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ABSTRACT 

Uns uc c e s s ful  a t t emp t s  were made to produce c l oud - s t ab l e , 

non - b it t e r c i t rus j uic e s  by e n zymic degrada t ion o f  j uic e ­

s o l ub l e  p e c t i n . The fail ure o f  th e s e  a t t emp t s  demon s t rated 

the ne c e s s it y  for a gre a t er unders t anding o f  the s o l ub i l ity 

re l a tion s h i p s  o f  l imonin and the ph enomenon o f  de l ayed 

bit t erne s s . 

The s o lubility o f  l imonin in mo d e l  s o l ut i on s  was  inve s t iga t e d . 

I t  proved imp o s s ib l e  t o  prepare aqueous s o l ut ions conta inin g 

high concentra t i ons o f  l imonin without the u s e  o f  h e a t . 

Even though t h e  addition to  such s o l utions o f  sugar , p e c tin 

and p o l y ga l a c t uronic a c id a t  c oncentrations c o mmon ly found 

in citrus j u i c e s  had a s t atis t i c a l l y  signif i c ant ( 9 5 %  l eve l )  

e ffe c t  on the equil ibrium l imonin c oncentra t i ons , the 

magnitude o f  the ef fect  was quite sma l l . Mo re ove r ,  the 

s o l ubil ity o f  l imonin shaken a t  30 C for five d ays in mo del  

s o l utions c on t aining cit rus pro t e in s  and l ip ids was  no 

gre a t e r  than its  so lubility in w a t e r , l e a din g to  the 

conc l u s ion th a t  neither l ipids nor p roteins a re re spon s i b l e  

for high c o n c e n t rations o f  l imonin i n  cit rus j uic e s . Dire c t  

s o l ub il iz a tion o f  l imonin c anno t therefore a c c ount f o r  high 

l imonin c on c e n t ra tions 1n c itrus j u i c es t o  which no h e a t  

h a s  b e en app l ie d . 

High concentra tions of  l imonin in mo d e l  s o l u t i ons c o u l d  be 

achieved by the app l ic a t ion o f  h e a t . In  re f l uxed aque ous 

s o lu t ions , the  pre s ence of p e c t in ,  s ucro s e  and s uc ro s e ,  

g l uco s e  and fru c t o s e  in combina t i on incre a s e d  the s o l ubility 

o f  l imonin , the g rea t e s t incre a s e  o c curri n g  with s uc ro s e  

a l one . Even more import ant wa s the e f fe c t  o f  s o l u t e s  on 

s l owin g down the ra t e  at which l imon i n  came out of s o l u t ion 

on c o o l ing . Again the e f fect  o f  s o l u t e s  was  dif ferent , 

sucro s e  b e ing more e ffec tive than p e c tin in h o l din g  l imonin 

in s o l ut ion , b u t  high concen tra t ions were main t ained l onger 

1n s o l u tions c ontaining the sugar mix ture o r  s uc ro s e  and 

pec tin, Sa tura t e d  s o l ut i ons o f  l imonin in a c idic mode l 

s o lutions pre p a re d  under re f l ux depo s i ted l imon i n  with 

approxima t e l y  e qu a l  rapidit y ,  irre s p e c tive o f  o ther s o lutes . 
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On the o ther hand , s o l u t ions o f  s imila r l imonin concentration, 

prepare d  by a dding comp onents  o f  the mo d e l  s o l utions ( c itric 

acid , p e c tin and sucro s e  a t  conc entrations found in citrus 

j uic e s )  to a hot  s a tura t e d  s o l ution of l imonin , re t ained 

mo dera t e ly high concen t ra t ions o f  l imonin p ro vided p e c t in 

was p re s en t . 

Limonin ana l y s is by extra c t ion at two pH l ev e l s  demons t rated 

tha t the equil ib rium opera t ing 1n t h e  e s t ab l is hment o f  high 

conc entra t ions of l imonin in mode l s o lutions invo lved neutra l  

hydro l y s is of  l imonin t o  o n e  or oth e r  of  it s hydroxyacid 

forms . On coo l ing such s o l ut ions , l imonin c rys t a l l iz e d  out , 

affe c t ing the hydroxy acid - l a c t one e quil ib rium . The e f fe c t  

of s o l u t e s  is re l a t e d  t o  their in f l uence o n  this equil ib rium . 

When s imil ar ex traction proc edure s w e re app l ie d  t o  s tudying 

the ph enomenon of  de l ayed bitterne s s  in c itru s  j uic e s , 

eviden c e  was ob tained for the pre s en c e  in fre s h l y extra c t e d  

citrus j uic e s  o f  two l imonin pre curs o rs which e ach sh owe d  

diffe ring s t abilities , b o th t o  the pre s ence  o f  natura l citrus 

en zyme s and to the app l ic a t ion o f  h e a t . 

Al l pre vious work re l a t ing the e f fe c t s  of various tre a tments 

to  l imonoid bit t erness  in citrus j uic e s  and mo de l s o lutions 

mus t  b e  re cons idered in the l igh t o f  the p o s s ib l e  invo l vement 

of the two l imonin pre curs o rs , the a s s ocia t e d  enzyme s , and 

the hydroxyacid forms of  l imonin . 
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1 . 1 .  B I TTERNE S S  IN C I TRU S  JUICES 

The i n t en s e  and obj e c t i on ab l e  b i t t e rne s s  in c i trus j u i c e s  

i s  due t o  the p r e s ence o f  l imonin ( I ) , a c
2 6H

3 0
o

8 
t e t r a ­

nor t r i t e rpeno i d  d i l ac t one ( Ke f ford and Ch and l e r  1 9 7 0 ; Ma i e r  

et aZ . 1 9 7 7 ) . B i t t erne s s  app e a r s  s l owly o n  s t and ing a t  

r o om t emp er atur e o r  mo re  r ap i d l y a f t e r  a heat  t r e atmen t , 

and t h i s g r adua l devel opment i s  s ome t imes r e f e rr e d  t o  a s  

de l ayed b i tternes s .  The a b s ence o f  b i tterne s s  i n  the 

intact fru i t  and the d e l ay in the ons e t  of  b i t t e rne s s  

a f t e r  j u i c ing d i ffe rent i a t e s  l imon i n  b i t t e rne s s  from t h a t  

due to  t h e  c omp ar a t ive ly  w a t e r - s o lub l e  flavanone neohe s p e r ­

i do s i d e s , such a s  the nar i n g i n  o f  g r ap e fru i t ,  which a r e  

d i s t r ibuted  thr oughout t h e  fru i t  i nc l uding the intac t 

j u i c e s a c s . Wh i l e  mo s t  p e op l e  f ind the b i t t e rne s s  due t o  

fl avanone neohe s p e r i do s i d e s  t o  b e  p l e a san t l y  a t t r a c t ive 

wi thin l im i t s , that due to l imon in i s  regarded a s  obj e c t i o n ­

ab le  and d e t r imen t a l  t o  j u i c e qual i ty (Chand l e r  and N i c o l  

1 9 7 5 ) . 

Al though l imon i n  appears  t o  b e  ub i qu i t ous in a l l  c i t rus 

sp e c i e s  ( Dreye r 1 9 6 6 ) , it  may not  be p re s ent i n  suffi c i en t  

quant i ty at matur i ty to  c au s e  d e l ay e d  b i t t e rne s s  of  the 

j u i c e . D e l ayed b i t terne s s  is  mo s t  n o t i c e ab l e  in the j u i c e  

o f  the Nave l or ange ( o f  c omme rc i a l  s i gnifi c an c e  i n  Au s t r a l i a , 

the U . S .A .  and e l s ewhe re ) and the Shamouti o r an g e  ( o f  

c omme r c i a l  s i gn i f i c ance i n  I s rae l ) . A l though n o t  a s  obv i ous 

becau s e  �f the p r e s ence o f  b i t t e r  f l avanone n e ohespe r i d o s i d e s , 

de l ayed b i tt erne s s  a l s o  o c curs  in t h e  j u i c e  o f  the t rue 

grape frui t ,  the N a t suda i d a i  orange ( o f  comme r c i a l  

s ign i f i c ance i n  J ap an )  and the New Z e a land g r ape fru i t  

( t he mo s t  impo r t an t  var i e ty o f  c i t r u s  proce s s e d  i n  New 

Z e a l and ) . 

Stud i e s  on the p r o b lem o f  b i t t erne s s  i n  c i t r u s  j u i c e s  

s t ar t e d  from the _e a r l i e s t  days  o f  t h e  deve l opment o f  t h e  

or ange j u i c e  indus t ry in C a l i forn i a  (Higby 1 9 3 8 ) . A l th ough 

nowaday s j u i c e  f r om the above  c i t r u s  v ar i e t i e s  c an f ind 

c onsumer accept ance when it  is  b l en d e d  with non - b i t t e r  

j u i c e s , there i s  a l imi t t o  the amount of b l end ing that  c an 
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b e  done . Mo r e ov e r , wi th t h e  wo r l dwi d e  expan s i on o f  the 

c i trus p r o c e s s ing i ndu s try , b i t t erne s s  due to  l imon i n  s t i l l  

rema ins a s e r i ou s  e c onom i c  prob l em , par t i cu l a r l y  in a r e a s  

where non - b i t t e r  cu l t i va r s  c an n o t  b e  grown . C ons equent l y , 

b i t t e rne s s  in c i t ru s  j u i c e s  c ont inue s to  s t imu l a t e 

cons i d e r a b l e  r e s e ar c h  fr om a numb er  o f  di fferent  appr o a c h e s  

inc lud i ng t h e  hor t i c ul tur a l  and te chno l og i c a l . T h e  chem i s t ry 

and b i o c hemi s t ry o f  l imono i d s  in general  have b e en r e v i ewe d 

by Dreyer ( 1 9 6 8 )  and Conno l l y et al . ( 1 9 7 0 ) , wh i l e  the 

l imono i d  c ons t i tu e n t s  o f  c i t rus have been r e v i ewe d by K e fford 

and Chand l e r ( 1 9 7 0 ) , Go odw i n  and G o ad ( 1 9 7 0 )  and Ma i er et al . 

( 1 9 7 7 ) . 

1 . 2 .  DELAYED B I TTERNES S  AND THE L IMON IN  PRECURSOR 

The phenomenon o f  d e l ayed b i t t erne s s  was exp l a ined by 

Hi gby ( 1 9 4 1 )  in t erms of a water - s o l ub l e , non - b i t t e r  

precur s o r  wh i c h  o n  cont a c t  w i th the a c i d  j u i c e formed o r  

r e l e a s e d  the b i t t e r  pr inc i p l e . H e  s u g g e s t e d  i t  m i g h t  b e  

the s a l t  of  the d i hydr oxy d i ac id ( I I )  (derived from t h e  two 

l act one g roups in l imon i n )  o r  a g lyc o s idic  d e r iva t iv e . 

The forma t i on o f  t he b i t t e r  s ub s t ance  in Nave l o rang e j u i c e  

wa s fol l owed b y  Eme r s on ( 1 9 4 8 )  who examined e x t r ac t i on s  

with b e n z ene 2 0  m i n  a f t e r  t h e  j u i c e  w a s  exp r e s s e d , then 

after 4 h and ag a in after s t and ing overnight . The j u i c e  

after the remov a l  o f  ben z ene was n o t  percep t i b ly b i t t e r  and 

the r e s idues fr om the fi r s t  and l a s t  extrac t i ons were  o n l y  

s l igh t l y  b i t t e r , t he b u l k  o f  the b i t t er  mater i a l  b e ing 

found i n  the s e c o n d  e x t r a c t .  Limon i n  was the only b i t t e r  

subs tance i s o l a t e d  from t h e  b en z ene e x trac t s . Emer s on 

conc luded that t he precur s or was i n s o lub l e  i n  b en z ene and 

that t im �  was r e qu i red for l imonin format i on . 

In a l a t e r  paper Eme r s on ( 1 9 4 9 )  repor t ed that  9 0 %  o f  the 

to t a l  l imonin pr e s ent  i n  i mma ture  Va l enc i a  p e e l  was 

pre forme d , only 1 0 %  b e ing p r e s ent as  precur s o r  l imon i n . 

In thi s p aper he  a l s o  s tud i e d  the s a l t  of the d i hydro xy 

d i a c i d  ( I I )  ( h e r e a f t e r  r e f e r r e d  t o  a s  the d i s a l t )  formed on 
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a l kal ine hydro lys i s  of  the two l a c t one rings  o f  l imonin , 

wh ich he  found to  b e  non-b i t t e r , and showed that i t  b e c ame 

b i t t e r  i n  d i l u t e  ac id s o l ut i ons or in or ang e j u i c e . He 

c on c l ud e d , howeve r ,  that th i s  c ompound l ac t on i z e d  t o o  

s l owly t o  b e  t h e  p r ecur s o r . He  sug g e s ted  t h a t  o n e  of  the 

mono l a c t on e  a c i d s  ( I l l  and I V) or p e rhaps a d e r i v e d  

g l ycos i d e  m i ght b e  the precu r s o r  and t h a t  enzyme s might  b e  

i nvolved i n  c onve r s ion of  the precu r s or t o  l imon i n . 

Sami sch and Ganz  ( 1 9 5 0 )  ob s e rved d e l ayed b i t t e rn e s s  in 

b o th r e am e d  j u i c e s  and albedo suspen s i ons d i sp e r s e d  in 

water . When the s o l i d part i c l e s were  removed imme d i a t e l y  

a f t e r  e x t r a c t i on , b i t terne s s  f a i l e d to  deve l op . 
. I 

When r e v i ewing the ev idence ava i l ab l e  in 1 9 5 9 , K e fford 

exp l a in e d  the phenomenon of  d e l ayed b i t t e rne s s  on phys i c a l  

g r ound s i n  wha t  c ame t o  be known a s  the d i f fus i on the o ry . 

H e  argued that ini t i a l l y l imon i n  was p r e s ent i n  the j u i c e  

a s  a c on s t i tuent o f  the t i s su e  fr agment s .  B e c a u s e  o f  i t s  

l ow s o l ub i l i ty ,  i t  took an appr e c i ab l e  t ime (unl e s s  heat  

was app l i ed )  for the l imon in t o  d i f fus e from the s e  par t i c l e s  

and r e a c h  a conc entrat ion n e c e s s ary for the j u i c e  t o  t a s t e  

d i s t inc t l y  b i t t e r . H e  c i t e d  the e v i dence of  Sam i s ch and 

G anz  ( ibid.) as s uppo rt ing the phy s i c a l  me chan i sm , t o g e ther  

w i t h the r e s u l t s  o f  Chand l e r  ( 1 9 5 8 )  who had  reported  that 

when f i n e l y - d i v i d e d  l imonin o r  l imonin a d s o rb e d  on a l umina 

was s u s p e nd e d  in water  ac i d i f i ed to pH 3 . 5 ,  the l i quor was 

n o t  b i t t e r  a f t er 8 h at ro om t emp e r a ture , but b e c ame b i t t er  

on  fur t h e r  s t and i ng o r  on  h e a t ing . 

I n  a l a t e r  rev i ew ( Ke fford and Chand l e r  1 9 7 0 )  i t  was 

s ugge s t ed that Eme r s on ' s  r e s u l t s  w i t h ben z ene e x t r a c t s  of 

Nave l o r an g e  j u i c e  could b e  int erpr e t e d  to  mean that  no 

l imon in wa s pre s en t  ini t i a l l y  b e c au s e  it ( o r  i t s  precur s o r )  

had not  h a d  t ime t o  di ffu s e  i n t o  the j u i c e  from the t i s s u e s . 

The d i f f i cu l ty i n  int erpre t i ng Eme r s on ' s  exp e r imen t s  

s t emme d  f r om the fac t that t h e  p r e s ence  o f  t h e  p r e c ur s o r 

w as b e i n g  i n f e r r e d  from ind i r e c t  e v i de n ce .  
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No fur t h e r  pub l i c at ions on de l ayed b i t t e rne s s  eme r g e d  un t i l  

1 9 6 8 , s ome 1 9  y e ar s after Eme r s on had somewh a t  p rophe t i c a l ly 

wr i t t en that  " i n v i ew o f  the s ens i t iv i ty o f  the p r e cur s o r  

t o  ac i d ,  and t h e  po s s i b l e  p r e s ence  o f  a l a c t one g r oup 

sens i t iv e  to a l k a l i , the i s o l a t i on o f  the p r e c ur s o r m i g h t  

b e  a ma t t e r  o f  c ons iderab l e  d i f f i c u l ty" . 

The ne c e s s ary i n g r e d ients f o r  d i r e c t  conf i r ma t i on o f  the 

pres enc e of a p r e cursor  and p r o o f  of i t s  i d e n t i ty eme r g e d  

i n  the e ar ly 1 9 6 0 ' s  when t h e  s t ruc ture o f  l imon in wa s 

e s t ab l i s he d  fo l l owing the c o l l ab o r a t ive e f fo r t s  o f  four 

l e ading r e s earch t e ams (Arno t t  et al. 1 9 6 0 ; Ar i g oni et al. 

1 9 6 0 ; B a r ton et al. 1 9 6 1 ) . 

Ivi denc e 1 n  s upp o r t  of the pr ecur s o r  theory was  ob t a i n e d  

b y  Ma i e r  and Bev e r l y  ( 1 9 6 8 )  who r e p o r t e d  the pr e s ence  i n  

a lbedo e x t r a c t s  o f  e ar l y  s e a s on Nave l oranges  and Mar s h  

grape fru i t  o f  a non - b i t t e r  l i mon in mon o l a c tone wh i ch w a s  

s t ab l e  a t  the p H  o f  the t i s s u e s  ( 5 . 1 ) but w a s  c o nv e r t e d  

to  l imon i n  a t  t h e  pH of t h e  j u i c e  ( 3 . 0 ) . They s ugge s t e d  

that a l l  the  l imonin was i n  t h e  mono l ac t one f o rm i n  Nave l 

o rang e t i s s ues , c on t rary to  the f i n d i n g  o f  Eme r s on ( 1 9 4 9 )  

that a t  l e a s t  9 0 %  o f  the l imon i n  i n  Val enc i a  p e e l  was 

p reform e d  l imonin . 

Maier  and Marg i l e th ( 1 9 6 9 )  showed tha t on l y  one o f  two 

p o s s ib l e  l imon i n  mon o l ac t one s o c c u r r e d  natur a l l y and 

i dent i f i e d  i t  as l imono i c  ac i d  A - r i ng  l ac t one ( LARL ) ( I I I ) 

by comp a r i s on w i t h  the authent i c  comp ound us ing h i g h ­

v o l tage p ap e r  e l e c t ropho r e s i s  and th in - l ayer c h r om a t o g r aphy 

( TLC ) on m i c r o c ry s t a l l ine c e l l u l o s e . 

Dur ing t h e  work on  LARL , Ma i er and Mar g i l e th ( ibid . ) 

o b s erved ·th a t  c e r t a in memb r ane ex t r ac t s  from Nav e l  orange  

and Mar s h  and Ruby Red  grap e frui t c a rpe l l ar i e s  c onv e r t e d  

LARL t o  l i mon i n  m o r e  rap i d l y  .than o th e r  e x t r ac t s . Ev i d e n c e  

s ugge s t in g  the p r e s ence o f  a l a c t on i z i ng enzyme i n  t h e  

t i s sues wa s o b t a ined b y  show ing t h e  forma t i on o f  l i mon i n  

from synthe t i c  LARL when th i s  s ub s t r a t e  wa s m i x e d  w i th an 
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unheated  t i s sue e x t r a c t .  No l i monin was forme d wh en the  

e x trac t was  b o i l e d be fore  a d d i n g  the subs t r a t e . Sub s eque n t l y  

t h e  l a c t o n i z ing en zyme w a s  i s o l a ted from orange s e e d s , 

puri f i e d  and name d l i mon in D - r i ng l ac t one hyd r o l a s e  1(Ma i e r  

et al . 1 9 6 9 ) . 

Levi et al . ( 1 9 7 4 a , b ) de t e rm i n e d  the l imonin c o n t e n t  o f  

Sh amou t i  o r ange j u i c e  and aqueous e x t r a c t s  o f  e n d o c arp and 

p e e l  t i s s u e s , b e fo r e  and a f t e r  h e a t  tre atment a t  9 0  C f o r  

5 min , and a s sum e d  t h a t  t h e  d i f fe r ence wou l d  r ep r e s ent t h e  

LARL con t e n t  o f  the  unhe a t e d  t i s su e s  or j u i c e . They 

r eported s ub s t an t i a l  amoun t s  o f  LARL and smal l amounts  o f  

l imonin i n  the t i s su e s  and about  equa l amoun t s  i n  the j u i c e . 

T a r iq et al . ( 1 9  7 4 )  r ep o r t e d  the  1 imonin c ontent  o f  f r e s h ly 

e x trac t e d  mature Va l en c i a  o r an g e  j u i c e  to be  2 - 3 ppm , 

r i s ing t o  1 1  - 1 3  ppm a f t e r  p a s t eur i z a t i on , wh i l e  D i  G i a c omo 

et a Z .  ( 1 9  7 6 )  r e p o r t e d  1 imon i n  contents  of up to 7 ppm in 

f r e shly e x t r a c t e d  j u i c e  from d i f fe rent var i e t i e s  o f  o r ange  

g r own in I t a l y , r i s i ng to  1 5  ppm a f t e r  1 3  days s to r ag e  a t  

0 c. 

The pre s en c e  o f  an en zyme in the p e e l  of Shamou t i  o r ang e 

c apab l e  o f  d e g r a d i ng l imon i n  mono l ac tone s o  as  t o  p r e v e n t  

i t s conv e r s i on t o  l imonin wa s s ugg e s t e d  by F l av i an and L e v i  

( 1 9 7 0 ) . Chand l e r  ( 1 9 7 1 a )  demon s t r a t ed the pre s en c e  in the  

a l bedo o f  Nav e l  and  Va l en c i a  o r ang e s  o f  a sys t em , w i th the  

p r ope r t i e s  o f  an e n zyme , wh i c h  a c t e d  on o r ange  e x t r ac t s  so  

as  to  r e du c e  the amount o f  l imonin formed on  h e a t i ng and  

s ugges t e d  that  i t  �as ,  in e f fe c t , i den t i c a l  to  t h e  e n z yme 

d e s c r ib ed by F l av i an and L e v i . In  a sub s e quent p a p e r  

( N i col  and Chand l e r  1 9 7 8 )  d e t a i l ing t h e  o p t i mum c ond i t i on s  

f o r  t h e  e x t r ac t i on o f  thi s en zyme , i t  w a s  r e f e r r e d  t o  

s imp ly a s  the  l imon i n  pre cur s o r degrad ing ( LPD ) e n zyme 

w i thout s p e c i f i c a l l y  i den t i fy i ng i t s  s ubs t r a t e , t h e  s ub ­

s t rate u s e d  f o r  t h e  a s s ays b e ing orange  a l b e d o . 

That LARL w a s  the p r imary l im ono id o f  fru i t  t i s s u e s  was  

s ugge s t ed thr ough the  u s e  o f  the  en zyme l imono a t e  d ehyd r o -
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genase ( LD ) . LD en zymes i s o l a t e d  f r om b a c t e r i a  ( g rown on 

the d i s a l t a s  c arbon s our c e )  by H a s e g awa et aZ. ( 1 9 7 2 ; 1 9 7 4 )  

spe c i f i c a l l y c a t a l y s e  the dehydr o g enat ion o f  the 1 7 - hydroxyl 

g r oup of l imono ids t o  a keto g r oup , i . e .  only l imonoids  

having an open  D - r ing ( fr e e  1 7 - hydroxyl g r oup ) c an be 

a t tacked . I t  was found that t h e  d i r e c t  a dd i t i on o f  

pur i f i e d  L D  from Pseudomonas s p  3 2 1 - 1 8  t o  fr e s h l y  expr e s s ed 

Nave l orange  j u i c e  r e s u l ted i n  the conver s i on o f  e s s ent i a l l y 

a l l  the l imono i d  p r e s ent t o  1 7 - d ehydr o l imono i c  a c i d  A- r ing 

l a c tone ( H a s e gawa et aZ. 1 9 7 3 ; B r ews t e r  et aL. 1 9 7 6 ) . 

F o l lowing t h e s e  s tud i e s , the s u gg e s t i o n  that  LARL was the 

on ly  s our c e  of l imonin in o r an g e  j u i c e  b e c ame so e s tab l i s hed 

that Has e g awa and Ma i e r  ( 1 9 7 9 )  s t a t e d  unequivoc a l l y that 

" l imonin i s  p r e s ent i n  c i trus s e eds  but  not i n  the fru i t  

t i s sue " . They had e ar l i er (Ma i e r  et aZ. 1 9 7 7 )  expl a i ned 

the find i ng s  by Levi et aZ. ( ibid.) of equ a l  amoun t s  of 

l imonin and LARL in f r e s h l y  e x t r a c t e d  j u i c e  by s ug g e s t i ng 

that s inc e n o  precau t i ons were  t aken t o  s l ow LARL c onve rs i on 

t o  l imonin dur ing prepa ��t i o n  and s o l vent e x t r a c t i on o f  the 

j u i c e , the  l imon in r eported  mo s t  l ike ly  c ame from LARL 

conver s i on t o  l imon in a ft er j u i c e  e x t r a c t i on . 

1 . 3 .  SOLUB I L I TY RELAT I ON SH I PS O F  L I MON I N  

Al though c on c ent r a t i ons o f  l im o nin i n  fr e s h l y  pr o c e s sed  

Nave l  o r ang e j ui c e  can reach 3 5  ppm , p r epa r a t i on of  intens e ly 

b i t t e r  s o l u t i ons by r e f luxing l imonin w i th wa t e r  a t  a pH 

b e l ow 4 . 5  ( t o prevent hydr o l y s i s  o f  l imon i n  t o · the  non - b i t t er  

i on of i t s  hydr oxy ac i d  form) p r oved unsuc c e s s fu l  ( Chand l e r  

1 9 7 1 b ) . I n  a s e r i e s  o f  exper iment s ,  Chand l e r  found that 

sucr o s e  and p e c t in a l one and i n  c omb i n a t i o n  s ub s t an t i a l l y  

i n c r e a s e d  t h e  s o l ub i l i z a t i on o f  l imon i n  i n  h o t  water . 

The s e  sub s t an c e s  a l s o  h e lped  t o  ho l d  l imon i n  i n  s o l u t ion 

a f t e r  c o o l i ng , wi th pe c t i n having a g r e a t e r  e f fec t than 

s u c r o s e . Un f o r tuna t e ly the s o l u t i ons were f i l t e r e d  p r i o r  

t o  analys i s  u s ing c e l i t e ( 3  g / 1 0 0  m L )  wh i ch wou l d  have 

ab s o rbed s ome of the l imonin , r e s u l t in g  in l owe r l eve l s  
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b e i ng repo r t e d  in al l s o l u t i ons than wou l d  a c tua l l y  have b e e n  

pre s ent p r i o r  t o  f i l tr a t i on . The r e s u l t s  a l s o  ind i c a t e d  

the inherent v a r i ab i l i ty in the r a t e  of c ry s t a l l i z a t i on o f  

l imonin from i d ent i c a l ly  prepared s o lut i ons . F o r  e x amp l e , 

In one run t h e  1 imon i n  c oncentrat i ons in mo d e l  s o l u t i o n s  

containing 0 . 1 % p e c t i n  and 1 2 %  s uc r o s e  sp i n - c o o k e d  i n  c an s  

and then s to r ed f o r  1 ,  2 and 9 w e e k s  we re 6 0 , 4 3  a n d  3 1  ppm 

respec t ive l y , wh i l e  in another run they were  4 2 , 3 9  and 3 1  

ppm . Chand l e r c on c l u d e d  that the c omb ined e f fe c t  o f  p e c t i n  

and sucr o s e  w a s  to  c r e a t e  and ma i n t a i n  i n  the sys tem 

cond i t i ons that may l e a d  to  h i gh l imon in c oncentr a t i on s . 

A numb er  o f  i ndependent ob s e rvat i ons we re c i t e d  t o  s upp o r t  

the above c on c lus i ons . Cans o f  imma ture Nave l o r ang e 

j ui c e  wh i c h  h a d  been s t o r e d  for about 1 5  y e a r s  a t  0 C h a d  

depo s i ted  h a r d , s andy c ry s t a l s  o f  p r ac t i c a l l y  pur e l i mon i n . 

I t  was sug g e s t e d  that the l o s s  o f  s o lub i l i ty was due t o  the 

cons i d e r ab l e  d e g r ada t i on of  the pec t in by a c i d  hyd r o l y s i s , 

s ince the j u i c e  fa i l e d  t o  h o l d  i t s  pulp in s uspens i on f o r  

more than a f e w  s e c onds . 

Rus s i an worke r s , unawar e  that they were concerned w i t h  

l imon o i d  and n o t  fl avono i d  b i t t e r  pr inc i p l e s  s uch a s  

na r i ng i n , h a d  r e p o r t e d  the remova l o f  b i t t e rne s s  f r om 

t ang e r i ne and o ther  c i trus  pr oduc t s  by the s imu l t aneous  

add i t i on o f  p e r o x i d e  and p e roxi d a s e  prepar a t i ons f r om 

app l e s  (Markh and F e l ' dman 1 9 4 9 , 1 9 5 0 ; Markh 1 9 5 3 ) . 

Chand l e r  ( ibid.) exp l a i n e d  the i r  r e s u l t s on t h e  b a s i s  o f  

pec t i c  enzyme i mpur i t i e s  i n  the c rude perox i d a s e  p r e p a r a t i ons . 

Deb i t t e r ing o f  Nave l o r ange p roduc t s  through the u s e  o f  

fung a l  and t om a t o  pe c t i c  en zymes was ob s e rve d  b y  Mc C o 1 l o ch 

( 1 9 5 0 )  who no t ed tha t th i s  treatment was a s s o c i a t e d  w i t h  

of f - f l avour deve l o pment and c l a r i f i c a t i on . He  r e a s on e d  

that deb i t t e r i ng may have r e s u l t e d  from a d i s r up t i on o f  

the c o l l o i d a l  c ond i t i on s  that he l d  l imon in i n  s o l u t i on , 

ra the r than t o  d i s rup t i on o f  the l imonin mo l e c u l e i t s e l f . 

A Bri t i s h  p a t en t  ( Hans o n  1 9 6 8 )  for  the prep a r a t i on o f  a 
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non-b i t t e r  Nave l c onc en t r a t e  t r e a t e d  the extrac t e d  j u i c e  

w i th an en zyme prepar a t i on h i gh i n  p e c t i n e s t e r a s e  and l ow 

i n  poly g a l a c turona s e  ac t ivi ty . I t  was c l a imed that  th i s  

p r ocedure c ounte r a c t e d  the forma t i on o f  b i t t e r  s ub s t an c e s  

a s  we l l  a s  g iving a j ui c e  o f  l ow vi s c o s i ty wh i c h was e a s i e r  

t o  conc en t r a t e . Chand l e r  ( ibid . )  s ug g e s t ed that the 

func tion o f  the pe c t i c  en zymes  was not  to coun t e r a c t  t h e  

f o rma t i on o f  b i t t e r  s ub s t anc e s  but t o  d e c r e a s e  the s o l ub i l i ty 

o f  l imon i n  i n  the j ui c e . 

1 . 4 .  A POS S I B LE SOLUT ION TO L I MON I N  B I TTERNE S S  

W I TH S IM ULTANEOUS CLOUD CONTROL 

I t  appears  from the above tha t , but f o r  the e f f e c t  o f  

p e c t in and s uc r o s e  i n  incre a s i n g  t h e  s o l ub i l i ty o f  l imonin 

i n  aque ous s y s t ems , there wou l d  be no  such prob l em as  

l imonin b i t t e rne s s  i n  c i trus j u i c e s , and that it  might  be 

p o s s i b l e  by mo d i fy i n g  the p e c t i n c on t ent o f  c i trus j u i c e s  

t o  con t r o l  the i r  l imonin c o n t e n t  and c ons equen t l y  the i r  

b i t terne s s .  Al s o , s i nce F l o r i d a  wo r k e r s  ( B aker and 

B ruemme r 1 9 6 9 )  had s ugge s t ed t h a t  the c l oud in c i trus 

j u i c es c o u l d b e  s t ab i l i z e d by en zym i c  degrada t i on of the 

j u i c e - s o lub l e  p e c t i n , ra ther t han by the use  o f  h e a t , i t  

appeared p o s s ib l e  t h a t  the s e  two prob l ems in c i trus 

p r o c e s s ing could b e  overcome by mod i f i cat i on o f  the p e c t i n 

c on t ent . 

Th e prob l em o f  c l oud i n s t ab i l i ty in c i t rus j u i c e s  ar i s e s  

a s  a r e s u l t o f  the s ep ar a t i on o f  the f i ne l y  d i v i d e d  

p a r t icul a t e s  norma l l y  he l d  in s uspens i on w i thin a c o l l o i d a l  

ma t r i x  in t h e  f r e s h  j u i c e s . Ana l y s e s  have shown t h a t  t h i s 

f i n e  pa r t i cu l ate  ma t e r i a l  i s  c ompo s e d  a lmo s t  exc l us ive l y  o f  

p e c t in , p r o t e i n and l ip i d ( Sc o t t  et al. 1 9 6 5 ; Baker  and 

B ru emmer 1 9 6 9 ) . Whe n  thi s un s t ab l e  c o l l o i da l  sys tem 

c o l l aps e s , the j ui c e  c l ar i f i e s . Onc e c onve r t e d  t o  an 

una t trac t i ve two - pha s e  sys tem o f  a f l o c cul ant s e d iment 1 n  

a c l ear s e rum ,  t h e  j u i c e  i s  no  l on g e r  mark e t ab l e . I n  

a d d i t i on , t h e  c l oud , which w i l l  n o t  remain suspend e d , 
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c o l ou r .  

H e a t  i s  u s e d  c omme rc i a l ly  t o  s t ab i l i z e c i t rus j u i c e s  

aga ins t c l oud l o s s  b y  i nac t ivat ing pec t i ne s t e r a s e  ( P E ) , 
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an enzyme tha t ini t i a t e s  a s e r i e s  o f  reac t i ons l e ad i n g  to  

c l a r i f i c a t i on . PE d eme thy l a t e s  j u i c e - s o l ub l e  p e c t i n , 

conv e r t ing i t  t o  l ow - me tho xyl pe c t i n , whi ch r e a c t s  w i t h  

p o l yva l ent c a t i ons t o  form ins o l ub l e  p e c t a t e s . Pr e s umab l y , 

the p r e c ip i t a t i on o f  the s e  pec t a t e s  o c c lud e s  the c l oud 

par t i c l e s and r emove s them from s u s pens ion ( D i e t z  and Rous e 

1 9 5 3 ) . 

The u s e  of PE i nh i b i t o r s  t o  p r e s e rve c l oud in c i trus j u i c e s  

w a s  s tud i e d  by Kew and Ve l dhu i s  ( 1 9 6 1 )  who we r e  g r an t e d  a 

p a t ent whi ch c l a imed that  extrac t s  from g r ap e  l e ave s c ou l d  

b e  u s e d  a s  such . Krop ( 1 9 7 4 )  ob s e rved t h a t  o r ange PE w a s  

inh i b i t ed b y  p e c t i c a c i d ; s im i l a r  o b s e rva t i on s  have b e en 

made for  the PE  from a l f a l fa ( L ineweaver and B a l l ou 1 9 4 5 ) , 

banana (Hu l t i n  et al. 1 9 6 6 )  and t oma t o  ( Le e  and MacMi l l an 

1 9 6 8 ) . Howev e r , pec t i c  ac i d  c anno t b e  us e d  t o  s t ab i l i z e 

c l oud , s ince by i t s e l f  i t  c aus e s  c l ar i f i c a t i on i n  c on c e n­

t r a t i on s  as l ow a s  2 0 0  ppm ( Krop and P i l n i k  1 9 7 4 a ) . 

For  many years  j u i c e - s o l ub l e  pec t i n  was p r e s umed t o  f o rm a 

c o l l o i d a l  ma t r i x  th at suppo r t e d  t h e  p a r t i c u l a t e s  and w a s  

the r e fo re nec e s s ary f o r  c l oud s t ab i l i ty in c i t rus j u i c e s  

( Rous e and Atk i ns 1 9 5 5 ) . Howeve r ,  Baker and B ruemme r ( 1 9 6 9 )  

showed that s o l ub l e  p e c t i n  was no t i t s e l f  n e c e s s ary f o r  

c l oud s uppo r t , s ince a s t ab l e  suspens i on o f  o r ange 

p ar t i cu l a t e s  c o u l d  b e  made in w a t e r . Rathe r , in j u i c e s  

wh i c h had l o s t  c l oud s tab i l i ty ,  t h e  p e c t i n h a d  b e en 

c onv e r t ed into the d e s t ab i l i z ing l ow - me thoxy l  p e c t i n . They 

ther e fore  propo s ed , as an a l t e rnat ive  to h e a t  denatur a t i on 

o f  P E  for s t ab i l i z ing o r ang e j u i c e  c l oud , t h e  a dd i t i on o f  a 

d epo l yme r i z ing en zyme to d e grade th i s  pe c t i n  s o  a s  t o  

e l iminate  i t s  de s t ab i l i z i ng e f f ec t . 

Such a proc e s s  wou l d  p r e s ent  advan t a g e s  b e c au s e  the 
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temp e r a ture o f  around 9 0  C ,  requ i r e d  to i n a c t iv a t e  the PE 

en zyme invo l v e d  in  l o s s o f  c l oud s t ab i l i ty , s omet imes 

resu l t s  in o ff - f l avour s i n  p r o c e s s e d c i trus j u i c e s  ( B i s s e t t  

e t  al. 1 9 5 3 ; Kew and Ve l dhu i s  1 9 6 0 ) . The p r o po s a l  was 

suppor t e d  by the s t ab i l i ty o f  o r an g e  j ui c e  p ar t i �u l a t e s  in 

cent r i fuga l l y p r epared  o r an g e  j u i c e  serum t r e a t e d  wi t h  a 

comme r c i a l  d ep o l ymer i z i n g  en zyme ( B aker and B ruemmer ibid . ) .  

Subs equen t l y  they demons t r a t e d  that orange j ui c e c l oud 

cou l d  b e  s t ab i l i z ed by t h e  add i t i on o f  ppm l eve l s  o f  

comme r c i a l  d ep o l ymer i z i n g  e n z yme s t o  the j ui c e  ( B aker and 

Bruemme r 1 9 7 2 ) . 

Krop and P i l n i k  ( 1 9 7 4 b )  s howe d t ha t  the c l oud - s t ab i l i z i ng 

e ffe c t  of a pure ye a s t  p o l yg a l ac turonase a d d e d  t o  PE  

a c t ive j u i c e  w a s  c au s e d  by a r ap i d  d epo lyme r i z a t i on of  the  

l ow - methoxy l p e c t i n (a  p r o duc t o f  PE ac t i o n )  so  that c a l c ium 

p e c t a t e  c o a gu l a t i on c ou l d  n o t  o c cur . They a l s o  c o n f i rme d 

( Krop and P i l n i k  19 7 4 a )  t h e  presumed r o l e  o f  c a l c i um i on s  

in j ui c e  c l a r i f i c a t i on : c l oud s t ab i l i ty was  p r e s e r ve d , in 

sp i t e of norma l P E  a c t i v i ty , when c a l c ium i on s  w e r e  

previ ous ly  p r e c ip i ta te d  a s  c a l c ium o x a l a t e . 

Th e propo s a l  o f  B aker and B ruemmer ( 1 9 7 2 )  t o  s t ab i l i z e  

c i trus j u i c e  c l ou d  by the a dd i t i on o f  a p e c t i n - depo l ymer i z i ng 

enzyme o f fe r e d  t h e  pro spe c t  o f  s imu l t aneous l y  p r o du c i ng 

non - b i t t er , c l oud - s t ab l e  j u i c e s  in  p r oduc t s  i n  wh i c h  

flavono i d  b i t t e rne s s  w a s  n o t  a prob l em .  The a b s ence  o f  

pec t i n  i n  t h e  j u i c e  wou l d  b e  expe c t e d  to prevent  the 

s o l ub i l i z a t i on of  high c oncen t r a t i on s  of l imon i n  and , a s  

heat wou l d  n o t b e  ne c e s s a r y  to  s t ab i l i z e t h e  c l oud , t h e  

f l avour o f  t h e  j u i c e , i f  m a r k e t e d  f r e sh o r  c h i l l e d , wou l d  

b e  exp e c ted  t o  b e  sup e r i o r  t o  that o f  pas t eur i z e d  j u i c e s . 

To inve s t i g a t e  th i s  po s s i b i l i ty , i t  was i n i t i a l l y d e c i d e d  

to e s t ab l i s h  t h e  e x t ent  o f  degradat i on of t h e  j u i c e - s o l ub l e  

pectin  requ i r e d  t o  pr oduc e a .s t ab l e  cl oud s i n c e  the e a r l i e r  

worke r s  ( Ba k e r  and Bruemme r 1 9 7 2 ; Kr op and P i l n i k  1 9 7 4 b )  

had me r e l y  a d d e d  depo lyme r a s e s  t o  d e g r ade t h e  p e c t i n  w i t hout 

determin ing wha t  m in imum c h a i n  l en g t h  o f  pe c t i c  a c i d  wou l d  
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r e s u l t  in s tab i l i ty .  Seve r a l  mon t h s  a f t e r  t h i s  wo rk had 

commenc e d , a paper by Te rmo t e  e t  al. ( 1 9 7 7 )  was  pub l i s hed 

wh i c h demons t r a t e d  th a t  the p r e s en c e  o f  hydr o l y s a t e s  o f · 

p e c t i c  a c i d  w i t h  an ave r a ge degree  o f  po l ymer i z at i on o f  

8 t o  1 5  wou l d  r e s u l t  i n  c l oud s t ab i l i ty s i nce  they were  t o o  

sma l l  t o  c ause j u i c e  c l ar i f i c a t i on by forming i n s o l ub l e  

p e c t a t e s . As th i s  pap e r  e f fec t ive l y  answ e r e d  the que s t i on 

wh i ch the author ' s  own inve s t i g a t i on s  we r e  a t temp t ing to 

s o lve , t h i s  aspe c t  o f  the prob l em was not pursued fur the r . 

I n s t e a d , exper iments  were  und e r t ak e n  to  f o l l ow chang e s  i n  

j u i c e  turb i d i ty a n d  in l imonin and p e c t i n  c ontents  o f  

j u i c e s  wh i ch h a d  b e en s ub j e c t ed t o  v a r i ous t r e a tmen t s  

inc l u ding pas teur i z a t i o n  a n d  the a dd i t ion o f  p e c t i c  en zyme s . 

Such exper imen t s  woul d , i t  was hop e d , prov i de valuab l e  

inform a t i on as t o  the f e a s i b i l i ty o f  produc ing c l oud - s t ab l e , 

non - b i t t er  c i trus j u i c e s  by e n zym i c  d e grada t i on of p e c t i n . 

As th i s  wo rk progr e s s e d , i t  b e c ame c l e a r  that  the s tud i e s  

had shed  s t r ik ing new l i g h t  on the s o l ub i l i ty r e l a t i on s h i p s  

o f  l imonin , on t h e  phenomenon o f  d e l ayed b i t t erne s s  deve l op ­

ment , and on the na tur e o f  the " l imon i n  precur s o r " . The 

r e s u l t s  of this  work and the i r  imp l i c a t i on s  are p r e s e n t e d  

i n  th i s  thes i s . 



CHAPTER TWO 
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AND MATERIALS 



2 . 1 . 1 .  F ru i t  

2 . 1 .  MAT E R I ALS 

I n  th i s  s tudy thr e e  var i e t i e s  of c i trus were us e d : 

1 5 . 

Washing t o n  N a ve l  o r ang es ( Citrus sinensis ( L )  O s b e c k )  

gr own at t h e  N . S . W .  Departm e n t  o f  Ag r i cul ture S t a t i on a t  

Go s ford , Au s t ra l i a , and New Z e a l and grape fru i t  ( C. grandis 

x C. reticulata) and C a r t e r  N a ve l  o r ang es (Citrus sinensis 

( L )  Osb e c k )  b o th g rown a t  the Ma s s ey Un i ve r s i ty o r c hard , 

P a lme rs ton N o r th , New Z e a l an d . Al l var i e t i e s  w e r e  

propagated  on t r i fo l i a t a  o r a n g e  ( Poncirus trifoliat a) 

roo t s t ock . F ru i t  that  was no t pr o c e s s e d  imme d i a t e l y  a ft e r  

harve s t  w a s  s t o r e d  a t  5 C in a s t o r e r o om fr e e  o f  any o ther  

fru i t s  or ve g e t ab l e s . 

2 . 1 . 2 .  Ju i c e  

Ju ice  was e x t r a c t e d  from the c i t rus fru i t s  us ing e i ther a 

four cup c ommerc i a l  FMC j u i c e  e x t r a c t o r , o r  a d o me s t i c  

Kenwo od m i x e r  f i t t e d  w i th a r e amer . Af t e r  e x t r a c t i o n  the 

j u i c e s  we r e  p a s s e d  thr ough a pulpe r / f i n i s h e r  f i t t e d  w i th a 

1 0 0  mesh s c r e en to  g i ve a p u l p  c ontent  of app r o x im a t e l y  1 0 % . 

2 . 1 . 3 .  S e r a  

F o r  exp e r im en t s  i n  wh i ch o n l y  t h e  s e rum wa s ut i l i s e d , the 

j u i ce was c en t r i fuged  a t  8 0 0  x g for 1 0  min and the 

s uperna t an t  u s e d . The rema i n i ng s e d iment was  c l a s s i f i ed 

a s  pulp and , wh en requir e d , r e s u spend e d  in a mo de l s o l u t i on 

o f  suc r o s e  ( 1 0 % )  and c i t r i c  a c i d  ( 1 % )  t o  s imul a t e  c i trus 

j ui c e s . 

2 . 1 . 4 .  P a s t eur i z e d  Samp l e s  

Wh en j u i c e s  and s e r a  w e r e  pas t e ur i ze d , the c r i t e r i a  u s e d  

was comp l e t e  d e s t ruc t i on o f  p e c t ine s te r a s e  ( pE ) . Howe ve r , 

there are p r ob l ems i n  c h e c k i n g  that a l l  the P E  h a s  b e e n  

i na c t i va t e d  s inc e the ana l y t i c a l me thods a va i l ab l e  a r e  no t 

suffic ient l y  s ens i t i ve to  de t e �t l ow c oncen t r a t i on s  o f  P E  

wh i ch c an s t i l l  c au s e  c l oud i n s t ab i l i ty ( Ro ths c h i l d  et al. 

1 9 7 5 ; Ho l l and et al. 1 9 7 6 ) . A l though E a g e rman and Rou s e  

( 1 9 7 6 )  r ep o r t e d  t h a t  a 2 D  pro c e s s  ( i . e .  o n e  ach i e ving a 
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9 9 %  r educ t i on i n  P E  conc e n t r a t i on )  was  suf f i c i ent to  

prevent  c l oud i n s t a b i l i ty , the i r  r e s u l t s  we r e  s ub s equent ly  

shown ( Rob e r t s on 1 9 7 8 )  t o  be  inc o r r e c t .  To ensure c omp l e t e  

de s tr uc t i on of  P E  a 3 . 3 D p r o c e s s  i s  requi r e d  ( i . e .  one 

ach i ev ing a 9 9 . 9 3 %  reduc t i on in PE c oncent r a t i on)  and , t o  

ob t a i n  t h i s  r e s u l t ,  a l l p a s t e ur i ze d  j ui c e s  i n  t h i s  s tudy 

wer e h e a ted  to and ma i n t a i n e d  at 9 5  C for 5 min b e fo r e  

be i ng r ap idly  c o o l ed . Ju i c e  wh i ch was  no t r e qu i red 

immed i a t e l y wa s , a ft e r  b e ing he ld  at  9 5  C fo r 5 min , f i l l ed 

hot i n t o  l acque r e d  c ans , c o o l ed and then s t o r ed a t  2 C .  

2 . 2 .  DETE RMI NAT I ON OF COMMON J U I C E  PAR�IETERS 

2 . 2 . 1 .  T o t a l  S o l ub l e  So l i d s  ( T S S )  C on t ent 

Th i s  w a s  det erm i n e d  us ing an Ab be r e fractome t e r  and 

exp r e s s e d  as  d e g r e e s  B r i x  ( 0 B )  read d i r ec t l y  from the 

ins t rumen t . Al l reported  v a l u e s  w e r e  the me an o f  

dup l i c a t e  de t e rm i n a t i ons . 

2 . 2 . 2 .  T i t r a t ab l e  Ac i d i ty 

Th i s  w a s  de termined by t i t r a t ing j u i c e  ( 2 0  mL ) and d i s t i l l e d  

wa t e r  ( 1 0 0  mL) w i th sod ium hydr o x i d e  ( 0 . 0 2N )  us i ng pheno l ­

phtha l e in ( 0 . 5 % w / v )  as  an i nd i c a t o r . Re s u l t s  were  

exp re s s e d  as  gram s  o f  c i t r i c  ac i d  per  1 0 0  mL o f  j u i c e  and 

were t h e  means o f  dupl i c a t e  d e t e rm i n a t ions . 

2 . 2 . 3 .  B r i x : ac i d Ra t i o  

Th i s  w a s  c a l cu l a t e d  by d iv i d i ng t h e  t o t a l s o l ub l e  s o l i d s  

reading  by the t i t r a t ab l e  ac i d i ty . 

2 . 2 . 4 .  pH  

Th i s  w a s  d e t e rmined us ing a c omb in a t i o n  e l e c t r o d e  c onne c t e d  

to  e i t h e r  a Rad i om e t e r  p H  me t e r  w i t h  analogue ou tput o r  a 

Tr i ac pH me t e r  w i th d i g i t a l  output . The ins t rument s were  

c a l i b r a t e d  w i th buffers  a t  p �  3 . 2  and 7 . 0 pr i o r  to  

me asur ement s b e ing made . 
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2 . 2 . 5 .  Pulp o r  I ns o l ub l e  S o l i d s  C o nt e nt 

Th i s  was  d e t e r m i ned by c e nt r i fug i ng 5 0  mL o f  j ui c e  i n  a 

coni ca l  gr adua t e d  c e nt r i fug e tube a t  8 0 0  x g f o r  1 0  m i n .  

The vo lume o f  the prec i p i t a t e  wa s r e ad and t h e  pul p c o nt e nt 

exp re s s e d  as  a p e r c e nt a g e  r e l a t i o ns h i p  of th i s  v o l ume t o  

the t o t a l  j u i c e  v o l ume . 

2 . 3 .  DETERMI NAT I ON O F  JU I CE TURB I D I TY 

2 . 3 . 1 .  B a c k g r ou nd 

The c l oud s t ab i l i ty o f  c i trus  j u i c e s  i s  c ommo nl y de t e rm i ned 

by me a s ur i ng t h e  chang e  i n  the turb i d i ty of the s up e r na t a nt 

phase  o f  the s amp l e  a f t e r  a per iod o f  t ime . M e a s ur eme nt s  

o f  turb i d i ty a r e  b a s e d  o n  the a t t e nuat ion o f  a l i g h t  b e am 

pas s e d  through a s amp l e  i n  a cuve t t e  as  a r e s u l t o f  

scat t e r i ng by t he c l oud p a r t i c l e s  p r e s e nt .  I n  the 1 9 5 0 ' s  

c o l ou r i me t e r s  w e r e  freque nt l y u s e d  a nd to e nab l e  c omp a r i s o ns 

of r e s u l t s  ob t a i ne d  w i t h  v a r ious i ns t rume nt s , t urb i d i ty 

res ul t s  were  r e l a t e d  t o  t h e  amount o f  l i ght s c a t t e r e d  b y  

s t a ndard aque o u s  suspe ns i o ns o f  b e nt o ni te a nd e xp r e s s e d  i n  

g/L  o f  b e nt o ni t e . Mor e  r e c e nt l y , s p e c tropho t ome t e r s  have  

been u s e d  a nd i t  is  now c ommo n ( L a nkv e l d  1 9 7 3 ; Krop a nd 

P i l ni k  1 9 7 4 )  t o  expr e s s j u i c e  turb i d i ty d i r e c t l y  a s  t h e  

ab so rbanc e  o f  t h e  s amp l e  a t  6 6 0  nm (A
6 6 0

) w i th d i s t i l l e d  

wa t e r  a s  the s t a nd ard . 

2 . 3 . 2 .  P r o c e du r e  

Ju i c e  s amp l e s  w e r e  mixed  thorough ly by i nve r t i ng the 

s t opp e r e d  c o nt a i ne r s  t e n  t ime s . Al i quots ( 1 0  mL)  were the n 

wi thdr awn a nd p l ac ed i n  c o ni c a l  1 5  mL c e nt r i fu g e  tub e s . 

Aft er  c e nt r i fug i ng at 8 0 0  x g for 1 0  m i n ,  about  3 mL o f  

super na t a nt was  t r a ns fe r r e d  i nto  a 1 0  nm g l a s s  c uve t t e  a nd 

the ab s o rb a nc e  m e a sur e d  a t  6 6 0  nm i n  a Var i a n  UV - V I S 

sp e c t r opho t ome t e r . 



