior background in rheology, is very readable. It is a good 
companion to your copy of F erry  if you are interested in the functional behaviour of 
interacting food macromolecules.

A .E .  B ell

Microbial Toxins and Diarrhoeal Disease. Ed by David Evered and Julie Whelan. 
(C IB A  Foundation Symposium No 112). London: Pitman, 1985, Pp. ix+286. ISBN 0 
272 79786 3. £27.95.

This is a detailed and specialized book containing the contributions and verb a tim  
discussions of a Ciba Foundation Symposium held in 1984. I doubt if many readers will 
stay long with it unless they have an active interest in gut physiology and toxin action. A 
good knowledge of the subject is assumed by the author of the opening chapter, and this 
is the pattern throughout the book. However, the topics and their complexity are 
fascinating, so perseverance is rewarded. The book is well produced and has a cetailed 
index. The text is clear, typographical errors few, and illustrations adequate (although 
labelling with some illustrations is too small). The cover bears a charming photograph 
of healthy, although apparently poor children— a firm reminder that the goal for those 
that research this field is the control of diseases that kill many children in developing 
countries. There are chapters on: introduction to diarrhoeal disease and involvement of 
microbial toxins; regulation of water and ion movement in the intestine; the mucosal 
barrier to attachment of bacteria and toxins to cell surfaces; cholera and other toxins 
which activate adenylate cyclase; heat-stable enterotoxins that activate guanylate
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cyclase; possible mode of action of heat-stable ‘b‘ enterotoxin of E scherich ia  coli; 
intracellular mechanisms for regulating secretion; role in watery diarrhoea of serotonin 
and other neurohumoral substances produced by E n ta m o e b a  h isto ly tica ;  pharmacology 
of electrolyte transport and possible drug treatment for diarrhoea; salmonellosis; 
shigellosis; staphylococcal delta toxin as an enterotoxin; toxins that act locally in the 
intestine and that are produced by C lo s tr id iu m  d iffic ile  and other clostridia; nature and 
roles of future vaccines in the control of toxin-induced diarrhoeal diseases; 
and finally the Chairman's summing up.

One is struck by the complexity of the held, by the difficulty of isolating causal 
factors, and by the problems of relating findings in vitro  to the situation in v ivo . As the 
Chairman writes 'It is difficult to sum up the remarkable range and depth of things that 
have been reviewed from the many different perspectives in the meeting'. The reader 
will be rewarded by finding that microbes produce substances that act by mimicking 
human endocrine mediators; that components of mucus (and so, one wonders, com
ponents of food) may protect the host by competing with host cell surfaces for contact 
with gut pathogens and their products; and so on. This valuable collection of modern 
concepts and detailed information relating to gut physiology and diarrhoea should be in 
all university libraries and on the shelves of specialists working on the subject.

R .W .A .P a r k
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Errata

Please note the following corrections of errors that occurred in the August issue of the 
journal.

On page 419, the title of the paper s h o u ld  read:
Review: Lactic acid: considerations in favour of its acceptance as a meat 

decontaminant.
On page 426, the entry in Table 4 concerning the Visser and Bijker (1985) reference 

‘Calf tongues’ under the heading ‘Aerobic colony (3d.30°C)’ s h o u ld  read:
Initial count: 5.6, Reduction: 2.9.
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