2 . 4 .  DETERM I NATI ON OF CHANGES I N  C LOUD PART I C LE S I Z E 

2 . 4 . 1 .  Background 

The me a sureme nt o f  the s i ze o f  sma l l  p art i c l e s  i s  b a s e d  

on t h e  a t t e nuat i o n ,  due t o  s c at t er i ng ,  o f  a l i ght  b e am 

inc i d e nt o n  a d i l u ted d i s p e r s i o n  o f  the par t i c l e s . 
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A de t a i l ed ou t l i ne of  b a s i c  s c a t t e r i ng the ory was g i ve n  by 

va n de Hul s t  ( 1 9 5 7 ) . The mo s t  impo r t a nt p a r ame t e r s  are  

the r e frac t i ve i ndex o f  the p a r t i c l e  r e l a t i ve t o  that o f  

the m e d i um ,  the part i c l e ' s  r ad i u s  o r  d i ame t e r , a nd the 

app l i e d  wave l e ng th . Ano th e r  u s e fu l  p arame t e r  i s  p ,  a 

dime ns i o nl e s s  p a r ame t e r  o f  p ar t i c l e  s i z e wh i ch , i n  phys i c a l  

te rms , r epre s e nt s  the ph a s e  l ag s u f f e r e d  by a wave p a s s i ng 

through the c e nt r e  of  the p a r t i c l e . I n  the r e g i o n  o f  

anoma l ous d i ffr a c t i o n  e nc ount e r e d  i n  frui t j ui c e  suspe ns i o ns ,  

Wa l s t r a  ( 1 9 6 4 )  showed tha t p wa s r e l a t e d  to  Q ,  the l i ght -

sca t t e r i ng quo t i e nt , by 

Q = 2 - � s in 
p 

Equa t i o n  1 :  

p- �z(l- c o s  p) p ( 1 )  

La t e r  La nk ve l d  ( 1 9 7 0 )  s howed that p c ould i t s e l f  b e  

c a l cu l a t e d  from t h e  ab o ve me nt i o ned four b as i c  p arame t e r s  

of  the s u s p e ns i o n  accord i ng t o  Equat i o n  2 :  

p = 2 IT d ( n
s 

- ne ) I A 

whe r e  d i s  the d i ame ter o f  the p a r t i c l e ; 

r e frac t i ve i ndex o f  the s u s p e nded p h a s e ;  

refr a c t i ve i nd e x  o f  the c o nt i nuous pha s e ; 

app l i e d  wave l e ng t h . 

( 2 )  

n i s  the 
s 

nd' i s  the 

a nd A is the 

c I 

Lank ve l d  ( 1 9 7 3 )  then u s e d  Equat i o n  1 t o  c a l cu l at e  va l u e s  

of  Q u s i ng va l u e s  of  p ob t a i ne d  f r o m  E qua t i o n  2 whe n  the r e  

was o nl y  a 5 %  d i fferenc e  b e tw e e n  t h e  r e frac t i ve i nd i c e s  

of the s us p e nded a nd c o nt i nuous pha s e s . The f i r s t  max imum 

i n  the l i ght s c a t t er i ng quo t i e nt o c c urred a t  about p = 4 

wh ich c o r r e s po nd e d  to a p ar t i c l e  d i ame ter o f  about 7 m i c r o n  

at A = 6 6 0  nm and n / n  = 1 . 0 5 .  s c 

Lank ve l d  (ibid.) a l s o  showed tha t , f o r  a homod i s p e r s e  

susp e ns i o n  o f  r o d - shap e d  p a r t i c l e s , t h e  fo l l owi ng expr e s s i o n  



he l d : 

A l o g ( I 0 / I )  

= l o g  ( IT . d 2 . Q . N . l) 
e 

( 3 ) 

whe r e  A i s  the  m e asur e d  ab s orb anc e ; I 1 s  t h e  i n t ens i ty 
0 

of  inc i dent l i g h t ; I i s  the inten s i ty of t r ansmi t t e d  
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l i ght ; d i s  t h e  d i ame t e r  o f  the p a r t i c l e ; Q i s  the l i ght ­

s c a t t e r ing quo t i ent ; N i s  the numb e r  of p ar t i c l e s  p e r  

un i t  vo lume ; and l i s  t h e  op t i c a l  p ath - l eng th . The 

ab s orb ance was t hus r e l a t e d  to  the natur a l  l o gar i t hms o f  

the op t i c a l  p a t h -l ength , the l i ght - s c atter i n g  quo t i e n t , 

the c oncen t r a t i on o f  the p ar t i c l e s  and the p r o j e c t e d  a r e a  

of  t h e  p ar t i c l e s . 

Al though s u s p en s i ons o f  fru i t  p ar t i c l e s  a r e  ve ry he t e r o ­

geneous in s i ze ,  shape and r e fr ac t i ve inde x , L ankve l d  ( 1 9 7 3 )  

was l a t e r  ab l e  t o  show for  d i l u t e d  ( 1 : 9 ) l emon j u i c e 

conc e n t r a t e  ( 6 5 ° B r i x )  a l i near re l a t i onship b e tween the 

ab s o rb ance (A)  and the o p t i c a l  pat h - l ength (l)  as p r e d i c t e d  

b y  E qua t i on 3 .  H e  w a s  a l s o  ab l e  t o  c o rre l a t e  t h e  r e l a t i ve 

mean p a r t i c l e  s i ze o f  s amp l e s  to  t h e  r a t i o  o f  ab s o rb an c e s  

measur e d  a t  6 0 0 n m  for c en t r i fug e d  and unc e n t r i fu g e d  

s amp l e s  (A6 0 0 c ; A6 0 0u ) .  S im i l ar c o r r e l a t i on s  c ou l d  b e  

ob t a i n e d  i f  a n  uncentr i fuged  s amp l e  w a s  me a s u r e d  a t  two 

wave l eng ths ( A
6 0 0 u;A4 3 0u ) .  Both a h i gh va l u e  f o r  A6 0 0 c /A6 0 0u 

and a l ow va l u e  for A6 0 0 u;A4 3 0u meant a l ow me an p a r t i c l e  

s i ze .  The c o r r e l a t i on b e tween the two s e t s  o f  va l u e s  for  

s amp l e s  w i th a w i de ran g e  o f  s t ab i l i t i e s  was  qu i t e g o o d . 

The dep endency o f  the ab s o r b ance on the r a t i o  b e tw e en the 

part i c l e  s i ze and  the w a ve l ength of the l i g h t  was u s e d  a s  a 

r e l a t i ve me a s u r e  o f  c l ou d  s t ab i l i ty . As c an b e  deduce d  

from the ab o ve e quat ions , the ab s o rb ance A var i e s  n o t  o n l y  

w i th chang e s  i n  the t o t a l  sc a t t e r ing a r e a  ( IT d 2N )  b u t  a l s o  

w i th chang e s  i n  Q a s  a c ons equence o f  chan g e s  i n  p ar t i c l e  

s i ze p r e s u l t in g  from f l o c cu l a t i on . 

Krop ( 1 9 7 4 )  m a d e  measurements a t  5 5 0  nm and 7 2 0  nm on 

c en t r i fuged and uncent r i fuged s amp l e s o f  o r an g e  j u i c e  

prepar e d  from r e c ons t i tu t e d  concen t r a t e  sub j e c t e d  t o  var i ous 
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tre atme nt s .  He u s e d  h i gher wav e l eng ths than L ankve l d  ( 1 9 7 3 ) 

s ince a t t enu a t i on o f  the l i gh t  b e am due t o  ab s o rp t i on by 

the ye l l ow p i gmen t s  of the j u i c e  b e c omes s i gni f i c an t  at the 

l ower wav e l engths . H e  found that a p l o t  of  the r a t i o  o f  

A7 2 0u
/A

5 5 0u 
agains t s t orage  t ime g ave a ho r i z on t a l  s t r a i g h t  

l ine a t  a cons t ant r a t i o  o f  ab out 0 . 7 4 .  Th i s  h e  expl a i ned  

on the b a s i s  of  the mean par t i c l e  s i z e in the  unc en t r i fug e d  

s amp l e s  b e ing s o  h i gh t h a t  the l i ght s ca t t e r ing quo t i en t  

w a s  not  a l tered  b y  chang e s  i n  t h e  pa r t i c l e  s i z e p d u e  t o  

c o agu l a t i on .  Such a f inding d o e s  no t inva l id a t e  Lankve l d ' s  

wo rk but c an be exp l a i ned b y  the d i fferent sys t ems e x am i n e d  

b y  the two worke rs . F o r  examp l e , Bus l i g and C a r t e r  ( 1 9 7 4 )  

s ub s eque n t l y  showe d that c onc en t r a t i on of  c i trus j u i c e s  

caused a d e c r e a s e  i n  the numb e r  o f  part i c l e s i n  t h e  range 

1 . 4  - 3 . 5  m i c r on and a l ar g e  i n c r e a s e  in  the numb e r  o f  

par t i c l e s  o u t s ide the s e  l imi t s . 

Wh en Krop p l o t ted  A7 2 0 c ;A7 2 0 u  agains t s t orage  t ime , he 

obta ined curves s im i l a r i n  s hape t o  tho se ob t a ined  when 

A6 6 0 c  was p l o t t e d  a g a i n s t  s t o r age  t ime . As a re s u l t  a l l  

h i s  sub s e q uent  s tu d i e s  on c l oud s t ab i l i ty we re  made us i n g  

A6 6 0 c value s . Bec aus e Lankve l d  ( 1 9 7 3 )  w a s  ab l e  t o  s tudy 

coagu l a t i on and f l o c cu l a t i on of c l oud p ar t i c l e s  

quant i t at i v e l y  us ing the r a t i o s  of  ab s o rb ance v a l u e s  a t  

d iffe rent wave l engths for c e n t r i fuged and uncentr i fu g e d  

j u i c e s , a n d  b e caus e the pre s en t  s tudy w a s  conc e rned w i t h  

s ingle - s t r ength j u i c e  r a ther than j u i c e  wh i ch h ad b e en 

c oncentra t e d  and then d i l u t e d , i t  was  d e c i ded to adopt  

his  appro a c h . 

2 . 4 . 2 . P r o c e dure 

J u i c e  s amp l e s were m i x e d  thoroughly by inv e r t ing t h e  

containe r s  t e n  t ime s . An a l i quo t ( 1  mL)  was t r an s fe r r e d  

t o  a 1 0  mm g l a s s  cuv e t t e , d i s t i l l e d w a t e r  ( 2  mL ) a d d e d , 

the samp l e  m ixed and the ab s o rb ance  me asured  a t  b o th 

72 0 nm and 5 5 0 nm i n  a Var i a n  UV - V I S  s p e c t roph o t ome t e r . 

The me asured  values  were  mul t ip l i e d  by thr e e . Ano th e r  

1 0  m L  s amp l e  w a s  c e n t r i fug ed a t  8 0 0  x g for  1 0  m i n  a n d  t h e  

ab s o rb ance o f  the supernatant me a s ur e d  wi thout d i l ut i on a t  

7 2 0 nm . P l o t s  we re  made o f  A 7 2 0 c
/A

7 2 0u  
and A 7 2 0 u

/A 5 5 0 u  
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again s t  incub a t i on t ime o f  t h e  j ui c e  s amp l e s . 

2 . 5 .  QUANT I TAT IVE DETE RM I NAT I ON OF P E CT I C  SUB STANCE S  

2 . 5 . 1 .  Backg round 

The p e c t i c  sub s tance s are p o l yuronide s ,  p r e s e n t  in fru i t s  

a s  c omp l e x polyme r s  o f  g a l a c turon i c  a c i d  o r  i t s  me thyl 

e s t e r , w i th s i de c h a ins of c o va l en t l y - l ink e d  neut r a l  

sugars , typ i c a l l y  a r ab ino s e , rh amno s e  and g a l ac t o s e  ( P i l n i k  

and Vo r a g e n  1 9 7 0 ) . Thr e e  d i s t inct  c l a s s es o f  pec t i c 

sub s t an c e s  have b e en r e c o gn i s e d : p r o topec t i n ,  the wa t e r ­

ins o l ub l e  parent p e c t i c  s ub s t ance ; p e c t in i c  a c i d s  o r  

h i gh -me thoxyl  p e c t ins  a n d  p e c t inat e s ; and pe c t i c  a c i d s  o r  

l ow - me tho xyl p e c t i n s  and p e c t a t e s . An a lys i s  o f  p e c t i c  

sub s t an c e s  i n  p l an t  mat e r i a l  gener a l l y  invo l ve s  the i r  

frac t i o n a t i on i n t o  the ab ove three c l a s s e s  b y  p r o g r e s s ive 

extrac t i on of the a l coho l - i n s o l ub l e  s o l i d s  by a s e r i e s  o f  

s o l vent s :  wa ter , a s o l ut i on o f  a c a l c ium - c omp l e x ing a g e n t  

such a s  e thy l ened i am ine t e tr a a c e t i c  a c i d ( E DTA) o r  ammon ium 

oxa l a t e ; and c o l d  a l k a l i ( Ro u s e  and Atkins 1 9 5 5 ) . S ing l e  

extrac t i on procedu r e s  have a l s o  b e e n  repor t e d ; one emp l oy s  

a s o l u t i on of  EDTA , fo l l ow e d  by a l ka l ine d e - e s t e r i f i c a t i o n  

and e n z ym i c  hydro l y s i s  o f  the pe c t in i n  th i s  e x t r a c t  

(Mc C r e a dy and Mc Comb 1 9 5 2 ) , wh i l e  another t r e a t s  the s amp l e  

w i th ac i d i fi e d  e thano l t o  r emove the c a t i ons and al coho l ­

s o l ub l e  s ub s t ance s ,  fo l l ow e d  by an a c e t one wash ( Ge e  et al . 

1 9 5 8 )  t o  g i ve an e x t rac t r e ady for  ana l ys i s . 

The uron i d e  content o f  the e x t r ac t s  may b e  d e t e rmined by 

a numb e r  of d i f ferent me tho d s , inc l ud ing e s t imat i on o f  

carb on d i ox i de fo l l owing d e c a rb oxy l a t i on ,  and c o l our ime t r i c  
I 

a s s ays fo l l owing t r e a tmen t  w i th chromo gen i c  a g ent s . The 

l i t e r a t u r e  on the ana lys i s  o f  uron i c  a c i d s  by de c a rb o xy l at ion 

was  rev i ewed by And e r s on ( 1 9 5 9 )  who d e s c r ib e d  a s imp l i f i e d  

apparatus  having s i g n i f i c an t  .advan t a g e s  over e a r l i e r  d e s i gns . 

Furthe r i mprovemen t s  to  t h i s  app a r a t u s  have r e c e n t l y  b e en 

repor t e d  (Whyte and Eng l a r  1 9 7 4 ; C a s t agne and S i dd i q u i  

( 1 9 7 5 ) . C o l our ime t r i c  a s s ay s  h ave b e e n  de s c r ib e d  f o r  the 

quan t i t a t ive de t e rmina t i on of  uron i c  a c i ds us ing r e ac t i on s  
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w i th c a r b a zo l e  ( D i s che 1 9 4 7 a )  mo d i f i e d by Mc Comb and 

McCready ( 1 9 5 2 ) , B i t t er  and Mu ir  ( 1 9 6 2 ) , G a l amb o s  ( 1 9 6 7 ) , 

Ber l ep s c h  ( 1 9 6 9 )  and Sar r i s  e t  al . ( 1 9 7 5 ) ; anthrone 

(He l b e r t  and Brown 1 9 5 6 , 1 9 5 7 ) ; nap thore s o r c i n o l  

(Alman d i n g e r  e t  al . 1 9 5 4 ) ; thiogly c o l l i c ac i d  ( D i s che 

1 9 4 7 b ) ; c y s t e ine ( D i s che 1 9 4 8 ) ; 3 - hydr oxyb ipheny l 

( B lumenkrantz and Asboe - Hans en 1 9 7 3 ) ; and harmine (Wa r d i  

e t  al . 1 9 7 4 ) . Me thods have a l s o b e en repo r t e d  b a s e d  o n  

t i tr a t i o n  ( Doesburg 1 9 5 7 ; War ren and Woodham 1 9 7 3 ) , 

c a l c i um p e c tate format i on ( H o l t  1 9 5 4 ) , automa t e d  an ion ­

exchang e chroma t o g r aphy ( Sp i r o 1 9 7 7 ) and u l tr a vi o l e t 

e s t ima t i on o f  the degrada t i on produc t s  re s u l t i ng  from 

h e a t i ng w i th conc en t ra t e d  s u l phur i c  a c i d  ( Ba th 1 9 5 8 ; 

Katz and Tacker 1 9 7 2 ) . 

S ince c o l ourime tr i c  methods a r e  gene r a l ly s imp l e r  and 

more r ap i d  than o th e r s , fi r s t  c ons i d e r a t i on was  g i ven t o  

s uch me thods , and p a r t i c u l a r l y  t o  the mo s t  w i d e l y  u s e d  

me thod , t h a t  invo l vi ng c ar b a zo l e . How e ver , i t  h a s  l ong 

b een known ( D i s che 1 9 4 7 )  that use  of the c a r b a zo l e  r e a c t i on 

for the quant i t at i ve determ i n a t i on o f  uron i c  a c i ds has the 

d i s advant a g e  that  neut r a l  sugars  in t e r fe r e  w i th i t s 

spec i f i c i ty b e c aus e the r e a g e n t  does  n o t  d i fferent i a t e  

b e tween u r o n i c  a c i d s  and hex o s e s  ( D i s che  ibid . )  o r  dex t r i ns 

( Jos lyn and Chen 1 9 6 7 ) . Fur thermore , i n  a l ong s e r i e s  o f  

analy s e s , t he t ime dependenc e of  the c o l our d e ve l opment 

us ing c ar b a zo l e  ne c e s s i t a t e s  the app l i c a t i on of a fac t o r  

t o  corr e c t  the ab s o rbance t o  a cons t an t  t i me ( Dekker and 

Richards 1 9 7 2 ) . 

On the o th e r  hand , a recent l y  introduc e d  chromo g e n i c  a g e n t  

3 - hydroxyb ipheny l i s  spec i f i c  f o r  ur o n i c  a c i d s  a n d  shows 

no  r e ac t i o n  w i th e ven r e l a t i ve ly h i gh c onc en t r a t i ons o f  

neut r a l  s ug a r s  ( B l umenkr an t z  and As b o e - Han s en 1 9 7 3 ) . 

The r e fo r e , a proce dure wh i ch used 3 - hyd roxyb i pheny l for  the 

c o l our i me t r ic a s s ay was adop t e d  for t h e _ d� t e rmin a t i on o f  

pe c t i c  s ub s tanc e s  i n  c i t rus j u i c e s . F o r  c ompa r a t i ve 

purpo s e s , s ome j u i c e s  were a s s ayed us i n g  c a rb a zo l e  as we l l  

a s  3 - hy d ro xyb ipheny l . 
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2 .  5 .  2 .  P r o c e dur e s  

2 . 5 . 2 . 1 .  Reagents  

A l l reagen t s  were Ana l ar g r ade unl e s s  s ta t e d  o th e rw i s e . 

3 -Hydroxyb i phenyl s o l ut i on : a s o l ut i on ( 0 . 1 5 % )  o f  3 - hydroxy ­

b ipheny l (m - pheny l pheno l ,  E a s tman Organ i c  Chemi c a l s )  i n  

s o d ium hyd r o x i de ( 0 . 5 % )  was p r ep ared and s t o r e d  i n  a b r own 

g l as s  con t a iner wrapped in a l um i n i um fo i l  a t  2 C .  Th i s  

s o l ut i on was repl a c e d  e very 2 months . 

Sulphuric  a c i d / s o d ium t e t r ab o r a t e  s o lut ion : a s o l u t i on 

( 0 . 0 1 2 5M) o f  s o d i um t e t rab o r a t e  in conc ent r a ted  s u l phur i c  

a c i d  was p r epared u s ing overn i gh t  s t i rr ing t o  ensure 

comp l e t e s o l u t i on . 

Carb a z o l e  s o l u t i on : a s o l u t i on ( 0 . 1 % )  was prepared b y  

d i s s o lv ing re agent g r a d e  c a rb a z o l e  in ab s o lute  e thano l . 

2 . 5 . 2 . 2 .  E x t r ac t i on 

Two 16  g quan t i t i e s  o f  j u i c e  w e r e  we i ghed into  5 0  mL 

g raduated c o n i c a l - b o t t o m  c e nt r i fuge tub e s . Hot ( 7 5  C )  

9 5 % ethano l was added  t o  a vo l ume o f  4 0  mL and the mixture  

hea ted fo r 10  min i n  a w a t e r  b a th a t  8 5  C ,  w i th o c c a s i on a l  

s t i rr ing us ing a g l a s s  r o d . The v o l ume o f  the m i x t u r e  was  

made  up to  4 5  mL  and the tub e s  w e r e  c entr i fuged a t  1 0 0 0  x g 

for 1 5  min . Af t e r  d i s c ar d ing t h e  s up e rn a t ant s o l u t i o n , the 

l e aching was  repea t e d  w i th hot 6 3 %  a l c oho l for 10  min  a t  

8 5  c .  

The pe l l e t  rema ining  a f t e r  d e c ant i ng o f f  the s up e r n a t an t  

from the f i na l  cent r i fug a t i on w a s  d i s p e r s e d  in app r o x i ma t e l y  

5 m L  o f  d i s t i l l e d  w a t e r  and t h e  vo l ume made up t o  3 5  mL 

w i th di s t i l l ed wa t e r . The tub e c ontents  were then ag i t a t e d  

for 1 0  m i n  b y  bubb l ing a i r  t h rough i t  from a c ap i l l ary . 

The tube w a s  c en t r i fu g e d  a t  1 0 0 0 x g for 1 5  min and the 

l i quid d e c an t e d  into a 1 0 0  mL v o l ume t r i c  f l ask . The 

e x t rac t i on procedu r e  was then r e p e a t e d  w i t h  the r e s i due 

and 1 N s o d i um hyd r o x i de ( 5  mL ) was added t o  the c omb i n e d  

extrac t s . After mak ing u p  t Q  v o l ume w i th d i s t i l l e d wa t e r  

and mixing , the s o l u t i on w a s  a l l owed t o  s t and f o r  1 5  m i n  

b e fore b e g i nn ing t h e  c o l our ime t r i c p r o c e dure . 

The res i due in the c en t r i fu g e  t ub e  was  d i s p e r s e d  in 0 . 7 5 %  
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ammonium ox a l a t e s o l ut i o n  ( 5  mL) . A s imi l ar p r o c edur e to  

that  out l ined  above wa s then fo l l owed , w i t h  ammon i um 

oxa l a te s o l u t i on t ak ing the p l a c e  o f  d i s t i l l ed wa t e r . 

Th e r e s i due r ema in ing i n  the c en t r i fuge tub e a f t e r  the 

doub l e  oxa l a t e  extr ac t i on was washed into a 1 0 0  mL v o l ume t r i c  

f l a s k , 1 N s o d i um hydr o x i de ( 5  mL)  was adde d , and the 

contents  were made up to vo l ume w i th d i s t i l l e d wa t e r . Af t e r  

m i x ing , the s o l u t i on was a l l owe d t o  s t and 1 5  min w i t h 

o c c as iona l s h a k ing b e f o r e  f i l t e r ing through Wh a tman No . 1 

pap e r . 

Al i qu o t s  we r e  t aken from each o f  the ab ove t h r e e  e x t r a c t s  

for  analys i s  by t h e  co l ourime t r i c  method . 

St andard s o l u t i ons ( 1 . 0  mL)  c o n t a in ing 0 t o  8 0  � g  g a l ac t ­

uron i c  a c i d  ( S i gma) o r  p o lyga l a c turon i c  ac i d  ( S i gma G r ade 

I I I ) , wh i c h  h a d  b e en d r i e d  5 h i n  a vacuum oven a t  30  C ,  

we r e  ana lys e d  b y  the s ame c o l ou r i me t r i c  me thod . 

2 . 5 . 2 . 3 .  Co l o u r ime t r i c  method 

3 - Hydroxyb ipheny l : an a l iquo t o f  e a ch ext r a c t  was  mixed  

w ith  d i s t i l l e d w a t e r  i n  thr e e  t e s t  tub e s  ( 2 0  x 1 5 0  mm)  t o  

a t o t a l  vo l ume o f  1 . 0 mL , the a c tu a l  p r opo r t i ons depending 

on the anhydr o g a l ac tur on i c  a c i d  content  o f  the e x t r ac t . 

To e a ch tub e  w a s  added s u lphur i c  a c i d/ t e t r ab o r a t e  s o l u t i on 

( 5  mL ) and i mme d i a t e l y  a f ter m i x ing the tub e s  w e r e  p l a ced  

in a wat er - i c e  b a th . They were then heated  in a b o i l i ng 

w a t e r  b a th f o r  6 min  and imme d i a t e ly c o o l e d  a g a in i n  a 

w a t e r - i c e  b a th . To two o f  the t h r e e  tub e s  3 - hydroxyb ipheny l 

re agent ( 1 0 0  � L )  was  a dded , wh i l e  t o  the t h i rd t ub e  wa s 

added  0 . 5 % s o d i um hydr ox ide ( 1 0 0  � L ) . Th i s  tub e  a c t e d  a s  a 

b l ank t o  c o r r e c t  for  the s l i gh t  p ink c o l ou r  p r o du c e d  when 

neutral  s u g a r - c o n t a in i ng ma t e r i a l s  a r e  he a t e d  in s u lphur i c  

ac i di te t r ab o r a t e  s o l ut i on . Aft e r  m i x ing t h e  tub e s  w e r e  l e ft 

to  s t and for 1 5  min  b e fore  r�ad i ng the ab s o rb an c e  a t  5 2 0  nm 

in a Spe c t r on i c  2 0  s p e c t r opho tome t er . 

C a rb a z o l e : a l i quo t s  o f  e ach ex t r a c t  and d i s t i l l e d  wa t e r  

we r e  added t o  e ach o f  three t e s t  t ub e s  ( 2 0  x 1 5 0  mm) t o  a 

t o t a l  vo l ume o f  1 . 0  mL , the ac tua l propor t i on depend i ng on  
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the anhyd r o g a l a c tur on i c  ac i d  c on tent o f  the e x t r a c t . To 

two of  the t ub e s  was added c a r b a z o l e  s o lut i on ( 0 . 5  mL) , 

wh i l e  ab s o l u t e  e thano l ( 0 . 5  mL ) was added t o  the th i rd 

tub e . A wh i t e f l o c c u l ent p r e c ip i t a t e  formed in the s amp l e  

t ub e s . T o  e ach tub e s u l phur i c  a c id/ tet rab o r a t e  s o l u t i on 

( 5  mL ) was added and imme d i a t e l y  after mix ing the tub e s  

w e r e  p l a c e d  in a wat e r - i c e  b a t h . Th e t ub e s  were s ub s e ­

quent ly  h e a t ed in a b o i l ing w a t e r  b a th for 6 min and 

imme d i a t e l y  c o o l e d a g a i n in a water - i c e  b a th . Aft e r  3 0  

m i n  the ab s o rb ance o f  the s o l u t i ons was read  a t  5 2 5  nm in 

a Spec t r on i c  20  sp e c t ropho t ome t e r . 

I t  was found that thr e e  s amp l e s  of  j u i c e  c o u l d  b e  an a l y s e d  

in dup l i c a t e f o r  e a c h  c l a s s  o f  p e c t i c  s ub s t ance i n  8 h .  

2 . 5 . 3 .  Re l i ab i l i ty o f  me thod 

A New Z e a l an d  grap e f ru i t  j u i c e  was ana l y s e d  a c c o r d ing to 

the ab ove p r o c e dur e . S i x  s amp l e s  of  the j u i c e  were  

frac tion a l l y extrac t e d  and  dup l i c ate ana l y s e s  made  o f  

e ach extr a c t . Chromo gens w e r e  forme d us ing b o th 3 - hydr oxy ­

b ipheny l and carb a z o l e . 

Th e r e s u l t s  o f  the ana lys i s  o f  the p e c t i c  s ub s t an c e s  in 

the grap e fru i t  j u i c e  are shown in Tab l e  I .  Th ey are of  a 

s im i l a r m a g n i tude t o  tho s e  rep o r t ed by Rou s e  e t  al. ( 1 9 5 8 ) . 

Th ere i s  n o  s i gn i f i c an t  d i f f e r ence b e tween the r e s u l t s  

ob t a ined u s ing 3 - hydroxyb iphenyl or c arba z o l e  as  the 

chromogen i c  reagen t . Howeve r , b e c aus e 3 - hydroxyb ipheny l  

r e s u l t e d  i n  a sma l l e r s t andard  e rr o r  a n d  a deve l op e d  c o l our  

s t ab l e  ove r 8 h ,  it  was  used  t o  de t e rmine the  p e c t i c  

s ub s t an c e s  i n  c i trus  j u i c e s  i n  t h i s  work . 
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Tab l e  I Pe c t in ana l ys e s  for a New Z e a l and g r apefru i t  j u i c e  

us ing two chr omo g e n i c  r e ag e n t s  

Chr omo genic 

r e a g en t  

3 - Hydroxyb iphenyl 

Me an of 6 
d e t e rmina t i ons 

S t andard error  

Carb a z o l e  

Me an o f  6 
d e t e rmina t i ons 

S t anda r d  error 

Pe c t in a s  anhyd r o g a l ac turo n i c  ac i d  

(mg/ 1 0 0  g j u i c e )  

S o l ub l e  i n : 

Wat e r  Oxa l a t e  Hydrox i de 

5 4  3 1  5 

2 2 1 

5 3  3 0  7 

3 3 1 

2 . 6 .  DETERM I NAT I ON OF P E CT I C  ENZYMES 

2 . 6 . 1 .  Background 

TOTAL 

9 0  

9 0  

P e c t i c  en zyme s may b e  d iv i ded  i n t o  two ma in g r oup s : t h e  

de - e s t e r i fy ing en zymes o r  p e c t ine s t e r a s e s  ( PE )  a n d  the 

depo lyme r i z ing en zymes  ( P i ln i k  and Vora gen 1 9 7 0 ) . The 

dep o l ymer i z ing en zymes c an b e  fur t h e r  c l a s s i f i e d into e i gh t  

s ub - g roups a c c o r d ing t o  the fo l l ow ing c r i t e r i a : hydro l y t i c  

o r  t r an s e l imin a t ive c l e avage o f  g ly c o s i d i c  b onds ; endo o r  

e x o  mechan i s m  o f  the s p l i t t ing r e a c t ion ; and p r e f e r e n c e  

for  p e c t in or p e c t i c  a c i d  a s  the s ub s t r a t e  ( Ku l p  1 9 7 5 ) . 

Tho s e  depo lyme r a s e s  wh i ch c l e ave t h e  g l ycos i d i c  b onds 

hydr o l y t i c a l l y  are  known a s  p o l yg a l a c turon a s e s  ( P G )  wh i l e  

tho s e  that c l e ave them t r ans e l imina t i ve ly  a r e  known a s  

lya s e s . Wh i l e  e v i dence fo r the e x i s tence o f  a P E  i n  c i trus 
' 

j u i c e s  i s  une qu i vo c a l , i t  i s  now c o n s i d e r e d  t h a t  dep o l yme r -

i z ing  en zymes d o  n o t  o c cur in c i t r u s  j u i c e s  ( P i l n i k  and 

Vor a gen ibid . ; Rob e r t s on 1 9 7 6 ) . H oweve r , b o th typ e s  o f  
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e nzyme s were  i nvo l v e d  i n  th i s  s tudy s i nce the PE  na tur a l ly 

pr e s e nt i n  the j u i c e s  was i na c t iv a t e d  by h e a t  i n  s ome 

t r e a tme nt s  wh i l e  comme r c i a l  depolyme r i zi ng e nzyme s from 

mi c rob i a l  s o ur c e s , c o nt a i ni ng pr i nc ip a l ly P G , w e r e  added 

to  the j u i c e s  i n  o th e r s . Th erefo r e , as say p r o c e du r e s  for  

b o t h  PE  and P G  we re  requir e d . 

2 . 6 . 2 .  Pec t i ne s t e r a s e  

Th e m e th od o f  Rob e r t s o n  ( 1 9 7 6 )  w a s  us ed . B r i e f l y , i t  

me a s u r e d  t h e  amount o f  a l ka l i  requ i re d  to k e e p  a s y nt he t i c  

pec t i n  s ub s tr a t e  a t  pH 7 . 5  wh e n  a s amp l e  o f  j u i c e was a dded 

to  i t . Th i s  d e t e rmi ne d  the carboxyl  group s f r e e d  b y  e nzyme 

ac t i o n  p er uni t o f  t ime . P E  act i v i ty was e xp r e s s ed i n  

mi l l i e q u iva l e nt s  o f  e s t e r  hydro lys e d  p e r  m i nu t e  p e r  g ram 

of  s o l ub l e  s o l i ds i n  the s amp l e . E ach  de t e rmi na t i o n  w a s  

c arr i e d  o u t  i n  dup l i c ate . 

2 . 6 . 3 .  P o l y g a l ac t u r o na s e  

Th e me thod o f  V a s  e t  a l .  ( 1 9 6 7 )  was  u s e d . B r i e f l y , i t  

me a s u r e d  th e f l ow-t ime o f  a reac t i o n  mixture  i n  a C a nno n­

F e ns k e  v i s c ome t e r  at frequ e nt i nt e r va l s  ( typ i c a l ly eve ry 

2 m i n) f o r  ab o u t  1 2  m i n .  The reac t i o n  mixture  c o ns i s t e d  o f  

1 %  p o l y g a l a c tu r o ni c  a c i d  ( S igma ) ( 6  m L )  and a 0 . 1 % aqueous 

s o l ut i o n  of e nzyme ( 0 . 1  mL) . Th e v i s come t e r s  were p l a c e d  

i n  a w a t e r  b a th  ( T ams o n  TXV4 0 )  ma i nt a i ned a t  4 0  ± 0 . 0 1  C .  

From t h e  f l ow t ime s ( t ) , the spec i f i c  v i s c o s i t i e s ( t - t 0
) / t

0 
were c a l cu l a t e d , wh e r e  t was the f l ow t ime o f  d i s t i l l e d  

0 
w ater . Whe n  th e s e  were  p l o t ted a s  a p e rc e nt a g e  o f  the 

i ni t i a l  s p e c i f i c  v i s c o s i ty a g a i ns t  the l o g a r i thm of the 

c o rr e s po nd i ng f l ow t ime , a s t ra i gh t  l i ne was ob t a i ne d  

from wh i ch , b y  i nt e rpo l a t i o n ,  the t ime requ i r e d  f o r  a 

d e f i ni t e ( 2 5 % )  cha nge  i n  spec i f i c  v i s c o s i ty w a s  ob t a i ne d . 

O ne u ni t  o f  P G  w a s  d e f i ne d  a s  the amou nt o f  e nzyme r e q u i r e d  

fo r th i s  r e duc t i o n  i n  v i s co s i ty to  o c cur i n  1 0 0 m i n .  E ach 

de t e r m i na t i o n  w a s  c a r r i e d  out in t r ip l i ca t e  a nd the me a n  

value s u s e d  t o  c a l cu l a t e  the .spec i f i c  v i s c o s i t i e s  a nd the 

cor r e s p o nd i ng f l ow t imes . 
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2 . 7 .  QUANT I TAT IVE ANALYS I S  OF LIMON I N  

2 . 7 . 1 .  Background 

S ince the conc e n t r a t i on of l imon i n  in mo s t  s amp l e s to b e  

analys e d  was l ow and many o th e r  s ub s t ances c o u l d have b e en 

pre s ent , an a s s ay method wh i ch was  b o th s ens i t i ve and 

spec i f i c  was requ i r e d . A u s u a l  f irs t s tep i s  e x t r a c t i on 

w i th a s o l vent t o  s eparate  l imon i n  from mo re hydroph i l i c 

mate r i a l . Fur the r  pur i f i c a t i on c an then b e  ach i eved b y  

some type of  chroma tography . 

Al though a s s ay me thods have b e en pub l i s hed u t i l i z ing 

spectroph o t ome t r y  (Wi l s on and Crutch f i e l d 1 9 6 8 ; Nomura 

and San t o  1 9 6 5 ) , g a s  chrom a t o g r aphy ( Kruger  and C o l t e r  

19 7 2 ; B a s k e r  e t  a l . 1 9 7 3 ) , f l u o rome t r y  ( F i s h e r  1 9 7 3 ) and 

h i gh - p e r formance  l i qu i d  ch roma t o g r aphy ( F i sh e r  1 9 7 5 ) , they 

have no t b e en w i d e l y  adop t e d  by re s e ar chers for the r o u t i n e  

det ermin a t i on of  l imon i n . I n s t e ad , me thods i nvo lving 

th in - l ay e r  chrom a t o g raphy ( TL C )  h ave b e en us e d . 

The f i r s t TLC me t h o d  for t h e  quant i t a t ive ana ly s i s  o f  

l imon in , deve l op e d  b y  Chan d l e r  and K e f ford ( 1 9 6 6 ) , invo l v e d  

extrac t i on w i th c h l o ro fo rm - e th ano l c o n t aining B HA t o  

prevent o x i da t i on o f  the l imonin , c onve rs i on t o  the 

dini trophenylhydr a z one , s ep a r a t i on b y  TLC , e l u t i on , me a s ur e ­

ment o f  the UV ab s o rpt i on o f  the e l ua t e , and comp a r i s on w i th 

that of  e l ua t e s  f r om s t anda r d  s p o t s . Spec i f i c i ty was  

achi eved by the  e x t r ac t i on , TLC and  d e t e c t i on s t eps . 

Ma ier  and Gr ant ( 1 9 7 0 )  deve l op e d  a me thod invo l v i ng 

extr act i on w i th c h l o roform , s ep a r a t i on by TLC an d forma t i on 

o f  oran g e - b rown s p o t s  w i th E h r l i ch ' s  r e agent wh i ch D r e y e r  

( 1 9 6 5 )  r e p o r t e d  c on s t i tu t e d  g o o d  e v i d ence for th e pr e s en c e  

o f  a fur an r ing i n  the sub s t r a t e . The l imon i n  c oncen t r a t i on 

was es t im a t e d  by v i s ual  comp a r i s on w i th co - chroma t o g r aphed 

l imonin s t andards on the  T L C  p l a te . On  chr oma t o g r ams o f  

o rang e j u i c e  e x t r a c t s , a y e l l ow s p o t  s l i ght l y  b e h i nd b u t  

overl app i n g  the l i monin s p o t  was  p r e s ent . Th i s  s p o t  f a d e d  

w i thin 2 h wh en t h e  p l a t e  w a s  p l ac e d  in  th e d r a f t  o f  a fume 

hood out of d i r e c t  l i gh t . A l though o ther  typ e s  o f  c ompounds 
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a l s o r e a c t  w i th Ehr l i ch ' s  re a g ent , the l imono i d  c o l our wa s 

charac t e r i s t i c  enough that i t  c o u l d  r e ad i l y  b e  d i f fer ent ­

i a t e d  (Ma i e r et a Z .  1 9 7 7 ) . 

Ano ther m e t h o d  us ing quan t i t a t i on on TLC p l a t e s  was r e p o r t e d  

by Chand l e r  ( 1 9 7 1 c ) . After e x t r a c t i on wi t h  c h l o r o form ­

e thano l , t h e  extract  was  t r e a t e d  w i th s atura t e d  s o d i um 

t e t r ab o r a t e  t o  remo ve sugars  and g lyc os id e s . A f t e r  TLC 

of the ext r a c t  a l ong w i th l imonin s t andar d s , the s p o t s  

w e r e  r e ve a l e d  by exp o sure to  b r omine vapour and s p r ay i ng 

wi th  To l l en ' s  reagent ( s pec i f i c  for the furan r in g )  

a n d  we re  me a s ured b y  dens i t ome t ry . When th i s  me thod was 

app l i e d t o  o r ange j ui c e , fi ve c ompound s r e a c t ing t o  the 

b r omine - s i l ve r  n i t r a t e  t r e a tment were encount e r e d . Wh i l e  

one o f  the s e  was pos i t i ve l y  i d en t i fied as l imon i n , the 

o t h e r  four s p o t s  were s imi l a r to l imonin in c o l our and in 

the t ime they took to appear . I t  was sug g e s t ed that the s e  

four s p o t s  w e r e  fur ano i ds and , b y  imp l i c a t i on l imono i ds , 

s i nce  the o n l y  s imi l ar l y reac t i ng compounds known t o  b e  

pr e s ent i n  c i t rus fru i t s  we re  the comparat i ve ly s o lub l e  

fur ano - c oumar i ns wh i ch had much h i gh er Rf va lues  than the 

l imono i d s . The iden t i f i c a t i on of the four s p o t s  was not 

made . 

Tatum and B e rry (1 9 7 3 )  repo r t e d  a TLC meth o d  for e s t ima t i n g  

the l imon i n  c ontent o f  c i trus j ui c e s  wh i c h  i n vo l ve d  d i r e c t  

spo t t ing o f  t h e  j u i c e  onto the T L C  p l a t e . A f t e r  d e ve l opment , 

the l imon i n  s p o t s  were vi sua l i s e d  by spray i ng wi th e i ther 

1 0 %  s u lphur i c  acid i n  e thanol  o r  2 %  s u l phur i c  a c i d  and 

1 %  p - d imethy l aminoben z a l dehyde in e thano l . The concent rat i on 

o f  the l imon i n  wa s e s t imated by vi sual c omp a r i s on w i th 

s t andard c o - ch roma t o g r aphed l imoni n .  

A f t e r  c r i t i c a l ly cons i d e r i ng the a b o ve TLC methods , a 

mo d i fi c a t i on o f  the 1 9 7 1 Chand l e r  method w a s  d e ve l oped  

wh i c h  was mo r e  rap i d , r e qu i r e� a sma l l er s amp l e  o f  j ui c e , 

and was l e s s  d ependent on op e r a t o r  s k i l l . Th i s  l a s t  

fa c t o r  was a n  impor t a n t  one s ince  a t t emp ts t o  vi s ua l i s e  

T L C  p l a t e s  w i th bromine vapour and To l l e n ' s  r e agent 

frequent ly  ended in fa i lure . 



2 . 7 . 2 .  Prepar a t i o n  o f  e x t r a c t  

T h e  j ui c e  s amp l e  ( 2 0  mL ) w a s  shake n f o r  2 0  mi n w i th 

r h l o r o fo rm ( 1 0  mL ) , e t h a n o l  ( 1 0 mL) , ammon i um s u lphate  

3 0 . 

c �  g )  a nd b u ty l ated  hydroxy a n i s o l e  ( 0 . 5  mg ) i n  a c e n t r i fuge 

b o t t l e  c o n t a i n i ng a s t opper wh i ch was  impe r vi ous to  c h l o r o ­

form . The m i x ture was  c e n t r i fuged  for 1 0  m i n a t  8 0 0  x g ,  

the upp er  l ayer remo ved by s uc t i o n , a nd the l ower l ay e r  

shake n w i th s a turated  s o d ium t e t r ab o r a t e  ( 2 0  mL ) for 1 5  s e c . 

The mix tur e was a g a i n  c e ntr i fuged , the upp e r  l ay e r  w i thdraw n , 

a nd the e x t r a c t  f i l t e r e d  through Wha tma n l P S  pha s e  s ep ar a t i n g 

p ap e r . Th e rapid add i t i o n  o f  appr oxima t e l y  2 5  mL c h l o r o fo rm 

t o  the e x t r a c t  imme d i a t e ly p r i o r  t o  f i l t ra t i o n  was  found t o  

i mp r o ve c o n s i derab ly t h e  e f fe c t i ve ne s s  o f  t h e  s epar a t i o n  

o f  the o r g a n i c  a nd aqueous pha s e s . The re s i due a ft e r  

e vap or a t i o n  to dry ne s s  w a s  d i s s o l ved i n  c h l o r o fo rm a n d  the 

s o lut i o n  t r a ns ferred to a 5 mL vo l ume t r i c  f l a s k  and made 

up t o  vo l ume for quan t i t a t i ve TLC wi th was h i n g s  o f  the 

r e s i due us i ng the s ame s o l ve nt ; for  j u i c e s  h a vi ng l e s s  

than  1 0  ppm l imo n i n  a 2 mL vo lume t r i c  f l a s k  was u s e d . 

F o r  the exp e r ime nts  i n vo l ving mod e l  s o l u t i ons o f  l i mon i n ,  

the fo l l ow i ng  s amp l i ng p r o c e dure w a s  used . A c l e a n , d ry 

p ip e t t e  was used to  s amp l e  e ach f l a s k . A rub b e r  s t opp er  

was f i t t e d  t o  the  l ow e r  por t i o n  of  the  p ip e t t e , and  a 

l e n g th o f  g l as s  tub ing f i t t e d  o ve r  the s t opper . A s h e e t  o f  

f i l t e r  pap e r  ( Wha tman N o . 5 4 1 )  was  the n fas t e ne d  ar ound the 

e nd a nd l ow e r  s i des o f  the g l a s s  t ub e  a nd h e l d  i n  p l ac e  

w i th a rubb e r  b a nd . Th i s  p r o c edure was adop ted  t o  pr e ve n t 

any l imo n i n cry s t a l s from p a s s ing i nt o  the p ip e t t e  dur i ng 

s amp l i ng .  A s amp l e  o f  s o lu t i o n  w a s  the n w i thd r awn a nd 

t r a ns ferred i nto  a g l a s s  c en t r i fuge tub e . Afte r drying the 

out s i de of  the p ipe t t e , the i ndex finger w a s  p l ac e d  o ve r  

t h e  e nd a nd t h e  p ipe t t e  fi l l ed w i t h  c h l o r o form : e thano l : BHA 

( 1 : 1 : 0 . 0 0 5 % ) . Th i s  p r o c edure was adop ted  t o  r e c o ve r  a ny 

l imo n i n that  may have c rys t a l l i z e d  o n  the w a l l s  o f  t h e  

p i p e t t e  dur i ng the w i thdrawa l p r o c e s s . Th e p i p e t t e  w a s  

then dra i n e d  i n t o  the c entr i fug e t ub e . Af t e r  t h e  add i t i o n  

o f  ammo n ium su lphate , the  ex t ra c t i o n  p r o c e dure was  a s  

de s c r ib e d  ab o ve excep t that the s t ep i n vo l vi ng the add i t i o n  

o f  s a tur a t e d  s o d ium t e t r ab o r a t e  w a s  omi t te d . 
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2 . 7 . 3 .  Chromat ography 

Comme r c i a l  p r e - coated g l a s s  p l a t e s  w i th a 0 . 2 5 mm l ay e r  o f  

S i l i c a  G e l  G (Mer c k )  w e r e  u s e d  a s  r e c e i ve d  from the s upp l i e r  

w i thout any ac t i vat i on . Al i quo t s  ( 1 0 � L )  o f  e i ght  l imonin ­

c on t a in ing e x t r acts  we r e  s p o t t e d  d own , t o g e ther w i th four 

r e f e r ence s amp l e s ( e a ch  of 10 � L )  from chl o r o fo rm s o l u t i ons 

conta ining 0 . 0 1 and 0 . 0 2 %  (w/ v) l imon in and 0 . 0 0 5 %  BHA . 

A 2 5  � L  syr inge w i th a n e e d_l e  cut  a t  r i ght an g l e s  was us e d  

for  s p o t t ing down to  a vo i d  dama g i n g  the s ur face  o f  the 

p l a t e s . The p l a t e s  w e r e  d e ve l op e d  tw ice  for j u i c e  s amp l e s  

and once for those from mod e l  s o l u t ions wi th  b en z ene : e thy l 

a c e t a t e : a c e t i c  anhydr i d e  ( 5 0 : 5 0 : 2 ) in equ i l i b r a t e d  tank s . 

The s o l vent front was a l l owed t o  mo ve to a he i ght o f  1 6 . 5  cm 

each t ime , w i th a s ing l e  d e ve l op ing  t ime o f  about S O  min . 

Dup l i c ate  s p o t s  were made from the s ame ex t r a c t  on s e p a r a t e  

p l a t e s . 

2 . 7 . 4 .  Visua l i zat ion o f  s p o t s  

Af t e r  chroma t o g r aphy , t h e  p l a t e s  were  a i r - d r i e d a t  r o om 

temp e r atur e , sp rayed e ve n l y  w i th c oncent r a t e d  su lphur i c  

ac i d  i n  e thano l ( 2 5  mL ; 1 : 1 0 ) , and then p l a c e d in an o ven 

at 1 1 0 C for 8 min . Th e l imon in s p o t s  app e a r e d  a s  dark 

brown areas on  an a l mo s t  wh i t e  b a c k ground . 

2 . 7 . 5 .  Dens i t ome t r i c  me a s ureme n t s  

F o r  t h e  ana ly s e s  ca r r i e d  out a t  C S I RO F ood Re s e arch 

Lab o r a t or i e s , Sydney , the  dens i t i e s  of  the s p o t s  were 

me asured  from the r e f l e c t ance  o f  wh i te l i ght  a s  r e c o r d e d  

b y  a Schoe ffe l SD2 0 0 0  S c anning Sp e c t r odens i t ome t e r  o p e r a t ing 

in a s ing l e  b e am mode . The p l a t e  was h e l d  on  a mo t o r - d r i ven 

s ta g e  and mo ve d  at a s p e e d  o f  3 cm/min und e r  a l i ght  b e am 

wh i ch s c anned a lane c ar ry i ng a l imonin sp o t . The s i gn a l  

at  any ins t an t  was r e c o r d e d  o n  a Typ e  3 0 4 6  Y ew Lab o r a t o ry 

Re c o rd e r ,  ope r a t ing a t  6 cm/min . F r om the c u r ve s o  ob t a ined 

fo r e a ch o f  the l imon in s p o t s  on the p l ate , the he i ght  o f  

each p e ak was measur e d , i n i t i a l  t r i a l s  havi n g  ind i c a t e d  

that p e ak h e i ght rather than p e ak a r e a gave a mo re  cons i s tent 

e s t ima t e  o f  spot  dens i ty . 

For  the ana l y s e s  carr i e d  out a t  Mas s ey Un i ve r s i ty ,  P a l me r s t o n  
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North , the dens i t i e s  o f  the s p o t s  w e r e  me a s u r e d  from the 

tran smi t t ance o f  y e l l ow l i ght as  r e c o rded by a Cana l c o  

Scann e r  Mo de l G .  Othe r o p e r a t i ng p a r amete r s  w e r e  a s  f o r  

the S c h o e f fe l Sp e c t rodens i t ome t e r . To de t e rmine t h e  s p o t  

dens i ty , the curve ob t a ined o n  t h e  r e c o rde r p a p e r  f o r  e ach 

of the  l imon in s p o t s  on the p l a te was  cut out  and  w e i ghed , 

ini t i a l  t r i a l s  hav ing ind i c a t ed that this  m e t h o d  r a t h e r  

than one  b a s e d  o n  measur ement  o f  p e ak height  o r  a r e a  g ave 

a mo r e  c ons i s t e n t  e s t ima t e  o f  spot  dens ity . 

2 . 7 . 6 .  D e t e rmina t i on o f  l imonin c on t ent 

Th e ab s o l u t e  amount ( i n � g )  of  l imon i n  (L  ) i n  a spot wh ich 
X 

on app l i c a t i on o f  the above p r o c e dure  gave an average  peak 

he i ght  o r  p e ak w e i ght o f  Px was c a l c u l ated f r o m  the 

expres s i o n : 

L ( Px -
p

2 
- 2 P 1 ) 

X 
P 2 - P

1 

wh ere P 1 i s  the ave rage he i ght o r  we i ght  o f  the peaks  from 

the 0 . 0 1 %  l imon i n  s t and ard ; and P
2 

i s  the ave r a g e  h e i ght 

or we i gh t  o f  the p e aks from 0 . 0 2 %  l imonin s t an d a r d . Th e 

ab s o l u t e  amoun t o f  l imonin i n  a s p o t  was  c onve r t e d  t o  the 

concen t r a t i on o f  l imon in ( in ppm) in the j u i c e or mode l 

s o l ut i on b y  mu l t ip l y ing by the r e l evant fa c t o r  a s  fo l l ows : 

Samp l e  v o l ume o f  Cap a c i ty 

j u ice  o r  s o l u t i on vo l ume t r i c  

2 0  mL 5 mL 

2 0  mL  2 mL 

1 0  mL  5 mL 

1 0  mL  2 mL 

2 . 7 . 7 .  Re l i ab i l i ty of me t h o d  

o f  

f l a s k  

Mu l t ip l y ing 

fac t o r  

2 5  

1 0  

s o  

2 0  

The r e s u l t s  ob t a i ned  wh en t h e  above p r o cedur e w a s  app l i e d  

t o  two Nave l o r ange j u i c e s  ( J 1  and J 2 )  are s h own in 

Tab l e  I I . Th r e e  s amp l e s  o f  e a ch j u i c e  (A , B and C )  w e r e  

extrac t e d  a n d  e ach ext r a c t  w a s  sp o t t e d  onc e o n t o  two 

d i f fe r e n t  TLC p l a t e s . 



Tab l e  I I  TLC - Dens i tome t r i c  det ermina t i on o f  l i monin i n  

Nav e l  o r ange j u i c e  s amp l e s  

3 3 . 

Samp l e  
code 

L imonin content  . 
( ppm) 

Me an Ave r a ge o f  me ans 
± SD 

J lA 3 2 . 1  2 9 . 9  3 1 . 0  

J 1 B 3 0 . 8  3 4 . 7  3 2 . 8  3 1 . 4  ± 1 . 9 

J 1 C  3 1 . 5  2 9 . 4  3 0 . 5  

J 2A 1 5 . 8  1 4 . 5  1 5 . 2 

J 2 B  1 5 . 2 1 4 . 0  1 4 . 6  1 4 . 9  ± 0 . 7 

J 2 C  1 4 . 5  1 5 . 4  1 5 . 0  

From the r e s u l t s  i n  Tab l e  I I  i t  was c oncluded that  f o r  

j u i c e s  having a l imonin c on t ent g r e a t e r  than 3 0  ppm , a 

di fference g r e a t e r  than 3 . 8  ppm in the me an l i monin c o n t e n t s  

from dup l i c a t e  ana l y s e s  w a s  a r e a l  d i f ference  a n d  wa s n o t  

due t o  expe r iment a l  e r r o r . L i kewi s e , for j u i c e s  hav i n g  

a l imon in c o n t e n t  o f  1 5  ppm , a d i f fe r ence i n  me an l imon i n  

cont e n t s  g r e a t e r  than 1 . 4  p p m  w a s  c ons idered t o  b e  a r e a l  

differenc e . B y  ext rapo l a t i on from the se r e s u l t s , i n  ana l y s e s  

o f  j u i c e s  conta i n i ng 1 0 , 2 0  and 2 5  ppm l imon i n , r e s p e c t i ve 

d i ffe r en c e s  of 0 . 6 ,  2 . 2  and 2 . 9 ppm w e re cons i de re d  t o  be 

s i gn i f i c ant l y  ( 9 5 %  con f i d ence  l imi t s )  different . The ab ove 

rang e s  app ly t o  j u i c e s ; g r e a t e r  a c curacy wou l d  b e  exp e c t e d  

i n  mode l s o l u t i ons con t a i n ing l imon in . 

Examin a t i on o f  the p l a t e s  ob t a ined wh en ex t r a c t s  o f  Nave l 

o range j u i c e  w e r e  spo t t e d  and t r e a t e d  as out l ined ab ove 

reve al e d  the p r e s ence of three  ye l l ow spo t s  adj a c en t  t o  

the l imonin , w i th one sp o t  v e ry c l o s e  t o  the b a s e l ine s i de 

o f  the l imon i n  s p o t . Th e s e  spo t s  w e r e  not v i s ib l e un t i l  

the p l a t e s  w e r e  s p rayed . I n  the c a s e  of e x t r a c t s  o f  New 

Z e a l and grap e fru i t  j u i c e  o n l y  two y e l l ow s p o t s  w e r e  v i s ib l e  

adj acent  t o  the l imon in s p o t . 

Us ing the ab ove TLC p r o c e dur e , s amp l e s  of the l imono i d s  
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nomi l i n ,  ob a cunone , deac e ty l nomi l i n ,  l imon i l i c a c i d , l imon ­

e x i c  ac i d  and rut a e vin coul d b e  e a s i l y de t e c t e d  a s  dark 

b r own s p o t s  and a l l  had Rf
' s  s u f f i c i e n t l y d i ffer ent from 

that of l imonin t o  avo i d  i n t e r fe r ence . In al l s amp l e s  o f  

c i trus j u i c e s  examin e d , a purp l e  s p o t  appeared w i th a n  R f 
o f  0 . 3 2 ( l imonin Rf 

0 . 5 3 ) . Th e r e  was no e vi dence to  s ugge s t  

that e i th e r  the purp l e  o r  the ye l l ow s p o t s  were  l i mono i d s  

and they w e r e  no t cons i de r e d  furthe r .  Fur thermo r e , o n  many 

TLC p l a t e s  o f  Nave l  orange and New Z e a l and grape fru i t  j u i c e  

extrac t s , there  were  up t o  3 dark b r own spo t s  s im i l a r i n  

appe aran c e  t o  l imonin . Th ey d i d  no t i n t e r f e r e  w i th the 

l imon in a s s ay and no a t temp t was made to  i dent i fy them . 



CHAPTER THREE 

EFFECT OF VARI OUS TREATMENTS 

ON C I TRUS JU I CE S  



3 . 1 .  CHANGES I N  J U I CE TURB I D I TY AND L I MON I N  CONTENT 

W I TH T I ME 

3 . 1 . 1 .  Expe r imen t a l  

3 6 . 

Fresh Nave l o r an g e  j u i c e  f r om the FMC extrac t o r  was d i v i d e d  

into two equ a l  p o r t i ons . One p o r t i on was pas t e ur i ze d  t o  

inac t i v a t e  the c l oud - de s t ab i l i zing e n zyme p e c t i n e s t e r a s e 

( PE ) . E ach p o r t i o n  was then h a l ve d ; to one h a l f ,  s o d i um 

me t ab i s u lph i t e  w a s  added t o  g ive an so
2 leve l o f  1 0 0 0  ppm , 

wh i l e  t o  the o t h e r  1 0 0 0  ppm o f  b enzo i c  acid  w a s  adde d . 

Th e us ual  p arame t e r s  us e d  t o  char a c t e r i ze c i t rus j u i c e s  w e r e  

me asur e d . The f o u r  s o l u t i ons were  then pl a c e d  in f l a s k s  

and kep t in a s t a t i onary w a t e r  b a t h  a t  3 0  C .  Th e l imon in 

content o f  the upp e r  l ay e r  o f  the j u i c e s was me asured ove r 

a p e r i o d  o f  mon ths , as was  the turb i d i ty o f  the s e rum and 

the j u i c e . 

3 . 1 . 2 .  Re s u l t s  

Th e pas teur i ze d  s amp l e s  o f  Nav e l  o r ang e  j u i c e  u s e d  in th i s  

t r i a l h a d  a p H  o f  3 . 0 ;  a s o l ub l e  s o l i ds content  o f  1 2 . 2 °B ;  

a . t i t r a t ab l e  a c i d i ty o f  1 . 9 1  g c i t r i c  ac i d / l O O  mL ; a 
.. 

Brix : ac i d ra t i o o f  6 . 4 : 1 ;  and a pulp  content o f  1 7 % . 

Other r e s u l t s  a r e  s ummar i ze d  in the T ab l es I I I  and IV . 

3 . 1 . 3 .  D i s cus s i on 

Re ference to  Tab l e  I I I  s h ows th a t  the unpa s t eur i zed s amp l e s  

los t th e i r  c l oud r ap i d l y . P a s teur i ze d  j u i c e s  r e t a i ned 

cons i d e r ab l e  c l oud even at the end of the ho l d i ng p e r i o d , 

wh i l e  the unpa s t eur i ze d  j u i c e s  pr e s e rv a t i zed w i th s u l ph i t e  

or b en zo a t e  w e r e  v i rtua l l y  c l e a r  a ft e r  9 and 4 8  days 

respec t i ve l y . The d i ff e r e n c e  i n  the r ate of c l a r i f i c a t i o n  

b e tween the two unpas t eur i ze d  j u i c e s  c an b e  exp l a ined o n  

the b a s i s  o f  enzyme ac t i va t i on s i n c e  E dwards and J o s lyn 

( 1 9 5 2 )  repo r t e d  that s o d i um b i s u l ph i t e  inc re a s e d  PE a c t i v i t y 

in c i t rus j u i c e s . 

I n  b o th the pa s t eu r i zed a n d  unpa s t e ur i zed j u i c e s  th e r e  w a s  a 

s i gn i f i c an t  dec l in e  in l imon i n  c on c e n t rat i on w i th t ime 

(Tab l e  I V ) . Aft e r  7 0  days the p a s t eur i zed and unp a s t e ur i zed 

j u i c e s  he l d  h a l f  and one t h i rd the i r  i n i t i a l  l imon in c on t ent . 



Tab l e  I l l  

Ho l d ing 

per i o d  

( days ) 

0 

5 

9 

1 3  

2 0  

2 7  

4 8  

Changes  in turb i d i ty ( A6 6 0 c ) o f  Nav e l  o r ange j u i c e s  he l d  a t  3 0  C in the p r e s ence 

of  s u l ph i te o r  b e n z o at e  

Pas t eur i z e d  Unp as teur i z e d  

Sulph i t e Ben z o a t e  Sulph i t e B e n z o a t e  

Se rum Ju i c e  Se rum Ju i c e  Se rum J u i c e  Se rum Ju i c e  

1 . 1 9 5  1 .  2 3 2  1 . 1 9 6  1 .  2 3 2  0 . 5 7 0  0 . 5 1 7  0 . 7 7 5  0 . 6 6 9  

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

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

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

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

0 . 7 7 0  1 .  s o  1 0 . 8 5 6 1 . 6 3 2  0 . 0 0 7  0 . . 0 2 8 0 . 1 7 9  0 . 2 1 4 

0 . 5 9 2  1 .  4 2 4  0 . 6 5 1  1 .  6 4 5  0 . 0 0 0  0 . 0 2 6  0 . 0 2 7  0 . 0 6 7  

Vl 
-...J 



Tab l e  I V  Ch ang e s  in l im� content ( ppm) o f  Nave l o r ange j u i c es he l d  a t  3 0  C in the p r e s ence 

o f  s u lph i t e or b en z o a t e 

Ho l d ing p e r i o d  Pa s t eur i z e d  Unp as teur i z e d  

( days )  Sulph i t e B e n z o a t e  Sulph i t e Benz o a t e 

0 3 2  3 2  n . d .  n . d .  

5 3 1  3 0  30  3 2  

1 3  2 2  2 5  2 1  2 5  

2 0  2 5  2 1  1 9  2 4  

2 7  2 3  1 6  2 4  1 9  

3 7  2 8  1 7  1 7  1 8  

4 8  2 4  2 3  1 6  1 6  

7 0  1 9  1 7  1 0  1 0  

1 5 7  1 7  1 7  1 0  9 

n . d .  = no t d e t e rmined 

tN 
00 
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Th e r e  was no  s i gn i f i c an t  di ffe rence  b e tween j u i c e s  p r e s erv ­

a t i z e d  w i th b en z o i c  a c i d  and tho s e  pres e r va t i z e d  w i th 

sulph i t e . Th e fac t that the g r e a t e r  de c l i n e  in l imon i n  

c ont ent w a s  ob s e rved i n  the unp a s t euri z e d  j u i c e s  s u g g e s t s  

that i t  coul d have b e en due t o  the pres e n c e  o f  a l imon in 

p r e cu r s o r  d e g r ad ing ( LP D )  en zyme in the unp a s teur i z e d  

j u i c e s  ( N i c o l  and Ch andl e r  1 9 7 8 ) . On the o th e r  hand , the 

c l oud - de s t ab i l i z ing e ff e c t  o f  PE  c o u l d  a l s o  h ave c o n t r i b u t e d  

to  t h e  l imon i n  d e c r e a s e . 

Howeve r , desp i t e  the very rap i d  c l a r i fi c a t i o n  of the 

s u l ph i t ed unp a s teur i z e d  s amp l e , there was a c ons i d e r ab l e  

l ag b e fo re the l imon in con tent d e c r e as e d .  Fur thermo r e , 

in p a s t eur i z e d  j u i c e s  wh i ch r e t a in e d  r e l a t iv e l y  s t ab l e  

c l ou d , the l imonin content s t i l l  d e c l ined by S O % . I t  i s  

no t po s s ib l e  t o  draw any f i rm conc l u s i ons from th i s  

exp e r iment r e g a r d ing the i n fluence o f  c l oud p ar t i cu l a t e s  

o n  l imon in l eve l s  i n  c i trus j u i c e s , excep t  t h a t  rap i d  l o s s  

o f  c l oud i s  no t a s s o c i a t e d  w i th a rap i d  fal l i n  l imon i n  

content . 

Seve r a l  o ther po i n t s  ar i s e  from Tab l e  I l l ; i n  p ar t i cu l ar 

th e marked chang e s  in turb i d i ty o f  the s e rum from the 

pas teur i z ed j u i c e s  comp a r e d  to  the r e l at i ve ly  c ons t an t  

turb i d i ty f o r  the j u i c e  s amp l e s . Th e l ower turb i d i t i e s  i n  

the s e r a  from p a s teur i z e d  j u i c e s  i nd i c at e  that e ven i n  the 

ab s ence  of  PE  chang e s  do t ake  p l a ce in the c l oud . Th i s  

cou l d  b e  a s  a r e s u l t o f  a c i d  hydro l y s i s  o f  th e p e c t in a t  

30  C ,  l e a d ing t o  a l owe r i ng o f  j u i c e  v i s c o s i ty and a 

decr ea s e  i n  the s i z e  o f  the p art i c l e s  wh i ch c ou l d  b e  

supp o r t e d  in susp ens i on a s  c l oud . I f  the  p e c t i n was b e ing  

hydr o ly s e d in the  p a s teur i z e d  j u i c e s , then th i s  wou l d  s uppo r t  

the s ug g e s t ion o f  Chand l e r  ( 1 9 7 1b )  t h a t  l imon in h a d  

c rys t a l l i z e d  o u t  o f  1 5  year  o l d  j u i c e  b e caus e the p e c t i n  h a d  

b e en hyd r o lys ed and the c l oud des t ab i l i z e d . 

Th er e f o r e  i t  was d e c i ded t o  c onduc t a further t r i a l  in 

wh ich th e changes i n  the p e c t i c  sub s t a n c e s  wou l d  be mon i t o r e d  

as  we l l  a s  changes in l imon in c ontent a n d  j u i c e  t u rb i d i ty . 

I n  addi t i on ,  en zyme s wou l d  b e  u s ed to  d e g r ade the p e c t in in 



an a t temp t  t o  s t ab i l i z e  the c l oud w i thout inac t i vat ing 

PE by h e a t . 

3 . 2 .  CHANGES I N  L IMON I N  CONTENT , JU I CE TURB I D I TY ,  

C LOUD PART I CLE S I Z E AND PECT I C  SUBSTANCES 

W I TH T I ME 

3 . 2 . 1 .  Exp e r imental  

4 0 . 

F r e s h  Nave l o rang e j u i c e  from th e FMC extrac t o r  was d i v i ded 

into two p o r t ions . One por t i on was then pas teur i z e d  to  

i na c t iv a t e  the PE . E ach por t i on was  fur th e r  s ub d i v i de d  i n t o  

s i x fl a s k s  a n d  sodium me tab i s u l ph i te was a d d e d  t o  g i ve an 

so 2 l eve l o f  3 5 0  ppm . Two fl a s k s  were t r e a t e d  as contro l s , 

two f l a s k s  w e r e  trea t e d w i th I rg a zyme M l O  ( 1 0 0  ppm) and the 

r ema ining two w i th U l t r a zym 1 0 0  ( 2 0 0  ppm) . 

Th e enzyme s I rga zyme M l O  and U l t r a zym 1 0 0 , s upp l i e d  by 

C ib a - Ge i gy , B a s e l , Sw i t z e r l and , were p r evious l y  as s ayed 

for  th e i r  p e c t in - hydrolys ing a c t i v i ty . Th e l eve l s  of th e s e  

en zymes a d d e d  t o  the j u i c e s  w e r e  cho s en to  g i ve p e c t in ­

hydro l y s i n g  a c t ivi t i e s  s im i l ar t o  tho s e  r e c ommende d by 

B ak e r  and B ruemmer ( 1 9 7 2 )  as  s u f f i c i ent to s t ab i l i z e the 

c l oud in unp a s teur i z e d  c i trus j u i ces . 

One f l a s k  f r om e ach o f  the ab ove p a i rs was p l aced i n  a 

s t a t i onary w a t e r  b a th main t a i n e d  a t  3 0  C ,  wh i l e  the rema ini n g  

fl a s k s  were  p l aced  in  a ch i l l  r o om a t  7 C .  The  j u i c es were  

ana lys e d  p e r i o d i c a l l y  for l imon i n  content , j u i c e  turb i d i ty , 

c l oud p ar t i c l e  s i z e and the c o n c ent r a t ion o f  p e c t i c  

s ub s t an c e s . Th e usual  pa rame t e r s  us e d  to  ch arac t e r i z e c i trus 

j u i c e s  w e r e  measured . 

3 . 2 . 2 .  Re s u l t s  

The unpas t eu r i z e d  J U l C e  h a d  a pH of  3 . 6 ;  a s o l ub l e  s o l i d s  

c ontent  o f  1 3 . 3°B ;  a t i t r a tab l e  ac i d i ty o f  1 . 3 3 g c i t r i c  

a c i d/ l O O  mL ; a B r i x : ac i d ra t i o  o f  1 0 . 7 : 1 ;  a pulp  c ontent 

of  1 9 % ; and  a PE c o n tent o f  7 3 . 8  x 1 0 - 4 uni t s / g  s o l ub l e  

s o l i ds . Th e c o r r e s p onding v a l u e s  fo r the pas teur i z e d  

j u i c e s  w e r e  3 . 6 ;  1 2 . 9 ;  1 . 2 4 ;  9 . 6 6 : 1 ;  1 1 % ; and z e r o . 
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Chang es in the l imon i n  c on t ent o f  th e j u i c e s  are  p r e s en t e d  

in Tab l e s V and VI . Up to  and inc luding day 4 2 , t h e  l imon i n  

con tent o f  th e uppe r  l ay e r  o f  t h e  unsh aken j u i c e  was de t e r ­

mined , wh i l e  on day 6 2  the l imon in content o f  the wh o l e  

j u i c e  a f t e r  shaking w a s  d e t e rm ined . Ch anges  i n  j u i c e  

turb i d i ty and c l oud p a r t i c l e  s i z e  are s umma r i z e d  i n  Tab l e s 

V I I and V I I I , wh i l e  c h an g e s  in the p e c t i c  sub s t an c e s  o f  

t h e  j u i c e s  dur ing s t o r a g e a r e  p r e s ented in Tab l e s I X  and X .  

3 . 2 . 3 .  D i s cuss ion 

3 . 2 . 3 . 1 .  L imonin c o n t e n t s  

Examina t i o n  o f  t h e  r e s u l t s  in Tab l e  V 1n th e l i gh t  o f  t h e  

r e l i ab i l i ty o f  t h e  me thod f o r  l imon in de t e rmina t i on ( s e e  

Tab l e  I I )  reve a l s  th a t  the r e  w e r e  s i gn i f i c ant d i fferences  

b e tween c e r t a in suc c e s s ive l imonin d e t e rmina t ions . L e s s  

apparent from Tab l e  V i s  any d e f in i t e  t r end in the l imon i n  

content o f  the j u i c e s . Howeve r ,  i f  i t  i s  a s s ume d fo r t h e  

purpos es  o f  d i s cus s i o n  th a t  the h o l ding temp e r ature and t h e  

add i t i on o f  p e c t i c en zymes d i d  n o t  affe c t  t h e  l imonin 

con tent of the j u i c e s  ( i . e .  th a t  the only f a c t o r  i n f l u en c i n g  

l imonin cont ent dur ing s to r a g e  w a s  whe ther  o r  no t the j u i c e 

had been p a s teur i z e d ) , the mean values  pre s en t e d  in Tab l e  V I  

c an b e  c a l c u l a t e d . 

Two points  eme rge from Tab l e  V I . Th e f i r s t i s  that the 

l imonin c ontent of  b o th the pa s t eur i z ed and unpas teur i z e d  

j u i c es inc r e a s e d  dur i n g  s t o r a g e . Th e s e cond i s  t h a t , whe n  

t h e  range o f  each me an i s  t ak e n  i n t o  cons i de r a t i on , th e r e  i s  

no s i gn i f i c an t  d i fference  b e tw e e n  the mean v a l ues for  the 

pas teur i z e d  and unp a s t e ur i z e d  j u i c e s  a f t e r  any g i ven 

ho l d ing p e r i o d . Thus the only p o s i t ive conc l us i on from the 

r e s u l t s  i n  Tab l e  V is  that  the r e  was a s l i g h t  b u t  s i gn i f i c an t  

i n c r e as e i n  l imon i n  c on t en t  o f  the j u i c e s  du r ing  s t o r a g e . 

Such a re s u l t i s  in s ha rp c on t r a s t  to  the r e s u l t s  from the 

f i r s t  t r i a l  ( Se c t i on 3 . 1 . 2 . )  wh i �h demons t r a t e d  a d r ama t i c  

r educ t i on i n  l imon in content  o f  b o th pas teur i z e d  and 

unpas teur i z e d  j u i c e s  o n  s t o ra g e . For  examp l e , a f t e r  4 8  days 

s t o rage the l imon in c on t ent  of the pas teur i z e d  j u i c e s  h a d  

d e c l ined by  2 5 % and tha t o f  t h e  unpas t eur i z e d  j u i c e s  by  5 0 % . 



Tab l e  V Chang e s  in l imonin content ( ppm) o f  Nave l o range j u i c es he l d  at 7 C and 3 0  C w i th 

and w i thout the add i t i on o f  p e c t i c  enzymes 

H o l d i ng 

p e r i o d  

( d ays ) 

1 

4 

7 

1 5  

2 1  

2 8  

4 2  

6 2  

Pas teur i z ed j u i c e s
a 

Con t r o l  I rg a zyme Ul t r a zym 

7 c 3 0  c 7 c 3 0  c 7 c 3 0  c 

1 3 . 0  

n . d .  

1 3 . 5  

1 4 . 5  

1 4 . 0  

1 4 . 5  

1 4 . 5  

1 7 . 0  

1 5 . 0  

n . d .  

1 5 . 0  

1 4 . 0  

1 5 . 0  

1 5 . 5  

1 6 . 0  

1 7 . 0  

n . d .  

1 6 . 5  

1 5 . 0  

1 6 . 0  

1 3 . 5  

1 8 . 0  

1 6 . 5  

1 7 . 0  

n . d .  

1 6 . 0  

1 4 . 5  

n . d .  

1 3 . 0  

1 5 . 5  

1 7 . 5  

1 8 . 0  

n . d .  

1 4 . 5  

1 5 . 0  

1 5 . 0  

1 4 . 5  

1 6 . 5  

1 5 . 0  

1 5 . 0  

n . d .  

1 4 . 0  

1 6 . 0  

1 4 . 0  

1 5 . 5  

1 6 . 5  

1 6 . 5  

1 8 . 0  

a = l imonin content a t  z e ro t ime 1 3 . 5  ppm 

b = l imon in content  a t  z e r o t ime 1 2 . 0  ppm 

Unp as teur i z e d  j u i c es
b 

Cont r o l  

7 c 30  c 

1 2 . 0  

n . d .  

1 3 . 5  

1 3 . 5  

1 2 . 0  

1 2 . 5  

1 4 . 5  

1 6 . 0  

1 2 . 0  

n . d .  

1 3 . 0  

1 3 . 0  

1 4 . 5 

1 4 . 0  

1 5 . 0  

1 6 . 5  

I r ga zyme 

7 c 3 0  c 

n . d .  

1 3 . 0  

1 2 . 5  

1 3 . 5  

1 1 . 5  

1 2 . 5  

1 5 . 5  

1 6 . 5  

n . d .  

1 2 . 5  

1 3 . 0  

1 4 . 5  

1 2 . 5  

1 2 . 0  

1 5 . 0  

1 6 . 5  

U l t r a zym 

7 c 3 0  c 

n . d .  

1 3 . 5  

1 4 . 5  

1 2 . 5  

1 3 . 0  

1 5 . 5  

1 4 . 0  

1 6 . 0  

n . d .  

1 4 . 5  

1 3 . 5  

1 4 . 0  

1 3 . 5  

1 4 . 5  

1 4 . 5  

1 5 . 5  

� 
N 



Tab l e  V I  Ch ang e s  in the me an va lues o f  the l imon in content ( ppm) 

Ho l d ing Pas teur i z e d 

p e r i o d  j u i c e  

( days ) 

0 1 3 . 5  

1 1 4 . 0  

4 1 5 . 2  ± 1 . 2  

7 1 4 . 8  ± 1 . 2  

1 5  1 4 . 7 ± 1 .  3 

2 1  1 4 . 3  ± 1 . 3  

2 8  1 6 . 1  ± 1 . 9  

4 2  1 6 . 0  ± 1 . 5  

6 2  1 7 . 0  ± 2 . 0 

o f  Nave l o r ange j u i c es 

Unp as teur i z e d  

j u i c e  

1 2 . 0  

1 2 . 0  

1 3 . 4  ± 1 . 1  

1 3 . 3  ± 1 . 2  

1 3 . 5  ± 1 . 0  

1 2 . 8  ± 1 . 7  

1 3 . 5  ± 2 . 0 

1 4 . 8  ± 0 . 8  

1 6 . 2  ± 0 . 7  

� 
tN 
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The much h i gh e r  in i t i a l  concentr a t i ons of l imonin in the 

j ui c e s  u s e d  in the f i r s t  t r i a l  c anno t  accoun t  for  th i s  

d i fference  in b ehav i our s in c e , even when the l imonin content  

had fa l l en t o  c omp arab l e  l ev e l s  ( 1 6 ppm in  the unp as teur i z ed 

j ui c e s  after 4 8  days s to r a g e ) , it  s t i l l  decl i n e d  s i gn i f i c antly  

( down t o  1 0  ppm)  w i thin ano ther 2 2  days . 

The d i f fe rence i n  the chan g e s  in th e l imon in c on tent o f  

the j u i c e s  i n  t h e  two tr i a l s  might have been r e l a t e d  t o  the 

matur i ty of th e fru i t  us e d  ( B r ix : a c i d  ratio 6 . 4 : 1  for fru i t  

in the e a r l i e r  t r i a l  and 1 0 . 2 : 1  i n  the pre s e n t  t r i a l ) and 

thus d i f fe r e n c e s  in the v a r i ous l imonin components  in the 

fru i t  at the t im e  of j u i c i ng . I t  i s  we l l  e s t ab l i sh e d  

(Ma i e r  e t  a Z .  1 9 7 7 )  that , dur ing the maturat i on o f  c i t r us 

fru i t s , a c omp l ex s e r i e s  o f  r e ac t i on s  invo l v i ng the forma t i on 

and d e g r a da t i on o f  l imon in and a s s o c i a t e d  compounds o c cu r s . 

Th erefo r e , d i f f e rences in the chan g e s  i n  the l imonin contents  

of  var i o u s  o r ang e :. j u·ices dur ing s t0rage  may be  r e l a t e d  t o  the 

presence  or ab s ence  of  c omp ounds c l o s e ly re l a t e d  to  l imon i n , 

and t o  v a r i a t i on s  in the a c t i v i ty o f  the as s o c i a t e d  en zyme 

sys tems . F o r  e x amp l e , i f  i t  is a s s ume d th a t  t h r e e  compounds 

are re l a t e d  to  e a ch other as ind i c a t e d  by the fo l l ow i n g  

reac t i on s equenc e : 

A B c 
then i f  c ompound B were l imon i n  and A and C w e r e  p r e s e n t  

i n  the j u i c e  i n  h i gh concen t r a t i ons , s ome A may b e  c onve r t e d  

to l imon i n ; h oweve r , l i t t l e  l imon i n  would b e  c onve r t e d  t o  

C due t o  p r o duc t inh ib i t i on . A s  a r e s u l t  th e r e  wou l d  b e  

a sma l l i n c r e a s e  in l imon i n  c oncen t r a t i on un t i l  equi l ib r i um 

was e s t ab l i sh e d . On th e o th e r  h and , i f  the c o n c en t r a t i on 

of  A o r  B were  h i gh and C l ow ,  then A might  b e  c o nve r t e d  

t o  l imon i n  and l imon in conv e r t e d  to  C .  In  th i s  c as e  there  

woul d be  a d e c r e a s e  in  the l imon in c o n c entra t i on unt i l  

eq u i l ib r i um was e s t ab l i s h e d . The r e  i s  no d i r e c t  evi dence 

f ·  om e i th e r  t r i a l  to  ind i c a t e  that the ab ove c o nd i t i ons 

exis t ,  b u t  s uch a s equenc e o f . even t s  would p rov i de a 

po s s ib l e  exp l an a t ion for the d i ffe r en c e s  ob s e rved in the 

resul t s  from the s e  t r i a l s . 

Th e l imon in c o n t e n t  of  the s h aken j u i c e s  aft e r  a h o l d in g  
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per iod o f  6 2  days was s i gn i f i c an t l y  g r e ater th an the l imonin 

content of the s up e rnatan t  s e rum from j ui c e s  s t o r e d  4 2  d ays 

in a l l  but two c a s e s  ( the excep t i ons b e ing the p a s teur i z e d  

j u i c e s  c o n t a in ing  I rga zyme ) . Howeve r , s ince  th i s  d i fference 

was  me r e l y the  c o n t inua t i on o f  a trend for  i n c r e a s ing 

l imonin c ontent  w i th h o l d i n g  p e r i o d , it  wou l d  appear that 

shaken j u i c e  c o n t a ins no m o r e  l imon in than the upp er  l ay e r  

of uns haken j u i c e . Th e r e fo re the re  i s  n o  e v i dence  that  

l imon in w a s  b e ing  l e ach e d  f rom the  c l oud to  a c c o unt for  

the inc r e a s e  i n  l imonin c o n t en t  w i th h o l d i n g  pe r i o d . 

3 . 2 . 3 . 2 .  Jui c e  t urb i d i t i e s  

Apa r t  from s i gn i f i c antly  l ow e r  l eve l s  o f  j u i c e  turb i d i ty 

in c e r t a i n  s amp l e s  s to r e d  a t  7 C ( t o b e  d i s cus s e d in de t a i l  

l a t e r ) , t h e r e  was  l i t t l e  d i ffe renc e i n  the p a t t e rn o f  the 

resul t s  ob t a ined  at th e two h o l ding tempe r a t ur e s  ( Tab l e s  

VI I and V I I I ) , and the gene r a l  e ffe c t s  w i l l b e  d i s cus s e d  

by refe r ence  t o  the trea tmen t s  a t  3 0  C .  

In  pas t e u r i z e d  c o n t r o l  j u i c e s , the r e  was  a s l i gh t  incre a s e  

i n  j u i c e  turb i d i ty w i th i n  3 d ays b u t  th ere a f t e r  i t  rema i n e d  

r e l a t iv e l y  cons t an t . I n  unp a s teur i z e d  con t r o l  j u i c e s , 

j ui c e  turb i d i ty ( a l r e ady cons i de r ab l y  l ower i n i t i a l l y than 

in the p a s teur i z e d  j u i c e s ) fe l l  very rapidly  to g i ve a lmo s t  

c l e ar s o l u t i ons above the s e d imen t e d  c l oud . On the o the r 

hand , t h e  cont r o l  s e r a  showed r ap i d  l o s s  o f  turb i d i ty in 

b o th pas t e ur i z e d  and unp as t e ur i z e d  s amp l e s , though much 

mo re r ap i d  in the l a t t e r , and th i s  f a l l  con t inued throughout 

the per i o d  of th e expe r imen t . Th e re w a s  an appa rent 

t empe r a t u r e  e f f e c t  i n  p as t e ur i z e d  s amp l e s , a l though it  was  

less  m a r k e d  i n  unp a s teur i z e d  s amp l e s , i n  th a t  j u i c e  turb i d i ty 

was h i gh e r  in s amp l e s  s to r e d  a t  3 0  C th an a t  7 C ,  p r e s umab l y  

due to t emper ature e ffe c t s  on  natura l  e n zyme a c t i v i ty . 

·In U l t r a z ym - t r e a t e d  j u i c e s , there  w a s  a rap i d  d e c l ine in 

turb i d i ty w i th t ime , espe c i a l �y  in t h e  unpas t eur i z e d  s amp l e s , 

and a s im i l a r tho ugh even m o r e  rap i d  l o s s  o f  t u rb i d i ty i n  

the s e r a . W i th unp a s teur i z e d  j u i c e s , b u t  no t w i th p as teur ­

i z ed j u i c e s , turb i d i ty was r e t a ined  b e t t er i n  the Ul t r a zym­

treated  s amp l e s  than in the contro l s , p o s s ib ly  due to the 



Tab l e  V I I 

Ho l d ing 

p e r i o d  

( day s )  

3 

6 

1 0  

1 3  

2 0  

2 7  

4 2  

6 1  

Changes i n  j u i c e  turb i d i ty ( A
6 6 0 c ) o f  Nave l o range j u i c e s  h e l d  � t  7 C w ith and 

w i thout the add i � i on � o f  pe c t i c  en zymes 

P a s teur i z e d  j u i c e a Unp as t eur i z e d  j u i c eb 

Contro l I r ga zyme Ul t r a zym Con t r o l  I r ga zyme U 1 t r a zym 

Se rum Ju i c e  Se rum Ju i c e  Se rum Juice  Se rum J ui ce  Se rum Ju i c e  Serum Ju i ce 

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

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

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

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

0 . 2 7 1  n . d .  0 . 0 3 5  0 . 4 5 8  0 . 0 2 6  0 . 2 0 0  0 . 0 0 2  0 . 0 1 0 0 . 0 1 0 0 . 1 9 2  0 . 0 0 9  0 . 0 6 4  

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

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

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

a = j u i c e  turb i d i ty a t  z e ro t ime 0 . 8 5 1  

b = j u i c e  turb i d i ty a t  z e r o  t ime 0 . 1 3 1  

� 
0'1 



Tab l e  V I I I  

Ho l d i ng 

p e r i o d  

( days ) 

3 

6 

1 0  

1 3  

2 0  

2 7  

4 2  

6 1  

Changes in j u i c e  turb i d i ty ( A
6 6 0 c

) o f  Nave l o r ange j u i c e s  he l d  a t  30  C w i th and 

w i thout the add i t i on of pec t i c  en zyme s 

P a s t e ur i z e d  j u i c e a Unp as teur i z e d  j u i c eb 

Con t r o l  I r ga zyme U l t r a z ym Con t ro l I r ga zyme Ul tra zym 

Serum Ju i c e  Se rum Ju i c e  Se rum J u i c e  Se rum Ju ice  Se rum Jui c e  S e rum Ju i c e  

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

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

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

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

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

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

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

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

a = j u i c e  turb i d i ty a t  z e r o t i me 0 . 8 5 1  

b = j u i c e  turb i d i ty a t  z e r o t i me 0 . 1 3 1  

.j:::. 
---J 
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mac e r a t ing e f fe c t  o f  the enzyme on c l oud p ar t i c l e s . Th i s  

re sul t a g r e e s  w i th the r ep o r t e d  s t ab i l i z at i on o f  c l oud b y  

trea tment w i th p e c t i c  en zyme s ( Baker and B ruemmer 1 9 7 2 )  

but the magn i tude o f  the e f fe c t  in the pre s en t  exp e r i me n t s  

was c ommerc i a l l y  ins i gn i f i c ant . The r e  was no s i gn i f i c an t  

temp e r a ture e f f e c t  i n  t h e  U l t r a zym t r e atme n t s . 

I n  I r g a z yme - t r e a t e d  pas t eur i z ed j u i c e , the r e  was s ome 

eviden c e  of a s l i ght inc r e a s e  in t urb i d i ty a f t e r  an i n i t i a l  

fa l l , b u t  va l u e s  s oon s t ab i l i z e d  a t  a l owe r than in i t i a l 

l eve l ; s e rum s amp l e s  showed rap i d  and comp l e t e  l o s s  o f  

turb i d i ty . I n  t h e  �npa s t e ur i z e d  j u i c e s , more  obvi ous a t  

3 0  C t han 7 C ,  t h e r e  w a s  a notab l e  i ncreas e i n  turb i d i ty ,  

again po s s ib l y  due to  a m a c e r at ing e f fect o f  the en zyme on  

the l ar g e r  par t i c l es . S i n c e  th i s  e f fect  of  I r g a zyme was  t o  

incre a s e  r a t h e r  than ma i n t a i n  c l oud s t ab i l i ty and s ince  t h e  

e ffe c t  w a s  n o t  p r o duced i n  p a s t e ur i z e d  j u i c e s , i t  s e ems 

that the natur a l  fru i t  e n z yme s are i nvo lved a s  we l l  as 

I r ga zyme . At b o th temp e r a t ur es the a b s o lute d i fferenc e s  

between the con t r o l and the I r ga zyme - t reated  j u i c e s  we r e  

very s imi l ar , s ug g e s t ing t h a t  the e f f e c t  o f  I r ga zyme i s  

independent o f  t emp eratur e . 

Fur thermore , i n  v i ew o f  the r e s u l t s  r e c orded i n  Tab l e s V I I 

and V I I I , th e c onvent i on ( B aker and B ruemme r 1 9 7 2 ; Krop 

1 9 7 4 )  o f  shak ing j ui c e s  p r i o r to  w i thdrawing a s amp l e  t o  

determine the turb i d i ty s h o u l d  not  b e  fo l l ow e d  s ince  i t  

l eads t o  erroneous conc l u s i ons . F o r  e xamp l e , a l though th e 

unpas t e ur i z e d  j u i c e  he l d  a t  3 0  C cont a ining I r g a zyme s h ow e d  

an inc r e a s e  in turb i d i ty when meas u r e d  convent i ona l l y , t h e  

turb i d i ty of  t h e  s e rum d e c r e as e d rap i d l y . S in c e  consum e r  

accep t ab i l i ty i s  b a sed  l a r g e ly  on the s t ate o f  the c l oud 

in uns h aken j u i c e s , turb i d i ty mea s u r e ments of the s e rum 

g ive a more  me aningful  r e s u l t .  

3 . 2 . 3 . 3 .  C l oud p a r t i c l e  s i z e . 

When t h e  r a t i o  o f  the ab s o rb ances  a t  o ne wave l ength o f  

cent r i fuged and unc ent r i fu g e d  s amp l e s  (A 7 2 0 c ;A 7 2 0 u ) we r e  

p l o t t e d  aga ins t the rat i o  o f  the ab s o rb anc e s  a t  two wave ­

l engths for the c or re s pond i n g  uncen t r i fuged s amp l e s  
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(A 7 2 0u/A 5 5 0u ) ( F i g . 2 and 3 ) , informa t i on r e g a r d ing the 

r e l at ive  s t ab i l i ty of the j u i c es was ob taine d . F i g . 2 

presents  a p l o t  o f  the s e  r a t i o s f o r  j u i ce s e r a  a f t e r  th r e e  

days ; s i nce s im i l ar r e g r e s s i ons w e r e  obtained  a t  b o th 7 C 

and 3 0  C ,  th e s e  r e s u l t s  have b e en p l o t t ed t o g e th e r . F r om 

the ob s e rvat i ons o f  Lankve l d  ( 1 9 7 3 ) , s amp l e s  having a h i gh 

A7 2 0 c /A 7 2 0 u  va l ue and a l ow A7 2 0u/As s o u  va l ue ( i . e .  s amp l e s  

l oc a t e d  i n  the upp e r  l e ft - h and quadran t )  wou l d  b e  expe c t e d  

t o  have a l ow e r  m e an part i c l e  s i z e  than tho s e  i n  the l ower 

r i ght - hand qua d r an t . I n  o th e r  wo r d s , they wou l d  b e  l e s s  

inc l ined t o  f l o c c u l a te and wou l d  the r e fore b e  mo r e  s t ab l e . 

On the o th e r  hand , part i c l e s  w i th a h i gh me an p a r t i c l e  s i z e 

wou l d  b e  l e s s  s t ab l e  and m o r e  l i k e l y  to  f l o c c u l a t e . 

I n  conf i rma t i on o f  Lankve l d ' s  ob s e rvat i ons , f l o c cu l a t i on d i d  

o c cur wh e r e  exp e c t e d , as  r e f l e c t e d  i n  F i g .  3 wh i ch i s  the 

equiva l en t  p l o t  to F i g . 2 but three days  l a t e r . On comp a r ing 

the two f i gu r e s  i t  c an b e  s e en that the po i n t s  for s e r a  from 

s ix j u i c e s  (A7 , A 3 0 , C 7 , D 3 0 , E 3 0  and F 3 0  - s e e  l e g end t o  

F i g . 2 f o r  the meaning o f  the s e  des i gn a t i ons ) moved up the 

l ine b e tw e e n  d ay s  three and s i x .  Th i s  movement  wou l d  b e  the 

resu l t  of the l ar g e r  par t i c l e s  in the s e  j u i c e s  f l o c cul a t i ng 

and s e t t l ing out a s  exp e c t e d  from Lankve ld ' s  t h e o ry . As a 

c ons equen c e  the turb i d i ty o f  the s e  s e r a  (Tab l e s  V I I and V I I I )  

decreas e d , a l though the mag n i tude o f  t h e  decre a s e  was v e ry 

s aml l i n  two c a s e s  (A30 and F 3 0 ) . However , for  the s ame 

s ix s amp l e s , the turb i d i ty o f  the j u i ce inc r e a s e d  in two 

c a s e s  ( A 7  and C 7 )  , r ema ined v i r tua l ly c ons t an t  in ano t h e r  

two ( A 3 0  a n d  E 3 0 ) a n d  decr e a s e d  in two cas e s  ( D 3 0  and F 3 0 ) . 

Th i s  c on f i rms the r e c ommend a t i on ( S e c t i on 3 . 2 . 3 . 2 . ) th a t  

j u ices  s h o u l d  n o t  b e  shaken p r i o r  t o  w i thdr aw ing  a s amp l e  

for turb i d i ty m e a s u r ement . 

The p o i n t s  for  two j u i c e s  ( B 7  and F 7 )  b are l y  mov e d  a t  a l l  

i n  r e l a t i on to  t h e  l ines o f  b e s t  f i t , and wh i l e  the turb i d i ty 

o f  the j u i c e  inc r e a s e d  in b o t� c a s e s , the turb i d i ty o f  

t h e  s erum d e c re a s e d  i n  B 7  a n d  rema i n e d  c ons t an t  i n  F 7 . 

The p o i n t s  for  t h e  remaining  four j u i c e s ( B 3 0 , C 3 0 , D 7  and 

E 7 )  a l l  moved d own the l in e  of b e s t  f i t  between days thr e e  
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and s i x ,  and in a l l  cas es there  was 

values o f  the s e ra . For the  j u i c e s  

incr e a s e d  i n  two c a s e s  ( B 3 0  and E 7 )  

other two c a s e s  ( C 30 and D 7 )  . 

d e c l ine i n  the 

the turb i d i ty 

and dec r e a s e d  

5 2 . 

turb i d i ty 

v a l u e s  

i n  t h e  

I t  was n o t  p o s s i b l e  to r e l a t e  t h e  changes i n  j u i c e  turb i d i ty 

to the a c t i on o f  the pe c t i c  enzymes i n  the j u i c e s , s ince a 

decre a s e  in j u i c e  turb i d i ty was o b s e rved in j u i c e s  whe r e  

the s e  en zymes ( b o th natura l  and add e d )  w e r e  b o th p r e s en t  

and ab s ent . Obv i ous ly the re a r e  many fac t o r s  wh i ch de t e rmine 

the s t ab i l i ty of c l oud in c i trus j u i c e s . 

3 . 2 . 3 . 4 .  P e c t i c  s ub s tanc e s  

Seve r a l  i n t e r e s t ing po int s a r i s e  from a cons i d e r a t i on o f  

the p e c t in ana l y s e s  o f  the  j u i c e s  ( Tab l e s  I X  and X )  . Wh i l e 

s ome hydro ly s i s  o c curred i n  the p a s t e ur i z e d  c o n t r o l  j u i c e  

held a t  7 C ,  t h e  p e c t in in t h e  c or r e s pond ing j u i c e  h e l d  a t  

3 0  C h a d  und e r g one cons i d e r ab l e  hydro l y s i s . The t o t a l  p e c t in 

content a f t e r  6 3  d ays a t  7 C was doub l e  th a t  a t  3 0  C f o r  the 

pas teur i z e d  c o n t r o l  j u i c e . The unp a � t eur i z e d  c on t ro l j u i c es 

h e l d  a t  7 C and 3 0  C had l ow e r  wat e r - s o lub l e  ( i . e .  h i gh ­

methoxy l )  p e c t i n  but h i gh e r  oxa l a t e - s o lub l e  ( i . e .  l ow ­

methoxy l )  p e c t i n  c ontents than the c o r r e spond i n g  p a s t eur i z e d  

j u i c e s . Th e s e  r e s u l t s  are t o  b e  exp e c t ed s i n c e  PE was 

pre s en t  i n  the  unp a s t eur i z e d  j u i c e s  and wou l d  h ave b e en 

expec t e d  t o  de - e s t e r i fy h i gh - me thoxy l pe c t i n  a n d  c onve r t  i t  

t o  l ow - m e thoxyl p e c t in . 

Pec t i n  i n  j u i c e s  c ontain in g  I r g a zyme underw e n t  r ap i d  

degrad a t i on a t  b o th 7 C and 3 0  C ,  t h e r e  b e ing n o  s i gn i f i c ant 

di fferences  b e tw e e n  pas teu r i z e d  and unpas teur i z e d  s amp l e s . 

Chang e s  in p e c t in in j u i c e s  c on t a i n i n g  U l t r a zym and I r ga z yme 

were a lmo s t  i de n t i c a l , the only d i f f e r ence b e i n g  t h a t  the 

former e n z yme a c t e d  more r ap i d l y  than the l a t t e r . I n  j u i c e s  

cont a i n ing t he s e  en zyme s , mo s t  o f  t h e  pec t i n  w a s  de graded 

w i th in four days , the j u i c e s  h e l d  at  30  C b e i n g  d e g raded 

more r a p i d l y  than tho s e  h e l d  a t  7 C .  Th i s  i s  t o  b e  exp e c t e d  

s ince t h e  t emp e r a ture opt imum for p e c t i c  e n z ym e s  i s  c l o s e  t o  

5 0  C ( Neub e c k  1 9 7 5 ) . 
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Tab l e  I X  Chan g e s  in p e c t i c  sub s t ances of j u i ce s  s t o r e d  

a t  7 c 

Ju i c e  H o l d ing P e c t in a s o l ub l e  in : 

s amp l e  per i o d  Water  Oxa late  Hy d r o x i d e  TOTAL 

( days ) 

Pas wr i z e d  0 3 8  2 7  2 0  8 5  

con t r o l  4 2 2  2 4  2 9  7 5  

j u i c e  2 8  2 5  8 1 5  4 9  

6 3  2 0  1 4  1 3  4 7  

Pa s t eur i z e d  4 1 4  4 5 2 4  

j u i c e  w i th 2 8  8 3 5 1 6  

I rg a zyme 6 3  2 2 3 7 

Pas t eur i z e d  4 4 3 5 1 2  

j u i c e  w i th 2 8  2 2 5 9 

U l t r a zym 6 3  2 2 4 8 

Unpa s t eur i z e d  0 2 3  2 3  2 6  7 2  

con t r o l  4 1 8  3 7  1 4  6 9  

j ui c e  2 8  1 1  3 1  1 5  5 7  

6 3  9 2 7  4 4 0  

Unpa s t eur i z e d  4 7 1 2  7 2 5  

j u i c e  w i th 2 8  3 7 6 1 6  

I rg a zyme 6 3  2 3 2 7 

Unp a s t e ur i z e d  4 5 5 7 1 7  

j u i c e  w i th 2 8  3 3 5 1 1  

U l t r a zym 6 3  3 3 3 9 

a = a s  mg anhydro g a l a c turon i c  ac i d/ l O O  mL j u i c e . 
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Tab l e  X Chang es i n  p e c t i c  s ub s t an c e s  o f  j u i c e s  s t o r e d  

a t  3 0  c 

Ju ice Ho l d i ng P e c t in a s o l ub l e  i n : 

s amp l e  p e r i o d  Water  Oxa l a t e  Hydrox i de TOTAL 

( days ) 

P a s t eur i zed 0 3 8  2 7  2 0  8 5  

c on t r o l  4 2 7  2 4  1 6  6 7  

j u i c e  2 8  3 4  1 9  1 4  6 7  

6 3  1 1  6 6 2 3  

Pas teur i z e d  4 7 4 5 1 6  

j u i c e  w i th 2 8  9 2 2 1 3  

I r g a z yrne 6 3  2 3 2 7 

Pas teur i zed 4 3 3 5 1 1  

j u i c e  w i th 2 8  3 2 4 9 

U 1 t r a zym 6 3  2 1 2 5 

Unp a s teur i z e d  0 2 3  2 3  2 6  7 2  

control  4 2 1  3 8  1 3  7 2  

j u i c e  2 8  1 4  3 2  9 5 5  

6 3  8 1 7  3 2 8  

Unp a s teur i z e d  4 5 5 6 1 6  

j u i c e  w i th 2 8  5 4 5 1 4  

I r g a zyrne 6 3  2 2 2 6 

Unpas teur i z ed 4 4 5 6 1 5  

j u i c e  w i th 2 8  4 2 5 1 1  

U l t ra zym 6 3  2 2 1 5 

a = as rng anhydro g a l a c turon i c  a c i d/ l O O  mL j u i c e . 
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B aker and B ruemme r  ( 1 9 7 2 )  repo r t ed that , t o  ach i ev e  a s t ab l e  

c l oud , 6 1 %  o f  the t o t a l  pec t in should  b e  hydr o l y s e d  t o  

o l i goga l a c t u r o n i d e s  ( OG )  wh i ch wou l d  form s o lub l e  p e c t a t e s  

w i th d iva l e n t  c a t i on s  and thus ma i n t a i n  a s tab l e  c l o ud . 

However , t he i r  m e t h o d  o f  c a l cu l a t ing OG was c rude , s ince 

they s imp l y  t o o k  the d i fferenc e b e tween the t o t a l  p e c t in i n  

t h e  cont r o l a n d  t r e a t e d  j u i c e s . N o  acc oun t  w a s  t aken o f  the 

fact th a t  OG c ou l d  be degr aded r i ght down to g a l a c turon i c  

a c i d , I n  t h e i r  enzyme - tr e a t e d  j u i c e  w i th a s t ab l e  c l oud , 

6 1 %  o f  the t o t a l  p e c t in had b e en hyd r o l y s e d  in e i gh t  days . 

I n  th e p r e s e n t  t r i a l , p ec t in i n  I r g a z yme - t r e a t e d  j u i c e s  

( whether p a s t eur i z e d  o r  no t )  und e rwent s im i l ar hydro lys i s  

t o  th i s  i n  four d ays a t  7 C ,  wh i l e  tho s e  he l d  a t  3 0  C were  

hydro l ys e d  even more rapidly . De s p i t e the  s im i l ar i ty in 

t he s e  d e g r a d a t i ons w i th the d e g r a da t i o n  wh i ch B ak e r  and 

B ruemmer ( i b i d . ) r e p o r t e d to l e ad to s t a b i l i ty ,  a s t ab l e  

c l oud was n o t  ach i eved in the p r e s ent work . 

Th e exp l an a t i on for the l ack o f  a s t ab l e  c l oud in the e n z yme ­

t r eated j u i c e s  was p r o v ided by the p ap e r  o f  Te rmo t e  e t  a l .  

( 1 9 7 7 ) wh i ch b e c ame ava i l ab l e  a s  the s e  expe r imen t s  w e re 

conclud i n g . They demon s t r a t e d  t h a t  th e fun c t i on o f  OG was 

t o  inh i b i t  P E , rather than j us t  t o  form s o l ub l e  p e c t a t e s  

w i th the d i va l en t  c a t i ons , a n d  t h a t  1 0 0 0  ppm o f  O G  w i th a 

d e g ree o f  p o lyme r i z a t i on ( DP )  in the r ange 8 - 1 5  w a s  

required f o r th i s  inh ib i t i on . The p r e s ence o f  OG w i th DP 

exceedin g  1 6  r e s u l t e d  in c l oud de s t ab i l i z a t i on w i th in 3 0  

min . They favoured add i t i on o f  chem i c a l ly o r  e n z ym i c a l ly 

prepared O G  r athe r  than th e fo rma t i on o f  th em i n  s i t u a s  

propo s e d  b y  B ak e r  and B ruemme r ( i b i d . ) .  Fur th e rmo re , they 

r e p o r t e d  the add i t i on of e n z ym i c a l ly p re p a r e d  OG ( DP 8 - 1 5 )  

o n l y  ext en d e d  the s h e l f  l i fe o f  j u i c e s  h e l d  a t  3 0  C by 

50  t o  90  h ,  a j u i c e  w i thout added OG s h ow in g  unac c e p t ab l e  

c l oud l o s s  a ft e r  4 0  h .  Ju i c e s  h e l d  a t  3 C ma i n t a i n e d  

s t ab i l i ty s i x t ime s l onger t h an j u i c e s  h e l d  a t  3 0  C .  

I n  the l i gh t o f  the  ab o ve paper and the re s u l t s  o f  th i s  

t r i a l , th e f o l l ow ing p i c ture eme r g e s . Enzym i c  mo d i f i c a t i on 

o f  j u i c e  p e c t in i n  s i tu i s  n o t  a s a t i s f a c t o ry me t h o d  t o  

a c h i eve c l oud s t ab i l i ty i n  c i t rus j u i c e s . Mo r e o ve r , l imon in 
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c anno t b e  r ap i dly r emoved from c i trus j u i c e s  by hydr o l y s ing 

the j u i c e  p e c t in , s in c e  h i gh l imon i n  c ontents w e r e  ma i n t a i n e d  

f o r  up t o  6 0  days e v e n  in th o s e  j u i c e s  i n  wh i ch p e c t i n  w a s  

a l mo s t  comp l e te ly d e g r a d e d . 

3 . 3 .  E F FE CT OF VAR I OUS TREATMENTS ON THE L I MON I N  CONTENT 

OF  NAV E L  O RANGE J U I CE 

3 . 3 . 1 .  E xp e r imen t a l  

Th e j u i c e s  from the f i r s t  t r i a l  ( S e c t i on 3 . 1 ) w e r e  s ub j e c t e d 

t o  the fo l l owing s e q u en t i a l  t r e a tmen t s  1 5 8  days a f t e r  

extrac t i o n : 

( a ) shak ing f o r  2 �  h ;  

( b )  centr i fu g ing a t  8 0 0  x g f o r  1 0  min ; 

( c )  centr i fu g ing a t  4 0 , 0 0 0  x g for 2 0  min ; 

( d )  aer at i n g  for 4 h . 

After e a ch t reatmen t ,  the l imon in c o n t e n t  o f  the j u i c e s  w a s  

d e t e rmine d , i n  t h e  c a s e  o f  the  f i r s t t r e atment w i th out 

a l l owing s e d imen t a t i on of the c l oud . 

3 . 3 . 2 .  Re s u l t s  

Th e s e  a r e  p r e s en t e d  i n  Tab l e  X I . 

3 . 3 . 3 .  D i s cus s i on 

Unp as t eu r i z ed j u i c e s  shaken f o r  2 �  h and s amp l e d  b e fo r e  

c l oud s ep a r a t ion s h ow e d  n o  s i gn i fi c a n t  d i fferenc e s  in l imon i n  

c ontents from the o r i g in a l  j u i c e s . Thus the l imon i n  wh i ch 

d i s appe a r e d  from s o l u t i o n  dur i n g  s t o r a g e  ( Tab l e  I I I ) mus t  

have c ry s t a l l i z e d  o u t  o n t o  t h e  wal l s  o f  the f l a s k s  o r  

b e c ome o c c l uded in t h e  p r e c i p i t a t e d  c l oud p a r t i c l e s  and b e en 

re suspended dur ing the  s h a k i n g  proc e s s . The fac t tha t  the  

ini t i a l  ( day 1 )  l imon in l e ve l s  were n o t  ach i ev e d  i n  p a s t eur ­

i z e d j u i c e s  after a g i ta t i on c o u l d  p o s s ib ly b e  due t o  t h e  

fa c t  tha t , b e ing p a s t eu r i z e d , the s e  j u i c e s  w e r e  m o r e  v i s c o u s , 

s o  tha t the pro c e s s o f  r e s us p � n s i on w a s  s l owe r . The 

v i s cos i ty d i fferenc e m i g h t  a l s o  exp l a in why the l i mon i n  

c ontents o f  the unp a s teur i z e d  s e ra w e r e  l ower a f t e r  1 5 8  d a y s  

c ompared w i th the p a s t e ur i z e d  s e ra . 



Tab l e  X I  E f fe c t  o f  va r i ous t r e a tmen t s  on the l imon i n  content o f  Nave l o r ange j u i c e  s amp l e s  

T r e a tment Pas teur i z e d  j u i c e s  Unp as t e ur i z e d  j u i c e s  

Sulph i t e Ben z o a t e  Sulph i t e Ben z o a t e  

Contro l j u i c e  3 2  3 2  n . d .  n . d . 

a t  day 1 

N a t ur a l  s e rum 1 7  1 7  1 0  9 

a t  day 1 5 8  

Ag i ta t i on 2 1  2 1  3 5  2 8  

( 2 � h ) 

Cen t r i fuga t i on 1 9  2 1  1 1  1 1  

( 1 0 min a t  8 0 0  x g) 

Cen t r i fu g a t i o n  1 6  1 7  1 0  9 

( 2 0 min a t  4 0 , 0 0 0  x g) 

Ae r a t i on 1 8  1 9  1 1  1 0  

( 4 h )  V1 
-...] 
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On the o th e r  h and , the c en t r i fuga t i on re sul t s  ind i c a t e  that 

the l imon in c on t ents o f  the  j u i c e s  a fter cen t r i fu g a t i on , a s  

we l l  a s  t h e  n a tural  s e r a  a t  day 1 5 8 , repre s en t  s o lub l e  

l imon i n , t h e r e  b e ing m o r e  s o l ub l e  l imon in i n  p a s t e ur i z e d  

(me an v a l ue 1 6 . 5  ppm a ft e r  2 0  m i n  a t  4 0 , 0 0 0  x g ) t han 

unp a s t eur i z e d  (mean v a l u e  9 . 5 ppm) s amp l e s . 

The e f fec t o f  the  p a s t e ur i z a t i on t r e a tment o n  the l imon in 

precur s o r  may have b e en r e spons ib l e , at  l e a s t i n  p ar t , for 

the d i f fe r enc e s  in behav i our of the  pas teur i z e d  and 

unp a s t eur i z e d  j u i c e s  dur i n g  s t o r a g e . Howev e r , at t h i s  

s t a g e  i t  i s  n o t  pos s i b l e  t o  a t t r i b u t e  the d i fferenc e s  i n  

behaviour t o  any one p a r t i c u l a r  c aus e . 

3 . 4 . DEB I TTER I NG O F  JU I CE S  W I TH MOD I F I ED 

PECT I N  CONTENTS 

3 . 4 . 1 .  B a c k g r ound 

Al though the u s e  o f  c e l l u l o s e  ac e t a t e ( CA) g e l  b e a d s  t o  

deb i t te r  c i t rus j u i c e s  i s  a c omme r c i a l l y v i ab l e  p ro c e s s  

( Ke fford and Chand l e r  1 9 7 7 ;  Ch and l e r and J ohns on 1 9 7 9 ) , 

no theory h a s  y e t  b een p r e s en t e d  wh ich s at i s fa c t o r i ly 

exp l a ins why the s e  b e a d s  s e l e c t iv e l y  ab s o rb l imon in from 

c i trus j u i c e s . One p l aus i b l e  the o ry wh i ch may b e  c a l l ed 

the ' ex c l u s i o n - prec ip i t a t i on '  the o ry ( Johns on 1 9 7 7 , 

p e r s onal commun i c a t i on ) , sugge s t s  that the p e c t in i s  

exc l uded from the p o r e s  i n  the g e l  b e ad by i t s  mo l e cul ar 

s i z e . S in c e  it  has b e e n  s ug g e s t e d  that pec t in is  ne c e s s a ry 

to ho l d  the l imonin i n  s o lut ion ( Chand l e r  1 9 7 lb ) , l imon in 

would b e  e xp e c t ed t o  p r e c i p i t a t e  o n t o  the p o r e  w a l l s  from 

the pec t i n - f r e e  j ui c e  ent e r in g  the  por e s . To prov i de 

fur ther e v i d en c e  t o  s upp o r t  th i s  theory , s ev e r a l  e xp e r ime n t s  

wer e  p e r fo rme d us ing j ui c e s  i n  wh i ch t h e  p e c t i n  h a d  b e en 

,. · · :, ... �eym i c a l ly d e g rade d . 

3 . 4 . 2 .  Exp e r iment a l  

Thr e e  c an s  o f  Was h in g t o n  Nave l o r ange j ui c e  wh i c h  h a d  b e en 

e x t r a c t ed u s ing an FMC j u i c e  e x t r a c to r , pro c e s s ed a s  

d e s c r ib e d  i n  S e c t i on 2 . 1 . 4 .  and then s t ored a t  1 C f o r  f i ve 
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mon th s , were op ened and t h e  c on t e n t s  mixed . A l l  the 

fo l l ow ing proc e dures were p e r fo rmed in a l ab o r a t o ry ma i n ­

t a ined at  2 0  C .  The j u i c e  w a s  d iv i ded i n t o  two p o r t i on s ; 

t o  one p o r t i o n  o f  j u i c e  the  en zym e U l t r a zym 1 0 0  ( 0 . 1 % w / v )  

was added w i th thorough m i xing , a n d  the o ther po r t i on w a s  

un t re a ted . A f t e r  2 4  h ,  h a l f  o f  e a ch p or t i on o f  j u i c e  w a s  

c e n t r i fuged a t  8 0 0  x g for 1 0  m i n . Samp l e s  o f  a l l  four 

p o r t i ons o f  j u i c e  were analys e d  for  l imon in and the j u i c e s  

were  then d eb i t te re d  a s  fo l l ows . 

A 1 0 0  mL s amp l e  o f  e ac h  j ui c e  w a s  p l ac e d  in a 1 5 0  mL 

c o n i c a l  f l a s k , and CA g e l  b e ad s  were  added to give 2 %  CA 

on a dry we i gh t  b a s i s . The f l a s ks were then s toppe r e d  w i th 

a rubb er bung cont a in in g  a s ub a - s e a l  in a g l a s s  tub e  

through wh i ch n i t r o g e n  g as w a s  p a s s ed t o  sparge the  f l a s k s . 

The f l a s ks were  then s h aken mechan i c a l l y  fo r 6 0  m i n , a f t e r  

wh i c h  t ime the  j u i c e  w a s  s ep a r a t ed from the beads and 

analysed fo r l imon i n , c o rrec t i ons b e ing mad e for d i l ut i on 

o f  the j u i c e  ( me a s u r e d  by change in the t o t a l  s o l ub l e  

s o l ids con t en t )  c au s e d  b y  w a t e r  p r e s ent in the g e l b e ads . 

C on t r o l s  were  s imi l a r l y  run b u t  w i thout add i t ion o f  the 

b e ..: nls . The t emp e r atur e o f  the j u i c e s  r o s e  by 1 C dur ing t h e  

s J J <:t l< i .n g  t r e a tment . The exp e r iment w a s  dup l i c a t e d  on ano t h e r  
e 

b at ch o f  th e s ame j u i c e . The p a r t i t i on c o e f f i c �n t s  for 

the  d i s t r ib u t i on o f  l imon in b e tween the j u i c e  and the b e ad s  

were c a l cu l a ted us ing the formu l a : 

p ar t i t ion c o e f f i c i ent = 

( C i - C d) x vo l . j u i c e  ( L )  

C d X dry wt . b e ads ( k g )  

wh ere C i i s  the i n i t i a l conc e n t r a t i on o f  l imoni n  in j u i c e ; 

and Cd 
i s  the l imon in conc en t r a t i on o f  j u i c e  a f t e r  deb i t t e r ing . 

3 . 4 . 3 .  Re s u l t s  

The s e  .-are s ummar i z e d i n  Tab l e  X I I . 

3 . 4 . 4 .  D i s cu s s i on 

After 2 4  h o f  e n z yme ac t i on , the  l imonin cont ent s o f  t h e  

control  a n d  t h e  e n z yme - t r e a t e d  j u i c e s  w e r e  no t s i gn i f i c an t l y  

d i ffe r en t , exc e p t  f o r  the c e nt r i fu g e d  s amp l e s  o f  the e n z yme ­

treated j ui c e s  whe re they w e r e  s i gn i f i c an t l y  l ow e r  ( ab ou t  
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Tab l e  X I I 
a 

R e s u l t s  o f  ce l l u l o s e  a c e t a t e  ( CA)  t r e a tment 

o f  o r ange j u i c e s  w i th and w i th out p r i o r  

t r e a tmen t  w i th p e c t i c  e n z ymesb 

L imon i n  c onc ent r a t i on ( ppm) 

J u i c e s  w i thout en z yme t r e a tment : 

Unc en t r i fuged 

W i t h o u t  CA t r e a tment 

W i t h  CA t r e a tment c 

Cen t r i fuged 

W i thout CA t r e a tment 

W i t h  CA t r e a tment
c 

J u i c e s  w i th e n z yme t r eatment : 

Unc en t r i fu g e d  

W i thout CA t r e atment 

W i t h  CA t r e a tmentc 

Cent r i fu g e d  

W i t h o u t  C A  t r e a tmen t 

W i th CA t r e a tment c 

Tr i a l  

2 2 . 4  

1 3 . 3  

2 0 . 4  

1 1 . 4  

2 1 . 0  

1 3 . 8  

1 8 . 3  

1 1 . 7  

1 Tr i a l  

2 0 . 4  

1 3 . 8  

2 2 . 5  

1 1 . 7  

2 0 . 2  

1 2 . 7  

1 6 . 9  

8 . 9 

2 

a = a g i t a t i on for 6 0  min w i th CA g e l  b e a d s ; 2 %  CA ( dry wt . ) . 

b = 0 . 1 %  w /v U l t r a z ym 1 0 0  for  2 4  h a t 2 0  C .  

c = a f t e r  a l l owanc e for  w a t e r  p r e s en t  in CA ge l b e ads . 
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3 - 4 ppm o r  1 3  - 2 0 % )  than the mean value ( 2 1 . 2  ± 1 . 8 )  f o r  

t h e  o ther s ix j u i c e s . Th i s  wou l d  sug g e s t that the e n z yme 

t r e a tment r e s u l t e d  in s ome change in the amount o f  l imon i n  

p re s ent in s o l u t i on wh i ch show e d  up when the s e rum was 

analysed a f t e r  c ent r i fu g a t i on . Po s s ib ly , the l imon i n  

p r e c ipi t a t e d  onto  the  i n s o l ub l e  c l oud p a r t i c l e s  wh i ch w e r e  

b r ought down during c e n t r i fu g a t i on , o r  the l imon i n  

c rys t a l l i z e d  out o f  s o l u t i on , t h e  c rys t a l  s be ing c en t r i fu g e d  

d own w i th th e c l oud . Th i s  dec r e a s e  in s o lub i l i ty o f  l imon i n  

i n  enzyme - tr e a t ed j u i c e s  prov i de s  p ar t i a l  s uppo r t  for  t h e  

' exc lus i on - p r e c ip i t a t i on ' the o ry s ince i t  demons t r a t e s  a 

fa l l  in l imon i n  s o l ub i l i ty acc omp any ing a r e duc t i o n  in the  

p e c t in con t e n t  o f  the  j u i c e s . 

S e ve r a l  o th e r  p o int s ar i s e  from the s e  resu l t s . F i r s t l y , CA 

b ea d s  remov e d  ab out 2 ppm more l imon in from j u i c e  i f  i t  w a s  

c e nt r i fuged b e forehand . Th i s  r e s u l t  c an be exp l a i n e d  on 

the  b as i s  of c e n t r i fug a t ion remov i ng interfe r ing c l oud 

p a r t i c l e s wh i ch cou l d  c l og up the  pores or b l ock the 

ab s o rp t i on s i t e s  in the  b e ads . S e c ondly , the e ff e c t  o f  

p r i o r  enzyme t r e atment o n  the e f f i c i ency o f  the deb i t t e r i ng 

t r e a tmen t rema ins unc e r t a in s in c e  in one t r i a l  no s i gn i f i c a n t  

d i ffe rence w a s  ob s e rved and in t h e  s e c ond t r i al  the  d i f f e r ­

ence was j us t  s i gn i f i c an t , a l t h ough s h ow ing up mo r e  c l e ar l y  

i n  cent r i fu g e d  j u i c e s . Wha t e v e r  the e ffect o f  p r i o r  e n z yme 

t r e a tment , i t  was t o o  s ma l l  t o  b e  c onc lus ive ly demons t r a t e d  

u s ing the p r e s ent ana ly t i c a l  t e chn ique s . 

S imi l ar l y , b e cause o f  expe r ime n t a l  e r rors  inherent i n  the 

a n a l ys i s  o f  l imon in , no s i gni f i c an t  d i fferenc e s  w o u l d  b e  

d e t e c t e d  i n  the  p ar t i t i on c o e f f i c i en t s  o f  l imon i n  b e tween 

CA and the  v a r i ous o r an g e  j u i c e s : c a l cu l at i ons s h ow tha t 

wh en a j u i c e  o f  1 7 . 0  ± 1 . 5  ppm l imon in c ontent i s  deb i t te r e d  

b y  CA b e ads t o  a j u i c e  w i th 1 1 . 0  ± 1 . 0 ppm l imon in c o n t en t , 

r e duc t i ons i n  l imon i n  c ontents  anywhe r e  b e tween 1 8 . 5  t o  1 0  

ppm and 1 5 . 5  t o  1 2  ppm c ou l d  b e  r e c o r de d . Thus p ar t i t i o n  

c o e ff i c i en t s  r anging f r o m  1 4 . 5  t o  4 2 . 5  a r e  t o  b e  e xp e c t e d . 

Unde r the s e  c i rcums t a nc e s , the l ower a f f in i ty o f  e n z yme ­

t r e a ted j u i c e s  for l imon in t o  b e  exp e c t e d  from the l ow e r  

s o l ub le l imon i n  con t e n t s  o f  s u c h  j u i c e s  cou l d  n o t  b e  
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demons t r a t e d  i n  terms o f  par t i t i o n  coe f f i c i en t s . 

Th e r e fo r e , th e s e  exp e r imen t s  fa i l e d t o  p r o v i de any c onf i rm ­

a t i on o f  t h e  ' exc lus i on - prec ip i t a t i on ' the o ry f o r  CA 

ab s o rp t i o n  o f  l imon i n  by demon s t ra t ing an inc r e a s e  in the 

p ar t i t i o n  c o e ff i c i en t  of l imon i n  b e tween CA and j u i c e  a f t e r  

en z yme t r e a tment . Mo r e  c l e a r - c u t  t r e n d s  m i gh t  h ave b e en 

o b v i ous i f  a l ong er p e r i o d  o f  t ime had e l ap s e d b e tween 

en z yme a dd i t i on and c e nt r i fuga t i on , o r  i f  g r e a t e r  

c en t r i fu g a l  forces  w e r e  emp l oye d . 

3 . 5 .  E F F E C T  OF CENT R I FUGAT I ON AND EXTENDED PECT I C  ENZYME 

TREATMENT ON L I MON I N  SOLUB I L I ZAT I ON 

3 . 5 . 1 .  Exp e r imen t a l  

Two furth e r  t r i a l s  w e r e  unde r t aken in wh i ch s imi l a r  r aw 

ma t e r i a l s  a n d  exp e rimen t a l  c ond i t i ons as  d e s c r ib e d  in 

S e c t i on 3 . 4 . 2 .  were u s e d  ap a r t  from c e r t a i n mo d i f i c a t i ons : 

no deb i t t e r i ng t r i a l s t o o k  p l ac e ; in the f i r s t  t r i a l  four 

add i t i ona l c en t r i fuga t i on cond i t i ons w e r e  u s e d ; and in the 

s e c ond t r i a l , enzyme a c t i on was a l l owed t o  c on t i nue for 

ne a r l y  four we eks . 

3 . 5 . 2 .  Re s u l t s  

The s e  are s umma r i z e d  i n  Tab l e s  X I I I  and X I V . 

3 . 5 . 3 .  D i s cus s ion 

Th e r e s u l t s  i n  Tab l e s  X I I I  and XIV show tha t n o  s i gn i f i c an t  

d i f fe r enc e s  c ou l d  b e  d e t e c t e d  i n  t he s e  s amp l e s  b e tween the 

l imonin c on t en t  o f  c o n t r o l  j u i c e s  and tho s e  that had b e en 

s ub j e c t e d  t o  en zyme t r e a tment and c ent r i fu g a t i on unde r a 

var i e ty o f  c on d i t i ons . I f  the r e  w e re any d i fferenc e s  in 

l imon i n  s o l ub i l i ty as a r e s u l t o f  en zyme t r e a tment and / o r  

c e  tTitfug a t i on in the s e  two t r i a l s , they w e r e  t o o  s ma l l  t o  

b e  d e t e c t e d  b y  the ana l y t i c a l . me thods  u s e d . 

D i f fe rence s  can be s e e n  in the r e s u l t s  i n  T ab l e s X I I , X I I I  

and X I V  wh en they are cons i de re d  t o g e the r . I n  Tab l e  X I I ,  

th e re are two s e t s  o f  r e s u l t s  wh i ch s h ow a s i gn i f i c ant 
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Tab l e  X I I I  Effect  o f  cent r i fugat i on o n  l imon i n  c on tent o f  

orange j ui c e  w i th and w i thout en zyme t r ea tme n t  

S amp l e  L i monin content ( ppm) 

Con t r o l  j u i ce Enzyme - t r e a t e d  j u i c e a 

Juice  2 6 . 7  2 5 . 0  

Natura l  s e rum 2 4 . 1  2 4 . 8  

Cent r i fu g e d  j u i c e s : 

3 6 0  X g X 1.0 " 2 8 . 0  2 6 . 6  

8 0 0  X g X 1 0 "  2 2 . 5  2 3 . 0  

1 1 5 0  X g X 1 0 "  2 4 . 0  2 6 . 2  

2 0 0 0  X g X 1 0 "  2 5 . 4  2 6 . 0  

2 6 4 0  X g X 1 0 "  2 3 . 8  2 3 . 5  

Mean 2 4 . 9  ± 1 . 4  2 5 . 0  ± 

a = 0 . 1 % w / v  U l t r a z ym 1 0 0  for  6 6  h a t 2 0  C .  

Tab l e  X I V  a Effe c t  o f  pro l on g e d  en zyme t r e a tment o n  

l imon i n  c o n t e n t  o f  orange j ui c e  

S amp l e  L imonin c ontent ( ppm) 

1 . 0  

Con t r o l  j u ice  En zyme - t r e a t e d  j u i c e a 

N atur a l  s e rum 2 9 . 9  2 8 . 6  

Centr i fu g e d  j u i c e s : 

2 6 4 0  X g X 4 5 "  2 9 . 8  3 0 . 7 

4 0 0 0 0  X g X 2 0 "  3 1 . 6  2 9 . 0  

Mean 3 0 . 4  ± 1 . 2  2 9 . 4  ± 1 . 3  

a = 0 . 5 % w / v  U l t r a z ym 1 0 0  f o r  8 days a t  3 0  C and then 

1 7  d ay s  a t  20  C .  
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r e duc t i on ( 1 3 - 2 0 % )  i n  1 imon i n  s o l ub i l i ty as  a r e s u l t  o f  

e n z yme t r e a tment fo l l owed by c en t r i fuga t i on ,  and in one o f  

the s e ,  en z yme treatment app e ar e d  t o  inc r e a s e  l imon in 

ads o rp t i o n  by CA , fur th e r  i nd i c a t ing an e f fe c t  o f  en zyme 

t r e a tment on l imon in s o l ub i l i ty .  Howev e r , in two s e ts  o f  

r e s u l t s ( in Tab l es X I I I  and X I V) n o  s i gn i f i cant d i fferenc e s  

c o u l d  b e  d e t e cted b e fo r e  and a ft e r  en zyme t r e a tmen t . 

Wh i l e  fur t h e r  work w o u l d  b e  d e s i r ab l e  t o  res o l ve th i s  

apparent d i s c repancy , d i f f e r e n c e s  in r aw mat e r i a l  c o u l d  

a c c ount fo r the resul t s  f r o m  the s e  t r i a l s . Th e s e  d i f fe r ­

ences  a r e  e v i dent i n  the i n i t i a l l imon i n  contents  o f  

unc e n t r i fuged j u i c e s  i n  Tab l e s X I I and X I I I  ( ab out 2 1  and 

2 7  ppm r e s p e c tively)  and o f  n a tural  s e ra in Tab l e s  X I I I  

and X I V  ( ab out 2 4  and 2 9  ppm r e s p e c t i v e l y ) . Such d i ffe r ­

e n c e s  i n  l imonin con t e n t  s ug g e s t  di ffe rences i n  l imono i d  

c ompos i t i on and i n  t h e  a c t i v i t i e s  o f  t h e  a s s o c i at e d  enzyme s 

i n  the s e  j u i c es wh i ch cou l d  a c c o unt for  the r e s u l t s  rep o r t e d . 

3 . 6 .  E F F E C T  OF EN ZYME TREATMENTS ON L I MON I N  CONTENTS 

AND B I TTERNESS RAT I NGS O F  PASTEURI ZED 

AND UNPASTEUR I ZED JU I CES 

3 . 6 . 1 .  Exp e r imen t a l  

T h e  j u i ce s amp l e s remaining  a t  t h e  conc l us i on ( day 6 2 ) o f  

an e a r l i e r  e xperiment ( S ec t i on 3 . 2 . ) , i n  wh i ch j u i c e s  w e r e  

s t ored w i th and w i th o u t  en zyme t r e a tmen t , were  a l l owed t o  

e q u i l ib r a t e  a t  2 0  C b e fo r e  b e i n g  t as t e d  b y  f i ve t r a ined 

t a s t e r s . The s e  tas t e r s  h a d  p r e v i ous l y  shown thems e l ves 

capab l e  o f  d i s crim i n a t ing b e tw e e n  j u i c e s  cont a in ing vary ing 

c oncen t ra t i ons of l imonin . A l l s amp l e s  were  p r e s e n t e d  to  

t h e  t a s t e r s  in i den t i c a l  c o n t a iners  wh i ch were  d i fferen t ­

i a t ed o n l y  by a random c o de n umb er wr i t t en on the outs i de . 

. . Each t r i a l  was rep e a t e d  the f o l l owing d ay , the 3 0  C s amp l e s  

b e ing t a s t e d  on days one and two , and t h e  7 C s amp l e s  on 

days t h r e e  and four . As we l l , s amp l e s  of the j u i c e s  were  

d eb i t t e r e d  p r i o r  t o  t a s t ing a c cording to  the  p r o c e dure 

d e s c r i b e d  i n  Se c t i on 3 . 4 . 2 . B o th b i t t e r  and deb i t t e re d  

j u i c e s  w e r e  tas ted a t  the o n e  s e s s i on . Tas t e r s  s c o red e ach 
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j u ice fo r b i t t e rn e s s  on a 0 - 1 0  s c a l e , 0 b e i n g  g i ven when 

no b i t t e r n e s s  w a s  d e te c t ab l e  and 10 when j u i c e s  were 

intens e l y  b i t t e r . 

Prior t o  d eb i t t e r ing and t a s t ing , the free s o 2 c on tent o f  

a l l  th e j u i c e s  w a s  d e termined us ing a spe c i f i c  i on 

e l ectrode a c c o r d i n g  to the p r o c edure o f  Barne t t  ( 1 9 7 5 ) . 

3 . 6 . 2 .  R e s u l t s 

The t a s t e  p ane l s c o r e s  and l imonin c o nt ents o f  t h e  j u i c e s  

a r e  summa r i z e d in Tab le XV . T ab l e XV I g ives t h e  free  s o 2 
c onten t s  o f  the  j u i c e  prior  t o  t as t i n g  and/ o r  deb i t t e r ing 

w i th CA g e l  b e ads . 

3 . 6 . 3 .  D i s cus s i on 

Th e tas t e  pane l r e s u l ts ( Tab l e  XV) s h ow e d  qui t e  r e a s �nab l e  

c ons i s t ency b o th b e tween the repeat  t as t ing s o f  t h e  s ame 

j u ices , and b e tw e e n  the tas t i n g s  o f  j u i c e s o f  d i f fe rent 

phys i c o - c h em i c a l  c omp os i t ion b u t  s im i l ar l imon i n  c onten t s . 

Even a l though the p e c t in had b e en c omp l e t ely d e g r ad e d  i n  the  

j u ices c o n t a i ning added en zyme s , th i s  did  no t i n t e r fe r e  w i th 

the percep t i on o f  b i t terne s s  by the t a s t e rs . Th i s  s ug ge s t s 

that the l imonin i s  s t i l l  in s o l u t i on i n  al l the  j u i c e s , a 

s ugges t i o n  c on f i rmed by the l imonin a n a l y s e s . Thus , th e 

en zymic d e g r a da t i o n  o f  the p e c t in i n  t h e s e  s amp l e s  h a d  n o t  

c aused t h e  l imon in t o  pre cip i ta t e  o r  c ry s ta l l i z e o u t  t o  th e 

extent t h a t  cons i s t en t  s i gni f i c ant d i f fe renc e s  w e r e  r e c o rded 

in the l imonin c o n t en t s . 

Such a c on c l u s i on d i s agrees w i th the r e s u l t s  r e p o r t e d  in 

S e c t ion 3 . 4 . 3 . b u t  agrees  w i th the r e s u l t s  r ep o r t e d  in 

S e c t ion 3 . 5 . 2 ,  Howeve r ,  the r e  w a s  a d i f feren c e  b e tween the 

j u i ces u s e d  i n  S e c t i ons 3 . 4 .  and 3 . 5 .  and tho s e  u s e d  h e r e : 

the j u i c e s  u s ed h e r e  had the p e c t i c  en zymes a d d e d  t o  them 

-�mmedi a t e l y  a f t e r  e x t rac t i on and (wh e r e  nece s s a r y )  

p a s teur i z a t i on ,  whe re a s  the j u i c e s  u s e d  in S e c t i on s  3 . 4 .  

and 3 . 5 .  w e r e  c anned and s to re d for f i v e  mon ths a t  1 C 

b e fore the  e n zyme s w e r e  added t o  them . W i th t h e  e xc ep t i on 

o f  the re s u l t s  i n  T ab l e  X I I ,  the  add i t i on of p e c t i c  en zyme s 

does .not  s e em t o  h ave s i gn i f i c an t l y  a f f e c ted e i th e r  the 

s o lub i l i z a t i on or the  ins o l ub i l i z a t i on of l imon i n  i n  the 



Tab l e  XVa Ave r a g e  b i t t ernes s s c o r e s b and l imon in contents  ( ppm) b for Nav e l  o range j u i c e s c 

w i th and w i thout p r i o r  t r e a tment w i th enzyme s d and CAe 

Ju i c e s  

Ju i c e s  w i thout C A  t r e a tment : 

Pas t eur i z e d ;  no en z yme added 

Pas t eur i z e d ;  I rg a z yme added 

P a s t eur i z e d ; U l t r a z ym added 

Unp a s t e ur i z ed ;  no enzyme a dded 

Unp a s t eur i z e d ;  I r ga zyme added 

Unp a s t eur i z e d ;  Ul t ra zym added 

Ju i c e s  w i th CA t r e ament
h : 

Pas t e ur i z e d ;  no en zyme added 

Pas t eur i z e d ; I r g a z yme added 

Pas t eur i z e d ; U l t r a zym added 

Unp a s teur i z e d ; no en zyme added 

Unp a s t e ur i z ed ; I r g a zyme added 

Unp a s t e ur i z e d ; U l t ra zym added 

a = s e e  next p a ge fo r foo tnot e s . 

B .  f 1 t t erne s s  

Day 1 Day 2 

3 . 2 ( 4 . 5 ) 3 . 0 ( 3 . 0 ) 

3 . 6 ( 3 . 6 ) 2 . 5 ( 3 . 4 ) 

4 . 4 ( 3 . 4 ) 3 . 0 ( 2 . 6 ) 

2 . 4 ( 3 . 2 ) 4 . 2 ( 3 . 8 ) 

4 . 2 ( 2 . 0 ) 4 . 8 ( 3 . 2 ) 

3 . 6 ( 2 . 8 ) 4 . 8 ( 3 . 8 ) 

1 . 8 ( 2 . 0 )  1 . 0 ( 1 . 2 ) 

1 . 2 ( 1 . 8 ) 1 . 0 ( 1 . 2 ) 

2 . 2 ( 1 . 4 ) 2 . 0 ( 1 . 0 )  

0 . 6 ( 1 . 6 )  0 . 8 ( 1 . 0 ) 

1 . 2 ( 2 . 2 ) 1 . 8 ( 1 . 2 ) 

1 . 2 ( 1 . 8 ) 1 . 8 ( 1 . 4 ) 

L imon in 

content 

1 7 . 1 ( 1 6 . 8 ) 

1 6 . 8 ( 1 8 . 2 ) 

1 5 . 6 ( 1 7 . 7 ) 

1 6 . 1 ( 1 6 . 5 ) 

1 6 . 5 ( 1 6 . 7 ) 

1 5 . 9 ( 1 5 . 5 ) 

1 0 . 5 (  9 . 2 ) 

1 0 . 2 (  8 . 4 ) 

1 0 . 2 ( 1 0 . 2 ) 

9 . 9 (  8 . 6 ) 

9 . 6 (  9 . 6 ) 

9 . 1 (  9 . 4 )  

P a r t i t i on 

c o e f f i c i en t g 

8 1 . 5 ( 9 1 . 5 ) 

8 2 . 5 ( 1 0 8 . 5 ) 

7 6 . 5 ( 8 7 . 0 ) 

8 1 . 5 ( 9 6 . 0 ) 

8 6 . 0 ( 8 7 . 0 ) 

8 7 . 5 ( 8 2 . 5 ) 

0\ 
0\ 
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Foo tno tes for  Tab l e  XV : 

b = a ft e r  s t o r a ge o f  j u i c e  fo r 6 2  d ays a t  7 C and 3 0  C 

( values  fo r 30 C s to r a g e  a r e  g iven 1 n  b r acke t s  a f t e r  

tho s e  f o r  7 C s to r a ge ) . 

c = s e e S e c t i on 3 . 2 . 2 .  for  de t a i l s  o f  i n i t i a l  j u i c e  

c ompo s i t i on . 

d 1 0 0  mg / 1  I r ga zyme M l O  o r  2 0 0  m g / 1  U l t r a zym 1 0 0 . 

e = ag i t a t i on for 6 0  m i n  w i th c e l l u l o s e  a c e t a t e  ( CA)  g e l  

b e ads ; 2 %  CA ( dry we i gh t ) . 

f = mean s co r e  from f i ve t a s t e r s  who s c o r e d  e ach j ui c e  fo r 

b i t t e rn e s s  on a 0 - 1 0  s c a l e , 0 b e i ng g iven wh en n o  

b i t t e rn e s s  was de t e c t ab l e  a n d  1 0  when j u i c e s  w e r e  

intens e ly b i tter . 

( C i Cd) x vo l . j u i c e ( 1 ) 

g = part i t i on coeffi c i en t  = 

cd X dry w t . CA b e ads ( k g )  

wh e r e  C i i s  the in i t i a l  concentra t i on o f  l imon i n  in the 

j u i c e ; and Cd i s  the l imon i n  concen t r a t i o n  o f  j u i c e  

a f t e r  d eb i t t e ring . 

h = l imon i n  c ontents have b e en c o rrec t e d  fo r d i l u t i on from 

w a t e r  i n  the CA b e ads . 

Tab l e  XV I Free so 2 c on t e n t s  ( ppm) o f  o r ange j u i c e s a 

after s t orage a t  7 C and 3 0  C 

Treatmen t  

P a s t eur i z e db ; no e n z yme added 

P a s teur i z e d ; I r g a z yme addedc 

d 
P a s t eur i z e d ; U l t r a z ym add e d  

Unp as t e ur i z ed ;  no enzyme a d d e d  

Unpa s t eu r i z ed ; - I r g a z yme add e dc 

d 
Unpa s t e ur i z ed ;  Ul t r a zym added 

a = i n i t i a l  so 2 c on t ent in a l l 

c a l cu l a t i on )  . 

b = he l d  a t  9 5  C for 5 m in and 

c = 1 0 0  m g / L  I rg a z yme Ml O .  

d = 2 0 0  m g / 1  U l t r a z ym 1 0 0 . 

S t or a g e  S t o rage 

at 7 C a t  3 0  C 

2 9 0  2 

2 3 0  1 .  5 

2 1 0  1 . 0 

2 6 0  5 9  

2 5 0  1 9  

2 3 0  2 8  

f l a s k s  was 3 5 0  ppm (by 

then r ap id ly c o o l e d . 



3 . 6 . 3 .  D i s c u s s i on ( c ont i nued)  

orange j u i c e s . 
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The var i a t i o n  i n  par t i t i o n  c o e f f i c i en t s  i s  m o r e  a r e f l e c t i on 

of the accuracy o f  the l imon in d e t e rmin a t i on s  r a ther than 

any r e a l  d i f f e rence i n  b ehavi our of the var i ou s  j u i c e s  w i th 

CA g e l  b e ads . Ag a in , the  s imi l ar b ehavi our o f  l imon i n  

dur ing the deb i t t e r ing p r o c e s s  i n  b o th t h e  p r e s ence and 

ab s ence of j u i c e - s o l ub l e  p e c t in p r o v ides fur t h e r  e v i dence 

that t h e  ' ex c l us i on - p r e c ip i t a t i on ' t heory d o e s  n o t  adequa t e l y  

exp l a i n  the m e chani sms o f  l imon i n  a d s o rp t i on by CA g e l  b e ads . 

As wou l d  b e  e x p e c ted , the  j u i c e s  h e l d  at  3 0  C had l o s t  

cons i d e r ab ly mo r e  so2 than t ho s e  h e l d  a t  7 C ( Tab l e  XV I ) , 

presumab ly due t o  the g r e a t e r  vola t i l i ty o f  the so 2 at the 

h i gh e r  t emp e r a t ur e . L e s s  e xp e c t e d  was the g r e a t e r  so 2 
cont e n t s  in t h e  unp as t e ur i z ed j u i c e s  he l d  a t  3 0  C comp a r ed 

to the p a s t eur i z e d j u i c e s . P r e s umab ly the s o 2 r e a c t e d  w i th 

produc t s  o f  the  Ma i l l ar d  n o n - enzym i c  brown i n g  r e ac t i on wh ich 

wou l d  h ave b e en oc curr ing a t  a g r e a t e r rate a t  30  C than at 

7 C .  A l s o  t h e  h e a t  r e c e ived dur i ng pas t eur i z a t i on wou l d  

have b e en s uf f i c i en t  t o  i n i t i a t e  t h e  Ma i l l ar d  r e ac t i on and 

crea t e  a h e a v i e r demand on the so 2 t han in the  unp a s teur ­

i z ed s amp l e s . 

3 . 7 .  GENERAL D I SCUSS I ON 

At t h i s  s t a g e , s ever a l  c on c l u s i on s  c an be d r awn from the 

pr e c e d i n g  exp e r iment s .  F i r s t l y , t h e  r o l e  o f  p e c t in in 

ma i n t a i n ing l imonin i n  s o l u t i on i n  c i trus j ui c e s  does  not  

appe ar t o  b e  a s  dominan t a s  sugge s t e d  e ar l i e r  by Chand l e r  

(1 9 7 1b } , C e r t a inly t h e  a dd i t ion o f  en zyme s t o  acc e l e r a t e  

d e g r ad a t i o n  o f  p e c t i n  d i d  n o t  r e s u l t in t h e  p r e c ip i t a t i on 

or crys t a l l i z a t i on o f  l imon in f r om j u i c e s  i n  one t r i a l  

(Tab l e  V}  e v e n  a fter 6 2  days s t o r ag e , and i n  f a c t  l imon in 

con t e n t s  i nc r e a s ed s l i gh t l y over the p e r i o d . Th i s  was 

con t r a ry to e ar l ier  r e s u l t s  ( Tab l e  I l l )  wh i c h  s howe d  a 

marked d e c r e a s e  in l imon in c on t e n t s  ( contemp o r aneous w i th 

but app a r en t l y  not  d i r e c t l y  a s s o c i a t ed w i t h  l o s s  o f  c l oud) 



in both p a s teur i z e d  and unp a s t e ur i z e d  j u i ces , b u t  more 

p art i c u l a r l y  in the  l a t t e r . 

I n  ear l i e r  exper iment s ,  s ome evi dence ( T ab l e  X I I )  was 

obta ined for a de c r e a s e  i n  l imonin s o l ub i l i ty fo l l owing 

treatmen t  w i th pe c t i c  enzyme s , but no t i n  a l l  j u i c e s  
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s tud ied ( Tab l e s X I I I , X I V , and XV) . Some p r e v i ous ly 

uncons i de r e d  fac t o r s  are i nv o l ve d  in the e s t ab l i s hmen t 

and/ or main tenanc e o f  h i gh l imon in concentr a t i on s  in o r ange 

j ui c e s . B e caus e of  the app a r ent comp l e x i ty of  the s e  

proce s s e s , the p o s s ib i l i ty o f  d e g r a d i n g  j u i c e - s o l ub l e  p e c t in 

in a s imp l e  proc e du r e  to r e duce the c oncentr a t i o n  o f  l imonin 

in orange j u ice  d o e s  not  d e s e rve fur t h e r  cons i d e r a t ion at  

this  s t age . Mu ch mo re mus t  be  known about the  factors  

invo lved in the  s o l ub i l i z a t i on of  l imon i n  in o r ange j u i c e  

b e fore c ommerc i a l l y  v i ab l e  p r oc e s s e s  c an be p r op o s e d  t o  

prevent the deve l opment o f  b i t t e rne s s . Mo re b a s i c  r e s e a r c h  

i s  required b e fo re any comp r eh ens ive r a t ional e xp l ana t i o n  

c an b e  p u t  forward t o  acc ount for  the  c onfl i c t in g  r e s u l t s  

repo r t e d  here ( and e l s ewhe r e )  o n  chan g e s  in the l imon i n  

c ontent o f  c i trus j u i c e s  unde r  var i ou s  exper i men t a l  

c ond i t i ons . 

Secondly , the s t ab i l i z a t i on o f  c i trus j u ice c l oud by 

enzyma t i c  degrada t i o n  of the j u i c e - s o lub le p e c t in does n o t  

appear t o  b e  a n  a c c e p t ab l e  a l t e rna t i ve procedure t o  t h e  u s e  

o f  heat . The r e s u l t s  p r e s en t e d  ea r l i e r  ind i c a t e d  that , even 

when the p e c t in i n  freshly e x t r a c t e d , unpas teur i z e d  j u i c e s  

was de graded rap i d l y , t h e r e  w a s  comp l e t e  and i r r eve r s i b l e  

c l oud l o s s  i n  the j u i ces . I t  i s  now apparent ( Te rmo t e  et al. 

19 7 7 )  t h a t  the func t i on o f  d e g r a ded p e c t in i s  t o  inh ib i t  P E  

and prevent i t  from deme thy l a t ing j u i c e - s o l ub l e  p e c t in wh i c h  

would then form i n s o lub l e  c a l c i um p e c t a tes . D e g ra d ing t h e  

pec t in i n  situ me r e ly s p e e d s  u p  c a l c i um pec t a t e  forma t i o n  

and the sub s equent c l oud d e s t ab i l i z a t i o n  pro c e s s .  

S ince mod i fying the j u i c e - s o l ub l e  p e c t i n  does  n o t  reduce 

l imon in s o l ub i l i ty o r  s t ab i l i z e  the c l oud , no further 

inves t i g a t i ons w e r e  car r i e d  out  in t h i s  area . I ns t e ad , i t  

was dec i ded t o  s tudy the phenomenon o f  l imon i n  s o l ub i l i z a t i on 
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i n  more d e t a i l  in an a t t emp t t o  unders t and _ _  mor e  fu l l y the 

me chan i s ms i nvo l ve d . I t  was hoped tha t  r e s u l t s  from the s e  

s tudi e s  wou l d  then s ug g e s t  po s s ib l e  exp e r imen t s  a ime d a t  

e l u c i da t i n g  t h i s  phenomenon i n  mode l s o l ut i ons , wh i ch are 

e a s i e r  t o  man ipul a t e  than a c tu a l  j ui c e s . Re s u l t s  from 

mod e l  s y s t ems mi ght , i n  turn , be  used to i n t erpre t l a t e r  

work l o o k i n g  a t  the s o l ub i l i z a t i on phenomenon i n  c i t rus 

j u i c e s  t h e ms e lve s . 



CHAPTER FOUR 

THE SOLUB I L I TY O F  L I MON I N  

I N  MODEL SOLUT I ONS 



4 . 1 .  S OLUB I L I TY OF L I MON I N  I N  D I ST I LLED AND 

AC I D I F I ED WATER 

4 . 1 . 1 .  Exp e r imen t a l  
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Thr e e  group s  o f  thr e e  3 0 0  mL c o n i c a l  f l a s ks were  f i l l e d  w i th 

2 5 0 mL o f  o n e  o f  the  fo l l ow ing s o lut i on s : 

Gr oup A - g l a s s  d i s t i l l e d w a t e r  (pH 6 . 3 ) ;  

Group B - 1 %  c i t r i c  ac i d  adj u s t e d  t o  pH 3 . 2  w i th 0 . 1  N 

NaOH ; 

Group C - 0 . 1 2 3 %  b en z o i c  ac i d  adj us t ed t o  pH 3 . 2  w i th 

0 . 1  N N a OH . 

T o  each f l a s k  was added f i n e l y  p owde r e d  l imon i n  ( 5 0 mg ) 

g i ving an e q u iv a l e n t  concentr a t i on o f  2 0 0  ppm l imon i n  i n  

e a ch s o l u t i on i f  a l l  the l imon i n  d i s s o l ved . The f l a s k s  w e r e  

then f l u s h e d  wi th n i t rogen g a s  t o  m i n im i s e  any o x i d a t i on o f  

l imoni n  a n d  s e a l e d w i th rub b e r  s t opp e r s  con t a i n in g  a g l as s  

t ub e . Th e t ub e s  we r e  f i t t e d  w i th s ub a - s e a l s  through wh i ch 

t h e  s y r i n g e  u s e d  t o  f l ush the fl asks a f t e r  e a ch w i thdrawa l 

c o u l d  p as s . The f l a s ks were  p l a c ed i n  a rec i p r o c a t i n g  

w a t e r  b a t h  i n  wh i ch the temp e r a ture c o u l d  b e  c on t r o l l e d  t o  

w i th i n  ± 1 C over t h e  range o f  2 C t o  8 5  C ,  a n d  s haken 

c on t i nuous l y . Th e p ro c e dure de s c r ib e d i n  S e c t i on 2 . 7 . 2 .  was 

us ed t o  w i thdraw s amp l e s  from the fl a s k s  for l imon i n  

ana lys i s ; s amp l i ng cont inued unt i l  t h e  concentra t i on o f  

d i s s o lved l imon i n  r e ached a n  e qu i l i b r i um va l ue . S h ak i n g  

o f  t h e  f l a s k s  was s t opped 6 0  m i n  p r i o r  t o  s amp l i n g  t o  a l l ow 

the s o l u t i on s  t o  s e t t l e , a f t e r  wh i ch they w e r e  r e s t opp e r e d , 

f l ushed w i th n i t r o g e n , and s h a k i ng r e c o mmen c e d . Whe n  the 

l imon i n  c on c en t ra t i on s  i n  s o l u t i on i n  t h e  three f l a s k s  

w i th i n  e ac h  g roup a g reed t o  w i t h in 2 ppm o n  two s uc c e s s i ve 

s amp l ing s , the t empe r a ture in the w a t e r  b a t h  was r a i s e d  t o  

t h e  next d e s i r e d  v a l ue . I t  was found t h a t  e q u i l ib r i um w a s  

e s t ab l i sh e d  w i th i n  7 2  h at a l l  t emp e r a tures . 

F o r  th e s o l ub i l i ty d e t e rmin a t i on s  a t  1 0 0  C ,  f r e s h  s o l ut i o n s  

we re made u p  in 2 5 0  m L round - b p t tomed� f l a s ks � _ The f l a s k s  w e r e  

p l aced i n  i s omant l e s and f i t t e d  to r e f l ux c ondens e r s , t h e  

t op s  o f  wh i c h  were c onne c t e d  t o  a supp l y  o f  n i t ro ge n  g a s  

t o  preven t a n y  a i r  e n t e r in g  the sys tem . The f l a s k s  we r e  

then run unde r  r e f l ux c ond i t i on s  unt i l  the c on c en t r a t i ons 
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o f  l imon i n  i n  the s o l u t i ons r e ached e qu i l ibr ium v a l ue s . The 

s ampl ing p r o c edure was as  de s c r ib e d above , the s o l u t i on s  

be ing w i th d r awn s e c onds a ft e r  b o i l i n g  c e a s e d . 

The s a tur a t e d  s o l u t i ons o f  l imon i n  p r epared by e qu i l i b r a t i on 

a t  8 5  C w e r e  he l d  a t  7 5  C for 4 days . When ana l y s e s  o f  the  

l imon in c o n c ent ra t i on in  the s o lut i on s  s howed n e g l i g ib l e  

chang e , t h e  s o lut i ons were h e l d  a t  2 5  C and s amp l e d 

p e r i o d i c a l l y . 

4 . 1 . 2 .  Re s u l t s 

The e f fe c t  o f  temp e r a ture on the s o l ub i l i ty o f  l imon in i n  

aqueous s o l u t ions i s  s hown in Tab l e  XVI I , wh i l e  t h e  mul t ip l e  

r e gres s i on equat i on s  for p r e d i c t ing the change i n  l imon i n  

s o l ub i l i ty w i th t emp e r a ture a r e  pre s en t e d  in T ab l e  XV I I I . 

Ch ang es in the  s o l ub i l i ty o f  l imon in in water w i th 

tempe rature are s h own in F i g . 4 ,  fo l l ow ing the u s u a l  

conven t i ons o f  p l o t t i ng s o l ub i l i ty a g a i n s t  t h e  r e c ipro c a l  

o f  ab s o l ut e  t emp e ra tu r e . The e f fe c t  o f  t ime o n  t h e  l imon i n  

c o ncent r a t i on in s a turated s o l ut i ons h e l d  a t  2 5  C i s  

p r e s en t e d  i n  Tab l e  X I X .  

Tab l e  XV I I S o l ub i l i ty o f  l imonin in aqueous s o l u t i ons 

Tempera t u r e  S o l ub i l i tr o f  l i mon i n  a i n : LEEm2 

( C )  Wat e r  B en z o i c  0 d
b 

C i t r i c  . de ac 1 a c 1  

2 3 . 7  ± 0 . 3 3 . 7  ± 0 . 3  3 . 7  ± 0 .  2 

2 5  4 . 6  ± 0 . 2 5 .  2 ± 0 . 3  4 . 6 ± 0 .  2 

4 0  8 . 0  ± 0 . 2  9 . 3  ± 0 .  2 8 . 4 ± 0 .  2 

5 5  1 4 . 2  ± 0 . 6 1 6 _ 0  ± 0 . 4 1 5 . 8  ± 0 . 9 

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

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

1 0 0  1 0 7  ± 6 1 1 3  ± 3 1 0 7  ± 3 

a = me ans o f  dup l i c a t e  spo t s  from t r i p l i c a t e d  e xp e r ime n t s  

are g i ven t o g e ther w i th the s t andard e r r o r . 

b = 0 . 1 2 3 %  b en z o i c  a c i d  adj us t e d t o  pH 3 . 2  w i th 0 . 1 N NaOH . 

c = 1 %  c i t r i c a c i d  a d j u s t ed t o  pH 3 . 2  w i th 0 . 1 N NaOH . 



Tab l e  XV I I I  Mu l t i p l e  r e g r e s s i on equa t ions for p r e d i c t ing the change in l imon i n  s o l ub i l i ty 

w i th t emp er ature 

S o lvent 

Wa t e r  

Ben z o i c  a c i d  

s o l u t i on a 

C i t r i c  a c i d  

s o lut i onb 

Equa t i on 

l o ge S = 4 7 . 1 3 - 2 6 . 1 0 T + 3 . 5 9 T 2  

l o ge S = 4 1 . 0 8 - 2 2 . 2 1 T + 2 . 9 8 T 2  

l o g  S = 4 4 . 0 9 - 2 4 . 1 0 T + 3 . 2 7 T 2  e 

S = s o l ub i l i ty o f  l imon in in mo l e s  p e r  l i t r e  x 1 0 - 5 •  

T = 1 0 0 0  X K - 1 •  
a = 0 . 1 2 3 %  b en z o i c  a c i d  adj us ted t o  pH 3 . 2  w i th 0 . 1  N NaOH . 

b = 1 %  c i t r i c  ac i d  adj us t e d  t o  pH 3 . 2  w i th 0 . 1  N NaOH . 

Mu l t i p l e  

c o r r e l a t i on 

c o e f f i c i ent 

0 . 9 9 4  

0 . 9 8 8  

0 . 9 9 3  

Var i a t i on 

accoun t e d  

f o r  

9 8 . 8 % 

9 7 .  7 %  

9 8 . 7 % 

-....) 
+=-
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F i g . 4 S o l ub i l i ty o f l imon i n  in w a t e r  versus  

rec i p ro c a l  o f ab s o l u t e  t emp e r a ture 

4 0  

3 0  

2 0  
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Tab l e  X I X  L imon in conc ent r a t i on ( ppm) in s up e r s a tur a t ed 

s o l u t ions s t o r e d  a t  2 5  C 

S o l vent 

Wa t e r  

Ben z o i c  a c i d
a 

C i t r i c  a c i db 

a = 0 . 1 2 3 %  b en z o i c 

b = 1 %  c i t r i c  a c i d  

4 . 1 . 3 .  D i s cus s i on 

S t o r a g e  

0 1 1  

4 3 . 5  2 5 . 5  

4 0 . 5  2 4 . 8  

n . d .  2 2 . 9  

3 5 . 2  9 . 0  

4 0 . 9  8 .  7 

4 1 . 1  1 3 . 2  

4 3 . 1  1 3 . 2  

4 2 . 3  1 0 . 6  

ac i d  a d j us t e d  

adj u s t e d  to  pH  

period  ( days ) 

3 9  8 8  

2 1 . 6  2 5 . 6  

1 8 . 7  2 4 . 3  

1 5 . 9  2 4 . 6  

5 .  7 6 . 1  

4 . 0  6 . 8  

1 3 . 0  1 0 . 1  

9 . 7 4 . 1  

6 . 9 6 . 7  

t o  pH 3 . 2  w i th 1 N NaOH . 

3 .  2 wi th 1 N NaOH . 

The r e s u l t s  i n  Tab l e  XV I I  s ug g e s t t h a t  i t  i s  n o t  p o s s ib l e  

to ob t a in aqueous s o l ut i ons o f  l imon i n  above about 5 ppm by 

the s imp l e  pa s s ag e  of l imon in i n t o  s o lution at room 

t emp e r ature . H owever , a s  the curve i n  F i g . 4 demons t r a t e s , 

the r e  i s  a s t e ep r i s e  i n  the s o l ub i l i ty of l imon in a s  th e 

temp e r ature i s  increas e d . I n s pe c t i o n  o f  the p o i n t s  on the 

curve ind i c a t e s  that a numb e r  of s t r a i ght  l i n e s  c an b e  d r awn 

through the v a r i ous p o i nt s . F o r  e x amp l e ,  i f  the p o in t s  

corresponding t o  the t emp e r a tures  2 C and 2 5  C a r e  j o i ne d  by 

a s t r a i ght  l in e  wh i ch is e x t r apo l a t e d  so th a t  i t  int e r s e c t s  

the p erpend i c u l a r  drawn from the p o i n t  corr e s p onding t o  a 

temp e r a ture o f  1 0 0  C ,  t h e  c or r e s pond i ng s o l ub i l i ty i s  8 . 5  

ppm . Th i s  i s  much l e s s  t h an the a c t u a l  l imon in s o l ub i l i ty . 

of  1 0 7 ppm d e t e rm ined a t  1 0 0  C .  

I t  i s  c l e ar t h a t  l imon i n  s o lub i l i ty d o e s  not  obey th e 

s t andard i d e a l  f o rm in i t s  temp e r a t u r e  re l a t i onship  

( H i l d eb r and and S c o t t  1 9 7 0 ) , s in c e , i ns tead of  a s tr a i gh t  



loij 7 7 .  

l ine p l o t  o f�
mo l a r  c oncentrat ion a g a i n s t  re c i p r o c a l  

ab so l u t e  temp e r ature , a l l  p o ints  app e a r  to  b e  i n  a smo o t h  

curve . Unde r  t h e s e  c i rcums tances i t  i s  reas o n ab l e  t o  

cons i d e r  whe th e r  l imonin a c tua l ly  undergoes  any change i n  

chemi c a l  form under the cond i t i ons o f  s o l ub i l i z a t i on . 

Cons i d e r a t i o n  o f  the s t ruc ture o f  l imon in as  a d i l ac t one 

sugg e s t s  that hydro lys i s  of one or b o th of  the l ac tone 

r ings c ou l d  o c cur under the s e  cond i t i ons . A r e c en t  rev i ew 

on the hydr o l y s i s  of  organic  c omp ounds in d i l u t e  aqueous 

s o l u t i ons ( Mab ey and Mi l l  1 9 7 8 )  ind i c a tes  th a t  l ac t one 

group s  ( a s  i n t e rn a l  es t e rs of  a hyd r o xy a c i d )  w o u l d  indeed 

be r e a d i ly s ub j e c t  to  hydro lys i s  in a que ous s o l ut i ons t o  an 

extent vary i n g  w i th t emp e rature . M o r eover , i n  w e a k l y  a c i d  

di l u t e  s o lu t i on s , the hydro lys i s  wou l d  pro c e e d  d i re c t l y  by 

reac t i on b e tw e e n  the l a c t one g r oups and wa t e r ; in weakly  

ac i d  s o l u t i ons o f  c e r t a i n  e s t e r s , hy dro lys i s  by th i s  

mechan i s m  c an p r o ceed mo re  rap i d ly t h an b y  a c i d - c a t a l y s e d  

hydro l ys i s .  Th i s  cou l d  a c c ount f o r  t h e  s im i l a r i t i e s  i n  

the d e g r e e s  o f  hydro lys i s  and l imon i n  s o l ub i l i t i e s. in a l l 

three s y s t ems s tudied . 

Wh i l e  t h e r e  i s  no d i r e c t  supp o r t ing evi dence a t  th i s  s t age , 

i t  i s  s u g ge s t e d  that the d i fferenc e s  b e tween the r e c o rd e d  

l imon i n  s o l ub i l i ty at 1 0 0  C ( 1 0 7 ppm) and t h e  t h e o r e t i c a l  

value f r om e x t r ap o l a t ion of  s o l ub i l i t i es a t  l ow t emp e r a ture 

( 8 . 5  ppm l  r e p r e s ents the contr ibu t i on o f  hyd r o l y s e d  l imon i n  

to  t h e  equi l ib r ium s o lu t i on a t  1 0 0  C .  Th i s  s u g g e s t i on 

as sume s that  any r e s u l t an t  hydroxy ac i d  woul d b e  e x t r ac t e d  

from the s e  s o lu t i ons and analys e d  a s  l imonin , having und e r ­

gone l ac ton i z a t i on under the exper ime n t a l  c on d i t i ons 

ope r a t in g , Th e g radua l change in v a l ues as the temp e r ature 

r i s e s  is  th e r e s u l t  o f  the equ i l ib r i um in t h e  hyd ro ly t i c  

proc e s s  s h i ft i ng  towards the hydroxya c i d  form . S o l ub i l i t i e s  

r e c o r d e d  r e p r e s en t  a cont inuous smo o th t rans i t i on from a 

cond i t i on wh e r e  mos t o f  the ma t e r i a l  in s o l u t i on i s  l imonin 

to one wh e r e  m o s t  of  the ma t e r i a l  i n  s o lu t i on i s  hydr o ly s e d  

l imon in . Th e v a r ious s o l ub i l i t i e s  r e c o rded  w ou l d  then 

repre s en t  th e l imonin p r e s ent p lus the amoun t o f  hydro lys e d  

l imonin i n  s o lu t i on i n  equi l ib r ium w i th i t . 

Th e mu l t ip l e  r e g r es s i on e qua t i ons ( Tab l e  XV I I I )  g ive us e ful  



emp i r i c a l  r e l a t i on s  for p re d i c t ing the chang e in l imon i n  

s o lub i l i ty w i th t e mp e r a t ur e . They s h ow tha t l imon in 

s o l ub i l i ty was very s im i l ar in a l l  three  sys t ems (wa t e r , 

benz o i c  a c i d  and c i t r i c  a c i d) . 
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Th e r e s u l t s  in Tab l e  X I X  d e mons t r a t e  that l imon in come s o u t  

o f  s imp l e  s upe r s a tu r a t e d  s o l u t ions f a i r l y  rea d i l y  at 2 5  C ,  

re ach ing what app e ar t o  b e  l im i t ing v a l ues w i th in 1 1  days . 

However , the fal l i n  l imon i n  c oncen t r a t i on was much mo r e  

marke d  i n  ac i d  s o l u t i ons ; a l though a l l s o l u t i ons s t a r t e d  

w i th s omewh at s im i l a r  c onc e n t r a t ions , the f in a l  concen t r a t i on 

was ab out four t i mes  h i gh e r  i n  d i s t i l l e d  wa t e r  than in 

a c i d i f i e d  water . I n d e e d , t h e  acid s o l u t ions appr oached the 

max imum l imon in c o n c en t r a t i on ( about  5 ppm) a ch i eved wh en 

l imon in p a s s e s  i n t o  s o l u t i o n  d i rec t l y w i thout the 

app l i ca t i o n  of  h e a t  ( T ab l e  XV I I ) , i . e .  the " t rue " s o l ub i l i ty 

of  l imon in in wat e r . Th i s  s ug ge s t s an invo lvemen t  o f  

hydrogen i ons i n  the comp l ex e qui l ib r i um e s t ab l i sh e d  i n  

c o o l ing r e fluxed s o l u t i ons o f  l imon in . Th i s  e f fe c t  o f  

hydr ogen i ons wou l d  b e  e xp l a ined i f  t h e  mo l e cu l ar spec i e s  

b e ing a n a l y s e d  a s  l imon i n  i n  the n e u t r a l  s o l u t i ons was t h e  

hydroxy ac i d ,  s in c e  the l ac t o n i z a t i o n  o f  th i s  t o  l imon in 

wou l d  be a c c e l e r a t e d  by hyd r o g en ions . 

The var i ous equi l ib r i a  that  c o u l d  o p e r a t e  in aque ous 

s o lu t i on s  of l imon i n  are s hown in F i g . 5 .  In the in i t i a l  

s t ep , s o l i d
.
l imon i n  p a s s e s  i n t o  s o l u t i on as the d i l ac t on e , 

w i th equ i l ib r ium R l  b e ing e s t ab l i sh e d  b e tween the s o l i d and  

s o lut i o n  s t ates . A l though o n l y  one  l ac tone g roup i s  s h own 

in F i g ; 5 ,  b o th the A - r ing  and the D - r ing l a c tones  c ou l d  

e s t ab l i s h the var i ous equi l ib r i a s h own . W i th inc r e a s i n g  

temp e r a tu r e s , the l a c t one i s  hydro l y s e d  to the hydroxy a c i d , 

w i th e s t ab l i s hment  o f  the e qu i l ib r i um R Z  be ing a c c e l e r a t e d  

b y  hydr o gen i ons . The e q u i l ib r i um w ou l d  be s h i f t e d  t o  t h e  

l e ft by any proc e s s  wh i ch r emoved t h e  l ac tone from s o l u t i on . 

Th e equ i l i b r ium b e tw e en th e s o l i d and s o lut i on s t a t e s  o f  

the hyd r o xya c i d  ( R 3 )  h a s  o n l y
. 

the o re t i c al s i gn i f i cance i n  

the p r e s ent con�ext  b e c aus e the hyd r o xy a c i � i s , o n  phys i c o ­

chem i c a l  g rounds , l i ke ly  t o  b e  c ons i de rab ly mo r e  s o l ub l e  

than the l ac t one . F r om ent r opy c on s i d e r a t i ons , the l a c t on e  
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8 0 . 
wou l d  c e a s e  t o  p a s s  into  s o lut ion b e fore th e hydroxyac i d  

cou l d  r e ach s u f f i c i en t  c oncentrat i on to  s ep a r a t e  out o f  

s o lu t i on . The equi l ib r i um wou l d  o p e r a t e  i f  hydroxyac i d ­

cou l d  b e  i n t r o du c e d  i n t o  the s o l u t i on from the s o l i d  s t a t e , 

and the hydroxy a c i d  w ou l d  c ont inue t o  pas s i n t o  s o l u t i o n  as 

the l ac t one s ep ar a t e d  out . 

Th e equ i l ib r ium b e tw e en l imon in i n  the s o lu t i on and s o l i d  

s t a t e s  woul d b e  e f fe c t e d  b y  ioni z a t i on o f  the hydroxy a c i d  

wh i c h  woul d s h i ft i t  t o  t h e  r i gh t . The d i s s o c i a t i on o f  the 

hydroxy a c i d  ( e qu i l i b r i um R 4 ) wou l d  o c cur ve ry r ap i d l y , a s  

i s  the c a s e  w i th mo s t  i o n i c  r e ac t i ons ; the d e g r e e  o f  

d i s s o c i a t ion wou l d  depend on  the c oncent rat i on o f  th e ac i d  

and i t s d i s s o c i a t i on cons t ant ,  and w o u l d  b e  changed b y  the 

add i t i on of  o th e r  i on s , i . e .  by b u f f e r ing . 

Th e b a s e - c a t a l y s e d  hydr o l y s i s  o f  the l a c t one t o  the i on i z e d  

hydroxy a c i d  ( equ i l ib r i um R S )  i s  imp o s s ib l e  under  th e 

cond i t i ons b e i n g  exam i n e d  i n  th i s  s tudy and w i l l  no t b e  

cons i de r e d  fur t he r . 

Now the unus u a l  fea ture o f  the r e s u l t s  i s  the c l o s e  s im i l a r ­

i ty o f  the s o l ub i l i t i e s  r e c o rded fo r the thr e e  s o l u t i o n s  

und e r  cond i t i on s  favour i ng s o l ub i l i z a t i on ( i . e .  und e r  

h e a t ing cond i t i ons - T ab l e  XV I I )  i n  contras t t o  t h e  

d i fference in t h e  s o lub i l i t i e s  r e c o r de d  und e r  cond i t i on s  

favour ing crys t a l l i z a t i on ( i . e .  und e r  c o o l ing cond i t i o n s  

- Tab l e  X I X) . I n  unb u f f e r e d  and b uf f e r e d  ( pH 3 . 2 ) s o lu t i ons , 

s o lub i l i z ing c o nd i t i ons i n duc e d  t h e  s ame t o t a l  l imon i n  

content  at t h e  end s t a t e  o f  equi l ib r ium . Wh i l e  th i s  m ay 

have b e en the r e s u l t o f  d i ffe r i n g  concen t r a t i ons o f  a l l 

p o s s ib l e  c omponents  add i n g  up to  the s ame t o t a l  conce n ­

t r a t i on , a n  a t t emp t t o  f i n d  a s imp l e r  exp l ana t i on i s  

j us t i f i ed . I nd e e d , a l l  that  i s  r e qu i r e d  i s  f o r  i o n i z a t i on 

t o  o c cur  to  the s ame e x t e n t  in the unbuffered and b u f f e r e d  

s o l u t i ons o f  the hydroxy a c i d , i . e .  f o r  i on i z a t i on n o t  t o  b e  

ma r k e d l y  inh i b i te d  by t h e  exc e s s  o f  hydr o gen i ons i n  t h e  

b u f f e r e d  s o l u t i ons . 

On the other  h and , und e r  c oo l ing c o nd i t i ons the end s t a t e  o f  

the e qu i l ib r i um s howe d a h i gher  c o n c en t r a t i on o f  t o t a l  
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l imon in (mean value 2 4 . 8  ppm ) i n  the unbuf fe r e d  s o lut i ons 

than in the so lut ions buffe r e d  a t  pH 3 . 2  (mean va l ue 6 . 8  ppm) , 

the c oncen t r a t i on i n  the l a t t e r  app r o a ch i ng the e q u i l ib r i um 

s o l ub i l i ty value fo r l imonin a t  2 5  C .  

Th e o r i g i n  o f  the d i fference o f  1 8  ppm i n  the t o t a l  l imon i n  

concent ra t i on i n  buffered a n d  unbu f f e r e d  co o l e d  s up e r s a tur a t e d  

so lut i ons may be found i n  t h e  e x c e s s  hydr ogen i ons in �he 

buffered s o l ut i ons . The s e  a l l owed the r e ac t i ons R4 , R2  and 

Rl to move freely to the l e ft , unt i l  s ma l l  amoun t s  of 

hydroxyac i d  rema ined i n  s o l u t i on in e qu i l ibr ium w i t h the 

l act one when it rea che d i t s  s o l ub i l i ty l imit . I n  the 

unbuffe r e d  s o lut ions , on the o ther  hand , the  s h o r t age  o f  

hydrogen i ons a l l owed a cons i de r ab l e  amount o f  l imonin 

( 1 8  ppm) to remain in s o l ut i on a s  the hydroxyac i d  ( b o th 

i on i z e d and un ion i z e d )  for the ma int enanc e of e qu i l ibr i um R 4 . 

The que s t i on now ar i s e s  a s  t o  wh ich o f  the hydroxyac i d s  w a s  

invo lved i n  t h e  above equi l ib r i a . Wh i l e  the p o s s ib i l i ty 

that b o th a r e  invo l v e d  canno t b e  ru l e d o u t , c a l c u l a t ions 

c an be mad e  wh i ch s u g g e s t tha t it  is  v e ry probab l e  that one 

r a ther than b o th w e r e  p r e s en t . The i on i z at i on e xp onent p Ka 

fo r the D - r ing hydroxyac i d  i s  2 . 7 , wh i l e  that for the A - r ing  

hydroxyac i d  i s  4 . 7  ( Em e r s on 1 9 4 9 ) . C a l c u l a t i on s  us ing the 

s t andard e q ua t i on ( G l as s tone and Lew i s  1 9 6 5 ) : 

Ka = 

1 - a 

where Ka i s  the i on i z a t i on c on c e n t r a t i on quot i en t ; a i s  the 

degree of  i o n i z a t i on o f  a c i d ; and c is  the  t o t a l  a c i d  

concentra t i on , ind i c a t e  that a t  p H  3 . 2 ,  the D - r in g  hydr o xy ­

a c i d  wou l d  b e  7 1 %  d i s s o c i a t e d  wh i l e  the A - r ing hyd r o xyac i d  

wou l d  b e  3 %  d i s s o c i a t e d . Thus a great  d i ffe r e n c e  wou l d  no t 

b e  exp e c t e d  b e tween the t o t a l  s o lub i l i t i e s  o f  t h e  b - r in g  

hydroxyac i d  at pH 3 . 2  and 6 . 3 .  On the o ther h an d , the A - r ing  

hydroxyac i d , b e ing o n l y  3%  i on i z e d  a t  pH 3 . 2  wou l d  not  b e  

h e l d  i n  s o l u t i on i n  the i on i z e d  s t a t e  a t  th i s  p H  and wou l d  

come out o f  s o lut i on
' 

a c c o r d i n g  t o  e qu i l i b r i a  R 2  and Rl . 

The s e  c a l cu l at i ons s u g ge s t  t h a t  the ac i d  in the c o o l ed , 
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unbuffer e d  s a tur a t e d  s o l u t i ons woul d b e  the A - r ing  hydr o xy ­

a c i d , s in c e  th e r e  i s  l i t t l e  change i n  the d e g r e e  o f  

d i s s o c i a t i o n  o f  t h e  D - r ing  hydroxyac i d  a t  the p H  o f  the 

buffe r e d  an d unb u f f e r e d  s o l ut i ons . 

The above s ugg e s t i on i s  i n  a g r e ement w i th the known g r e a t e r  

e a s e  w i th wh ich t h e  D - r ing hydroxyac i d  l ac t o n i z e s . F o r  

examp l e , Ma i e r  a n d  Margl i th ( 1 9 6 9 )  we r e  ab l e  t o  p r ep are 

A - r ing hydroxyac i d  i n  sub s t an t i a l ly h omogeneous s t a t e  but  not 

the D - r i ng  hydr o xy ac i d .  Th i s  d i ffer e n c e  probab l y  o r i g in a t e s  

in the fac t th a t  the D - r i ng l a c t one i s  l e s s  s t r a in e d  than the 

A - r ing  l a c t one . B e c aus e of the s t r a i n  i n  the A - r i ng l ac t one , 

this  r in g  would  b e  more  eas i ly hydro l y z e d  than t h e  D - r ing  

l a c tone under  ac i d  or  near neutral  c o nd i t ions . 

4 . 1 . 4 .  C on c l u s i on 

From the ab ove r e s u l t s  and i n  l i ght o f  the d i s cus s i on , i t  i s  

now p r op o s e d  t o  a s s ume the p r e s ence o f  l imon i n  p l u s  hydr o xy ­

a c i d  i n  a l l  he a t e d  s o lut i ons . The r e fo re , al l l imon in an a l y s e s  

( c arr i e d  o u t  as  d e s c r ibed  i n  S e c t ion 2 . 7 . 2 . )  w i l l  b e  r e fe r r e d  

to  as  t o t a l  ext r a c t ab l e  l imon i n  (TE L )  i n  t h e  r ema i n ing 

s e ct ions of th i s  th e s i s in c a s e s  whe r e  heat has b e en app l i e d  

t o  the s o lu t i ons . 

4 . 2 .  FACTORS AF F E C T I NG THE SOLUB I L I TY OF L I MON I N  

I N  SOLUT I ONS MODE LL I NG C I TRUS JU I CE S  

4 . 2 . 1 .  I n t roduc t i on 

Work by Chand l e r  ( 1 9 7 lb )  s u g g e s ted th a t  sugar inc r e a s e d  the 

s o l ub i l i ty o f  l imon i n  in c i t rus j u i c e s , wh i l e  p e c t in h e l d  the 

l imoni n  in s o lut i o n . I n  v i ew of  the r e s u l t s  p r e s e n t e d  i n  

S e c t i on 2 wh i ch s h ow e d  t h a t  degrada t i on o f  j u i c e  p e c t in 

� n  s i tu d i d  not , i n  the s h o r t  term a t  l e a s t , c aus e l imon in 

t o  come o u t  o f  s o l u t i on ,  i t  was  de c i de d  t o  e x am i n e  i n  mo re  

de t a i l  t h e  role  of  s ugar and  pectin  i n  l imon i n  s o l ub i l i ty 

in mod e l  s o lut ions . Un l i ke  the exp e r iments o f  Chandl e r  ( i b i d . 1  

the d i r e c t  s o lut i on o f  l imoni n  into t h e s e  s y s t ems was m e a s u r e d  

a t  3 0  C ,  ins tead o f  p rep a r i ng s atur a t e d  s o l u t i ons o f  l imon i n  

b y  the app l i c a t i on o f  h e a t  a n d  then a l l ow ing  t h e s e  s o l u t ions  
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to  c o o l  t o  30  C .  The app r o a ch adop t e d  here i s  i n  l ine w i th 

the fa c t  tha t , even w i thout t h e  app l i c a t i on o f  h e a t , l imon i n  

concen t r a t i ons in c i trus j u i c e s  re ach 3 5  ppm o r  more , f a r  

h i gher t h an the s o l ub i l i ty o f  l imon i n  in water a t  3 0  C 

rec orded  i n  the p r ev i ous s e c t i on .  

4 . 2 . 2 .  Exper imen t a l  

The thr e e  j u ice  c ons t i tuen t s  i nve s t i g a t e d  were p e c t in , 

po lyga l a c turon i c  ac i d  ( PGA) and s ug a r s . 

The conc entrat ions o f  p e c t in u s e d  w e r e  the app r o x imate upp e r  

and l ow e r  l eve l s  found i n  c i t rus j u i c e s  for t o t a l  p e c t i c  

sub s t an c e s  ( 0 . 0 5 %  and 0 . 1 0 %  r e s pe c t i ve ly) . The p e c t in u s e d  

was a h i gh - me thoxyl pec t in o f  c i t ru s  o r i g in ( S i gma Grade I )  

wh i ch norma l ly a c c oun t s  f o r  app r o x i m a t e ly one th i r d  o f  the 

total  p e c t i c  sub s tances  i n  f r e s h ly e x t r acted  c i t rus j u i c e s . 

The PGA was deme thy l a t e d  c i t rus p e c t i n ( S i gma G r ade I )  and 

i t  was us ed at th e s ame l ev e l s  as  t h e  p e c t in w i th the p r ov i s o  

that the comb ined l eve l s  o f  p ec t in and PGA i n  any mo d e l  

so lut i o n  d i d  n o t  e x c e e d  0 . 1 0 % . PGA i s  found i n  s imi l ar 

concen t r a t i ons t o  p ec t i n i n  f r e s h l y  e x t r a c t e d  c i t rus j u i c e s . 

Th e sugars  u s e d  were  suc r o s e : g l ucos e : fruc t o s e  in the r a t i o  

2 : 1 : 1 ,  wh i ch i s  app rox ima t e l y  the r a t i o  in wh i ch they a r e  

found i n  c i t rus j u i c e s . T h e  concen t r a t i ons o f  9 %  and 1 5 % 

were  cho s en as b e ing r ep r e s e n t a t ive o f  the l ow e r  and upp e r  

c oncen t r a t i ons o f  sugar i n  c i trus j u i c e s . 

To demons trate any po s s ib l e  i n t e r a c t i on b e tw e en the va r i ous 

components in the mode l s o l u t i ons , a fu l l  fac t o r i a l  exp e r i ­

men t a l  des i gn was  emp l oy e d  c ons i s t i n g  o f  the three c omp on e n t s  

a t  thr e e  l eve l s  a s  ind i c a t e d  i n  Tab l e  XX . Be c au s e  o f  t h e  

prov i s o  t h a t  the l eve l s  o f  p e c t in and PGA in comb ina t i on 

shoul d n o t  exc e e d  0 . 1 0 % ,  n in e  o f  t h e  p o s s ib l e  p e rmu t a t i on s  

were  e l iminated s o  tha t t h e  numb e r  o f  t r e a tmen t s  was r e du c e d  

from 2 7  to  1 8 , To p e rm i t  a n  e s t ima t e  o f  the s i gn i f i c an c e  

o f  t h e  e ffects  and i n t e ra c t i ons , t h e  t reatmen t s  w e r e  a l l  done 

in dup l i cate , B e c aus e only n ine t r e a tments  could b e  hand l e d 

exper imental ly a t  any one t ime , t h e  3 6  t r e a tmen t s  were  
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The mod e l  s o lu t i on s  were each made up t o  a t o t a l  v o l ume o f  

2 0 0  m L  a s  fo l l ows . Al l the s o l i d c omponent s , i n c l uding 

c i t r i c  a c i d  ( 2  g )  and s o d i um me tab i s u l ph i te ( 2 0 0  mg , wh i ch 

gave an e ff e c t ive l ev e l  o f  S O ppm so 2 t o  inh ib i t  any m i c rob i a l  

g r owth i n  the f l a s k s ) , were f i r s t  added t o  a 3 0 0  m L  con i c a l  

f l a sk  and m i xed tho roughly . D i s t i l l e d  water ( 1 5 0 mL) was  

added and the  s o l u t i o n  was s t i r red un t i l  al l the  s o l i d s  

d i s s o l ve d . The pH o f  the s o lu t i on was then adj u s t e d  t o  pH 

3 . 2  w i th 0 . 1  N NaOH and th e t o t a l  vo l ume of the s o l ut i ons 

made up to 2 0 0  mL . F ine ly  p owdered l imonin ( 2 0  mg ) was  then 

a dded t o  e ach f l a s k  p r i o r  t o  the fl a s k s  b e ing f l us hed w i th 

n i trogen g a s  and f i t t ed w i th a rubber  s t oppe r . 

The fl a s k s  w e r e  th en p l ac e d  in a w a t e r  b a th ma i n t a ined a t  

3 0  ± 1 C a n d  s h a k e n  c ont inuous l y . Sha k i ng a n d  s amp l ing  w e r e  

c ont inued un t i l  t h e  s o lut i on s  had r e a c h e d  equi l ib r ium . Th e 

s amp l ing p r o c e dure u s e d  was a s  out l in e d  in S e c t i on 2 . 7 . 2 . , 

w i th the fo l l owing a l t e r a t i ons : the vo l ume o f  s o l ut i on 

w i thdrawn e ach t im e  was 4 0  mL and the p ip e t t e  w a s  r in s e d  

w i th wa t e r  p r i o r  t o  f i l l ing  w i th ch l or o form : e thano l t o  

pr event any p e c t in o r  PGA fr om p r e c i p i t a t ing o u t  i n  the 

p ip e t t e . 

Th e r e s u l t s  from t h e  exp e r imen t were  ana l y z e d  on  the C S I RO 

Cyb er  7 6  c ompu t e r  u s ing the GENSTAT Mark 4 s t a t i s t i c a l  

p ackage . 

4 . 2 . 3 .  Res u l t s  

Tab l e  X X  g i ves t h e  m e an v a l u e s  and r e s i dua l s  o f  the 

equ i l ib r i um l imon i n  s o lub i l i t i e s  i n  the var i ous s o lut i ons , 

wh i l e  T ab l e  XX I s h ows the ana lys i s  o f  var i an c e  o f  the r e s u l t s . 
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Tab l e  XX Mean va l u e s  and r e s i dua l s a of equ i l ib r ium l imon in s o l ub i l i ty ( ppm) in vari ous 

s o l u t i ons 

PC 1 P C 2  P C 3  P C4 P C S P C 6  

0 %  s ugarb 4 .  2 5 . 1  5 .  3 5 . 0  3 . 6  6 . 0  

( 0 . 0 4 )  ( 0 . S O )  ( 0 . 1 8 )  ( - 0 . 1 6 )  ( - 1 . 2 1 ) ( 0 . 6 5 )  

9 %  s ugar  5 .  2 5 .  3 6 .  2 6 . 8  6 . 7  6 . 0 

( - 0 . 1 4 )  ( - 0 . 4 6 )  ( - 0 . 0 7 )  ( 0 . 4 2 )  ( 0 . 7 4 )  ( - 0 . 5 0 )  

1 5 %  s ugar  5 .  3 5 .  7 6 . 0  6 . 0  6 . 4 6 . 3  

( 0 . 1 0 )  ( - 0 . 0 5 )  ( - 0 . 1 2 )  ( - 0 . 2 6 )  ( 0 . 4 7 )  ( - 0 . 1 5 )  

Me an 4 . 9  5 . 4  5 .  8 5 . 9  5 . 6  6 . 1  

a = r e s i dua l s  are  shown in b r acke t s  b e l ow c o r r e sp ond ing me ans . 

b = s ug a r  comp o s e d  o f  sucro s e : g l uco s e : fruc t o s e  in r a t i o  2 : 1 : 1  . 

. c = grarid me an . 

P C l  = no p e c t in ; no PGA . PC4  = no pec t in ; 0 . 0 5 %  PGA . 

P C 2  = 0 . 0 5 % p e c t in ; no PGA . P C S  = 0 . 0 5 %  p e c t i n ; 0 . 0 5 %  PGA . 

P C 3  = 0 . 1 0 %  p e c t i n ; no PGA . PC6  = no p e c t i n ; 0 . 1 0 %  PGA . 

Me an 

4 . 9  

6 . 0  

6 . 0  

5 . 6 c 

CXl 
tn 



Tab l e  XX I Ana lys i s  o f  va r i ance o f  exper imental  des i gn 

Source o f  De g r e e s  o f  

var i a t i on 

B l o c k  s t r atum : 

P e c t i c  comp onen t 

Re s i dua l 

TOTAL 

B l ocks /Un i t s  s t ratum :  

Sugar 

P e c t i c  c ompone n t s  

Suga r / P C  

Res i du a l  

TOTAL 

G RAND TOTAL 

a = s i gn i f i c ant at 0 . 1 % l e ve l . 

b = s i gn i fi cant a t  5 %  l eve l . 

fre e dom 

2 

1 

3 

2 

5 

1 0  

1 5  

3 2  

3 5  

Sums o f  

s quares  

6 . 0 6 1  

0 . 3 8 0  

6 . 4 4 1  

9 . 8 5 4  

2 . 9 7 1  

5 . 7 1 6  

2 . 8 0 1  

2 1 . 3 4 2  

Me an 

s quare 

3 . 0 3 0  

0 . 3 8 0  

2 . 1 4 7  

4 . 9 2 7  

0 . 5 9 4  

0 . 5 7 2  

0 . 1 8 8  

0 . 6 6 7  

Va r i ance  

( F )  

7 . 9 6 9  

2 . 0 3 6  

1 1 . 4 9 7 a 

2 6 . 3 8 5 a 

3 . 1 8 2b 

3 . 0 6 1b 

00 
0'1 



4 . 2 . 4 .  D i s c u s s i on 

8 7 .  

The f i r s t po i n t  t o  n o t e  i s  the s i gn i f i c an t  ( 0 . 1 % l eve l )  

"be twe en - b l o c k "  e f fec t , i . e .  s ome unexp l a ined var i a t i o n s  

oc curred b e tw e e n  t h e  f o u r  s e t s  o f  n ine f l a s k s  e a c h . S in c e  

there was no c on s c i ous c h ange in me thodo l o gy , p r o c e du r e  o r  

equ ipment dur i n g  the s e  e xper imen t s , the s e  var i a t i o n s  c an 

b e s t  be a s c r i b e d  to  i na dve r t ent d i fferences . A l though 

sh own to b e  s i gn i f i c an t  i n  thi s s t a t i s t i c a l l y  d e s i gn e d  

exper iment , t he s e  var i a t ions a r e  comparat ive l y  sma l l  and 

wou l d  norma l l y  b e  ab s o rb e d  into the d i f feren c e s  e n c o un t e r e d  

i n  the r e s u l t s  o f  r ep l i c a t ed l imon in ana l ys e s  ( S e c t i on 

2 . 7 . 7 . ) . The " b e tw e e n - b l ock" e f fe c t  wa s taken i n t o  a c c ount 

by the compu t e r  p r o g r amme in c a l c u l a t ing the means in T ab l e  

XX . 

The analy s i s  o f  var i an c e  ind i c a t e s  fur ther s t at i s t i c a l l y 

s i gn i f i c ant i n t e r ac t i on s . The g r e a t e s t  o f  the s e  i s  t h a t  due 

to  sugar ( s i gn i f i c an t  a t  the 0 . 1 % l eve l ) . I n  the ab s en c e  

o f  sugar , t h e  mean l imon in conc ent r a t i on w a s  4 . 9 ppm , wh i l e  

a t  sugar c on c en t r a t i o n s  o f  9 %  and 1 5 % , the mean c o n c e n t r a t i on s  

w e r e  6 . 0  ppm . T h e  e f f e c t  o f  pe c t i c  c omponen t s  w a s  s i gn i f i c an t  

a t  t h e  5 %  l e ve l ; s o l u t i ons con t a i n ing no p e c t in o r  P GA g ave 

the l owe s t  mean l imon i n  c oncent r a t i on ( 4 . 9  ppm) , wh i l e  

s o l u t ions c on t a i n ing  no p e c t in but  0 . 1 0 %  PGA g ave t h e  h i gh e s t  

concent r a t i o n  ( 6 . 1  ppm) . A l s o  s i gn i f i c ant a t  t h e  5 %  l eve l 

were the s u g a r / p e c t i c  c omponent i n t e r a c t ions , demon s t r ab l e  

i n  those  r e s i dua l s  i n  Tab l e  XX wh i ch d e v i a t e  by mo r e  than 

± 0 . 3 7  (±  2 s t and a r d  d e v i a t i ons ) from z e ro , the· r e s i dua l 

me an squa re  b e ing  0 . 1 8 8 . Thus , l imon in was l e a s t  s o l ub l e  

i n  a s o l u t i o n  c o n t a i n in g  no sugar , 0 . 0 5 %  PGA and 0 . 0 5 %  p e c t in 

( 3 . 6  ppm} and mo s t  s o l ub l e  in a s o lut i o n  con t a i n i n g  9 %  s ug a r , 

0 . 0 5 %  PGA and no  p e c t in ( 6 . 8  ppm) . A t t emp t e d  i n t e rp re t a t i on 

o f  the s e  d i f fe r en c e s  do e s  not  s e em po s s i b l e  b e c a u s e  no  

c ons i s t enc i e s  a r e  app arent and  t h e i r  s t a t i s t i c a l  s i gn i f i c ance  

is  c ompara t i ve l y smal l .  

A compa r i s on o f  the e f f e c t s  o f  pe c t in and P GA on l imon i n  

s o l ub i l i ty c an b e  demon s trated  by ave r a g ing t h e  r e l evant 

p e c t in component  means i n  Tab l e  XX . Thus s o l u t i on s  c on t a in ­

ing no pe c t in ( P Cl , P C 4  and P C 6 ) had an ave r a g e  l imon i n  
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conc e n t r a t i on o f  5 . 6 .  The v ar i ous va l ue s  are s hown in Tab l e  

XX I I . 

Tab l e  XXI I E ff e c t  o f  p e c t in and P GA on l imon in 

s o l ub i l i ty 

P e c t in PGA Limon in 

( % )  ( % )  (ppm ) 

0 5 . 6 

0 . 0 5  5 . 5  

0 . 1 0 5 .  8 

0 5 . 4  

0 . 0 5  5 . 8  

0 . 1 0 6 . 1  

The t r end evi dent from Tab l e  XX I I  i s  that incr eas ing the 

concent r a t i on of  e i ther  p e c t in o r  P GA incre a s e d  the 

s o lub i l ity of  l imonin , P GA havi)l.g a s omewhat g r e a t e r· ' e ffe c t  

than p e c t in , Th i s  r e s u l t appe a r s  t o  b e  c on t r a d i c t ory when 

comp a r e d  w i th the m e an v a l u e s  in Tab l e  XX but th i s  is n o t  

s o  s in c e  the r e s u l t s  in Tab l e  XX I I  i gnore  the e f fect  o f  

sugar ; the mean values ob t a ined when sugar i s  t aken i n t o  

a c c ount indi c a t e  t h a t  s ome interac t i on o c curs  b e tween t h e  

t h r e e  s o lu t e s . I t  i s  no t p o s s ib l e  from the s e  exp e r imen t s  

t o  d r aw any conclus ions ab out o r  quant i fy in any way the s e  

i n t e r a c t ions . 

Wh i l e  t h e s e  r e s u l t s  have d emons t r a t e d  that sugar , p e c t i n  

and P GA have a s t a t i s t i c a l ly s i gn i fi c ant e ffe c t  o n  the 

equ i l i b r ium l imon in c oncen t r a t i on s  in aqueous sys t ems 

p r e p a r e d  d i r e c t ly wi thout the u s e  o f  h e a t , the magn i tude 

o f  the e ffect  is  qui t e  s ma l l .  C o mp a r e d  to  the values 

o b t a i n e d  by Chan d l e r  ( 1 9 7 1b )  w i th h e a t e d  l imonin s o l ut i ons 

conta in ing sugar  and p e c t in , the r e s u l t s  ob t a ined i n  t h i s  

expe r iment whe r e  h e a t  w a s  n o t  u s e d  a re e ffe c t i ve l y  

ins i gn i f i cant , thus s upp o r t ing t h e  p remi s e  ( S e c t i on 4 . 1 . 3 . )  

that i t  i s  not  p o s s ib l e  t o  produce a queous s o l ut i ons 
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c o n t a 1 n 1 n g  h i gh conc e n t r a t i ons o f  l imon i n  from the c o l d . 

Further wo r k  on l imon i n  s o l ub i l i ty in h e a t e d mo d e l  s o l ut i on s  

wa s ther e fo r e  unde r t aken . 

4 . 3 .  SOLUB I L I TY OF L I MON I N  I N  SOLUT I ONS P REPARED 

BY REFLUX I NG L I MON I N  I N  MODEL SOLUT I ONS 

4 . 3 . 1 .  Exp e r imen t a l  

F i ve s o l u t i on s  c ont a i n ing l imon i n  ( 2 0 mg ) were re f l u xe d . 

Each s o l u t i on had d i f ferent  s uga r/p e c t in concen t r a t i ons : 

no sugar o r  p e c t in ; 1 0 %  s uc ro s e ; 1 0 %  s ucro s e , g l uc o s e  and 

fruc t o s e in the r a t i o  2 : 1 : 1 ;  0 . 1 0 %  pe c t i n ; and 1 0 %  sucr o s e  

and 0 . 1 0 %  p e c t in . A l l concen t r a t i ons w e r e  o n  a we i ght /we i gh t  

b a s i s , a n d  t h e  exp e r i ment w a s  p e r fo rmed in dup l i c a t e . 

The f l a s ks w e r e  r e f l ux e d  for 4 5  h and a ft e r  c o o l ing the 

conten t s  w e r e  t r ans f e r r e d  t o  2 5 0 mL c o n i c a l  f l a s k s  and 

s t oppe r e d .  Sodium m e t ab i s ulph i t e  ( 2 0 0  ppm) was adde d and 

the f l a s k s  were s t o r e d  in the dark a t  r oom t emp e r a ture 

( 2 0  ± 4 C ) . The t o t a l  extrac t ab l e  l imon in ( TE L )  c on c en ­

t r a t i ons w e r e  me a s ur e d  a t  var i ou s  t ime s . 

4 . 3 . 2 .  Re s u l ts 

The s e  a r e  p r e s en t e d  in Tab l e s XX I I I  and XX I V , r e s u l t s  from 

dup l i c a t e d  expe r imen t s  b e ing r e p o r t e d  s ep a r a t e ly . 

4 . 3 . 3 .  D i s cu s s ion 

When the s o l u t i ons c o n t a in ing  sucro s e  w e r e  ana lys e d  for 

l imonin , a l arge b l a ck spot app e ar e d  ( R
f 

= 0 . 4 8 )  b e l ow the 

l imon in s p o t  (Rf = 0 . 5 3 ) on the TLC p l at e . To a s c e r t a in 

whe th e r  o r  n o t  th i s  s p o t  was a l imon i n - der i ve d  c omp ound , 

s o l u t i ons o f  sucro s e  (1 0 % )  w e r e  re f l uxed for  4 5  h and then 

ana l ys e d  a s  for  l imon in . I n  t h e  ab s en c e  o f  l imonin a b l a c k  

s p o t  o f  s im i l a r  int ens i ty s t i l l  appe a r e d , thus demons t r a t ing 

that the b l a ck s p o t  from the � imon in s o lut i ons was a 

de grada t i on produ c t  o f  s u c r o s e  and was  not  d e r i v e d  from 

l imon in . 

As the s o lu t i ons c o n t a ining s ucros e h a d  TEL concent ra t i on s  



Tab l e  XX I I I  I n i t i a l  chang e s  in  pH o f  r e f luxed s o l u t i ons 

Compos i t i on 

o f  s o l u t ion 

Wa t e r  

1 0 % s uc r o s e  

1 0 %  s ugar  
c 

0 . 1 0 %  p e c t i n  

1 0 % s u c r o s e ;  0' . 1 0 % pec t in 

a = t emp e r a tur e was  5 1  C .  

b = t emp e r ature was 3 0  C .  

B e fore  

re f l ux 

Exp 1 Exp 2 

5 . 8  6 .  5 

6 .  0 6 . 6  

6 .  5 6 . 5  

4 . 0  4 . 2  

4 . 0  4 .  2 

c = s uc r o s e : g lucos e : fruc t o s e  in ra t i o  2 : 1 : 1 .  

pH 

One h a f t e r  

r e f lux 
a 

-

Exp 1 Exp 2 

5 .  2 5 . 2 

3 . 2  3 . 0 

3 . 0  3 . 0  

3 . 8  3 .  7 

3 . 4 3 . 0  

Afte r addi t i on 

me t ab i s u l ph i t eb 

Exp 1 Exp 2 

5 . 0 5 . 1  

3 . 1  3 . 2  

3 . 2  3 . 2  

3 . 8  3 . 8  

3 . 4  3 . 2  

\0 
0 



Tab l e  XXIV T o t a l  e x t r a c t ab l e  l imonin concen t r a t i on (ppm) in re f l ux e d  mo de l s o l u t i ons 

Compo s i t i on Days in s t or ag e  

o f  s o l u t ion 0 

Exp 1 Exp 2 

W ater  1 1 3 . 5  1 1 1 . 0  

1 0 %  s u c r o s e  1 8 6 . 0  1 7 9 . 0  

1 0 %  s ugar
a 

1 3 8 . 0  1 4 8 . 0  

0 . 1 0 %  pe c t in 1 3 2 . 5  1 3 4 . 5  

1 0 %  s u c ro s e  p l us 1 3 7 . 0  1 4 6 . 5  

0 . 1 0 %  p e c t in . 

7 

Exp 1 Exp 2 

7 . 4 4 . 3  

1 8 4 . 0  8 3 . 0  

1 2 6 . 5  1 1 2 . 5  

5 6 . 0  3 3 . 4  

1 3 3 . 5  1 2 0 . 5  

a = s uc r o s e : g l ucos e : fruc t o s e in the r a t i o  2 : 1 : 1 .  

1 7  

Exp 1 Exp 2 

n .  d .  3 .  4 

9 5 . 5  9 1 . 5  

9 6 . 0  1 0 0 . 0  

3 3 . 4  n . d .  

5 1 . 0  7 4 . 5  

3 1  6 5  

Exp 1 Exp 2 Exp 1 Exp 2 

3 . 7  n . d .  n . d .  n . d .  

3 1 . 4  8 3 . 5  3 1 . 0  4 1 . 5  

9 3 . 0  n . d .  7 3 . 5  4 5 . 5  

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

3 2 . 1  8 5 . 0  3 5 . 3  8 2 . 5  

� 
f-1 
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c l o s e  to  tha t  ob t a i n e d  i f  a l l the l i monin p r e s e n t  h a d  

d i s s ol ved , t h e  t rue e qu i l ib r ium c oncen t ra t i ons may w e l l  h ave 

exc e eded the values ob t a ined . Th e r e fore , s o l ut i on s  o f  

sucrose ( 1 0 % )  c on t a i n ing  powd e r e d  l imon in a t  a l ev e l  

equiva l ent t o  4 0 0  ppm w e r e  r e f l uxed for 4 5  h and t h e  TEL 

c oncentra t i on d e t e rm i n e d  in the c o o l e d  s o lut ions . V a l u e s  o f  

1 8 2  ppm were  ob t a ined , i nd i c a t i n g  tha t the c oncen t r a t i o n  o f  

TEL in r e f l u x e d  s o l u t i ons c on t a in ing 1 0 %  suc r o s e ( 1 7 9  - 1 8 6  

ppm) was the equ i l ib r ium value . 

F rom Tab l e  X X I I I  i t  c an b e  s e en that in a l l  s o l u t i on s  the 

pH had de c r e a s e d  a f t e r  r e f luxing . The dec r e a s e  wa s l e as t i n  

tho s e  s o lu t i ons wh i c h  c on t a in e d  p ec t in , b ec au s e  t h e  pH o f  

the s e  s o l u t i ons was l ow b e fo r e  r e f lux due t o  fre e a c i d s  i n  

t h e  pectin  ( approx ima t e ly 7 0 %  me thy l a t e d  a c c o r d i n g  t o  t h e  

s upp l i e rs ) . B e c au s e  a l l s o l ut i ons e x c e p t  t h e  c o n t r o l s  

showed a d e c r e a s e  i n  p H  ini t i a l ly t o  values o f  3 . 0 - 3 . 4 ,  

th i s  de cre a s e  c an b e s t  b e  a s c r i b ed t o  t r ac e s  o f  a c i d i c  

c omp ounds f r om the h e a t - c a t a l y s e d  degrada t i on o f  s u c ro s e . 

The fal l in the pH o f  s o lut i ons conta ining p e c t i n  b u t  no  

sugar  coul d be  due  t o  p e c t in hydrolys i s , wh i l e  the fa l l  i n  

the pH o f  t h e  cont ro l s o lut i ons sugge s t s t h e  f o rma t i on o f  

a c i dic ma t e r i a l  from l imon in i t s e l f . S ince  l imon i n  i s  

r e c overed unchan g e d  a f t e r hydr o lys i s  q y  di l u t e  a l k a l i ( b e ing  

degraded on l y  by  s t rong  a c i ds and  a l k a l i s ) , it  c an b e  a s s ume d 

that th i s  a c i d i c  ma t e r i a l i s  the  hydroxyac i d  form o f  l imonin 

p r o duced by  h e a t � c a t a l y s e d  neut r a l  hydr o l y s i s  of  one o r  b o th 

o f  the l a c t one g roup s . 

A c ompar i s on o f  the e f fe c t  o f  the var i ous s o l u t e s  on  T E L  

con tent s h ow s  tha t , wh i l e  a l l  t h e  s o l u t e s  s i gn i fi c an t l y  

increased  T E L  conten t , 1 0 %  s u c r o s e  had the g re a t e s t  e f f e c t  

(me an va l u e s  o f  1 8 2 . 5  ppm comp ar e d  t o  c ont r o l  va l u e s  o f  1 1 2  

ppm) . The e ffe c t  o f  the o the r s o l ut e s  was no t s i gn i f i c a n t l y  

d i fferent f r o m  e ach o t h e r  (me an o f  0 . 1 0 %  p e c t i n  1 3 3  ppm ; 

mean o f  1 0 %  s u g a r s  1 4 3  ppm , and mean o f  1 0 % s u c ro s e  p l u s  

0 . 1 0 %  pec t in 1 4 2 . 5  ppm) . The s e  s o l u t e s  coul d i n f l ue n c e  T E L  

cont ents i n  two ways , b o th o f  wh i ch c o u l d  ope r a t e  t o g e t h e r  

in the p r e s ent  s y s t ems . 
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F i r s t ly , t h e  d i fference b e tween s uc r o s e ,  g l u c o s e  and fruc t o s e  

i n  the i r  e f f e c t  on t h e  s o l ub i l i ty o f  o r g an i c  c ompounds h a s  

b e en repo r t e d  b y  o th e r s . F o r  e x amp l e , Nango e t  a Z . ( 1 9 8 0 )  

ob s e rved b o th ' s ugar ing out ' ( de c r e a s e d  s o l ub i l i ty )  and 

' s ugaring i n ' ( incre a s e d  s o l ub i l i ty )  ph enomena i n  s tud i e s  

o n  the s o l ub i l i ty o f  a r omat i c  hydroc arb ons i n  aqueous 

s o l u t i ons o f  s uga r s . Thus the addi t i on of sugars  t o  water  

d e c r e as e d  t h e  s o l ub i l i ty of  b e n z ene , t h e  de c r e a s e  i n  

s o l ub i l i ty fo l l owing t h e  o rde r : g l uc o s e  < fruc t o s e  < suc r o s e  

< w ater . On the o t h e r  hand , t h e  add i t i on o f  sugars  to  wa t e r  

increas e d  t h e  s o l ub i l i ty o f  phenanthrene , t h e  i nc r e a s e  in 

s o l ub i l i ty fo l l owing the o rde r : suc r o s e > fruc t o s e  > g l uc o s e  

> water . I t  was conc l uded that the s o l ub i l i ty o f  aroma t i c  

hydrocarbons i n  s u g a r  s o lut i ons depended no t only on  th e 

s ugar  us e d  b u t  a l s o  on the s i z e o f  the a r oma t i c  hyd r o c arbon . 

Wh i l e  Nang o  e t  a Z .  p r ovided no e x p l ana t i on for the e ffe c t  

o f  the d i ffe r ent sugars  o n  aroma t i c  hyd r o c a rb on s o l ub i l i ty 

( or fo r tha t ma t t e r  on TEL s o l ub i l i ty ) , the i r  r e s u l t s  p rov i de 

a p re c e dent for  the d i ffer ing e f f e c t s  o f  sugars  on TEL 

s o l ub i l i ty as shown i n  Tab l e  XX I V . 

S e c ondly , t h e  vari ous s o lutes  c o u l d  a f f e c t  TEL c o n t e n t s  

d i fferen t l y  by affe c t ing  not  o n l y  t h e  r a t e s  o f  c onve rs i on 

o f  l imon in i n t o  the hydroxyac i d  but  a l s o  the c omp o s i t i on 

o f  the equi l i b r ium m i x ture . The e f fec t o f  hydroxy l i c  

c omp onent s on  the hyd r o lys i s  o f  e s t e r s  i n  aqueous s y s t ems 

i s  part i cu l ar ly w e l l r e c o gn i s e d  and , a l t hough the s tud i e s  

have b e en made p r i n c i p a l ly w i th s imp l e  a l c oho l s  as  the 

s o l ute , the  r e s u l t s  can be e x t r apo l a t e d  to  hydroxy l i c  

s ug a r s ; l ac tones c o u l d b e  exp e c t e d  t o  b eh ave a s  i n t e r n a l  

e s t e rs i n  th i s  r e s pe c t . Howeve r ,  no p a r t i cu l a r  r e s u l t s  a r e  

ava i l ab l e  t o  wh i ch t h e  pres ent  r e s u l t s  c an b e  s p e c i fi c a l l y  

compared a n d  the o r d e r  o f  T E L  s o lub i l i t i e s  i n  t h e  p r e s ence 

of  th�e va r i ous s o lu t e s  mus t  remain unexp l a ine d . W i th r e s p e c t  

t o  'tire s o lu t i ons conta ining p e c t in , r e f e r e n c e  may b e  made to  

the effe c t  of  s o lu t i on s t ruct�re on r e a c t i on r a t e s  and 

equi l ib r i um c ompo s i t i on .  

The resul t s  i n  Tab l e  X X I V  d i f f e r  from tho s e o f  Chandl e r  

() 9 71b } wh o repo r t e d  that the p r e s e n c e  o f  1 0 %  s u c r o s e  and 
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0 . 1 0 %  p e c t in h a d  a g r e a t e r  e ffe c t  on the s o l ub i l i ty o f  

l imon in in aqueous s o l u t i ons re f luxed for  3 h th an e i th e r  

of  the s o l u t e s  s ep a ra t e l y . Howeve r ,  the sho r t e r  re f l ux 

t imes u s e d  by  Chand l e r  mean that the r e s u l t s  c anno t b e  

d i r e c t l y  comp a re d , i t  b e ing app a r en t  that d i f fe r ing r e f l ux 

t imes w i l l  re s u l t in d i ffer ing equi l ib r i a  in the s o l u t i ons . 

Even more i n t e r e s t ing e ff e c t s  r e s u l t ing from the va r i ou s  

s o l u t e s  are  e v i dent in Tab l e  XX I V . I n  pure w a t e r , the r e  

was a rap i d  d e c l ine in T E L  c oncen t r a t i on to  about 5 . 5  ppm 

in the f i r s t w e e k . However , in s o l ut i ons con t a in i n g  1 0 % 

sucros e ,  the d e c l ine i n  TEL conc e n t r a t ion was much l e s s  

rap i d , the TEL  c oncen t r a t i ons a f t e r  6 5  days b e ing  3 6  ± 5 

ppm in the two exp e r iment s .  A s imi l ar t rend was ob s e rved 

in tho s e  s o l u t i ons c on t a i n ing  the s ugar  mixture , a l though in 

one e xper imen t the TEL concent r a t i on was 7 3  ppm a f t e r  6 5  

days . Th i s  d i fference in the r a t e  at wh i ch l imon i n  c ame o u t  

of  apparen t l y  i dent i c a l  s o lut i ons was a l s o  ob s e rved by  

Ch 3 ndl er  ( i b i d . ) .  In  the  s o l ut i ons c on t a i n i n g  0 . 1 0 %  p e c t i n , 

TEL concen t r a t i ons fe l l  more rap i d l y , re ach i n g  ab out 1 7  ppm 

after  65 days , wh i l e  t h e r e  was a w i de d i s c r ep ancy o f  4 7  ppm 

ir. the TEL c o n c e n t r a t i ons o f  the two s o l ut i ons cont a i n in g  

b o th 1 0 % s u c r o s e and 0 . 1 0 %  p e c t in a f t e r  6 5  d ays . 

As d i s cus s e d  above i n  c onnec t i on w i th th e i r  e f f e c t  on  TEL  

contents  in t h e  r e f l uxed s o lu t i ons , the  vari ous s o l u t e s  c an 

be exp e c t e d  t o  affe c t  ( b o th d i r e c t l y  and ind i r e c t l y )  t h e  TEL  

contents  in the coo l e d  s o lut i ons , and  e s pe c i a l l y  t h e  r a t e s  a t  

wh i ch equi l ib r i um cond i t i ons are  re ache d . I nde e d , s i nce  

equ i l ib r ium i nv o lves l a c t on i z a t i on o f  the hydroxya c i d  by  

internal  e s t e r i f i c a t i on �h i ch r e qu i r e s  the  re l evant  hydroxyl  

and c arb oxy l i c  acid  g roups t o  c ome into  c l o s e  p r o x i m i t y ) , the  

va ry ing e ffe c t  o f  s o l u t e s  and p a r t i cul a r l y  s o l ut i on s t ruc t u re s  

wou l d  b e  even more marked than was  the c as e  w i th hydr o l y s i s  

3 f  the l a c t on e  r ing dur i ng the s o l ub i l i z a t ion p r o ce s s . 

F rom the s e  r e s u l t s  i t  c an b e  c on c l uded  th a t  p e c t i n , s u c r o s e ,  

and sucros e ,  g l uco s e  and fruc t o s e  in c omb in a t i on a l l i n c r e a s e  

t h e  s o lub i l i ty o f  T E L  in aqueous s o lut i ons and a l l h o l d  T E L  

in s o lu t i on t o  a g r e a t e r  extent than when i t  i s  p r e s en t  a l on e  
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in s o l u t i on .  The r e  i s  a s u g g e s t i on that the mo r e  c omp l ex 

s o l u t i ons ( the  m i x e d  s ug a r  and the s u c r o s e - pe c t in s o lu t i o n )  

cou l d  und e r  c e r t a in c i rcums t ance s h o l d  TEL in s o l ut i on for 

l onger p e r i o ds than s o l u t i on s  cont a i n i ng only p e c t in . F a r  

l onger s t orage p e r i o ds than 6 5  days would  be n e c e s s a ry t o  

determine j us t  h ow s t ab l e  th e s e  s o l ut i ons o f  h i gh TEL 

content were . 

4 . 4 .  SOLUB I L I TY OF L I MON I N  I N  MODEL SOLUT I ONS PREPARED 

F ROM HOT RE FLUXED L I MON I N  SOLUT I ONS 

4 . 4 . 1 .  Exper imen t a l  

Two 1 L r ound - b o t t omed fl a s k s , e ach c ontai ning w a t e r  ( 5 0 0  mL ) 

and powde red l imonin  ( 0 . 1 0 g ) , w e r e  h e a ted und e r  re f l ux for  

52  h .  Wh i l e  th e s o l ut i ons were  s t i l l  hot  ( 9 5  C ) , they w e r e  

mixed t o g e ther  a n d  imme d i a t e ly u s e d  t o  prepare  e i ght 

s o l u t i ons , two c o n t a in ing  1 0 %  (w/w ) s u c r o s e , two 0 . 1 0 %  

p e c t i n , two 1 0 %  s u c ro s e  and 0 . 1 0 %  p e c t in , and two w i th no  

add i t i on a l  s o l u t e s . The  pH  was adj us t e d  to 3 . 2  by the  

add i t i on of 5 N H C l , us i n g  Oxyphen n a r row range (pH 2 . 7  -

4 . 2 ) i n d i c a t ing p ap e r . A f t e r  c o o l i n g  the s o l ut i ons and 

adding s o dium m e t ab i s u l ph i t e ( 1 0 0  m g ) , TEL ana l y s e s  w e r e  

made . The f l a s k s  w e r e  t h e n  s t o r e d  in the d a r k  a t  r o om 

t emp e r a ture ( 2 0  ± 4 C ) , and the T E L  concent r a t i ons de t e rmined 

p e r i o d i c a l ly . 

4 . 4 . 2 .  Res u l t s  

The s e  a r e  summa r i z e d  i n  T ab l e  XXV , r e s u l t s from dup l i c a t e d  

exper iments b e i n g  rep o r t e d  s ep a ra t e ly . 

4 . 4 . 3 .  D i s cus s i on 

F i r s t ly , in s o l u t i ons w i thout  s uc ro s e  o r  pec t in , equi l ib r ium 

s o lub i l i ty was r e a ch e d  much mo re  q u i c k ly in the p r e v i o u s  

exp e r iment (S e c t i on 4 . 3 . ) ; a f t e r  7 d ays t h e  me an T E L  

concen trat ion w a s  5 . 7  ± 1 . 6  ppm c o mp a r e d  w i th 3 0 . 6  ± 1 . 2  ppm 

a f t e r  1 1  days in the p r e s e n t  expe r imen t . A po s s ib l e  e xp l an ­

a t ion l i e s in th e me tho d o f  prep a r i n g  the s o l u t i ons f o r  

s t o ra g e . In  t h e  p r e v i ous exp e r imen t ,  the s o l u t i on s  w e r e  

s t o r e d  in the f l a s k s  in wh i ch they w e re re f l ux e d  and the s e  



Tab l e  XXV Tot a l  e x t rac t ab l e  l imon in conce n t r a t ion (ppm) in mo d e l  s o l u t i ons p repared from 

h o t  r e f l uxed l imon in s o l ut i ons 

Compo s i t i on 

o f  s o l u t i on 

Water  

1 0 %  s uc ros e 

0 . 1 0 %  p e c t in 

1 0 %  s ucro s e  p l us 

0 . 1 0 %  pec t i n 

a = b y  c a l cu l a t i on . 

Exp 1 

1 1 2 . 0  

1 0 1 . 0
a 

1 1 2 . 0  

1 0 1 .  1 
a 

0 1 1  

Exp 2 Exp 1 

1 1 2 . 0  3 1 . 7  

1 0 1 . 0
a 2 9 . 2  

1 1 2 . 0  5 8 . 5  

l O l . O a 3 8 . 5  

Days in s t o r age 

2 4  5 9  

Exp 2 Exp 1 Exp 2 Exp 1 Exp 2 

2 9 . 4  6 . 1  6 . 8  n . d .  n . d .  

3 4 . 7  1 3 . 2  1 2 . 1  9 . 4  n . d .  

4 8 . 0  1 0 . 4  1 0  . 1  8 . 6  n . d .  

4 0 . 5  6 . 6  7 . 1  n . d .  n . d .  

1.0 
Q\ 
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would have c on t a i ne d  und i s s o l ve d  l imonin . Th e r e fore , t h e r e  

would h a v e  b e e n  m o r e  c en t r e s  f o r  c rys t a l  fo rma t i on than 

were p re s en t  in the s o lut i on s  in the pre s ent e xp e r imen t , 

s i nce the s e  we r e  t r ans fe r r e d from the reflux e d  f l asks  i n t o  

th e s to r ag e  fl as k s . 

Se cond l y , in the p r e s ent e x p e r iment ( Tab le  XXV) in ma rke d 

contras t t o  the p r evi ous e xp e r iment ( Tab le  XX I V ) , the r a t e s  

o f  fa l l  in TEL c o n c en t r a t i on w e r e  v e ry s imi l a r in a l l  

s o lut i ons . The f a l l s  w e r e  i n i t i a l ly s omewhat s l ow e r  in 

s o lut i ons cont a i n in g  p e c t i n  than in th o s e  w i th o u t  pe c t in 

(mean v a l u e s  a f t e r  1 1  days 4 6 . 3  ± 9 . 0  and 3 1 . 4  ± 2 . 7  ppm 

resp e c t i v e l y )  but in a l l  c a s e s  r e ac h e d  values b e l ow 10 ppm 

a f ter 5 9  d ays s t o r age . Mo r e ove r , the rates  o f  f a l l w e r e  much 

greater  th an in the comp a r ab l e  s o l u t i ons in the p revi ous 

exper iment .  The d i fferen c e s  w e r e  e s p e c ial ly marked wh en i t  

i s  cons i de r e d  ( a s ment i o n e d  above)  t h a t  und i s s o l ve d  l imon in 

c rys t a l s  wou l d  be mo re p l en t i fu l  in the s o l u t i ons in the 

previous  exper iment . 

The fas t e r  dec l i n e  in TEL c on t e n t s  s h own in T ab l e  ·xxv c omp ared  

w i th t h a t  shown i n  Tab l e  XXIV (pure aque ous s o l ut i ons 

excep t e d )  is a l mo s t  c e r t a in l y  due to the adj us tment o f  the 

pH of the s e  s o lu t i ons t o  3 . 2  w i th a c i d  befo r e  s t o r age . 

The gen e r a l  s im i l a r i t i e s  i n  the r a t e s  of  fal l s  i n  TEL 

c onten t s  among the s o l u t i o n s  in Tab l e  XXV ( c omp a r e d  w i th 

thos e i n  Tab l e  X X I V )  indi c a t e  a dom i nant effe c t  o f  added  

a c i d  in th e r ap i d  e s t ab l i s hment o f  e qu i l ib r i um , p r e s umab l y  

by a c i d - c a t a lys e d  l ac ton i z a t i on o f  t h e  hydr o xy a c i d  i n  the 

s tored s o l u t i ons . Th i s  c o n c l us i on is  j us t i f i e d  de s p i t e  the 

fact t h a t  only s ma l l  amoun t s  of  a c i d  were added  and th e pH 

of  the r e s u l t an t  s o lu t i on s  were n o t  markedly d i fferent from 

thos e i n  Tab l e  X X I V  t o  wh i ch no a c i d  had b e e n  adde d . 



4 . 5 .  C RYSTAL L I ZAT I ON OF L I MON I N  F ROM S UPERSATURATED 

SOLUT I ONS CONTA I N I NG SUCROSE AND PECT I N  

4 . 5 . 1 .  E xp e r imen t a l  

9 8 . 

Supe r s a t u r a t e d  aque ous s o l u t i ons o f  l imonin w e r e  prepared  

by  heat i ng unde r  r e f l ux four  fl asks  e a ch con t a in ing 

d i s t i l l e d  wa t e r  ( 2 5 0  mL ) and powd e r e d  l imon i n  ( 2 5  mg ) a t  

8 6  C fo r four days . Th e s o l u t i ons w e r e  al l ow e d  t o  c o o l  t o  

r o om temp e r a ture b e fore m i x ing and f i l t e r ing thr ough Wh a tman 

No . 5 4 0  f i l t e r  p a p e r  to remove any und i s s o l v e d  l imon in . The 

b u l k  s o l u t i ons w e r e  used to p repare e i ght s o l u t i ons , two 

contain i n g  1 0 %  (w/w)  sucro s e , two 0 . 1 0 %  pect i n , two 1 0 %  

suc ros e and 0 . 1 0 %  p e c t in , and two w i thout a d d i t i on a l  

s o luti ons. Aft e r  add ing s o d ium me t ab i s u lph i t e  ( 5 0 mg ) and 

adj us t in g  the pH t o  3 . 2  w i th 1 0 %  w/v c i tr i c  a c i d , s amp l e s 

were taken to  de t e rmine the TEL conc en t r a t i ons . Th e s o l u t i ons 

were  s t o r e d  in the dark at ro om temp e r a ture ( 2 0 ± 4 C) and 

TEL concent r a t i on s  were d e t e rmined p e r i odic a l l y . 

4 . 5 . 2 .  Re s u l t s  

Th e s e  a r e  s ummar i z e d  in Tab l e  XXVI . 

4 . 5 . 3 . D i s cus s i on 

The f i r s t po i n t  t o  note i s  the d i ffer ence b e tw e e n  the 

i n i t i a l  TEL concen t r a t i ons of the v a r i ous mo d e l  s o l ut i on s . 

Th e s o l ut i ons we r e  s amp l e d  1 h a f t e r  t h ey h a d  b e en p r e p a r e d  

and i t  i s  obv i ou s  t h a t  even in th i s  s h o rt t i me t h e r e  h a d  

b e en a s i gn i f i c an t  decreas e in t h e  T E L  con c e n t r a t i on o f  

c e r ta i n  o f  the s o l u t i ons . A l though i t  was no t p o s s ib l e  t o  

de t e rm i n e  th e i n i t i a l  TEL contents , t h ey mus t  a l l  h ave b e en 

the s am e  and i n  e x c e s s  o f  4 5 . 7  ppm . Even i f  s ome d e c r e a s e 

had o c c u r r e d  i n  t h e  TEL cont ents in the 0 . 1 0 %  p e c t in s o l u t i on, 

the de c re a s e w a s  much · g r e a t e r  in a l l  o ther mod e l  sys tems � 

A l l owing  for  the f a c t  tha t  the s o l u t i ons con t a in ing  s u c ro s e  

woul d h ave h a d  a n  ini t i a l  TEL conc e n t r a t ion o f  a t  l e as t 4 0 . 5  

ppm ( s i n c e  the s o l ut i ons w e r e . prep a r e d  on a w / w  b as i s )  they 

had s t i l l  und e r g on e  a d e c r e a s e  i n  TEL conc e n t r a t i on of a t  

l e as t 2 3 %  i n  the c a s e  o f  tho s e  c on t a i n ing o n l y  s uc r o s e and 

a t  l e a s t 1 9 %  in th o s e  cont a i n ing s u c r o s e  and p e c t i n w i th i n  

1 h o f  b e ing p r e p ared . 
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Tab l e  XXVI T o t a l  e x t r a c t ab l e  l imon in concen t r a t i on (ppm) in mo de l s o lut i ons prepared from 

c o l d  s upe r s a tu r a t e d  s o l u t i ons of l imon i n  

Comp o s i t i o n  

o f  s o l u t i on 

W a t e r  

1 0 %  s uc ro s e  

0 . 1 0 %  pe c t in 

1 0 %  s uc ros e p l us 

0 . 1 0 %  p e c t i n 

0 

Exp 1 Exp 2 

2 6 . 1  2 8 . 3  

2 9 . 8  3 2 . 5  

4 3 . 0  4 5 . 7  

3 3 . 8  3 2 . 1  

7 

Exp 1 Exp 2 

1 1 . 1 1 3 . 8  

1 2 . 2  1 0 . 4  

3 0 . 2  3 0 . 4  

2 5 . 3  2 6 . 1  

Day s i n  s to r age 

1 7  3 9  8 8  

Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 E xp 2 

1 3 . 0  8 . 5  9 . 1  7 . 0  1 1 . 3  9 . 6  

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

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

1 6 . 9  2 4 . 9  2 1 . 7  2 7 .  5 2 0 . 5 1 5 . 9  

1.0 
1.0 



1 0 0 . 

Th e pres ent r e s u l t s  for s o l u t i ons a c i d i fied a f t e r  c o o l i n g  

(Tab l e  XXV I )  c an b e  comp a r e d  w i th tho s e  in Tab l e  XXV fo r 

s o l ut i ons a c i d i f i e d  b e fo r e  c o o l ing . E ven a l l ow ing  fo r t h e  

d i f ferent  ini t i a l  T E L  con t e n t s , s o l u t i ons ac i d i f i e d  a f t e r  

coo l ing , w i th the n o t ab l e  e x c ep t i on o f  tho s e  conta ining  

pec t in , re ached ab out the  s ame TEL  c on tent ( app roxima t e l y  

1 0  ppm) w i th i n  2 0  d ays s t o r a g e  a s  tho s e  aci d i f i e d  b e fo r e  

c o o l ing . 

Tha t  i t  was the p e c t in wh i ch de l ay e d  the de c l ine  in TEL 

concen t r a t i on i n  the s o l u t i ons i s  e v i d ent from the v a l u e s  

ob t ai n e d  at e a ch o f  th e var i ous s t o r a g e  per i o ds . Tho s e  

s o l u t i ons con t a i n i n g  only s uc r o s e b ehaved i n  a n  a l mo s t  

i den t i c a l  mann e r  t o  th o s e  c o n t a i n i n g  only wat e r . On the 

o th e r  hand , the p r e s ence of s uc r o s e  and pe c t i n t o g e t h e r  

cons i d e r ab ly re duc e d  the e f f e c t i vene s s  wh i ch p e c t in by i t s e l f  

exh ib i t e d  in k e e p i n g  the TEL i n  s o l u t i on .  

The o r i g in o f  t h i s  effe c t  o f  p e c t i n , wh i ch was no t ob s e r v ab l e  

in s o l u t i ons ac i d i f i e d  b e fo re c o o l i n g , woul d app e a r  t o  l i e  

in i ts inh ib i t i on o f  l ac t on i z a t i on o f  the hy droxy a c i d  by 

r e a s on of the s t ru c ture i t  i mpo s e s  on  the s o l u t i on . As 

di s cus s e d  b e fo r e , this  s t ructure c o u l d inhib i t  l ac t oni z a t i on 

by preven t ing th e hydroxy l g r oup c oming  c l o s e  eno ugh t o  the 

c a rboxy l i c  a c i d  g r oup fo r re ac t i on to occur b e tween them . 

I n  the c a s e  o f  p e c t i n s o l u t i ons a c i d i f i e d  b e fo r e  c o o l i n g , 

the l a c toni z a t i on proces s h a d  a l re a dy occurred  t o  a cons i de r ­

ab l e  e x t ent unde r  the i n f l uence o f  r e s i dua l h e a t  ( and 

hydrogen i on s )  in the c o o l i n g  s o l ut i on when the p e c t i n  

s t ructure had n o t  b e en ful ly e s t ab l i s h e d . A s  t h e  l i mon in 

pas s ed out o f  s o l u t i on , the  hydroxy a c i d  - l ac t one equi l ib r i um 

r e ad i ly  s h i ft e d  in compen s a t i o n  t o w a r ds th e l a c tone . 

I n  the s o l ut i on s  c o o l e d  b e fo r e  a c i d i f i c a t i on , l ac t oni z a t i on 

oc cur r e d  l e s s  s p on t ane ous l y  i n  the c o o l ing s o l ut i ons s in c e  

a c i d  c a t a lys i s  wou l d  b e  n e g l i g ib l e . When the r e s i dual  

hydroxy a c i d  i s  p l a c e d  in a s t ruc t u r e d  pe c t i n  envi ronmen t ,  

even one con t a i n i ng a c i d , l ac t oni z a t i on i s  s t i l l  l imi t e d  from 

the s t e r i c  c ons i de r a t ion men t i on e d  ab ove . 



1 0 1 . 

I t  i s  n o t ew o r thy that a l though unac i d i f i e d s uc r o s e  s o l ut i ons 

re t a ined ve ry h i gh TEL contents on s t orage ( Tab l e  XX IV) , 

a c omp a r a t i v e l y  rapid  fal l in TEL c o n tent o c c u rred in a c i d i f i e d  

suc ro s e  s o l u t i ons , i r re s p e c t i ve o f  when the a c i d i f i c a t i on 

occurre d . App a r e n t l y  the e f fe c t  o f  s ugar in p r omo t ing the 

re tent i on o f  h i gh TEL contents  is nul l i f ied  b y  the p r e s ence 

of  ac i d . 

Ihe s e  re s ul � s  c on f i rm the c onc l us ions of  Chan d l e r ( 1 9 7 l b )  who 

sugge s t e d  t h a t  the func t i on o f  p ec t in was t o  ho l d  the l imon in 

in s o l u t i on i n  c i t rus j u i c e . Howev e r , as  the r e s u l t s  in 

Se c t i on 3 . 2 .  s howed , degradat ion of j u i c e  p e c t i n in s i t u  

do e s  not  cau s e  the l imon i n  to p a s s  out  o f  s o l u t i on any more 

rap i d l y  than in j ui c e s  wh e r e  the na t i ve pec t i n rema ins 

unde g r aded . T h i s  sugge s � � that the: mo l e cul a r  s p e c i e s  o f  

pe c t i n  and l i mon i n  p r e s en t  i n  the mod e l  s o l u t i ons a r e  

d i f fe r e n t  f r o m  t h o s e  pr e s ent in c i t rus j ui c e s , even though 

the ana l y t i c a l  p r o cedur e s  used do n o t  d i s t in g u i s h  b e tween 

them . Thus t h e  ab ove r e s u l t s  have only a p a r t i a l  r e l a t i onship 

to even t s  o c c u r r i ng in natural  j u i c e  sys tems . 

Previous  r e s u l t s  have shown tha t h i gh conce n t r a t i ons o f  

l imon i n  c ann o t  b e  ach i eved in mo de l aqueous s o l u t i ons w i thout 

the u s e  of he a t  e ven in the pres enc e of  pe c t in , s ugar  and 

ac i d . Thus the po s s ib i l i ty ex i s t s  that some o ther  j ui c e  

component a s s o c i a t es w i th the l imon i n  i n  s o l ut i on , l e ad ing 

to concent r a t i on s  far in e xces s of the equ i l i b r i um concen­

t r a t i on ( 5  ppm a t  25  C ) . 

Two j u i c e  c on s t i tuen t s  wh i ch could  a s s o c i a t e  w i th l i monin 

are  the l ip i d  and p r o t e in ; b o th could  int e r a c t  w i th t h e  

hydrophob i c  b ackb one o f  t h e  l imon in mo l ecul e t o  f o r m  a weak 

but e ff e c t i v e  a s s oc i a t i o n . The r e fo r e , exp e r i me n t s  we r e  

und e r taken t o  inve s t i g a t e  t h i s  po s s ib i l i ty .  



4 . 6 .  THE SOLUB I L I TY OF L I MON I N  I N  L I P I D - CONTA I N I NG 

SOLUT I ONS 

4 . 6 . 1 .  Exp e r i mental  

1 0 2 . 

I n i t i a l l y an a t t emp t was made t o  e x t r ac t  the l ip i ds from 

New Z e a l and g r ap e fru i t  s e gmen t s  u s i n g  the me th o d  of  Sh ome r 

e t  a l . ( 1 9 7 5 ) . Th i s  invo l ved e xt r a c t ing s e gmen t s  i n  a 

Soxh l e t  app a r a tus w i th s o l vent , us i n g  d i e thy l e ther  wh i ch 

removed on ly  i ip i ds , ins t e a d  o f  c h l o roform wh i ch remove d 

b o th l i p i d s  and caroteno i d s . Howeve r ,  y i e l d s  were  e x t r eme l y  

l ow , and b e cause  fresh g r ap e fr u i t w e re i n  s h o r t  supp l y  ( i t 

was the end o f  the s e a s on )  and the e xtraction pro c e s s  w a s  

t i me - consumin g ,  a n  al terna t ive  app r o ach was adop t e d . 

Th i s  approach cons i s ted  o f  f i n d i n g  an o i l  wh i ch had a f a t ty 

ac i d  compos i t i on s imi l a r  ( i f  n o t  i dent ical ) t o  that found in 

c i trus l ip i ds . Ac cording to  Na gy ( 1 9 7 7 ) , the maj o r  fa t ty 

ac i d s  in grap e fru i t  j u i c e  a r e  p a l mi t i c ( 2 3 % ) , o l e i c  ( 2 4 % )  

and l i nol e i c  ( 3 5 % ) . Aft e r  re fe r e n c e  to a s t andard t e x t  on 

l ip i ds (Hi l d i t ch and Wi l l i ams 1 9 6 4 ) , a s amp l e  o f  pur i f i e d  

c o rn o i l  was u s e d  i n  the s ub s eque n t  expe rime n t s  a s  a 

subs t i tute for c i t rus l ip i d s , s i n c e  i t  had a s i mi l a r l ip i d  

c omp o s i t ion . The fatty a c i d s  in t h e  corn o i l  were  d e t e rmined 

as  the i r  me thy l e s ters  b y  GLC us i n g  a Hewl e t t  Packard g a s  

chroma t o gram f i t ted w i t h a hyd r o g e n  fl ame i on i z a t i on d e t e c t o r  

and a DEGS po l y e s t e r  c o l umn . ( Th i s  ana lys i s  was k i n d l y  

p e r f o rmed by Mr . G . A .  Rams ay o f  t h e  B i o t echno l o gy Dep a r tmen t , 

Ma s s ey Un iver s i ty ) . 

A f t e r  a pre l i minary t r i a l , an aqu e o u s  s o l ut i on conta i n i ng 

l ip i d  was prepared  by homo gen i z i n g  d i s t i l l e d  w a t e r  ( 2  L )  and 

c o rn o � l  ( 2  mL) at 3 4 , 5 0 0  kPa ( 5 0 0 0  p s i g )  for  5 min in an 

homo geni z e r  (_Al fa Lava l P i l o t  mo d e l ) .  The r e su l t ing s o lut i on 

was s t ab l e  when cent r i fu g e d  a t  2 3 0 0  x g for 2 0  min and no 

s ep a ra t i on o c curred a f t e r  s t o r a g e  in a me a s ur ing cy l i nder a t  

r o om t empera ture  for 6 w e e k s  . .  Mi c r o scopic  e xamina t i on 

r e ve a l ed that  the d i ame t e r  o f  t h e  o i l  part i c l e s  ranged from 

1 - 1 5  micron , the maj o r i ty of p a r t i c l e s  having a d i ame t e r  

o f  5 m i c ron . A fresh s o l ut i on w a s  p repared a n d  u s e d  f o r  t h e  

exper iments  b e l ow o n  the n e x t  day . 



1 0 3 . 

Th e l i p i d - c o n t a i ning aque ous s o l ut i on ( 1 0 0  mL)  was  p l ac e d  

to g e th e r  w i th c i tr i c  a c i d  ( 1  g )  i n  a 2 5 0  m L  c on i c a l  f l a s k  

a n d  t h e  p H  o f  t h e  s o l ut i on w a s  a d j u s t ed to  3 . 2  w i th 4 N NaOH . 

S o d i um me t ab i s u l ph i t e ( 2 0  mg ) and p owde red l imon i n  ( 1 0 mg) 

were added and the f l a s k  was  s haken in a re c ip r o c a t ing wat er  

b a th at  25  C f o r  5 days . A 20  mL s amp l e  was w i thdrawn for 

l i mon i n  ana l y s i s  2 h a f t e r  shak ing had c e as e d . Th e exp e r iment 

was c ar r i e d  out in t r i p l i c ate . 

4 . 6 . 2 .  Re s u l t s  

The f a t ty a c i d  c ompos i t i on o f  the c o rn o i l  i s  pre s en t e d  in 

Tab l e  XXV I I .  

" 

T ab l e  XXV I I F a t ty ac i d  comp o �t i ons o f  c o rn o i l  and 

grap e fru i t  j u i c e  l ip i ds 

F a t ty a c i d  Corn o i l  Grape fru i t  j u i c e  l ip i d s a 

P a lm i t i c  ( 1 6 : 0 ) 

P a lm i t o l e i c  ( 1 6 : 1 ) 

S t e a r i c  ( 1 8 : 0 ) 

O l e i c  ( 1 8 : 1 ) 

L i no l e i c ( 1 8 : 2 ) 

L ino l e n i c  ( 1 8 : 3 ) 

a = a f t e r  Nagy ( 1 9 7 7 ) . 

1 1 . 1 % 

0 . 1  

2 . 8 

2 8 . 6  

5 5 . 6  

1 . 1  

2 2 . 7 % 

3 . 7  

0 .  0 

2 3 . 9  

3 4 . 5  

8 .  8 

The l imonin c oncen t r a t i on in the l i p i d - con t a in i ng aque ous 

s o l u t i ons a f t er 5 days s h aking was 5 . 1  ppm w i th a s t andard 

e r r or o f ± 0 . 3 ppm . 

4 . 6 . 3 .  D i s cus s ion 

The f a t ty a c i d  c omp o s i t i on o f  the c o rn o i l  u s e d  i n  th i s  

e xp e r iment w a s  s imi l ar t o  that o f  the l ip i d s  i n  g r ape fru i t  

j u i ce , t h e  m a j o r  d i f fe r ences  b e ing tha t th e c o rn o i l  h a d  a 

l ow e r  l eve l o f  p a l mi t i c  and l in o l e n i c  a c i d s  but  a h i gher  

l ev e l  o f  l i n o l e i c a c i d . The s e  d i fferences  w e r e  un l i k e l y  to  

.have s i gn i f i c an t ly a f fe c t ed the re s u l t s  ob t a i n e d  in t h i s  

exper iment . 



1 0 4 . 

The c oncent r a t i on of  l imonin in the l ip i d - cont a in i n g  

s o l u t i ons a f t e r  5 days w a s  no t m e a s urab ly d i fferent f r o m  

t h a t  o b t a i n e d  wh en l imon i n  a n d  w a t e r  a r e  shaken t o g e th e r .  

Thus , a s  the l i p i d has  n o t  inc r e a s e d  the l imonin s o l ub i l i ty , 

i t  c an b e  a s s ume d th a t  t h e  l imon i n  and the l ip i d  mo l e c u l e s  

have no t a s s o c i a t ed t o  t h e  e x t e n t  t h a t  ab ove normal  

concen t r a t i on s  o f  l imonin wou l d  b e  ob t a ined i n  the c o l d . 

I t  i s  ther e f o r e  conc luded that c i t r us j u i c e  l i p i d s  a r e  not  

r e s p ons ib l e  f o r  the comp a r a t ive l y  h i gh concen t r a t i ons o f  

l imon in found in c i trus j u i c e s . 

4 . 7  THE SOLUB I L I TY OF  THE PROTE I NS I N  

NEW ZEALAND G RAP E F RU I T  J U I CES 

4 . 7 . 1 .  Backg round 

According to Sm i th ( 1 9 2 5 ) , und e r  o r d inary cond i t i ons c i trus 

p r o t e in is i n s o l ub l e  w i th in the j u i c e  s acs  s i nce the 

i s o e l e c t r i c  p o int o f  the pro t e i n  is 4 . 7  comp a r e d  t o  the j u i c e  

p H  o f  ar ound 3 . 2 .  I f  th i s  i s  c o r re c t , i . e .  i f  t h e  pro t e in 

p r e s en t  in c i trus j u i c e s  i s  in an i ns o l ub l e  form , then any 

a s s o c i a t i on b e tw een l imon in and p r o t e in wou l d  l e ad t o  

measurab l e  l imonin conc e n t r a t i on s  i n  c i trus j u i c e  c l oud . 

I n  c on t r a s t ,  e a r l i e r  t r i a l s  ( S e c t i o n  3 . 1 . )  s h owe d  that the 

l imonin conc e n t r a t i on o f  the c l e ar supernatant was (w i thin 

exper iment a l  l im i t s ) no t me a s u r a b l y  d i fferent from t h a t  in 

c l oudy j u i c e . H oweve r ,  to  r e s o l ve comp l e t e l y the que s t i on 

o f  a p o s s ib l e  a s s o c i at i on b e tw e e n  l imonin and c i t ru s  p r o t e in , 

i t  was nec e s s ary to e s t ab l i s h  whe th e r  there was  indeed any 

s o lub l e  p ro t e in in c i trus j ui c e s  w i th wh i ch l imon i n  c o u l d  b e  

a s s o c i a t e d  t o  increas e i t s  s o l ub i l i ty i n  th e j u i c e . 

4 . 7 . 2 .  Exp e r imen t a l  

Two cans o f  N e w  Z e a l and g rape fru i t  j u i c e  wh i ch h a d  b e en 

e x t r ac t ed us i ng a Kenwo o d  e x t r a c t o r , p r o c e s s e d as  de s c r ib e d  

i n  Sec t i on 2 . 1 . 4 .  and then s t o r e d  a t  2 C f o r  f i ve mon ths 

were opened and the i r  c on t e n t s  m i xe d .  Th e u s u a l  p arame t e r s  

u s ed t o  chara c t e r i z e c i trus j u i c e s  w e r e  me a s u r e d . J u i c e  

( 2 0 0  mL)  w a s  p l a c e d  in e ach o f  two 2 5 0 m L  c on i c a l  f l a s k s , 

t o g e th e r  w i th s o dium me t ab i s u l ph i t e  ( 4 0  mg ) . Th e p e c t o l y t i c  
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enzyme Roh ament  P ( Rohm GmbH , Da rms t ad l t )  w a s  added ( 0 . 1 0 %  

w/w ) t o  one o f  the f l a s k s . The f l a s ks were p l a c e d  i n  a 

3 0  C incub a t o r  for 4 8  h and then a t  room temp e r a ture ( 2 0 ± 4 C )  

f o r  a fur th e r  4 8  h .  

Th e s up e rn a t an t s  and shaken j u i c e s  from b o th s amp l e s , a s  we l l  

as  t h e  s e d iment from the en zyme - t r e a te d  s amp l e  w e r e  ana lys e d  

fo r p r o t e in c o n t ent us ing b o th a mo d i f i e d  F o l in - C i o ca l t eau 

meth o d  ( Po t ty 1 9 6 9 )  and an automa t e d  m i c ro - K j e l dah l d i g e s t i o n  

p ro c e dure ; th i s  l a t t e r  ana l ys i s  w a s  k indly p e r fo rmed by the 

Ana l y t i c a l  S e c t i on ,  New Z e a l and Da i ry Re s e a r ch I ns t i tute , 

P a l m e r s ton N o r t h . I n  add i t i on , t h e  j u i c e  turb i d i ty (A6 6 0 c ) 

and th e l imon i n  concen t r a t i ons we r e  measure d .  

4 . 7 . 3 . Re s u l t s  

Th e c anne d j u i c e  had a p H  o f  3 . 9 ;  a s o l ub l e  s o l i ds content 

o f  1 0 . 5 °B ;  a t i tratab l e  a c i d i ty o f  0 . 7 4 g c i t r i c  ac i d / l O O  mL ; 

a B r i x : a c i d  r a t i o  o f  1 4 . 2 : 1 ; and a pu l p  con t en t  of  7 % . 

The p r o t e i n  c o n t ents o f  the j u i c e s  a r e  shown i n  Tab l e  XXVI I I , 

t og e th e r  w i th the j u i ce turb i d i ty m e as uremen t s . 

Th e p r o t e in c ontent o f  the s e d iment from th e j u i c e  t r e a t e d  

w i th p e c t i c  e n z yme was 9 1 0  mg/ 1 0 0  mL  of  s e d iment as de t e r ­

m i n e d  b y  the Kj e ldah l me tho d , wh i l e  the pro t e in content o f  

a 1 %  w / v  s o l u t i on of  Rohamen t P w a s  7 6  mg/ 1 0 0  m L  a s  de t e r ­

mi n e d  b y  the P o t ty me tho d  and 1 1 0  m g / 1 0 0  mL a s  de t e rmined 

by the Kj e l dah l me thod . 

The l imonin c oncentrat i ons in th e j u i c e  s amp l e s were  2 3 . 1  

ppm w i th a s t andard e r r o r  o f  ± 0 . 9 ppm . 

4 . 7 . 4 .  D i s cus s i on 

Th e r e s u l t s  i n  Tab l e  XXV I I I  ind i c a t e  that app ro x ima t e ly 9 0 %  

o f  t h e  p r o t e i n  as  de t e rm i n e d  by e i t h e r  the P o t ty o r  the 

Kj e l dah l me t h o d  was pres ent  in a s o l ub l e  form in New Z e a l and 

g r ap e fru i t  j u i c e . Al s o  the Kj e l dah l p r o t e i n  contents for 

the s up e rna t an t s  from un t re a t e d  and enzyme - t r e a t e d  j ui c es 

w e r e  n o t  s i gn i f i cantly  d i f fe rent , e ven though the s upe rna t an t  

o f  t h e  en zyme - t reated  j u i c e  w a s  v i r tual ly  w a t e r - c l e ar , al l 



Tab l e  XXVI I I  Pro t e i n  content and j uice  turb i d i ty o f  New Z e a l and grapef� i t  j u i ce 

Samp l e  

Con t ro l  j u i c e  (no  en zyme t r e a tmen t ) : 

Supernatant 
Who l e  j ui ce 

Tre a t e d  j u i c e  ( add e d  p e c t i c  enzyme ) : 

Supernatant  
Who l e  j ui c e  

Pro t e in cont ent (mg/ 1 0 0  m L  j u i c e )  

P o t ty me thod Kj e l dah l me thada 

3 1 3  

3 3 3  

2 2 0 

2 8 5  

4 9 0  

5 3 0 

4 9 0  

5 6 0  

a = pro t e i n  c a l cu l a t e d  from t o t a l  n i tro gen x 6 . 3 8 .  

J u i c e  t urb i d i ty 

(A
6 6 0 c

) 

0 . 8 4 8  

0 . 6 1 2 

0 . 0 6 3  

0 . 0 5 0 

"""" 
0 
0\ 
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t h e  s us pe n d e d  c l oud ma t e r i a l  having s e t t l e d  out . The s o l ub l e  

p r o t e in w a s  there fo r e  n o t  p r e c i p i t a t e d  when the c l oud 

s us pens i o n  was d i s r up t e d  by en z yme a c t i o n . Th e d i s crepancy 

b e tween the corre s p ond ing f i gu r e s  us ing the P o t ty a s s ay 

c ou l d  b e  e x p l ained by the p re c ip i t a t i on w i th the c l oud o f  

w a t er - s o l ub l e  compounds i n t e r fe r ing w f th th i s  ana l y t i c a l  

m e thod . The lower v a l ue o f  the en zyme - t re a t e d  j u i c e  comp a r e d  

w i th i t s  unt reated c o un t erpar t s ug ge s t s s ome o th e r  k ind o f  

i n t e r f e r en c e  i n  t h e  P o t ty me th o d . B e c a u s e  t h e  a c t u a l  re a c t i on 

o n  wh i c h  the Po t ty me thod i s  b as ed i s  unknown , the nature o r  

e f fect  o f  t h e  int e r f e r ing c ompounds i s  unce r t a in . Al though 

P o t ty d emons trated th a t  h i s  p r o c edure o v e r c ame i n t e rfe rence 

f r om pheno l s  and p e c t ins , h e  p r o v i d e d  no comp a r a t ive p ro t e in 

v a l ue s  ob t a ined us i n g  a Kj e l d ah l  d i g e s t i on . The p r e s ent 

r e s u l t s  s ug g e s t  that the Po t ty method is  s ub j e c t  t o  cons i de r ­

a b l e  i n t e r ference from wat e r - s o l ub l e  j u i c e  c omponen ts wh i ch 

( un l i k e  K j e l dah l - de t e c t ab l e  n i t r ogen c ompounds ) are  pre c i p ­

i t a t e d  when the c l oud s usp ens i on i s  d i s r up t e d . 

T h e  ab ove d i s cus s i on has  t ak e n  i nto a c c o unt the p r e s ence o f  

a dded p r o t e in in tho s e  s amp l e s  t re at e d  w i th the en zyme . The 

p r o t e in an a ly s i s  of Rohament P ( 7 6  and 1 1 0 mg/ 1 0 0  mL by the 

P o t ty and K j e ldah l me thods r e s pe ct i ve l y )  ind i c a t e s  that th i s  

e n zyme p r e p a r a ti on i s  only 1 1 %  p ro t e i n , the rema inder 

p re s umab l y  b e ing an inert car r i e r  s uch as d i a toma ce ous e a r t h . 

On th i s  b a s i s , the p r o t e in content  o f  the en zyme - t r e at e d  

j ui c e  w o u l d b e  exp e c t e d  to  b e  1 1  mg h i gh e r  than tha t f o r  the 

un t r e a t e d  j ui ce .  

4 . 7 . 5 .  Conc l us i on 

Th i s  exp e r iment has d emons t r a t e d  that 9 0 %  of the p r o te ins 

p r e s ent i n  b o th c l oudy and c l ar i fi e d  New Z e a l and g r ape frui t 

j u i c e s  a r e  in a s o l ub l e  form . S uch i n f o rma t i on d o e s  no t 

appear  t o  h ave been repor t e d  p revious l y  and in fact  d i s agr e e s  

w i th th e s t a t ement o f  Smi th ( 1 9 2 5 ) c on c e rn ing  the i ns o l ub l e  

n a ture o f  c i t rus j u i c e  p r o t e ins . S in c e  9 0 %  o f  the pro t e i n  

j n  New Z e a l and grap e f r u i t  j u i c e  i s  i n  t h e  s o l ub l e  form , a 

l imon in - s o l ub i l i z ing  i n t e r a c t i on b e tw e e n  l imonin and pro t e in 

c o u l d  a c c ount fo r the h i gh l imon in s o l ub i l i ty in c i t rus 

j u i c e s . The r e fore , th i s  po s s i b i l i ty w a s  inve s t i g a t e d . 



4 . 8 .  THE SOLUB I L I TY OF L I MON I N  I N  PROTE I N - CONTA I N I NG 

SOLUT I ONS 

4 . 8 . 1 .  E xp e r imen t a l  
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Ju i ce ( 1 0  L )  was ex t r a c t e d  from mature New Z e a l and grap e fru i t  

( 2 0  k g )  us i n g  a Kenw o o d  e x t rac t o r  and s c reene d b y  p a s s i n g  

th r ough a p u l pe r / f i n i s h e r  f i t t e d  w i th a 1 0 0  mesh  s c reen . 

P r o t e i n  w a s  e x t r a c t e d  from the j ui c e  us ing the p r o c e dure 

d e s c r i b e d  b y  Towns l ey et a l .  ( 1 9 5 3 ) . B r i e fl y , t h e  j u i c e  was  

c en t r i fug e d  at  2 3 0 0  x g fo r 3 0  min  and the  p r e c i p i t a te 

( 5 2 0  mL) c o n t a i n ing the ch romat ophores was r e t a i ne d . An 

e q u a l  vo l ume o f  9 5 %  e than o l  c o n t a ining 1 %  NaOH was  added and 

the prec i p i t a t e d  pe c t in was  removed by f i l t r a t i on through a 

d o ub l e  l ay e r  o f  che e s e c l o th . On l owe r i n g  the pH o f  the 

c l e ar , d a r k  o r ange s o l ut i on from 1 2 . 2  t o  4 . 7  w i th g l ac i a l  

a c e t i c  ac i d , the p r o t e in p r e c i p i t ated  out ; i t  was  r e c o v e r e d  

b y  f i l t e r i ng through Wh a tman N o . 5 4 1  f i l t e r  pap e r . App r o x ­

i m a t e l y  S O  mL o f  an o range - ye l l ow mate r i a l  was  ob t a ined  

wh i ch cou l d  n o t  be d i s p e r s e d  i n  w a t e r . On  r e f l uxing  th i s  

m a t e r i a l  w i th acetone  i n  a S o xh l e t  e x t r a c t o r  ( f i ve cyc l e s ) , 

s ub s tant i a l ly a l l  the  c o l our  w a s  remove d ,  l e av i n g  a p a l e  

c r e am pow d e r  ( 7 . 5 5 g we t w t . ) . The p r o t e in c o n t e n t  of  the 

p owder was  d e t ermine d by th e method  of Po t ty ( 1 9 6 9 ) . 

A prob l em a ro s e  whe n  an a t t emp t w a s  made to  d i s p e r s e  the 

p r o t e i n  powder in an aqueous  s o l ut i on . Howeve r , when the 

p r o te i n  was  d i spers e d  i n  an aque ous NaOH s o l u t i on at  pH 7 . 9 ,  

e x p e r imen t s  s h owed that  the pH  c o u l d  no t b e  l ow e r e d  to  3 . 2  

w i thout t h e  p r o t e i n  p r e c i p i t a t in g  out , no ma t t e r  h ow r ap i d ly 

th e pH was l owered . I t  w a s  th e r e fore d e c i de d  t o  a t t emp t t o  

r e p r oduce a c i trus j u i c e  sys tem by the reve r s e  p r o c e s s , i . e .  

b y  d i s p e r s i n g  the p r o te in i n  1 %  c i t r i c  a c i d  ( p H  2 . 2 3 )  and 

t h en r a i s i ng  the pH to 3 . 2  w i th 4 N NaOH . P r o v i de d  tha t  

m j x i ng t o o k  p l ace  i n  an u l t r a s on i c  w a t e r  b a th f o r  3 min , 

e ffe c t iv e l y  a l l  the p ro t e i n  w a s  d i s s o l v e d  b y  th i s  · p r o c e du r e . 

The pr o t e i n  c ontent o f  the s o l u t i on w a s  de t e rmine d us i n g  the 

m e thod o f  P o t ty ( i b i d . ) .  

A s o lub i l i ty t r i a l  w a s  s e t  up i n  t r i p l i c ate , i n  wh i ch t h r e e  

2 5 0 mL  con i c a l  f l as k s  c on t a in ing  t h e  p r o t e i n  s o l u t i on ( 1 0 0  mL ) ,  
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s o dium me t ab i s ulph i t e  ( 2 0 mg ) and powdered l imon in ( 1 0 mg)  

were  s h aken a t  2 5  C f o r  5 d ays . Al though after  th i s  t ime 

i t  was found that s ome of the p r o t e in had p r e c i p i t a� ed out , 

i t  cou l d  b e  a lmo s t  c omp l e t e ly r e d i s pers e d  by gent l e  swi r l i n g  

o f  the f l a s k s . Never the l e s s , i t  was d i f f i cu l t  to  w i thdraw 

a s amp l e  for  l imon i n  analys i s  w i thout p o s s ib ly s uc k i ng s ome 

und i s s o l ved  l imon i n  c rys t a l s  i n t o  the p ip e t t e , s in c e  the 

s amp l e  c o u l d  no t be s ucked through Wh a tman No . 5 4 1  f i l te r  

p ap e r  a s  was pos s ib l e  i n  the l imonin ana lys i s  o f  m o d e l  

s o lut i ons . Howeve r , by l e av i n g  t h e  fl a s k s  und i s turb ed for  

s e ve r a l  hours  and c a r e fu l ly p l a c ing the  t ip o f  the  p i pe t te 

o n ly a few mi l l ime t r e s  b e l ow the surface o f  the s o l u t i on , 

i t  was p o s s ib l e  to  w i thdraw a s amp l e  for l imon in analys i s . 

4 . 8 . 2 .  Re s u l ts 

Th e pro t e in content o f  the powde r was S O %  and the p r o t e in 

c o n t ent of s o l u t i ons prepared  from it w e r e  3 3 5  mg/ 1 0 0  mL . 

The l imon i n  c oncen t r a t i on o f  the so l u t i ons was 5 . 2  ppm w i th 

a s t anda r d  e r r o r  o f ± 0 . 3  ppm . As we l l , s ome o f  the s o l u t i on 

w a s  fi l t e r e d  through Wha tman N o . 5 4 1  f i l t e r  pape r in a 

Buchne r  funne l  and then an a l y s e d  for l imon in , when a conce n ­

t ra t i on o f  4 . 9  ppm w i th a s t andard e r r o r  of  ± 0 . 3  ppm was 

o b t a in e d . 

4 . 8 . 3 . D i s cu s s i on 

Th i s  t r i a l  has  demons t r a t e d  the un l ik e l ihood  o f  any as s o c ­

i a t i on b e tween l imon i n  and s o l ub l e  p r o t e i n  th a t  wou l d  a c coun t  

f o r  the comp a rat ive l y  h i gh concent r a t i on o f  l imon in in 

g r ap e fru i t j u ice . H oweve r ,  s i n c e  i s o l a t i on p r o c e dures may 

h ave affe c t e d  s ome change i n  the pro t e i n  s t ruc ture , the 

p o s s ib i l i ty of s uch an a s s o c i a t i on c anno t  be en t i re ly rul e d  

o u t . F rom the d i s cus s i on i n  the previous  s e c t i on i t  i s  

u n l i k e l y  th a t  th e r e  i s  any a s s o c i at ion b e tween p r o t e in 

( s o l ub l e  o r  ins o lub l e ) and l imonin l e ad ing  t o  the incorp o r ­

a t i on o f  l imonin i n t o  the c l oud frac t i on by fo rma t i on o f  

a n  ins o l ub l e  l imon in - p r o t e in c omp l ex . 
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E xp e r iments  w i th mo de l s o lut i ons have s h own that  i t  i s  on ly  

p o s s ib l e  to  a ch i eve h i gh concent r a t ions of  l imon in b y  the 

app l i c a t i o n  o f  h e a t . The equ i l i b r i a  op e r a t i n g  in he ated 

s o l u t i ons l e a d ing t o  the  e � t ab l i s hment of  s uch h i gh concen ­

t r a t i ons appa rent ly i nvo lve4 the hydroxy a c i d  form o f  l imon i n . 

Th e h i gh c on c en t r a t i ons th a t  h ave b e en repo r t e d  i n  c i trus 

j u i c es c ann o t  be expl ained s a t i s fact o r i ly by the p r e s ence 

o f  p e c t i n , s ugars , p r o t e in and l ip i d s . The r e fo r e  th e 

p r ecurs o r  o f  l imon i n  mus t b e  i nv o l ve d . 

S i nce a hy d r o xyac i d  form o f  l imonin h a s  b e e n  p o s tul a ted to  

be  the  n a t ur a l ly o c curr ing p r e cu r s o r  of  l imon i n  i n  p roces s e d 

o r ange j ui c e , i t  was app ropr i a t e  to unde r t ake  a de t a i l e d 

s tudy o f  t h e  changes  o c cur r i n g  i n  the l imon i n  and t o t al  

e x t ra c t ab l e  l imonin ( TE L )  con t e n t s  o f  c i t rus j u i c e . The 

s tu d i e s  a l re a dy d i s cus s ed w i th model  s o l u t i ons of l i mon in 

and hydr o xy a c i d  shou l d  h e l p  to i n t e rp r e t  the s e  chan ges , s o  

l ea ding t o  a b e t t e r  unde r s t and ing o f  the phenomenon of 

d e l ayed b i t t e rne s s . As the l i t e ra ture r ev i ew i nd i c a t e d , 

n e i ther  t h e  p r e curs o r  theory n o r  th e d i f fus i on th e o ry 

a dequa t e l y  e xp l a ins a l l  the ob s e rvat i ons conc e rn i n g  th i s  

ph enomenon . 



CHAPTER F IVE 

THE SOLUB I L I ZAT I ON OF  L I MON I N  I N  C I TRUS 

JUI CES AND FACTORS CONTROLL I NG I TS 

CONCENTRAT I ON 



5 . 1 .  F O RMS OF L IMON I N  PRE SE NT I N  HEATED SOLUT I ONS 

5 . 1 . 1 .  B a c k ground 

1 1 2 . 

A f t e r  the e xp e r imen t s  des c r i b e d  in Se c t i ons 4 . 1 .  - 4 . 5 .  

i n c lus i ve h a d  b e en c omp l e t e d , Ch and l e r  and N i c o l  ( p e rs on a l  

c o mmun i c a t i on )  p r ov i de d  d e t a i l s  of  a p r o c e dure wh i ch they 

h ad only r e c en t l y  deve l oped for the exam in a t i on o f  the 

l imonjn and l imonin p r e curs o r  contents o f  p a r t s  of c i trus 

f r u i t s . Th e p r o c e du r e  invo l v e d  ext r a c t i on o f  the s amp l e  

a t  two d i f fe r ent p H  l ev e l s , w i th and w i thout the app l i c a t i on 

o f  he a t . 

F o r  ac i d i c  s amp l e s  ( s uch as  o r ange j u i c e )  an a l i quo t was 

a d j us t e d  t o  pH  5 . 6  b e fo r e  e x t r a c t i on w i th the o r g an i c  

s o lv en t , wh i ch wou l d  then r emove on ly  l imon i n , s i n c e  the 

a c i d i c  l im o n i n  p r e cur s o r  woul d b e  fu l ly i on i z e d  and so woul d 

remain p r e f e r ent i a l l y in the aqueous ph a s e . A s e cond 

a l i quo t of t h e  a c i d i c  s amp l e  w as ex t r a c t e d  w i thout pH 

a d j u s tmen t , so g i ving the TEL content ( l i monin p lus precurs o r )  

o f  th e s amp l e . 

F o r  ne a r l y  neut r a l  s amp l e s ( s uch as o range a l b e do wh i ch h a s  

a n a tur a l  p H  ab out 5 . 6 ) , e x t r a c t i on was made o f  an a l iquo t 

w i thout pH  a d j us tment , only l imon in then b e i n g  r emove d , and 

a s e cond a l i qu o t  was adj u s t e d  to pH 3 . 2 and h e a t e d  ( 5  min at 

9 0  C) b e fo r e  b e ing e x t r a c t e d  to g ive the t o t a l  p o t en t i a l  

l imonin c o n t e n t . 

I n  b o th c a s e s  the d i fference b e tween the e x t r a c t i ons at the 

pH l eve l s  p r ov i d e d  a measure o f  the p r e c ur s o r  c on t e n t . 

Th i s  p r o c e du r e  depends on the e x t ra c t i on o f  a c i d i c  precur s o r  

a t  p H  3 . 2  a n d  i t s  conve rs i on t o  l imon in dur i n g  t h e  ana l y t i c a l  

p r o cedur e , i n  the s ame way a s  t h e  hyd r o xy a c i d  w a s  ex trac t e d  

from mode l s o lut i ons e x amined in Se c t i on s  4 . 1 .  - 4 . 5 . and 

ana lys e d  as l imon i n . 

The re s u l t s  ob ta ined by Chand l e r  and N i c o l  ( pe rs o n a l  

c ommun i c a t i on )  c ou l d  b e  b e s t  i n t e rp r e t e d  i n  th i s  w ay s ince 

no  addi t i on a l  l imono i d  s p o t s  s h ow e d  on T L C  of s amp l e s  w i th 
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pH adj us t e d  to  5 . 6  t o  match the incre as e d  l imon in s p o t  in 

the s amp l e s  extrac t e d  a t  a c i d i c  pH . Al though i t  wou l d  b e  

i mp o s s ib l e  t o  prove t h i s  c onve rs i on w i thout i s o l a t i on o f  

the precur s o r , the b a s i c  a s s ump t i on r e g a rding the non­

e x t r a c t ab i l i ty a t  pH  5 . 6  of the hydroxy a c i ds d e r i ve d  from 

l imonin and presumab l y  the r e fo r e  the ac i d i c  l imon i n  pr e cur s o r  

h a s  b e en c on f i rmed b y  J ohns on and Chand l e r  ( p e rs on a l  

c ommun i c a t i on ) . 

5 . 1 . 2 .  E xp e r imen t a l  

P owde r e d  l imonin ( 2 0  m g )  w a s  a dded to  two 2 5 0  m L  r ound ­

b o t t ome d f l a s ks , one cont a i n i n g  di s t i l l e d  w a t e r  ( 1 0 0  mL ) 

a t  pH 6 . 3 ,  and the o ther  1 %  w / v  c i t r i c  a c i d  ( 1 0 0  mL)  

a d j us t e d  to pH 3 . 2 w i th 0 . 1  N NaOH . Each f l a s k  was  then 

r e f luxed f o r  9 6  h ,  and one hour after b o i l ing h a d  c e as e d  

the pH o f  t h e  s o l u t i ons was me a s ured and s amp l e s  removed 

f o r  l imon i n  ana lys i s , the e x t r a c t ing s o l vent b e i ng  chl o r o ­

fo rm . The pH  o f  th e s o l ut i on in d i s t i l l e d w a t e r  was  then 

a d j us t e d  t o  pH 3 . 2  by the add i t i on o f  1 0  N H C l , and i t  was 

r e f luxed for 5 min and s amp l e d 1 h l a t e r  fo r l imon i n  c o n t e n t  

a s  des c r i b e d  ab ove . The pH o f  t h e  c i t r i c  a c i d  s o l u t i on s  w a s  

a d j us t e d  t o  pH 5 . 6  w i th 0 . 1  N NaOH and a l s o  s amp l e d  fo r 

l imoni n . The expe r iment was p e r formed in t r i p l i c a t e . 

5 . 1 . 3 . Re s u l ts 

Th e s e  are s umma r i z e d  i n  Tab l e  XX I X .  

5 . 1 . 4 .  D i s cuss i on 

As b e fo r e  ( Se c t i on 4 . 1 . ) , the  changes i n  the pH o f  l imon i n  

s o l u t i ons i n  di s t i l l e d  w a t e r  on  r e f l u x i n g  and c o o l ing c an b e  

exp l a ined i n  te rms o f  t h e  o p e n i n g  and c l o s ing o f  o n e  o r  mo r e  

o f  the two l a ctone r i ngs  i n  th e d i s s o l ve d  l imon i n  and the 

s ub s equen t i oni z a t i on of the hyd roxya c i d ( s ) . The pH of the 

l imonin s o l u t ions i n  aque ous c i t r i c  a c i d  rema i n e d  c ons t an t  

b e c aus e o f  the buffe r ing e f f e c t o f  s o d i um and c i t r a t e . 

A l though c h l o roform w a s  u s e d  a s  the e x t r a c t ant in th i s  

exper iment i n s t e ad o f  chl o r o fo rm : e than o l  norma l ly us ed , t h e  -

TEL  con t en t s  recorded for  h e a t e d  aqueous s o lut i ons ( 1 0 7 . 0  and  

1 1 4 . 0  ppm) w e re of  t h e  s ame o r d e r  as  tho s e  rep o r t e d  ea r l i e r  
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Tab l e  XX I X  Re s u l t s  o f  ana l ys e s a o f  r e f l ux e d  l imonin 

s o l u t i ons 

Di s t i l l e d  

w a t e r  

pH v a l ue s : 

I n i t i a l  6 . 3  ± 0 . 0  

1 h a f ter end o f  

r e flux ( 5 3 C )  5 . 1 ± 0 . 2  

4 h a f ter end o f  

r e flux ( 2 5  C )  6 . 8  ± 0 . 1  

T o t a l  e x t r actab l e  l imon in ( ppm) : 

Ex t r ac t e d  a t  p H  3 . 2  

E x t r a c ted a t  p H  5 . 6  

1 0 7 . 3  ± l. Sc 
1 1 4 . 0  ± 4 . 4  

Aqueous 1 %  
. . . db C l t r l C  ac 1 

3 . 2  ± 0 . 0  

3 . 2  ± 0 . 1  

3 . 3  ± 0 .  0 

1 0 7 . 0  ± 1 . 7  

2 3 . 0  ± 1 . 7  

a =  p r e s ented  as  me ans w i th s t andard e r rors . 

b adj u s t e d  to  pH 3 . 2  w i th 0 . 1  N NaOH . 

c = s o l u t i on re f l ux e d  5 m i n  a f ter ac i d i f i c at i o n  w i th 

1 0  N H C l . 

5 . 1 . 4 .  D i s cuss ion ( c ont inue d )  

( S e c t i on 4 . 1 . 2 . )  us i n g  m i x e d  s o l vents . 

Th e maj o r  d i fference  app e a r s  i n  th e TEL content o f  the 

ac i d i c  s o l u t i on whe n  i t  is e x t r a c t e d  at pH 5 . 6  and can b e  

exp l a ined in terms o f  hydr o l y s i s  o f  l imonin t o  i t s hydroxy ­

a c i d , a s  d i s cus s e d  e a r l i e r  (Se c t ion 4 . 1 . 3 . ) . Tha t  i s , from 

t h e s e  r e s u l t s  the ' ' t rue"  l imon i n  s o lub i l i ty i n  r e f l uxed 

a c i di c  aqueous s o l u t i ons is 2 3 . 0 ppm ; th i s  may be comp a r e d  

w i th t h e  v a l ue f o r  " t rue ·" l imonin  s o lub i l i ty e s t imated  from 

the s o l ub i l i ty curve ( F i g . 4 )  as 8 . 5  ppm . The d i s c r ep ancy 

h e r e m ay b e  due to e rr o r s  a r i s i n g  from e x t r apo l a t i on of th i s  

c u rve o r  t o  the fac t that  s om e  o f  the hydroxy a c i d  ( p os s ib ly 

th e un i on i z e d  por t i on )  h a d  b e en ext r a c t e d  a t  pH 5 . 6 .  

As b e fo r e , the appa r e n t  anoma l y  in the s imi l a r i ty o f  th e 

l imon in s o l ub i l i t i e s  i n  aque ous s o lu t i ons a t  pH 3 . 2  and 5 . 6 

i s  e l imina t e d  wh en i t  i s  c ons i d e re d  t h a t  the s o l ut i on a t  
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pH 5 . 6  w a s  n o t  buffe r e d  and e x t r ac t i on w i th s o l vent  wou l d  

e ffe c t i v e l y  sh i f t any i on i z e d  hydroxyac i d  t ow a r d  the 

un i on i z e d  s t ate ( F i g . 5 ) . 

The r e f o r e  th i s  p r o c e dure for  l imono i d  ana lys i s  i nvo lving  

e x trac t i on a t  two pH l eve l s  was us ed in s ub s equen t s tudi e s  

o n  the s o lub i l i z a t i on o f  l imonin i n  c i t rus j u i c e s . 

5 . 2 . E F F ECT OF PASTEUR I ZAT I ON ON L IMONO I D CONTENTS 

OF ORANGE J U I CES AND SERA 

5 . 2 . 1 . Expe r imen t a l 

Wash ing t on Nave l o ranges , wh i ch had b e e n  pi c k e d  a t  Gos f o r d , 

Aus t ra l i a , were  fum i g ated  w i th e thy l ene d ib romi d e  and a i r ­

fr e i gh t e d  t o  Mas s ey Univer s i ty ,  Palme r s t on No r th . Al though 

the fol l ow ing  exp e r iments we r e  commen c e d  w i th in t h r e e  days 

of p i c k i n g , they we r e  not  comp l e ted for up to two weeks , 

during wh i ch t ime the fru i t  was  s to r e d  in a chi l l  r o om a t  

5 C .  N o  o th e r  mate r i a l  was i n  the chi l l  room · and i t  was  

as sumed t h a t  no  s i g n i fi cant changes in l imono i d  c on t ent 

o c curre d  dur ing ch i l l  s to r age , s ince no s uch ch an g e s  h ave 

b e en ob s e rv e d  in f r e s h ly p i ck e d  Nave l o r anges s im i l ar l y  

s t ored i n  Sy dney , Aus t r a l i a  ( N i c o l , p e r s ona l c ommuni ca t i on ) . 

Juice  was  e x tr a c t e d  from the o ranges  us ing a Kenw o o d  e x t r ac t o r  

and pas s e d  thr ough a pulpe r / f in i sher  f i t te d  w i th a 1 0 0  mesh  

s c reen . One  b a t ch of  the  j u i c e  was  l e ft at the n a tural  j u i c e  

p H  of  3 . 2  and the o th e r  was a dj us t e d  t o  p H  5 . 6 w i th 1 N NaOH . 

Samp l e s  o f  the two j u i c e s  w e r e  s ub j e c t e d  to  va r i ous t r e a tme n t s  

a s  rec o r d e d  i n  Tab l e  XXX , and the r e s u l t ant p r o du c t s  w e r e  

s to re d  a t  r o om t emp e rature , t o g e ther  w i th t h e  s e r a  prep a r e d  

from them by cen t r i fug a t i on a t  8 0 0  x g f o r  1 0  m i n . 

L imono i d  ana lys e s  w e r e  c a rr i e d  out on the s amp l e s  a ft e r  

vari ous p e r i o ds o f  s t orage . T o  fa c i l i t a t e  comp a r i s ons b e tween 

s amp l e s  w i th and w i thout pH adj us tmen t , water  w a s  a dded to  

the s amp l e s  w i th n a tu r a l  pH i n  vo lume e qu i va l en t  to  th a t  

n e e d e d  fo r t h e  a d j us tmen t o f  pH ; c ons e quen t l y  n o  a l l ow anc e 

was made f o r  d i l ut i on o f  the pH - adj us t e d  s amp l e s  when l imono i d  
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analys e s  a r e  repor t e d . 

5 . 2 . 2 .  Re s u l t s  

The chan g e s  i n  l imono id content  o f  t h e  Nave l o r an g e  j u i c e s  

s ubj e c t e d  t o  the v a r i ous t r e a tmen t s  a r e  pre s en t e d  in Tab l e  

XXX . 

5 . 2 . 3 .  D i s cu s s i on 

For  the purpo s e s  o f  t h i s  d i s cu s s i on an ini t i a l  a s s ump t i on 

w i l l  b e  made that there  was  n o  d i fference b e tween the r e s u l t s  

ob tained us ing who l e  j u i c e  and s e rum . I n  fac t , as  Tab l e  XXX 

shows , th i s  a s s ump t i o n  i s  n o t  t rue in a l l  38 cas e s  ( th e r e  

were five excep t i on s ) b u t  the s e  excep t i ons w i l l  b e  d i s c us s e d  

l a ter . 

I n  cont r o l  j u i c e  and s erum ( A )  a l l ow e d  t o  s t and w i thout any 

t r e atment , TEL app e a r e d in s o l u t i on a c c o rding to  the 

r e l a t i on s h i p : 

TEL = A - B l o g
e t 

where A i s  the TEL content when t = 0 ;  B i s  a " r a t e  o f  

ch ange" cons t ant ; and t i s  t h e  ho l d i n g  per i o d  i n  hours . 

Al though th i s  r e l a t i onship w a s  s t a t i s t i c a l ly s i gn i fi cant a t  

the 9 9 . 9 % l eve l , i t  h a s  n o  phys i c o - chemical  mean i n g  and a 

mo re mean i n g ful re l a t i onship  w a s  t h e r e fore s ought . 

Th is wa s done by as s uming tha t the s amp l e s ini t i a l ly 

contained 1 4  ppm o f  a non - e x t r a c t ab l e  l imon in p r e cur s o r  

wh ich d i s appeared ( mo l e  f o r  mo l e )  from s o lut i on a s  TEL was 

fo rmed . U s i n g  the mean v a l u e s  from t h e  cont r o l  j u i c e  and 

s e rum , the d a t a  can be f i t t e d  ( s i gn i f i c ant at 9 9 . 9 %  l eve l )  

to  �he re l a t i onship : 

a 
= k t  

a - x 

wh ere a i s  the precur s or l imon i n  c o n t e n t  (ppm) ; x i s  t h e  TEL  

content wh en t = 0 ;  t i s  the  h o l d ing  p e r i od in hours ; and  

k i s  the  s p e c i f i c  r e a c t i on rate  cons t an t . 

The above r e l a t i ons h ip de s c r ib e s  the k i n e t i c s o f  a f i r s t 

o rder i r r e ve rs ib l e  r e a c t i on i n  wh i ch a non - ex t r a c t ab l e  

l imonin p r e curs o r , h e reaft e r  c a l l e d  p r o t o l imonin A ,  i s  



Tab l e  XXX L imon i n  ana l y s e s  o f  Nave l o r ange j u i c e s  and s e r aa s ub j e c t e d  to  vari ous t r e a tments  

Tre a tment b e fore  s t o r age P e r i o d  a f t e r  e x t rac t i on ( hours ) 

1 2 8 1 7  4 1  

W i th no pH adj us tmen t  b e fore  p a s t eur i z a t i on : 

A :  c on t r o l ;  no t r e a tment 1 . 8  3 . 6 8 .  4 1 1 . 6  1 3 . 0 (  9 . 7 ) 

B :  . db p a s t eur 1 z e  1 4 . 1  1 3 . 7  1 4 . 0  1 3 . 5  1 5 . 6  

C :  p a s teur i z edc 9 .  3 9 .  2 9 . 0 8 .  7 1 0 . 8 ( 1 3 . 7 ) 

D :  p a s t eur i z e db ; p H  adj u s t e dd to 5 . 6  6 . 6  7 .  3 7 . 4 7 .  9 7 . 4 

Wi th pH  adj us tment to  5 . 6  b e fore pas teur i z a t i on : 

E :  contro l ; no t r e a tment < 1  < 1  2 .  3 ( < 1) 4 . 0 ( < � 4 . 5 ( 1 . 7 ) 

F :  pas teur i z e db n . d .  3 . 1  3 . 4  4 .  0 4 .  5 

G :  p H  adj us t e d
d to  3 . 2 ;  p a s t eur i z e d c 8 . . 3 9 .  0 8 • 7 1 1 . 3  1 4 . 3  

H :  p a s t eur i z edb ; p H  adj us
.
tedd t o  3 . 2 ;  repa s t eur i z e d  n . d .  1 1 . 4  1 3 . 2  1 4 . 6  1 3 . 6  

a = s e ra  w e r e  p repared  from unp a s t eur i z ed j u i c es w i th i n  2 0  min o f  extrac t i on and from p a s t e ur i z e d  

j u i c e s  w i th i n  4 0  m i n  o f  extra c t i on ; l imon in ana l y s e s  for s era  were not  s i gn i f i cant l y  

d i fferent from tho s e  f o r  j u i c e s  excep t whe r e  two r e s u l t s  are g i ven , t h a t  in b r acke t s  b e ing 

the s e rum r e s u i t . 

b = p a s t eur i z e d  w i th i n  2 0  min o f  e x t r a c t i on . c = pas t eur i z e d  w i th in 4 0  min o f  e x t r a c t ion . 

d = pH r-c;� i s e d  w i th 1 N NaOH ; pH 1o�r ed w i th 1 0  N H C l . 

f--1 
f--1 
-....] 
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conve r t e d  into  TEL . The l ow TEL v a l ue in the s e rum a f t e r  

4 1  h comp a r e d  w i th the j u i c e  c o u l d  b e  due t o  i n c omp l e t e  

le ach i n g  o f  p r e c u r s o r  from a l b e do b e fo re cen t r i fugat i on . 

H i gh ly s i gn i f i cant  d i ffe r e n c e s  i n  T E L  c onten t w e r e  ob t a in e d  

depending on whe t h e r  or no t t h e  s amp l e s  we r e  p a s t e ur i z e d  

20  ( B )  o r  4 0  ( C )  m i n  aft e r  j u i c e  e x t r ac t i on , t h e  forme r 

giving h i gher  t o t a l  l imon i n  c ontents  than the l a t t e r . Th e s e  

di fferenc e s  c ou l d  have b e en d u e  t o  a l imon in p r e curs o r  

degr a d i ng ( LPD)  e n z yme p r e s ent  i n  t h e  a lbedo p a r t i c l e s  

(Ni c o l  and Chand l e r 1 9 7 8 )  b e ing  s u f f i c i ently  a c t ive  a t  

pH 3 . 2 i n  the a dd i t i ona l 2 0  m i n  t o  d e g r ade 4 . 5  - 5 . 0 ppm 

of th e l imonin p r ecurs or i n  j u i c e  h e l d  l ong e r  b e fo r e  

pas teur i z a t i on . Th i s  i s  a h i gh l eve l o f  ac t iv i ty for  t h i s  

enzyme , wh i ch s h ows opt imum a c t i v i ty a t  pH 5 . 6 ,  b u t  no t 

enough i s  known about var i a t i ons in i t s  ac t i v i ty ( excep t that  

it  i s  mo s t  a c t i v e  over a l im i t e d  p e r i o d  of the year)  for  th i s  

sugge s t i on t o  b e  s uppo r t e d  b y  previ ous repor t s . Th e h i gh 

l imonin ana lys e s  re corded for  the l a t e  ( i . e .  4 0  min)  p a s t eur ­

i z ed s e rum a f t e r  4 1  h comp a r e d  w i th t h e  j ui c e  a l s o  s ugg e s t s  

LPD ac t i v i ty i n  the j u i c e  s amp l e  b e fo r e  pas t e ur i z a t i on . Th i s  

diffe r e n c e  m i g h t  have b e e n  e xp e c t e d  t o  show up a t  e ar l i e r  

withdraw a l s b u t  w i th a l b e d o  p ar t i c l e s  i n  th e j u i ce b e ing b o th 

the s ou r c e  o f  the l imon in p re c urs o r  and the LPD en zyme , the 

sys tem i s  prob ab l y  too c omp l ex t o  g i ve such a d i re c t  r e s ul t .  

Th e fina l v a l u e  r e c o rded f o r  the l imon in conc e n t r a t ion i n  

the unpa s t eur i z e d  j ui c e  (A)  w a s  i n t e rm e d i a t e  b e tween the 

va lues r e c o r d e d  for  the two p a s teur i z e d  j u i c e s . I n  the 

unpas t e u r i z e d  j u i c e , act i v i ty of th e LPD en zyme wou l d  h ave 

cont inu e d  un t i l  i t  was s t opped by hy dr o gen i on i na c t iva t i o n  

o r  produ c t  i nh ib i t i on .  I t  i s  the r e f o r e  to b e  expe c t e d  t h a t  

th e fina l r e c o r d e d  va lue i n  the unp a s t e ur i z e d  j u i c e  wou l d  b e  

l ower than tha t  o f  t h e  p a s t eu r i z e d  j u i c es . Th i s  i s  the c a s e  

w i th t h e  j u i c e  p a s t eur i z e d  2 0  min  a f t e r  e x t r a c t i on ( B )  b u t  

n o t  w i th t h e  j u i c e  pas teur i z e d  4 0  m i n  a f t e r  e x t r a c t i on . The 

fac t th a t  th i s  l a t t e r  j u i c e  h a d  a l ow e r  va l ue than the 

cont ro l j u i c e  s u g g e s t s  th a t  the c onve r s i on o f  p r o t o l imonin A 

into e x t r a c t ab l e  l imon in i s  more  e f f i c i ent ( th o ugh l e s s  

rap i d )  i n  j u i c e  a l l owed t o  s t and a t  r o om temp e r a ture th an in 
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proces s ed j u i c e  wh e r e  s i de r e ac t i ons may r e duce the e f f i c i e ncy 

of the conve r s i on . 

Ove r th e 4 0  h p e r i o d  there was only a s l i ght  inc r e a s e  i n  TEL  

in b o th p a s t eur i z e d  j u i c e s , s u g ge s t i n g  that very l i t t l e  

p r e cur s o r  r ema ined a f t e r  p a s t eur i z a t i on , s ome b e i n g  conve r t e d  

t o  TEL w i th the rema inder o the rw i s e  d e g r a ded . 

When p a s t e ur i z e d  j u i c e  was adj us t e d  t o  and he l d  a t  pH 5 . 6  

s o  tha t no ac i d i c - type l imono i ds we r e  e x t r a c t e d  by the s o l vent  

( D ) , the  a c tual  l imonin ana l y s e s  s o on l e ve l l e d  out at  

7 . 5  ± 0 . 3  ppm . Th i s  result  s u g g e s t s  th a t  ab out 8 5 %  o f  the 

TEL in the normal pas t eur i z e d  s amp l e  w a s  ac tua l ly l imon i n . 

On the o t h e r  hand , when the j u i c e  was  a d j us te d  t o  a pH o f  5 . 6  

w i thout p as t eur i z at ion ( E ) , t h e  ac tua l l imonin contents  w e r e  

l ow , inc r e a s ing from 1 ppm t o  4 . 5  ppm a f t e r  4 0  h .  The 

conver s i on o f  precurs o r  to  e x t r a c t ab l e  l imon i n  w o u l d app e a r  

t o  b e  mo r e  r ap i d  a t  n a tural j u i c e  pH  t h an at pH  5 . 6 .  

I n  s amp l e s  pas teur i z e d  at pH 5 . 6  ( F ) , there  was an apparent  

s l i gh t  inc r e a s e  in ac tua l l imon i n  from 3 . 1  ppm a t  2 h t o  

4 . 5  ppm a t  4 1  h ,  sugg e s t ing th a t  c onve r s ion o f  p r e curs o r  

l imon in w a s  n o t  comp l e t e unde r  th e s e  c o nd i t i ons . I n  j ui c e s  

a d j us t ed t o  p H  5 . 6  ( E  and F )  t h e r e  w a s  no  d i ffer ence i n  t h e  

final  l imon i n  conten t s , whe th e r  th e j u i c e s  had b e en 

p a s teur i z e d  o r  not . .  

Wh en s amp l e s pas teur i z e d  at pH  5 . 6 w e r e  readj us t e d  to  pH 3 . 2  

and repa s t e u r i z e d  ( H ) , h i gh TEL  c on t e n t s  were  a g a in r e c o r de d , 

though no t quite  a s  h i gh as i n  j u i c e s  p a s teur i z e d  d i r e c t l y  

at pH 3 . 2 ,  p o s s ib l y  b e caus e s i d e  r e ac t i ons und e r g one b y  the 

pr ecurs o r s  a t  pH 5 . 6  r e duc e d  t h e  ove r a l l conve r s i on to  

l imoni n . I n  the s e  s amp l e s  a l s o  the r e  was  evi dence for a mo r e  

s i gn i f i cant  inc r e a s e  i n  T E L  c on t e n t s  dur ing s t o r a g e  than i n  

s amp l e s  p a s t eur i z e d  d i re c t l y  a t  p H  3 . 2  ( B and C ) . Al though 

th e evidence i s  s c anty , it  i s . p o s s ib l e  that t r e a tment a t  

pH 5 . 6  c onve r t e d  t h e  precur s o r  to  a p r o duct wh i c h  w a s  l e s s  

re adi ly  c onve r t e d  t o  TEL a t  p H  3 . 2  than the p r e c u r s o r  i t s e l f �  

Th at th i s  c onve r s i on o f  p r e cu r s o r  a t  p H  5 . 6 d i d  n o t  requ i r e  

heat  i s  i nd i c a t e d  b y  the f a c t  t h a t  t h e  incr e a s e  i n  TEL c on t ents  
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in the s t o r ed j u i c e  was even great er  wh en the j u i ce ( G )  was  

not  p a s t e ur i z e d  at  pH  5 . 6 b e fore ac i d i f i ca t i on and pas t eur ­

i z a t i on a t  pH 3 . 2 .  

Howeve r ,  c omp a r i s ons o f  t h e  s amp l e s  p a s t eur i z e d  ( H )  and 

unpas t e u r i z e d  ( G )  at pH 5 . 6 b e fore adj us tment t o  pH 3 . 2  and 

pas teur i z a t i on c o n f i rm the c o nve rs i on of p r e c ur s o r  to  TEL  a t  

pH 5 . 6 ,  p r evious l y  demons t r a t e d  by c omp ar i s on o f  j u i c e s  

( F  and E )  s t o r e d  w i th and w i thout p a s teuri z a t i o n  at p H  5 . 6 .  

Th i s  wo rk demons t r a t e s  tha t the s o l ub i l i z a t i on o f  l imon in 

in c i trus j u i c e  

be en s u g g e s t e d . 

s l owly dev e l op s  

i s  a mo r e  c omp l ex proc e s s  than h a d  p r e v i o u s ly  

Dur ing the p e r i od over wh i c h  b i t t e rne s s  

i n  the f r e s h l y  extrac t e d  j u i c e , o r  dur ing the 

short p a s t eur i z a t i on t r e a tmen t , cons i de r ab l e  chan g e s  o c cur 

qua l i t a t iv e ly and quan t i t a t i ve ly in the l imono i d  comp o s i t i on 

o f  the j u i ce . Sub s e quent e xp e r imen t s  s ough t a b e t t e r  und e r ­

s t and ing  o f  the p r o c e s s e s  i nvo lved . 

5 . 3 .  E F FECT O F  HOLD I NG T I MES ON L I MONO I D  C ONTENTS 

OF  UNPASTEUR I Z E D  JU I CE S  AND SERA 

5 . 3 . 1 .  Exp er imen t a l  

Carter  Nav e l  o r an g e s  p i c k e d  f r om the Mas s ey Un i v e r s i ty o r chard 

were us e d  for the fo l l ow in g  e xperimen t s . Th e fru i t  no t us e d  

imme d i a t e l y  w a s  s t o re d  f o r  a max imum o f  2 d ays i n  a ch i l l  r o om 

at 5 C b e fore  b e i n g  u s e d . 

Ju ice w a s  ex t r ac t e d  from t h e  fru i t  us ing a Kenw o o d  e x t r a c t o r  

and pas s ed through a p u l p e r / f i n i s h e r  f i t ted w i th a 1 0 0  m e s h  

s c reen b e f o r e  b e i n g  s ub j e c t e d  to t h e  fo l l ow ing  t r e a tmen ts : 

( a )  h e l d  a t  r o om t empe r a tu r e  and s amp l e d pe r i od i c a l ly f o r  

ana ly s i s  a s  who l e  j u i c e ; 

( b )  c en t r i fuged i mm e d i a t e ly and the s e rum he l d  a t  room 

temp e r a ture and s amp l e d  p � r i o d i c a l l y ; 

( c )  h e l d  a t  r o om t emp e r a tu r e  f or 1 h b e fo re b e in g  cen t r i fug e d : 

s e rum h e l d  a t  r o om t emp e r a ture and s amp l ed p e r i o d i c a l ly ; - · 

( d )  h e l d  a t  room t emp e r a t u r e  for 4 h b e fore  b e ing  cen t r i fuge d : 

s e rum h e l d  a t  r o om t e mp e r a ture and s amp l e d  p e r i o d i c a l l y . 
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At each w i thdrawa l , three s amp l e s  o f  j u i c e  o r  s e rum were  

t aken and the l imon i n  content d e t e rm in e d  in e ach a s  fol l ows : 

the f i r s t s amp l e  was  e x t r a c t e d  w i thout fur the r  t r e a tmen t ; 

the s e cond s amp l e  was  adj u s t e d  t o  pH 5 . 6 p r i o r  t o  extrac t i on , 

wh i l e  the t h i r d  s amp l e  was h e a t e d  a t  9 0  c · fo r  5 m i n  and 

rap idly  c o o l e d b e fo re commencing the l imonin d e t e rminat i on . 

5 . 3 . 2 .  Re s u l t s  

The s e  a r e  s ummar i z e d  i n  Tab l e s  XXXI t o  XXX I V . 

5 . 3 . 3 .  D i s cus s i on 

Th e mo s t  s t r iking fe a ture of t h e s e  r e s u l t s  i s  the evidence 

they prov i d e  fo r the p res ence of two l imonin p r e cu r s o r s  in 

o range J U l C e . On examina t i on of Tab l e  XXXI , i t  is  s e en that 

b o th TE L e x t r a c t ab l e  at pH 5 . 6  ( wh i ch r e p r e s e n t s  d i l ac t one 

l imonin)  and TEL d i r e c t ly e x t r a c t ab l e  at pH 3 . 2  (wh i ch has 

b e en as sume d to measure l imon i n  and i t s  a c i d i c  p r e curs o r )  

increas e s l owly o n  s t anding . Th e r e fo r e  there mus t b e  a 

s e cond l imonin precur s o r , n o t  e x t r a c t ab l e  a t  e i th e r  pH 3 . 2  o r  

5 . 6 ,  to  a c count for these  inc r e a s e s . 

Th e ex i s tence  of  th i s  s e cond non - ex t r ac t ab l e  p r e c u r s o r  i s  

fur ther demons t r a t e d  b y  the r e s u l t s o f  TEL ana l y s e s  made 

a ft er h e a t ing th e j u i c e  a t  pH 3 . 2 ,  th i s  t r e atment c onve r t i n g  

the s e cond p r ecur s o r  t o  TEL . Whe r e a s  the T E L  content  d e t e r ­

m ined a f t e r  heat ing . re aches  a max imum a f t e r  ab out 2 4  h ,  

n e i ther the TEL e x t r a c t ab l e  a t  pH  5 . 6 ,  n o r  that e x t r ac tab l e  

a t  p H  3 . 2 ,  r e ach a max imum , t h e  l a t te r  a lways b e in g  s l i gh t l y 

b u t  s i gni f i cant ly h i gh e r  than the fo rme r . I n  s ub s e quent 

d i s cus s i ons , the s e  two precur s o r s  w i l l  b e  r e fe r re d  to as  

p r o t o l imon i n  A and p r o t o l imon i n  B .  

P r o t o l imon i n  A i s  the non - e x t r a c t ab l e  p r e cur s o r , p r e sumab l y  

a much mo r e  water - s o l ub l e  c ompound than e i ther  l imonin o r  

p r o t o l imon i n  B ;  i t  c ou l d  b e  a s t rong a c i d  and / o r  a comp ound 

w i th s eve r a l  hydroph i l i c  g r oup s . I t  i s  c onve r t e d  t o  l imon i n  

o r  pro t o l imonin B by h e a t  t r e a tment o r  b y  a l l ow ing  the j u i c e  

t o  s t and a t  r o om temp e r ature . P r o t o l imonin B i s  a weakly 

a c i dic  comp ound , ext r a c tab l e  b y  o r g an i c  s o lven t s  and r e ad i ly 

c onver ted  t o  l imon in during the ana l y t i c a l  p r o c e dure . 



Tab l e  XXX I 

T ime a f t e r  

e x t rac t i on 

( h )  

0 

� 

1 

2 

4 

8 

2 4  

4 8  

Chang e s  i n  the l imono i d  content
b 

o f  C a r t e r  Nave l or ange j u i c e  

TEL a t  T E L  a t  

p H  3 . 2  pH 5 . 6  

< 1  < 1  

< 1  < 1  

< 1  < 1  

1 . 7  < 1  

3 . 4  2 . 4 

7 . 1  4 .  7 

1 5 . 0  1 3 . 4  

1 8 . 1  1 5 . 5  

TEL a f t e r  

h 
. c e a t ing a t  

pH 3 . 2  

1 3 . 6  

1 2 . 2  

1 3 . 2 

1 3 . 2  

1 7 . 6  

1 7 . 2  

1 9 . 1  

1 8 . 5  

Limono i d  content (ppm) 

P r o t o l imonin P r o t o l imonin 

A B 

> 1 7 . 8  0 

> 1 7 . 8  0 

> 1 7 . 8  0 

1 7  . 1  > 0 . 7 

1 5 . 4  1 . 0  

1 1 . 7  2 . 4  

3 . 8  1 . 6 

0 .  7 2 . 6 

L imon in 

< 1  

< 1  

< 1  

< 1  

2 .  4 

4 .  7 

1 3 . 4  

1 5 . 5  

I nc r e a s e  in 

TELd a f t e r  

h . c e a t i n g  

> 1 2 . 6  

> 1 1 . 2  

> 1 2 . 2  

1 1 . 5  

1 4 . 2  

1 0 . 1  

4 . 1  

0 . 4 

a = s e e  foo tno t e s  on next page ; the max imum TEL c on t ent in the j u i c e  a ft e r  h e a t i n g  was t aken 

as the me an of the l a s t  two wi thdrawa l s  ( 1 8 . 8 ppm) . 

� 
N 
N 
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F oo tnotes  for T ab l e  XXXI : 

b = l imonin was me a s ur e d  by extrac t i on a fter pH adj us t me n t  

t o  5 . 6 ;  p r o t o l imon in A w a s  e s t i mat e d  a s  t h e  d i f fe r en c e  

b e tween the maximum TEL  content  ( l imonin a n d  pro t o ­

l imonins ) d e t e rmined a f t e r  he a t ingc , and the TEL c o n t e n t  

d e t e rmined a t  pH  3 . 2  a t  that w i thdrawal ; p r o t o l imo n i n  

B w a s  e s t i m a t e d  a s  the d i fference b e tween T E L  ana l y s e s  

a t  p H  3 . 2  and 5 . 6 .  

c = 5 min at 9 0  C .  

d = the amount o f  l imon in formed from the p r o t o l imon i n s  on 

h e a t ing
c is r ep r e s en t e i  by the d i ffe renc e b e tween T E L  

a t  pH 3 . 2  i n  he a t e d  a n d  unhe a t e d  s amp l e s . 



Tab l e  XXX I I
a 

Chan g e s  in the l imono i d  c ontentb 
o f  C a r t e r  Nave l o r ange s e rum prepared 

i mme d i a t e l y  a ft e r  j u i c e  e x t r ac t i on 

T ime a f t e r  L imono i d  content (ppm) 

e x t r a c t i on TEL a t  T E L  at TEL a f t e r  P r o t o l imonin P r o t o l imonin L i monin I nc r e a s e in 

pH 3 . 2  pH 5 . 6  heat ing 
c 

at  A B d 
TEL a f t e r  

pH 3 . 2  heat ing c 

0 < 1  < 1  n . d .  > 2 3 . 9  0 < 1 

2 0  min < 1  < 1  1 2 . 6  > 2 3 . 9  0 < 1  > 1 1 . 6  

4 0  min  < 1  < 1  n . d .  > 2 3 . 9  0 < 1  

1 h < 1  < 1  1 1 . 9  > 2 3 . 9  0 < 1  > 1 0 . 9  

2 1 . 7  < 1  n . d .  2 3 . 2  > 0 . 7  < 1  

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

8 9 . 0  7 . 0 1 5 . 3  1 5 . 9  2 . 0 7 .  0 6 . 3  

2 4 . 1 1 . 8  7 .  9 n . d .  1 3 . 1  3 . 9 7 .  9 

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

a = s e e foo tno t e s  for Tab l e  XXX I ; the max imum TE L c ontent i n  the s e rum after  he a t i n g  was  

t aken a s  2 4 . 9  ppm . 

f-1 
N 
� 



Tab l e  XXX I I I a 
Chang e s  in the l imono i d  cont entb o f  C a r t e r  Nave l o r ang e s e rum prepare d 

1 h a f t e r  j u i c e  extrac t i on 

T i me a f t e r  L imono i d  c ont ent (ppm) 

e x t r a c t i on TEL a t  TEL a t  T E L  a f t e r  P r o t o l imon in P r o t o l imon in L i mon in  I n c r e a s e  i n  
( h )  

pH 3 . 2  pH 5 . 6  heat ing 
c 

a t  A B d 
TEL a f t e r  

p H  3 . 2  he a t i n g  
c 

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

2 3 . 6  1 . 9  1 0 . 3  1 1 . 4  1 . 7  1 . 9 6 .  7 

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

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

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

a =  s e e foo tno t e s  for Tab l e  XXX I ; in  t h i s  c a s e  the max imum TEL c o n t ent a f t e r  he a t ing was 

t aken a s  1 5 . 0  ppm . 

...... 
N 
c.n 



Tab l e  XXX IVa Changes  in the l imono i d  content
b 

o f  C a r t e r  Nave l o r ang e s e rum p r e p a r e d  

4 h a ft e r  j u i c e  extrac t i on 

T ime a f t e r  

extrac t i on 

( h )  

4 

5 

6 

2 4  

TEL a t  

p H  3 . 2  

4 . 5  

3 . 4  

7 . 8  

8 . 2  

TEL a t  

pH 5 . 6  

1 . 0 

1 . 6  

2 . 0 

7 .  2 

TEL a f t e r  

heat ingc a t  

pH 3 . 2  

1 2 . 2  

1 1 . 5  

1 2 . 4  

1 4 . 9  

L i mono i d  content (ppm) 

P r o t o l imon in 

B 

3 . 5  

1 . 8 

5 . 8  

1 . 0 

L imon in 

1 . 0 

1 . 6 

2 .  0 

7 .  2 

I nc r e a s e  i n  

TEL
d 

a f t e r  

h 
. c e a t 1ng 

7 .  7 

8 . 1  

4 . 6 

6 .  7 

a = s e e f o o tn o t e s  f o r  Tab l e  XXX I ; c a l cu l a t i ons o f  p r o t o l imon in A conten t  have not  b e en made 

b e c aus e cons i de r ab l e  amounts  of p r o t o l imonin A were s t i l l  pres ent a ft e r  2 4  h ,  as  shown by 

the d i ffe rence b e tween TEL det ermined b e fo re and after  heat ing a t  pH 3 . 2 .  Th i s  means 

that the amoun t of TEL fo rmed on h e a t ing a ft e r  2 4  h wou l d  no t p r ovide  a r e a l i s t i c  

measuremen t o f  the max i mum TEL conten t . 

I-' 
N 
Q'\ 
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An es t ima t e  o f  p ro t o l imon in c ontent  a t  each w i t h d r aw a l  i s  

provided b y  the d i f fe rence b e tw e en the max imum T E L  c o n t e n t  

ex trac t ab l e  a t  pH 3 . 2  a f t e r  h e a t ing  a n d  the TEL c on t e n t  

ext rac t ab l e  a t  pH 3 . 2  at  t h a t  w i thdr awa l .  Th i s  m a y  p r o v i d e  

a n  under e s t ima t e  s in c e  t h e  he a t - c a t a lys ed conve r s i on o f  

protol imo n i n  A i n t o  TEL ( shown b y  the  increas e i n  TEL a f t e r  

heating ) i s  only about  6 0  - 7 0 %  e f fi c i ent . An e s t ima t e  o f  

protol imonin B c o n t e n t  i s  p r o v i d e d  by the d i f f e r e n c e  b e tw e e n  

T E L  extr a c t e d  a t  p H  3 . 2  and 5 . 6 .  A s  p r evious l y , TEL  e x t r a c t ­

ab le  at  p H  5 . 6  p rov i d e s  a me a s ur e  o f  the di l a c t o n e  l imon i n  

c ontent . Tab l e s  XXX I t o  XXX I V  s how v a l ues f o r  p r o t o l imon i n  

A ,  pro t o l i mon in B a n d  l imon i n  c a l cu l a t e d  in th i s  w ay , 

together w i th the amount o f  p r o t o l imon i n  A c onve r t e d  i n t o  

T E L  on h e a t ing . 

F r om Tab l e  XXX I , i t  appears  t h a t  the d i l act one l imonin c o n t en t  

o f  the j u i c e  i n c re a s e s  o n  s t anding wh i l e  t h e  p ro t o l i mon i n  A 

c ontent d e c r e as e s . L i t t l e  change o c cu r s  w i t h i n  t h e  fi r s t  

2 h and i t  i s  only a f t e r  th i s  p e r i o d  th at app re c i ab l e  amoun t s  

o f  pro t o l imonin B a c cumul a t e , r e ac h i ng a compar a t i v e ly 

cons tant l ev e l  a f t e r  8 h .  

Th e s e rum from the j u i c e imme d i a t e l y  a f t e r  e x t r a c t i o n  ( T ab l e  

XXX I I ) , a l though s h ow i ng the s ame g e n e r a l  p a t t e rn i n  the  

changes i n  its  l imono i d  content  a s  the j ui c e , s h ow e d  s ome 

s i gn i f i c a n t  d i f fe r e n ce s . F i r s t l y , the f inal TE L e x t r a c t ab l e  

a t  pH 3 . 2  e i th e r  w i th or w i thout h e a t ing was cons i de r ab l y  

( 3 0 % )  h i gh e r  than the  comp a r ab l e  value  for the j u i c e , 

indica t i n g  t h a t  the a l b e do - as s o c i a t e d  LPD en zyme h a d  b e en 

a c t ive in the j u i c e  b u t  no t i n  the s e rum .  S e c on d l y , th e 

p r o t o l imon i n  B content  inc r e a s e d  t o  a c ons iderab l y  h i gh e r  

l eve l i n  the s erum t h an i n  the j u i c e , s ugges t ing  t h a t  i t  w a s  

the sub s t r a t e  for  t h e  L P D  en zyme . A l ower e f fi c i e ncy i n  the  

h e a t - c a t a l y s e d  conv e r s ion of  p r o t o l imonin A t o  l imon in c an 

b e  noted in the s e rum but a s  y e t  no exp l anat i on c a n  b e  o f f e r e d  

f o r  th i s . 

S e ra cen t r i fuged 1 and 4 h a f t e r  e x t r a c t i on ( Tab l e s  XXX I I I  

and XXX IV)  s h owed n o  c ons i s t e n t  s i gn i fi c ant d i f fe r en c e s  i n  

l imono i d  c on t en t  f r om the s e rum p r e p a r e d  imme d i a t e l y  ( Tab l e  
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XXX I I ) . L imonin cqnt e n t s  r o s e  t o  a me an value  o f  8 . 3  ± 1 . 2  

ppm a f t e r  2 4  h .  Some d i f fe rences  s howe d  up b e tween the s e r a ,  

mo s t  n o t ab l y  the a l mo s t  comp l e t e d i s appearanc e a f t e r  2 4  h o f  

p ro t o l imon in B from t h e  s e rum prepare d  1 h a ft e r  e x t r a c t i on 

c omp a r e d  w i th i t s h i gh c oncen t r a t i on in the s e rum p r e p a r e d  

l a t e r . However , the r e  a r e  no c ons i s tent e f f e c t s  that  c o u l d  

b e  a s c r ib e d  to  the de l ay in c en t r i fugat ion a ff e c t ing e i th e r  

the e x t en t  o f  L PD enzyme act i v i ty o r  the di ffus i o n  o f  

l imono ids  from the a l b e do p a r t i c l e s . I ns t e ad , comp a r i s on 

w i th r e s u l t s from the j u i c e  i t s e l f  sugge s t  t h a t  the l imono i d s  

imme d i a t e ly p a s s ed i n t o  s o l ut i on i n  t h e  e x t r a c t e d  j u i c e , 

s in c e  they apparen t l y  r e ached a h i g h e r  conc en t r a t i on i n  the 

s e rum prepared imme d i a t e l y than in the j u i c e . 

However , s ince  albedo p a r t i c l e s  a r e  the s ou r c e  o f  b o th 

l imono i ds and the LPD en zyme s , i t  i s  pos s ib l e  that  fre s h l y  

e x t r a c t e d  j u i c e  in i t i a l l y had  a h i gher t o t a l  l imono i d  c on t e n t  

than r e c o rde d , and th a t  d e g r a da t i o n  b y  t h e  L P D  enzyme was  

t ak ing p l ace  contemp o r an e ous l y  w i th the d i f fus i on of  l imono i d s  

from t h e  a lb e do . Such a dynam i c  s i tua t i on c o u l d  a c c ount f o r  

t h e  f a c t  t h a t  very l i t t l e  app e a r s  t o  h ave h appened in e i th e r  

j ui c e  o r  s e r a  during t h e  f i r s t few hours a f t e r  e x t r a c t i on . 

I t  c o u l d  a l s o  a c count f o r  the d i s c repanc i e s that  app e a r  in 

the r e s u l t s  r e c orded f o r  s e r a . For examp l e , a t  24  h the  TEL  

cont ent ( a f t e r  heating)  i n  the s e r a  prepared  1 and  4 h a f t e r  

e x t r a c t i on ( 1 5 . 0  and 1 4 . 9  ppm) w a s  l ower than t h a t  in the 

j u i c e ( 1 8 . 5  ppm) wh en i t  wou l d  be e xp e c t e d to b e  h i gh e r  from 

c omp a r i s on o f  the r e s u l t s  from j u i c e  and s e rum p r e p a r e d  

imme d i a t e ly . 



5 . 4 .  E F F E C T  OF HEAT TREATMENTS ON L I MONO I D  CONTENTS 

O F  JU I CE S  AND SERA 

5 . 4 . 1 . E xp e r imen t a l  

1 2 9 . 

C ar t e r  Nave l orang e s  were p i ck e d  from the  Mas s ey Un i ve rs i ty 

o r chard and w i th in one hour the  j ui c e  was  e x t r a c t e d  from the  

fru i t  us i n g  a Kenwo o d  e x t r a c t o r . Aft e r  p a s s ing through a 

pulper/ f i n i s h e r  f i t t e d  w i th a 1 0 0  me s h  s c reen , the  j u i c e  was  

d i vi de d  into  two p a r t s : t o  one p a r t  was  added s uf f i c i ent 

1 N NaOH ( approx ima t e l y  1 1 %  v/v)  to ra i s e  the  pH from 3 . 4  to  

5 . 6 .  No p H  adj us tment o r  water add i t i o n  was  made t o  the 

o ther p a r t , b ut to s i mp l i fy c omp a r i s ons , ana l y s e s  r e p o r t e d  

t a k e  i n t o  a c c ount the s e  d i lut i ons . 

Th e two j u i c e s  were  p l a c e d  in c o n i c a l  f l a s k s  ( 5 0 0  mL)  and 

h e a t e d  r ap i d l y  to 9 0  C ove r a buns en b e fo r e  p l a c i n g  in an o i l  

b a th ma i n t a ined  a t  9 0  ± 1 C .  Th e j u i c e s  w e r e  s amp l e d for 

l imonin c o n t e n t  pe r i o d i c a l ly a s  fo l l ows . For the  j u i c e  h e l d  

a t  pH 3 . 4 ,  two a l iquo t s  were  t ak en a t  e a ch s amp l i n g  and p r i o r  

t o  the l imon i n  de t e rminat i on , one al iquo t w a s  a d j us t e d  t o  

p H  5 . 6  w i th 4 N NaOH , the o t h e r  al iquo t b e ing ana l y s ed 

d i r e c t l y . F o r  the j u i c e  h e l d  a t  pH 5 . 6 ,  t h r e e  a l i qu o t s  were  

t aken at  e ac h  s amp l ing and pr i o r  to the l imonin d e t e rmina t i on,  

one a l iquo t was adj us ted  t o  pH 3 . 2  w i th 10 N HCl and an a lys e d  

w i thout h e a t ing , one w a s  adj us t e d  to  p H  3 . 2 ,  h e a t e d  t o  and 

h e l d  at 9 5  C for 5 m i n  and then c o o l e d  r ap i d l y  to r o om 

temp e r a t u r e  b e fore  analys i s , and the o th e r  was  ana l y s e d  a t  

pH 5 . 6 .  

F ru i t  p i ck e d  at the s ame t ime as  tha t  u s e d  f o r  the  above 

exp e r imen t w a s  h e l d  i n  a chi l l  r oom a t  5 C f o r  5 d ay s  b e fo r e  

the j ui c e w a s  e x t r a c t e d  and s c r e ened as  de s c r i b e d  ab ove and 

then cent r i fu g e d  at 8 0 0  x g for 10 min to s ep a r a t e  the 

i n s o l ub l e  s o l i ds . The s e rum was  then t re a t e d  i n  an ident i c a l  

manne r t o  t h a t  des c r ib e d ab ove for the j u i c e . 

5 . 4 . 2 .  Re s u l t s 

The s e  a r e  s umma r i z e d  in Tab l e s  XXXV t o  XXXV I I I . 



Tab l e  XXXVa Change i n  the l imono i d  contentb o f  C a r t e r  Nave l orange j u i c e  h e l d  a t  9 0  C 

T ime a f t e r  L imono i d  c ont ent ( ppm) 

extrac t i on TEL a t  TEL a t  Pro t o l imon in P r o t o l imonin L i mon in 
( h )  pH 3 . 4  pH 5 . 6  A B 

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

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

1 2 2 . 7 2 1 . 1  2 . 7 1 . 6  2 1 . 1  

4 2 1 � 2  2 3 . 1  4 .  2 - 2 3 . 1  

8 2 6 . 3  1 9 . 3  - 7 .  0 1 9 . 3  

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

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

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

a =  s e e  foo tno t e s  for  Tab l e  XXX I ; c a l cu l a t i on o f  p r o t o l imonin A c ontent  b a s e d  on a s s ump t i on 

that  max imum TEL content a t  pH 3 . 4  (mean va lue a t  l a s t four w i thdrawa l s  2 5 . 4  ppm) wou l d  

n o t  b e  d i fferent  from maximum TEL content a f t e r  h e a t i ng a t  p H  3 . 4 .  

I-' 
LN 
0 



T ab l e  XXXVI a Chan g e s  i n  the l imono i d  contentb o f  C a r t e r  Nave l o r ange j u i c e  he l d  at  9 0  C 

a ft e r  adj us tment o f  pH to 5 . 6  

Time a f t e r  L imono i d  c ontent (ppm) 

e x t r a c t i on 

( h )  

0 

� 

1 

4 

8 

2 4  

4 8  

1 2 0  

TEL a t  

pH 3 . 2  

3 . 1  

1 5 . 8  

2 0 . 7  

1 8 . 9  

2 2 . 1  

2 0 . 9  

2 1 . 2  

1 9 . 5  

TEL a t  

p H  5 . 6  

< 1 

1 2 . 7  

1 5 . 8  

1 7 . 4  

1 7 . 1  

2 0 . 0  

1 8 . 3  

1 7 . 6  

TEL a f t e r  

h e a t ing c a t  

pH 3 . 2  

2 3 . 2  

2 2 . 2  

2 2 . 2  

2 2 . 1  

2 1 . 2  

2 1 . 7  
\ 

2 1 . 2  

2 1 . 7  

P r o t o l imonin 

A 

1 9 . 1  

6 . 4  

1 . 5  

3 . 3  

0 . 1  

1 . 3  

1 . 0 

2 .  7 

P r o t o l imo n i n  L imon in 

B 

> 2 . 1  < 1 

3 . 1  1 2 . 7  

4 . 9  1 5 . 8  

1 . 5  1 7 . 4  

5 .  0 1 7 . 1  

0 . 9 2 0 . 0  

2 . 9 1 8 . 3  

1 . 9 1 7 . 6  

a =  s e e  f o o tno t e s  for  Tab l e  XXX I ; the maximum TEL content a f t e r  he a t in g  was  taken as  the 

mean of a l l  ana l y s e s  ( 2 2 .  2 ppm) . 

1--' 
VI 
1--' 



Tab l e  XXXV' I I a Chang e s  i n  the l imono i d  contentb o f  C a r t e r  Nave l o r ange s e rum prepared 

i mmed i at e l y  a ft e r  j u i c e  e x t r a c t i on and h e l d  a t  90  C 

T ime a f t e r  L imono i d  cont ent ( ppm) 

e x t r a c t i on TEL a t  T E L  a t  P r o t o l imon i n  P r o t o l imon in L imon i n  
( h )  p H  3 . 4  pH 5 . 6  A B 

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

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

4 2 5 .  2 1 7 . 5  4 . 3  7 . 7 1 7 . 5  

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

2 4  2 2 . 3  2 3 . 2  7 . 2 - 2 3 . 2  

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

1 2 0  2 9 . 7  2 9 . 6  - 0 . 1  2 9 . 6  

a =  s e e f o o tno t e s  for  Tab l e  XXX I ; c a l cul a t i o n  o f  pro t o l imon i n  A c ontent b a s e d  on a s s ump t i on 

t h a t  max imum TEL c ontent a t  pH 3 . 4  (me an value a t  l a s t  two w i thdrawa l s  2 9 . 5  ppm) wou l d  no t 

b e  d i ffer ent from max imum TEL conten t  a f t e r  h e a t ing a t  pH 3 . 4 .  

1-' 
tl'l 
N 



Tab l e  XXXV I I I a Ch anges  in the l imono i d  contentb o f  C a r t e r  Nave l o r ange s e rum p r ep a r ed 

imme d i a t e l y  a f t e r  e x t r a c t i on and he l d  a t  9 0  C a f t e r  adj us tment to  pH 5 . 6 

T ime a f t e r  L imono i d  content ( ppm) 

extr ac t i on 

( h )  

0 

1 

4 

8 

2 4  

4 8  

9 6  

TEL a t  

pH 3 . 2  

6 . 3  

2 2 . 2  

2 2 . 0  

2 0 . 9  

1 9 . 9  

3 5 . 3  

2 9 . 8  

TEL a t  

p H  5 . 6  

< 1  

1 7 . 9  

2 1 . 7  

1 9 . 3  

1 6 . 3  

2 3 . 5  

2 0 . 2 

TEL a f t e r  

h e a t ing c a t  

p H  3 . 2  

1 8 . 4  

3 3 . 3  

3 4 . 0  

3 2 . 0  

3 1 . 9  

n . d .  

3 1 . 1  

P r o t o l imonin 

A 

2 6 . 2  

1 0 . 3  

1 0 . 5  

1 1 . 6  

1 2 . 6  

2 . 7  

P r o t o l imonin 

B 

> 5 . 3  

4 .  3 

0 .  3 

1 . 6  

3 . 6  

1 1 . 8  

9 . 6 

L imon in 

< 1  

1 7 . 9  

2 1 . 7  

1 9 . 3  

1 6 . 3  

2 3 . 5  

2 0 . 2  

a =  s e e f o o t n o t e s  for  Tab l e  XXX I ; the max i mum TEL content a ft e r  h e a t i n g  was  taken as  the 

mean of the l as t  f i ve w i thdrawa l s  ( 3 2 . 5  ppm) . 

1-' 
tN 
tN 
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5 . 4 . 3 .  D i s cus s i on 

B e fore d i s cu s s ing t h e  above r e s u l t s , re ference mus t  b e  made 

to  the di f f i cul t i e s  i n  e s t ab l i sh ing a t rue z e r o  t ime for the  

sys t ems und e r  s tudy . The very nature o f  the j u i c e  e xt r a c t i on 

proce s s , e s p e c i a l l y  from l ar g e  b a tches  o f  fru i t , and the 

p e r iod r e qu i red f o r  c en t r i fu g a t i on and pH adj us tmen t , i mp o s e  

a barr i e r  t o  ens u r i n g  the d e g r e e  o f  un i form i t y  t h a t  i s  

p o s s ib l e  w i th s imp l e  mode l s y s t ems . Cons equen t ly i t  i s  

b e l i eved th a t  t h e  d i fferenc e s  i n  the analyt i c a l  r e s u l t s  

r e c o rded f o r  the v a r i ous t r e a tments a t  z e r o  t ime a r e  re l a t e d  

n o t  t o  the sys tems t hems e l ves  b u t  to  unavo i dab l e  d i f fe r e n c e s  

in the t ime a t  wh i ch t h e  v a r i ous ope r a t i ons w e r e  c o mp l e t e d . 

B e caus e o f  the h i th e r t o  unr e c o g n i z e d  comp l e x i ty o f  the 

p r o c es s e s invo lved  i n  l imonin s o lub i l i z a t ion and in the 

deve l opment  of b i t t e rn e s s  in c i t rus j u i c es , even s l i gh t  

d i f feren c e s  i n  t im i n g  o f  the  op e ra t i ons cou l d  h ave a s i gni f ­

i c ant e ffe c t  on the analyt i c a l  values re corde d . 

Furthermo r e , i t  i s  n o t ewor thy that  s ome o f  the b i g g e s t  

d i fferen c e s  o c curr e d  b e tween j u i c e and s e rum s amp l e s , mos t 

no tab ly the  TEL c o n t e n t s  o f  the samp l e s  a t  pH 5 . 6 .  Th i s  

d i f ference d i d  n o t , a s  might  b e  exp e c t e d , l i e i n  a g re a t e r  

T E L  content  i n  t h e  j u i ce as  a r e s u l t  o f  opp o r t un i ty for m o r e  

c omp l e te d i f fus i o n  o f  l imono i ds from the a l b e d o  p ar t i c l e s . 

I ns te ad , i t  w as the s e rum s amp l e  wh i ch h a d  the g r e a t e r  TEL  

content . Th i s  d i f fe rence cou l d  be as c r ib e d  t o  the  a c t iv i ty 

o f  an LPD en zyme known to  b e  as s o c i a t e d  w i th the  a l b e do 

p a r t i c l e s  ( N i c o l  and Ch and l e r  1 9 7 8 ) , wh i ch was mo s t  act i ve 

a t  pH 5 . 6  and  wou l d  l e ad t o  h i gh e r  TEL conten t s  i n  s e rum 

d e s p i te the  above men t i oned d i f fus i on p r o c e s s  l e a d i n g  t o  

h i gher T E L  c o n t e n t s  i n  t h e  j u i ce . Howeve r ,  th e s e  d i ffe r e n c e s  

were  r e c o r d e d  i n  s amp l e s  wh i c h  w e re rap i d ly h e a t e d  t o  and 

he l d  at 9 0  C .  S in c e  i t  is un l ik e ly that the LPD e n z yme c ou l d  

have rema i n e d  a c t ive  during t h i s  per i o d , i t  wou l d  app e a r  th a t  

the  di fferenc e s  deve l op e d  dur ing unavo i dab l e  de l ay s  in 

manipu l a t i on o f  the  s amp l e s  . . I nde ed , it  i s  imp o s s ib l e  t o  

deve l op a r a t i ona l i n t e rp r e t a t i on of  t h e  res u l t s  w i thout 

a s s uming s uc h  de l ay s  and a s s o c i a t ed var i a t i ons i n  z e r o  t ime . · 

Th e s e rum m a i n t a in e d  a t  pH 3 . 4  s h owed a g radu a l  i n c r e a s e  in 



1 3 5 .  

di l a c tone l imon i n  content ( ex t r a c t ab l e  at pH 5 . 6 ) ove r the 

1 2 0  h p e r i o d , a ft e r  a r ap i d  incre a s e  in th e f i r s t  hour . On 

the o th e r  h and , the TE L c on tent  ( ex t r a c t ab l e  a t  pH 3 . 4 )  ros e , 

fe l l  and then r o s e again , b e fo r e  b e c oming s t ab l e  a t  2 9 . 5  ± 0 . 2  

ppm a ft e r  4 8  h .  At the f i n a l  s amp l i ng , the s imi l a r i ty in the 

values  for TEL and l imon i n  c o n t e n t s  i n d i c a t e d  tha t  conve rs i on 

o f  the p r o t o l imonins to l imonin h a d  b een c omp l e te d  dur i n g  

s t o r ag e . 

The d e c l ine in p r o t o l imon i n  A w a s  v e r y  rap i d , b e ing 8 0 %  

c omp l e t e  in the f i rs t  hour , wh i l e  p r o to l imon i n  B conten t s  

f l u c t ua t e d  w i de ly a s  m i g h t  b e  expec t e d  i f  i t  w e r e  a n  int e r ­

me d i a t e  i n  the c onvers i on o f  p r o t o l i monin A t o  l imon in . 

A l s o  i n  th i s  s y s t em ,  evidence woul d b e  exp e c t e d  o f  the 

hydro l y s i s  of l imonin to  hydroxya c i d , s uch a s  o c curs in 

h e a t e d  mod e l  s o l u t ions ( S e c t i on 4 . 1 . ) . Th e hydroxyac i d  s o  

formed i s  e x t r a c t ab l e  a t  p H  3 . 4  b u t  n o t  at 5 . 6 ,  and one wou l d  

exp e c t  i t  to  s h ow up a s  an i n c r e a s i n g  di ffe rence  i n  t h e  two 

TEL ana l ys e s . The l actone - hydroxy a c i d  equi l ib r ium was 

e s t ab l i s h e d  w i t h i n  7 2  h at 1 0 0  C i n  s o lut ions cont ain ing 

l imon i n  and 1 %  c i t r i c  a c i d , and wh i l e  there is s ome evi dence 

for  th e p r e s enc e o f  s uch an equi l ib r i um at 4 8  h ,  such e v i dence 

d i s app e a r s  at 1 2 0  h .  I t  i s  d i f f i cu l t to  s e e  why the b ehavi our 

of the mode l s o l ut i on has not b e en r e p roduc e d  in the natural  

sys t em . 

I n  the j u i c e  ma i n t a ined a t  n a t u r a l  p H , the changes in l imono id 

content gene r a l l y  fo l l ow e d  the s ame p a t tern a s  tho s e  in the 

comp a r ab l e  s e rum , There w a s  a maj o r  d i f ference  in the f i n a l  

l imon i n  conten t s  ( about 2 0 %  h i gh e r  i n  t h e  s e rum) wh i ch coul d 

be acc oun t e d  f o r  by LPD e n z yme a c t iv i ty in the j u i c e . I n  the 

s e rum , the e v i dence for an hydroxy ac i d - l act one equi l ib r i um 

was even s t rong e T  than i n  the j u i c e  o v e r  the p e r i o d  8 - 4 8  h 

a f t e r  e x t r ac t i on , w i th very h i gh d i f fe r ences b e tween th e TEL 

ext r ac t ab l e  a t  pH 3 . 4  and 5 . 6 ,  but a g a in th i s  d i fference 

d i s app e a re d  a f t e r  1 2 0 h .  

In  the s amp l e s  adj u s t e d  t o  pH 5 . 6 ,  t h e r e  was g r e a t e r  f l uc tu­

a t i on i n  the ana l y s e s , apa r t  from the remarkab l y  cons tant 

values r e c o r d e d  for the T E L  c o n t en t s  o f  j u i c e s  h e a t e d  at 



1 3 6 . 

pH 3 . 2 b e fo r e  an a l ys i s . S ome o f  the s e  fluc tua t i ons wou l d  

sugges t d e g r a da t i on o f  l imon in on h e a t ing a t  p H  5 . 6 ,  b u t  

s ince l imoni n  i s  known t o  b e  c omp l e t e ly s t ab l e  unde r th e s e  

condi t i ons , ap a r t  from s imp l e  hydr o ly s i s  o f  the  l a c tone 

rings ( Eme r s on 1 9 5 2 ) , the f l uctua t i ons mus t be  a s c r ib e d  t o  

analyt i c a l  d i ff i cu l t i e s . Neve r the l e s s ,  th e g en e r a l  p a t t e rn 

of chang e s  i n  the  l imono i d  c ontent o f  the s amp l e s  a t  pH 5 . 6  

is s im i l a r  t o  th a t  rep o r t e d  above fo r s amp l e s  a t  pH  3 . 4 .  

Limon i n  c on t e n t s  incre a s e d  and pro t o l imonin A c on t e n t s  

de cre a s e d , b o th l e s s  rap i d l y  than in t h e  s amp l e s  a t  pH 3 . 4 .  

I t  i s  n o t ewor thy t h a t  the l owes t TEL c ontent was  r e c o r d e d  

for t h e  j u i c e  s amp l e  at pH 5 . 6 ,  p o s s i b l y  be caus e t h e  a l b e d o ­

as s o c i a t e d  L P D  e n z yme ( p r e s ent in j u i c e  but no t i n  s e rum) i s  

mo re a c t ive a t  p H  5 . 6  than a t  p H  3 . 2 .  In  con t r a s t ,  t h e  

h i ghes t T E L  c o n t e n t s  we re  r e c o rded  f o r  the s e rum s amp l e  a t  

pH 5 . 6 .  Th i s  wou l d  sugg e s t that h e a t  t reatment  o f  l i mon i n  

precur s o r s  a t  pH  5 . 6  fo l l ow e d  by fur t h e r  he a t i n g  a t  p H  3 . 2  

is th e mos t e ff i c i ent method for the i r  conve rs i on t o  l i monin . 

I t  was p r e v i ou s l y  r epo r t e d  ( S e c t i on 5 . 2 . 3 . )  th a t  s uch p r e ­

treatmen t  h a d  the r evers e e f fect  on f in a l  TEL c on t e n t s , b u t  

the j ui ce s  u s e d  i n  the two exp e r iments  were d e r i v e d  from 

different cu l t iv a r s  and h a d  d i fferent l imono i d  conten t s . 

I t  i s  n o t  s u g g e s t e d  th at p r o c e s s e s  o c curring in t he s e  two 

j uices  are qua l i t a t ivl ey d i fferent , b u t  s imp ly th a t  they may 

be suf f i c i en t ly d i f ferent quant i t a t i v e l y  for s uch app a r e n t  

differences  t o  app e a r  in the ana lys i s  o f  the c omp l i c a t e d  

equi l ib r i a  invo l v e d . 

Fina l ly , the s e r um (but no t the j ui c e )  at  pH 5 . 6  s howe d  

defin i t e  evi dence f o r  the l a c tone - hy d ro xyac i d  e qu i l ib r i um 

in the h i gh v a l u e s  recorded  for pro t o l i monin B ( ab out 3 0 % o f  

total  l imono i ds }  t oward t h e  end o f  t h e  t r i a l . Such a r e s u l t  

i s  to  b e  exp e c t e d  i n  s amp l e s  natur a l ly  buffe r e d  a t  th i s  h i gh 

pH ; in fact , the  l ack o f  e v i dence fo r the p r e s ence  o f  

hydroxya c i d  i n  the  j u i c e  s amp l e  a t  p H  5 . 6 i s  s u rp r i s in g , and 

(as in the c a s e  o f  b o th s amp l e s at pH 3 . 2 ) ,  no  e x p l ana t i o n  

can b e  o ff e r e d  fo r i t . 



5 . 5 . CHANGES I N  THE L I MONO I D  CONTENT O F  NEW ZEALAND 

G RAPEFRU I T  J U I CE S ERUM AND I NSOLUBLE SOL I DS 

AT ROOM TEMPERATURE 

5 . 5 . 1 .  E xp e r iment a l  

1 3 7 . 

New Z e a l and grape fru i t  were  p i cked from the Ma s s ey Un ive r s i ty 

o rchard and he l d  in a ch i l l  r o om at 5 C b e fo r e  b e ing  u s e d  for  

the fo l l ow i n g  exper iment s . F r u i t  was  s t o r e d  for  a max i mum o f  

7 days a ft e r  p i ck in g . 

Juice  was e x t rac t e d  from a random s e l e c t i on o f  the fru i t  

us ing a Kenwood e x t r a c to r  and i mmed i a t e l y  c en t r i fuged a t  

2 0 0 0  x g f o r  4 min t o  s ep a r a t e  the i ns o l ub l e  s o l i ds , the 

e xtrac t i on and cent r i fuga t i o n  s t ep s b e i ng  c omp l e t e d  in 7 min . 

The s e rum w a s  h e l d  a t  room t e mp e rature and s amp l e d  for 

l imono i d  con tent as fo l l ow s . Three a l i q uo t s  w e r e  t aken a t  

e ach s amp l in g : one was analy s e d  wi thout any fur th e r  t r e a tmen t ; 

one was a n a l y s e d  a f t e r  ra i s i n g  the pH t o  5 . 6 w i th 4 N N aOH , 

and the t h i r d  was ana l y s e d  a f t e r  he a t i ng  to and ho l ding a t  

9 5  C f o r  5 min  a n d  t h e n  rap i d l y  coo l ing to  r o o m  temperature . 

To ensure that  the e x t ra c t i o n  and cen t r i fugat i o n  s t eps w e r e  

c a r r i ed o u t  rap i d l y , o n l y  s ma l l  quant i t i e s  o f  fru i t  we r e  

j ui c e d  a t  any one t ime . 

Ths ins o l ub l e  s o l i d s  were s u s p e nded i n  mode l s o lu t i ons 

c on t a i n i n g  s ucro s e  ( 1 0 %  w/v)  an d c i t r i c  a c i d  ( 1 %  w / v) at l e ve l s  

equiva l ent  t o  that  found i n  t h e  ex t r ac t e d  j u i c e  ( 1 5 %  v/v) . The 

model  s o l ut i ons (pH 2 . 5 ) w e r e  h e l d  at r o om t emp e r a ture and 

s amp l e d  p e r i o d i ca l ly for l imono i d  c on t e n t  as d e s c r i bed ab ove 

for  the s e r a . 

The above s tud i e s  f o r  s e r a  and mode l s o l ut i ons c on t a ining 

i n s o l ub l e  s o l i ds we r e  rep e a t e d  w i th the inc l us i on o f  an 

a dd i t i ona l s t ep ; th i s  invo l v e d  rap i d l y  h e a t ing the s amp l e s 

·imme d i a t e l y  a ft e r  p repara t i on t o  9 5  C ,  h o l d ing them at that  

t empe rature  for  1 m i n  and then qu i c k l y  c o o l ing t o  r oom t emp ­

e rature . Th i s  t r e a tment was  t o  inac t i va t e  any enzymes p r e s e n t . 

5 , 5 . 2 ,  Re s u l t s 

The s e  a r e  p re s en t e d  i n  Tab l e s  X XX I X  t o  X L I I . 



Tab 1 e XXX I Xa Changes  in the 1 imono i d  contentb o f  New Z e a l and g r ap e frui t j u i c e  s e rum prepared 

imme d i a t e ly after  e x t r ac t i on and he l d  a t  r o om temp er ature 

T ime a f t e r  
. f e x t r ac t 1 on 

( h i)  

t � 4 

[ � : ] 9 6  

TEL a t  

p H  3 . 2  

1 . 5  

2 .  3 

5 . 8  

1 7 . 5  

2 2 . 2  

1 9 . 2  

2 6 . 3  

TEL a t  

pH 5 .  6 

1 . 5  

1 . 7  

5 . 0  

1 1 . 2  

1 6 . 0  

1 5 . 6  

1 8 . 9  

L i mono i d  c ontent (ppm) 

TEL a f t e r  

h 
. c e a t 1ng a t  

pH 3 . 2  

1 9 . 4  

2 2 .  3 

2 8 . 0  

2 1 . 3  

2 6 . 3  

1 7 . 7  

2 6 . 4  

P r o t o l imonin 

A 

2 4 . 9  

2 4 . 1  

2 0 . 6  

8 .  9 

4 .  2 

7 . 2 

0 . 1  

P r o t o l imonin 

B 

0 

0 . 6  

0 . 8  

6 . 3  

6 .  2 

3 . 6 

7 . 4 

L i mon i n  

1 . 5  

1 . 7  

5 . 0  

1 1 . 2  

1 6 . 0  

1 5 . 6  

1 8 . 9  

a = s e e  f o o tn o t e s  for  Tab l e  XXX I ; the maximum TEL c ontent a ft e r  h e a t ing was t aken as  2 6 . 4  ppm . 

f = s amp l e s fo r ana l y s i s  were  t aken from the s ame b a t ch o f  j u i c e  at the s t o r age p e r i o d s  l inked 

by ver t i c a l  l in e s . 

1-l 
VI 
00 



Tab l e  XL a Change s  in the l imono i d  contentb o f  mo d e l  s o lut ions e containing s uspended ins o l ub l e  

s o l ids  from New Z e a l and grap e fru i t  j u i c e  and h e l d  a t  room temp e r a ture 

T ime a f t e r  

e x t r a c t i on £ 

( h )  

t 
0 

1 

4 

[ ! : l 
9 6  

TEL a t  

p H  3 . 2  

< 1  

< 1  

1 . 6  

2 . 0 

3 . 0  

2 .  1 

2 .  8 

TEL a t  

pH 5 . 6  

< 1  

< 1  

1 . 1  

1 . 5  

2 . 4  

2 . 1  

2 .  0 

L imono i d  content (ppm) 

TEL a f t e r  

h . c e a t 1ng a t  

pH 3 . 2  

< 1  

< 1  

1 . 0  

1 . 3  

3 . 4  

2 . 0 

3 .  7 

P r o t o l imonin 

A 

> 2 . 7  

> 2 . 7 

2 . 1  

1 . 7  

0 .  7 

1 . 6  

0 .  9 

P r o t·o l imon i n  

B 

0 

0 

0 .  5 

0 . 5  

0 . 6 

0 

0 .  8 

L imonin 

< 1  

< 1  

1 . 1  

1 . 5  

2 . 4 

2 . 1  

2 . 0  

a =  s e e  foo tno t e s  for  Tab l e  XXX I ; the max imum TEL content a f t e r  h e a t ing was t aken as  3 . 7  ppm . 

e = aqueous s o l ut i ons con t a i n i ng 1 0 %  sucr o s e , 1 %  c i t r i c  a c i d  and 1 5 %  ins o lub l e  s o l i d s  

s ep a r a t e d  c ent r i fuga l ly from fr e s h ly e x t r ac t e d  j u i c e . 

f = s amp l e s f o r  ana l ys i s  were t aken from the s ame b a t ch o f  j u i c e  a t  the s t o r age p e r i ods  

l inked b y  ve r t i c a l  l ines . 
f-' 
tN 
1.0 



Tab l e  X L i a Changes  in �he l imono i d  contentb o f  New Z e a l and g rape fru i t  j u i c e  s e rum he l d  a t  

r o om t emp e rature a f t e r  heat  t r e a tment ( 1  min a t  9 5  C )  

T ime a f t e r  
. f e x t r ac t i on 

( h )  

0 

1 

4 

8 

2 4  

4 8  

9 6  

TEL  a t  

pH 3 . 2  

6 . 8  

7 . 6  

8 .  2 

1 0 . 4  

1 5 . 3  

2 0 . 6  

1 7 . 8  

TEL a t  

pH 5 . 6  

6 . 0  

5 .  8 

5 . 4  

7 . 6  

7 . 7  

2 0 . 0  

1 8 . 3  

L imono i d  c ontent ( ppm) 

TEL a f t e r  

h 
. c 

e a t i ng a t  

pH 3 . 2  

1 6 . 3  

1 5 . 9  

1 6 . 4  

1 6 . 5  

1 5 . 1  

1 9 . 7  

2 0 . 1  

P r o t o l imonin 

A 

1 3 . 3  

1 2 . 5  

1 1 . 9  

9 .  7 

4 .  8 

2 .  3 

P r o t o l imonin 

B 

0 . 8  

1 . 8  

2 .  8 

2 .  8 

7 .  6 

0 . 6 

L imon in 

6 .  0 

5 . 8  

5 . 4  

7 . 6  

7 . 7  

2 0 . 0  

1 8 . 3  

a =  s e e f o o t n o t e s  f o r  Tab l e  XXX I ; the max imum TEL c ontent a f t e r  h e a t ing was t aken as  2 0 . 1  ppm . 

f = s amp l e s  for ana lys i s  were  t aken from the s ame b a tch o f  j u i c e  a t  the s t orage  per iods 

l inked by ve r t i c a l  l ines . 

� 
+::-
0 



Tab l e  XL I I
a 

Changes  in the l imono i d  contentb o f  mode l s o l ut ions e cont a i n i n g  s u s pended 

ins o l ub l e  s o l ids  from New Z e a l and grap e frui t j u i c e  and h e l d  a t  r o om temp e r ature 

a f t e r  heat t r e a tment ( 1  min  a t  9 5  C)  

Time a f t e r  L imono i d  content (ppm) 
. f e x t r a c t 1 on 

( h )  

0 

1 

4 

8 
2 4  

4 8  
9 6  

TEL a t  

p H  3 . 2  

1 . 9  

1 . 5  

1 . 2  

2 . 0 

2 .  2 

3 . 1  

4 . 0  

TEL a t  

p H  5 . 6  

1 . 4  

1 . 5  

1 . 2  

2 . 0  

2 . 1  

2 .  5 

2 . 4  

TEL a f t e r  

h e a t ing c a t  

p H  3 . 2  

2 . 2 

1 . 6  

1 . 6  

3 . 0  

2 .  2 

2 .  6 

2 . 2  

a =  s e e  f o o tno t e s  for Tab l e  XXXI ; the max imum TEL 

me an of the l a s t  four w i thdrawa l s  ( 2 . 5  ppm) . 

P r o t o l imonin Pro t o l imonin L imonin 

A B 

0 . 6  0 .  5 1 . 4  

1 . 0  0 1 . 5  

1 . 3  0 1 . 2  

0 .  5 0 2 . 0 

0 . 3  0 . 1  2 . 1  

0 . 6 2 . 5  

1 . 6 2 . 4 

content af ter  h e a t ing was t aken as  the 

e = aqueous s o l u t i ons conta ining 1 0 %  s u c ros e ,  1 %  c i t r i c  a c i d  and 1 5 %  ins o l ub l e  s o l i ds 

s ep a r a t e d  cen t r i fugal ly  from f r e s h l y  e x t r a c t e d  j u i c e . 

f = s amp l e s  for  ana l y s i s  were  taken from the s ame b a tch o f  j u i c e  a t  the s t o r age p e r i ods 

l inked by ver t i c a l  l i nes . 

f-l 
� 
f-l 



1 4 2 .  

5 . 5 . 3 . D i s cus s i on 

B e fore proc e e d ing w i th the d i s cus s i on ,  th e po int  mus t a g a i n  b e  

made tha t  the l imono i d  sys t em i n  fr e s h l y  e x t r a c t e d  c i t rus 

j ui c e s i s  ve ry l ab i l e , mak ing i t  d i f f i c u l t  t o  avo i d  var i a t i ons 

a r i s ing from de l ays i n  manipul a t i on .  F o r  e xamp l e , in the 

r e s u l t s i n  Tab l e  XXX I X ,  the  f l u c tua t i ons in TEL c o n t e n t s  

c ou l d  have a r i s en f r o m  such d i f f i cu l t i e s  in man i pu l a t i on . 

Two apparen t ly anoma l ous r e s ul t s  fo r TEL contents ( a ft e r  8 
and 4 8  h )  c an be exp l a ined by a l ower l imono i d  c on t ent i n  the 

f ru i t  us e d  i n  this p a r t icular  e x t r a c t i on , s ince a l l  o t h e r  

v a l ues f o r  TE L form p ar t  of  a d e f in i t e  t rend . I n  d i s cus s i n g  

the re s u l t s  o f  the s e  exper imen t s , there fore , emph a s i s  w i l l  b e  

p l a c ed o n  b ro a d  trends . 

The resu l t s i n  Tab l e  XXX I X  show a very s imi l a r t r end t o  tho s e  

p re s ented i n  Tab l e  XXXV I I ( Ca r t e r  Nave l o range s e rum p r e p a r e d  

i mme d i a t e l y  a f t e r  j u i ce extrac t i on) . I n  o ther  wo r ds , t h e  

l imonin and p r o t o l imonin B concen t r a t i on s  increas e d , wh i l e  

the pro t o l imonin A c oncentra t i on d e c l i n e d  t o  z e ro . The TEL 

c on t ent a f t e r  h e a t i n g  at  pH 3 . 2  inc r e a s e d  on  s t o r a ge t o  r e a ch 

a maximum a t  4 h wh i ch was s i g n i f i c an t ly h i gher than the 

max imum l imon in concen t r a t i on at 9 6  h ,  i nd i c a t i n g  that  

c onve rs i on of  pro to l imonin to  l imon in h a d  n o t  b e en c omp l e t e d . 

The res ul t s  i n  Tab l e  XL ind i c a t e  th a t  there were v e ry s ma l l  

but  measurab l e  quan t i t i es o f  l imono i ds p re s ent i n  the i ns o l ­

ub l e  s o l i ds o f  fre s h l y  extrac t e d  grap e frui t j u i c e , i . e .  a l l 

the  pro t o l imonins and l imon in d i d  n o t  p a s s  into  s o l ut i on from 

the albedo i mme d i a t e l y  on j u i c e  e x t r ac t i on . As i n  the s e rum 

i t s e l f , the  l imon in c on tent inc r e a s e d  and the p r o t o l imon i n  A 

c on t ent d e c r e a s e d , b u t  the c onv e r s i on o f  p r o t o l imon i n  A t o  

l imonin w a s  i ncomp l e t e  a t  the e n d  o f  the t r i a l . 

The effe c t  o f  a h e a t  t r ea tment ( 1  min  a t  9 5  C)  on  t h e  changes  

i n  -�imono i d  content of  grape fru i t  j u i c e  s e rum c an be  ob s e rved 

by c omparing  the r e s u l t s  in Tab l e  XXX I X  (no heat t r e a tmen t )  

w i th tho s e  i n  Tab l e  X L I . The T E L  c on t e n t  d i d  n o t  i n c r e a s e t o  

a s  great  a c oncent r a t ion a s  i n  the c omparab l e  unh e a t e d  s e rum . · 

I n  the s h o r t  h e a t  t r e a tmen t u s e d , t h i s  r e s u l t  i s  u n l i k e l y  t o  

b e  due to  h e a t - c a t a ly s e d  degrada t i on o f  p ro t o l imon i n  A t o  a 



1 4 3 . 

product wh i c h  d i d  not  b ehave a s  l imonin dur i n g  the ana lyt i c a l  

p r o c e du r e . I ns t e ad , i t  s u g ge s ts the pres enc e o f  an en zyme o r  

en zymes c ap ab l e  o f  c onve r t ing pro t o l imonin t o  l imon i n  wh i ch 

we re  ina c t iva t e d  by the h e a t  t r e a tment . As a cons equence o f  

th i s  i na c t iva t i on , the d i l ac tone l imon in concent r a t i on 

inc r e a s e d  a t  a s l ower r a t e  in the s e rum wh i ch h a d  b e e n  h e a t e d ,  

even though i t  eventu a l l y  reached a value s im i l ar to  th e 

max imum TEL c on t ent . I n  the ab s enc e of  the e n zyme , the 

conve rs i on of p r o t o l imo n i n  to  l imon in was a c c omp an i e d  by 

s imu l t aneous d e g r ada t i on of s ome p r o t o l imon i n  t o  o th e r  

produc t s , t h u s  r e du� ing t h e  po tent i a l  l imon i n  c on t e n t  by 

ab out 2 0 % .  

In  the h e a t e d  s e rum , conv e r s i on o f  p r o t o l imon ins  A and B to  

l imon in w a s  v i r tual ly comp l e t e  after  s t o r ag e a t  r o om temp ­

erature f o r  4 8  h ,  wh e r e as the conve r s i on o f  p r o t o l imon i n  B 

to  l imon i n  w a s  s t i l l  incomp l e t e  a ft e r  th i s  t ime i n  the 

unh e a t e d  s e rum . Th i s  r e s u l t  is e a s i e s t  to i n t e rpr e t  i f  

pro t o l imonin B 1 s  an i n t e rme d i a t e  i n  the conve r s i on o f  

pro t o l imon i n  A t o  l imon i n . The s ud den drop i n  p r o t o l imon in 

B content  in the h e a t e d  s e rum a t  4 8  h could  h ave r e s u l t e d · 

from the f a c t  that  by th i s  t ime the convers i on o f  p r o t o l imonin 

A t o  p r o t o l imon i n  B was comp l e t e  and no fur t h e r  p r o t o l i monin B 

was b e i n g  i n t r o duced i n t o  the sys tem t o  ma t ch that  l o s t  by 

i t s  conve r s i on t o  l imon in . 

Simi l ar ly , i n  the h e a t e d  model  s y s t ems c on t a i n ing  s us p ende d 

ins o lub l e  s o l i ds ( Tab l e  X L I I ) , .  conv e r s i on o f  p r o t o l imon in B 

to  l imon i n  w a s  c omp l e te w i th i n  2 4  h .  Comp a r i s on o f  th e s e  

resu l t s w i th th o s e  f o r  c omp arab l e  unheated  s amp l e s  ( Tab l e  XL)  

fai l e d to r e v e a l  any evi dence for the a c t i on of a l b e do ­

a s s o c i a t e d  e n zymes . 



5 . 6 .  GENERAL D I SCUSS I ON 

1 4 4 . 

When j u i ce s  were he l d  a t  r o om t empe r a ture , b o th d i l a c t one 

l imonin and TEL conc e n t r a t i ons e ventua l ly r e ached the s ame 

v a l ues , wh e r e a s  when s im i l ar j ui c e  was h e a t e d , even j us t  f o r  

1 m i n  a t  9 5  C ,  the max i mum T E L  c o n t e n t  w a s  l ow e re d , w i th t h e  

maximum l imon in con t e n t  b e ing l ow e r e d  s t i l l  fur th e r . Th i s  

r e s u l t  c ou l d  b e  exp l a in e d  i f  an e n zyme was de s t r oyed a t  9 0  C 

wh i ch a t  r o om tempera ture c a t a l y s e d  the conve rs i on o f  s ome 

p recurs o r  t o  d i l ac t one l imon i n . I n  the ab s ence o f  the en zyme, 

conve rs i on of precurs o r  to l imon i n  wou l d  s t i l l  o c cur but a t  

g r e a t ly reduced rates ; the a c t i on o f  heat  coul d c a t a lys e 

the conve r s i on , but a t  c ons i de r ab l y reduced y i e l ds . 

Wh en f r e s h l y  p repared s e rum w a s  h e l d  a t  room temp e r a t ure , 

the  TEL con t e n t  ros e t o  a much l ower l e ve l than tha t  in the 

s im i l a r l y  t r e a ted j u i c e . On t h e  o th e r  hand , the l imon i n  

c on c ent r a t i on ro s e  t o  app r o x ima t e ly t h e  s ame va l ue ( l ow e r  

t h a n  b o th TEL con ten t s ) i n  e i th e r  s e r um or j u i c e . Th i s  

s ug g e s ts the presence o f  a n  a l b e do - a s s o c i a t e d  en zyme wh i ch 

was  ab s ent from the s e rum b u t  wh i ch i n  the j u i c e  inh ib i t e d  

conve rs i on o f  precur s o r  l imon i n  t o  l imon in ; t h e  mo s t  l i k e l y  

ac t iv i ty o f  such an en zyme wou l d  b e  d e g rada t i on o f  the 

p r e curs o r  to s nme o t h e r  p r o duc t . 

Wh en freshly  p repared  s e rum was  h e l d  a t  9 0  C ,  l imon in and 

TEL concent r a t i ons r o s e to app r o x ima t e l y  the s ame value ; 

s o  d i d  l imonin and TEL c on t e n t s  i n  the j u i c e , but  the v a l u e  

was  about 2 0 % l ower . Th e s e  r e s u l t s  can on ly  b e  s a t i s fa c t o r i ly 

e xp l ained  by the a c t i on o f  an L P D  en zyme in the j u i c e  b e fo r e  

th e h e a t  t r e a tment c ou l d  a f fe c t  e n zyme a c t i v i ty . 

I n  freshly e x t racted  j u i c e , mo s t  b u t  n o t  al l o f  the l imono i ds 

d i f fu s e d  i n t o  the j u i c e  dur i n g  t h e  e x t r ac t i on proce s s . The 

amount s t i l l  r ema ining i n  the a l b e do pa r t i c l e s  ( about 3 ppm) , 

though smal l ,  wou l d  j us t  b e  s �f f i c i en t  t o  a ffec t the b i t t e r ­

ne s s  in the final  p r o du c t a s  i t  s l ow l y  p a s s e d  into  s o l u t i on 

on s t anding o r  mo re r ap i d l y  on  h e a t  t r e a tmen t . 

However , i t  i s  clear  tha t t h e  s ma l l  amount o f  d i l a c t on e  
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l imonin , e i th e r  i n  s o l u t ion o r  in a l b e do p a r t i c l e s , was  n o t  

t h e  main o r i g in o f  b i t t erne s s  in the j u i c e s  exam i n e d  i n  th i s  

s tudy . Deve l opmen t  o f  h i gh b i t t e rne s s  l eve l s  d e p ended o n  the 

c onver s i on i n t o  l imonin o f  two l imon in precur s o r s , the w a t e r ­

s o lub l e  p r o t o l imon i n  A and the r e ad i ly  e x t r a c t ab l e  and ve ry 

l ab i le  pr o t o l imon i n  B .  Th e r e  was  evi dence th a t  p r o t o l imonin 

B was no t p r e s en t  a s  s uch in the fresh j u i c e  but  was an 

int erme d i a t e  i n  the c onve rs i on of p r o t o l imonin A to l imon in . 

The r e  was a l s o  e v i dence that the l at t e r  conve r s i on was  en zyme 

c a t alys e d , a l though i t  could  o c cur in the ab s en c e  o f  t h e  

e n z yme , a n d  r ap i dl y  b u t  l e s s  e f f i c i e n t l y  by h e a t  c a t a ly s i s . 

A l s o  affe c t in g  the l imono id comp o s i t i o n  of the j u i c e  was  an 

LPD en zyme a s s o c i a t e d  w i th the a l bedo p a rt i c l e s . Th i s  en zyme 

app e ared to a c t  on p r o t o l imonin B to c onve r t  i t  t o  a c omp ound 

wh i ch , in c o n t r a s t to p r o to l imon in B ,  was no t e x t r ac t e d  and 

ana lys e d  a s  l imon i n  dur ing the ana l y t i c a l  p r o c e du r e . 

H e a t  t r e a tm e n t  o f  j u i c e s , as  i n  normal pas t eur i z a t i on ,  c o u l d  

ac tual ly  r e du c e  the p o t en t i a l  l imon in c ontent o f  t h e  j u i c e 

o r  incre a s e  i t , a c c o rding  to  wh e ther  the l imonin - p r omo t ing 

e n z y 111 e o r  the l imon in - degrading en zyme was more a c t i ve in 

the fresh j u i c e . S im i l ar ly , the dominant e ffe c t  of c en t r i ­

fug a t i on w a s  n o t  t o  r emove , a l b e do pa r t i c l e s  e a r l y  enough t o  

p revent d i f fu s i on o f  l imono ids  i n t o  t h e  j u i c e  s o  d e c r e a s ing 

b i t t e rne s s ,  but  t o  r emove the a l b edo - as s o c i a t e d  L P D  e n z yme 

from con t a c t  w i th the aqueous p h a s e , s o  inc re a s i ng b i t t e rne s s . 

On pas teur i z a t i on o f  j u i ces , p r o t o l imonin A was c o nve r t e d  

v i a  pro t o l imo n i n  B i n t o  l imon i n , b u t  th i s  c onve r s i on w a s  b y  

no  means c omp l e t e , and inde ed w a s  no t c omp l e t e d  f o r  many 

hou r s  even wh e n  t h e  j u i ce was h e l d  a t  9 0  C .  Th i s  h e a t ­

c a t a lys e d  c onv e r s i on o f  pro t o l imonin t o  l imon i n  w a s  l e s s  

e ff i cient ( th ough m o r e  rap i d )  t h an the en zyme - c a t a l y s e d  

c onvers i o n , a n d  th i s  i s  ano th e r  r e a s o n  why t h e  d i l a c tone 

l imonin c on t e n t  of  p a s t eur i z e d  j u i c e  fe l l  a good d e a l  b e l ow 

i t s poten t i a l  v a l u e . 

A numb e r  o f  f a c t o r s  a r e  the r e f o r e  i nvo l ved in b i t t e rne s s  

d ev e l opmen t  i n  c i t ru s  j uices . I n  add i t i on t o  the l imono i d  
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c ompos i t ion o f  the a lb e d o  and the a l b e do  c on t ent o f  the 

j u i c e , the re are  en zyme s wh i ch p romo t e  and enzymes wh i c h  

p r event the c onve r s i on o f  l imoni n  p r e cu r s o r s  i n t o  l imon i n . 

Var i a t i ons i n  the f i n a l  b i t te rne s s  i n  the j u i c e  w i l l  o c cur 

accord i ng to t h e  de l ay b e fore  remov a l  of  p u l p  from th e j u i c e , 

the de l ay b e fo r e  the app l i c a t i on o f  any h e a t  t r e a tmen t , and 

the extent of the h e a t  t r e a tment . I t  i s  und e r s tandab l e  

und e r  the s e  c i r cums t anc e s  why the l i t e r a ture  ab ounds w i th s o  

many confl i c t i n g  rep o r t s  o n  th i s  s ub j e c t , p a r t i cu l a r ly i n  

re s p e c t  t o  the e f fect  o f  c e r t a i n  p ro c e s s ing var i ab l e s . 

Add i ng to th i s  c omp l i c a t i on are the ana ly t i c a l  d i f f i cu l t i e s  

invo lved  i n  fo l l ow ing the phenomenon o f  de l ay e d  b i t t e rn e s s , 

mo s t  no tab ly t h e  d i f f i cu l ty in e s t ab l i s h ing  a re a l i s t i c  z e r o  

t ime f o r  comp a r ab l e  e xp e r imen ts . Al s o , p r i o r  s tud i e s  h ave 

b e en comp l i c a t e d  by the fa i lure to r e c o gn i s e  that p ro t o ­

l imonin B behaves a s  l imonin dur in g  the ana l y t i c a l  p r o c e du r e s  

us e d  in the pa s t .  Addi t i onal  c omp l i c a t i ons c o u l d  ar i s e  by 

the e s t ab l i shment o f  the hydroxyac i d - l ac t one equ i l ib r i um 

wh i ch deve l op e d  in h e a t e d  mo de l s o l u t i ons o f  l imon in . 

For tun a t e ly , f o r  r e a s ons y e t  unknown , th i s  equi l ib r i um d o e s  

not  app e ar t o  o p e r a t e  i n  c i trus j u i c e s . 
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The work rep o r t e d  in th i s  the s i s  h a s  shown tha t  the s o l ub i l ­

i z a t i on of  l imon i n  and t h e  phenomenon o f  de l ayed b i t te rn e s s 

in c i t rus j ui c e s  a r e  v e r y  c omp l i c a t e d  proce s s e s . Th e r e  

are  two aspe c t s  o f  t h e  b i t t erne s s  p r ob l em :  t h e  p r o c e s s e s  

whe r eby l imon i n  i s  forme d from i t s  non - b i t t e r  precur s o r s , 

and the cond i t i ons und e r  wh ich h i gh l imon in c oncen t ra t i ons 

are ach ieved and mainta i n e d  in c i t rus j ui c e s . 

Much more wo rk i s  r e qu i r e d  b e fore the ques t i on o f  how h i gh 

concent ra t i ons o f  l imon i n  are ma i nt a ined  i n  c i trus j u i c e s  

i s  r e s o lved . Work  r epo r t e d  i n  th i s  the s is  d emons t r a t e d  

that h i gh l imon i n  conc e n t r a t ions a r e  po s s ib l e  i n  h e a t e d  

mo d e l  s o lut i on s , but  s uc h  h i gh concen t r a t i o n s  a r e  o n l y  s t ab l e  

in c a s e s  whe r e  c o o l ing o c curs in the ab s ence o f  hydr o g en 

i ons . Such a s i t ua t i on w o u l d  n o t  b e  found i n  c i trus j u i c e s . 

Mo reove r , even i n  mod e l  s o l u t ions wh e r e  h i g h  c oncen t r a t i on s  

o f  l imonin ex i s t e d  for  l onger than two month s , the r e  w a s  

evi dence th a t  l imon in c o n c entrat i on s  w e r e  s t i l l  fa l l i n g . 

I t  w a s  s hown th a t  s imp l e  hydroxyac i d  d e r iva t i v e s  o f  l imon i n  

we re i nvo lved  i n  t h e  e s t ab l i s hment o f  h i gh l imonin c on c e n ­

t r a t i on s  i n  t h e  mode l s o lu t ions . A l th ough e a r l i e r  w o rk e r s  

had p r o duced e v i dence t h a t  the l imonin precur s o r  i s  a s imp l e  

hydr oxyacid  d e r i va t ive o f  l imonin , :  s uch a p r e c u r s o r  i s  unl i k e l y  

to  b e  i nvo l v e d  i n  t h e  e s t ab l i s hment o f  s t ab l e  h i gh l imon in 

concentrat i ons i n  c i t rus j u i c e s . Th i s  c onc l u s i on i s  r e a c h e d  

becau s e  when ac i d i f i e d  r e f l uxed s o l u t i ons c on t a in i n g  hyd r o xy ­

a c i d s  were c o o l e d , l imon i n  concent r a t i ons r ap i d ly fe l l  t o  a 

l ow l ev e l  equ i v a l en t  t o  t h e  t rue s o l ub i l i ty o f  l imon i n  i n  

aque ous s o lu t i on s  d u e  t o  l actoni z a t i o n  o f  hydr oxyac i d  t o  

l imon in wh i ch t h e n  p a s s e d  out o f  s o l u t i on . 

Stud i e s  us i ng New Z e a l an d  g rape fru i t  and Nav e l  o r ang e j u i c e s  

have shown t h a t  t h e r e  a r e  a c tua l ly two precurs o r s  o f  l imon i n , 

and s tu d i e s  on  the phenomenon o f  d e l ayed b i t te rne s s  deve l op ­

ment mus t r e c o gn i s e  the c omp l i ca t e d  enzyme - c a t a ly s e d  and 

chemi c a l - c a t a l y s e d  chan g e s  to the s e  p r e cur s o r s  tha t  c an 

oc cur dur ing e x t r ac t i on , p r o c e s s ing and s to ra g e  o f  j u i ce . 

The above cons i de ra t i ons r e quire  r e a s s e s sment o f  p r e v i o u s  
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work on th i s  subj e c t . C l e a r l y  a l l  the prev ious work has b e en 

done w i th o u t  adequ a t e  c ont ro l s  over wh a t  is an e x t r eme ly 

c omp lex  p r o ce s s . Furthermore , wha t  r e s u l t s  have b e en r e p o r t e d  

have b e en ob t a ined us ing exp e r imen t a l  d e s i gns wh i ch mus t now 

be cons i d e r e d  unac ceptab l e , and ana l y t i c a l me thods wh ich d i d  

n o t  cor r e c t l y  d i s t ingu i sh l imon i n  from i ts precur s o r s . 

The c l a s s i c  p apers from wh i ch t h e  currently  accepted  pre cur s o r  

theory deve l oped (Ma i e r  and Beve r l y  1 9 6 8 ; Ma i e r  and Ma r g i l e th 

1 9 6 9 )  can b e  c r i t i c i s ed for the i r  comp l e te l ack o f  quan t i ­

t a t ive me a s u r emen t s . F or ins t anc e , the s t a t ement made in the 

s e c ond p ap e r  that the f i r s t pap e r  showed that the mono l a c tone 

in the a l b e do was r e a d i ly c onve r t ed to  l imonin on p r epar a t i on 

o f  the j u i c e  i s  s imp ly no t t rue . The pres ence o f  the mono ­

l a c tone w a s  demons t r a t e d  in a l b e do e x t r ac t s  and the pres ence 

of  l imon i n  was demon s t rated  i n  j u i c e  e x t r a c t s , but there was  

no a t t emp t to  fo l l ow quant i t a t i v e l y  the chang e s  in the  l imono i d  

c omponen t s  o f  fre s h l y  extrac t e d  j u i c e  w i th t ime , and the 

p r e s ence o f  the mono l a c t one in j u i c e  was neve r demons t r a t e d . 

Fur the rmo r e , where a rough e s t im a t e  was  made o f  the free 

l imon in c o n t ents  ( b a s e d  on o r g ano l ep t i c  as s e s s ment o r  v i s u a l  

c ompa r i s on o f  chroma t o g raph i c  o r  e l e c t r opho re t i c  sp o t s ) , the 

s amp l e s  had b e en f i l t e r ed us i n g  ce l i t e , a good ads o rb ent f o r  

l imonin , a s  a fi l t er  a i d . C on s e quent l y , the  s t a t ement in the 

s e c ond p ap e r  that l imonin was s h own to b e  an ins i g n i f i c ant 

c ons t i tu e n t  of the a lb e do s amp l e s  exam ined is a l s o  s ub j e c t  

t o  cons i d e r ab l e  doub t .  

The f i r s t p ap e r  c ont ained fur t h e r  c on f l i c t ing evi dence . 

O r g ano l ep t i c  a s s e s sments  w e r e  c a r r i e d  out by indiv idua l s  who 

c o u l d  de t e c t  l imon in b i t t erne s s  at 2 to 7 ppm and who j udged  

the mono l a c t ones and  d i s a l t  t o  be  nonb i t t e r . When the s e  

i n d iv i dua l s  t a s ted a homogena t e  o f  the carpe l l a ry memb r ane s 

a ft e r  i t  h a d  b e en f i l t e red t h r ough c e l i t e , they found i t  to  

b e  " j us t  p e rc ep t ib ly  b i t t e r " . H oweve r ,  a f t e r  p ap e r  e l e c t ro ­

ph o re s i s  and treatment w i th Epr l i ch ' s  r e a g ent , no  d i s a l t  o r  

l imonin w a s  d e t e c t e d  i n  t h e  homogenat e .  S im i l ar l y , when 

a l b edo w a s  t r e a ted in the s ame mann e r  as the c a rpe l l ary 

memb rane f r a c t i on , i t  was d e s c r i b e d  as tas t ing "very s l i gh t l y  

b i t t e r "  y e t  only mono l actone w a s  s hown t o  b e  p r e s en t . The 
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r e a s on why the s amp l e s  t a s t e d  b i t t e r  i n  the ab s ence o f  

l imon i n  w a s  not  d i s cus s e d , and the p o s s ib i l i ty t h a t  s ome 

o ther b i t t e r - t a s t i ng  compound was p r e s ent was no t ra i s e d . 

I t  i s  o b v i ous t h a t  th i s  w o r k  shou l d  b e  repe a t e d  und e r  c l o s e ly 

contro l l e d  expe r imen t a l  cond i t ions wh i ch take i n t o  accoun t  

the var i ous fa c t o r s  i nvo l v e d  in c i t rus j u i c e  b i t t e rne s s . 

The conc l u s i ons from th i s  t h e s i s  a l s o  c a s t  doub t on the 

previous l y  repo r t e d  s tu d i e s  r e l a t e d  t o  mo re app l i e d a s pe c t s  

of  the b i t t erne s s  p r ob l em .  F o r  examp l e , the w o r k  o f  Guadagni  

e t  a l .  ( 1 9 7 3 ) on t a s t e  t h r e s h o l d s  f o r  l imon i n  i n  d i s t i l l e d  

water  and the e f fe c t  o f  s ome c i t rus j u i c e  c on s t i tue n t s  on  

the s e  thresho l ds w i l l  n e e d  t o  b e  r e p e a t e d . They a s s umed 

( in the ab s ence of any ana l y t i c a l  che cks ) that  h e a t i n g  l imonin 

and d i s t i l l e d  wa t e r  i n  a b o i l ing wa t e r  ba th w i th o c c a s i on a l  

shak ing unt i l  the l imon i n  d i s s o lved wou l d  re s u l t i n  s o l ut i ons 

con t a i n i n g  known amoun t s  o f  d i l actone l imon i n . Howeve r , the  

re s u l t s  r ep o r t e d  i n  th i s  t he s i s on the s o l ub i l i ty of  l i mon in 

in aqueous  s o lu t i ons demo n s t rate th a t , dur ing the s o l ub i l ­

i z a t i o n  o f  l imon in at h i gh t emperature s ,  hydro l y s i s  o f  t h e  

l ac t one r ings o c cu r s , r e s u l t ing i n  the pr es ence o f  d i l ac t one 

l imon i n , hy droxy ac i d  and i on i z e d  hydroxya c i d  i n  s o l ut i on . 

Since i t  has b e en rep o r t e d  ( Ma i e r  and Beve r l y  1 9 6 8 )  th a t  the 

hydroxy a c i ds a r e  n o t  b i t t e r , the  d e t e rmina t i on of  t a s t e  

thre sh o l d s b a s e d  o n  the a s s ump t i on that  al l t h e  d i l a c t one 

l imon i n  h a d  d i s s o l ve d  unch anged in aque ous s o l u t i on i s  now 

s e en to b e  e r roneous . 

As a fur ther examp l e  o f  t h e  impl i c a t i ons o f  the p r e s ent 

resul t s , reference  c an be m a de t o  the method p a t en t e d  by 

Spe r t i  ( 1 9 6 4 )  f o r  the p r o du c t ion of a c c ep t ab l e  j u i c e  from 

orange v a r i e t i e s  s u s c ep t ib l e  to  b i t t e rn e s s  deve l opment . H i s  

procedure invo lved imme d i a t e  s epar a t i on o f  p u l p  from t h e  j u i c e ,  

b o i l ing o f  the p u l p  i n  w a t e r , and a d d i t i on o f  t h e  t r e a t e d  p u l p  

ba ck t o  t h e  s e rum .  Res u l t s  in th i s  the s i s  d emons t r a t e  th a t  

cent r i fug a t i on i mme d i a t e l y  a ft e r  j u i c e  e x t ra c t i on d o e s  no t 

prevent b i t t e rn e s s  deve l opment in the s e rum . The r e f o r e , even 

if b o i l ing of the pulp w i th  water r e duced i t s  b i t t e r  c on t en t , 

recomb i n e d  j u i c e  wou l d  t a s t e  b i t t e r . The imp r ob ab i l i ty i f  

no t ab s o l u t e  i mp o s s ib i l i ty o f  th i s  p a t ented p r o c e dure b e i n g  
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succe s s fu l  i s  c o n f i rmed by the f a c t  that i t  h a s  no t app arently  

been adop ted  b y  c i trus j u i c e  proc e s s o r s  ( B e r ry and Ve l dh u i s  

1 9 7 7 ) . 

I f  a c ommer c i a l  p r o c e s s  i s  ever t o  b e  achieved f o r  the 

preven t i on of b i t t e rne s s  deve l opmen t in ci t rus j u i c e s , further 

work i s  e s s en t i a l , tak ing into c ons i de rat i on the r e s u l t s  

ob tained  i n  th i s  thes i s . 



Let the t h i ck cur t a i n  fa l l ; I b e t t e r  know than a l l  

How l i t t l e  I have ga ine d , how va s t  t h e  una t t a ined . 

Others s ha l l  s ing t h e  s ong , o thers s h a l l r i ght  the wrong , 

Fini sh  what  I b e g in , and a l l I fa i l  o f  win . 

What ma t t e r  I o r  they ? Mine o r  ano the r ' s  day , 

So the r i ght  wo rd  b e  s a i d , and l i fe t h e  swe e t e r  made ? 

Wh i t t i e r  
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