
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



STUDIES ON THE PROCESSING OF NEW ZEALAND 

GRAPEFRUIT JUICE 

A the si s p r e s ent e d in pa rtia l fulfil ment 

of the r e quire ments for the d e gree 

of Ma ste r of Te chnology in 

Food Technology a t 

Ma ssey University 

GORDON LINDSAY ROBERTSON 

1974 



"The safest position is somewhere between 

arrogance based on unrecognised ignorance 9 

and arrogance based on unwarranted 

certainty o ;; 

Profe ssor John Yudkin 
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ABSTRACT 

The likely ori gin of the New Zeal and grapefruit 

(NZGF) is discussed and pr esent and future trends in its 

production and utilisation presented. Early and l a t e season 

samples of NZGF juice were analysed for the presence of the 

enzymes pectinosterase, polyga l ac turonase and as corbic acid 

oxidase, no tra ce of the latter two being found. Samples 

of juice from NZGF harvested a t r egul ar interva ls from July 

until December 1973 were analysed for yield, total soluble 

solids, titratable acidity, pH, pectinesterase activity, and 

ascorbic acid content. 

The average yield of juice obta ined (35.6% w/w) 

was significantly l ower than that reported from overseas for 

true grapefruit. The level of total soluble solids remained 

fairly constant in the range 12.0 to 12.6%, while the pH of 

the juice increas e d throughout the season from 2.95 to 3.40. 

The titratable acidity was within the range 1.0 to 2.0 grams 

of citric acid per 100 ml of juice, while the Brix: acid 

ratio varied from 5.02 to 10.03. The level of pectine sterase 

in the juice (which increased as the season progr essed) was 

comparable wi th that found in overseas citrus juice s, while 

the level of ascorbic acid in the juice declined over the 

season from 32.4 to 23.2 mg/100 ml, in agreement with over

seas trends. With the exception of yield, the compositional 

characteristics of NZGF juice reported here do not differ 

markedly from overseas grapefruit juices. 
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The important role which pectinesterase plays in 

the destabilisation of citrus juice cloud is outlined and 

possible methods for inactivating the enzyme are cescribed. 

As the application of heat is the only method in commercial 

use 1 factors aff ecting and methods for studying the thermal 

ina ctivation of enzymes a r e discussed . As the major object

ion to most of these methods is the way in which the 

hea ting and cooling l ags a r c evaluated 9 a new method which 

adequately describes these thermal l ags has been developed 

for determining the thermal resistance of pectinesterase 

in NZGF juice. 

A digital computer was programmed to determine 

(using a trial and error technique) the constants in two 

expressions which r e l a te the equivalent effect of unsteady

state heating and cooling of NZGF juice to the inactivation 

of pectinesterase . One expression assumed that the rate of 

inactivation was exponentially related to temperature; in 

this case the constant was the z value. The other expression 

assumed that the rate was related to temperature according 

to the Arrhenius equation 9 in which case the constant was 

the activation energy . The two constants were evaluated 

for both low and high pH juice. It was found that the latter 

expression using the Arrhenius equation described the change 

in rate of inactivation with temperature more adequately than 

the former expression . From these expressions the times 

required at different temperatures to inactivate pectinester

ase in NZGF juice of varying pH were calculated. The appli

cation of these results to the industrial processing of NZGF 

juice is discussed. 
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CHAPTER ONE 

THE DEVELOPMSNT OF THE CITRUS FRUIT INDUSTRY IN 
-----------------

NEW ZEALAND WITH PARTICULAR REFERENCE TO GRAPEFRUIT 



SECTION I 

THE ORIGIN OF NEW ZEALAND GRAPEFRUIT VARIETIES 

It was not with an apple that Eve tempted Adam 9 

according to one tradition 9 but with a citrus fruit - a 

primitive citron called etrog or Adam's appleso (Kefford 9 

1966). Citrus fruits with their attractive colours and 

distinctive flavours continue to tempt the appetites of 
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men 9 and as the richest natural sources of vitamin C9 they 

are important to human nutrition o More citrus fruits are 

consumed directly as human food than any other kind of fruit 9 

and the world crop of citrus fruits is second only to the 

grape crop , much of which 9 however 9 is utilised in fermented 

liquorso 

New Zealand is a signatory to the Codex Aliment

arius Commission Standards on fruit juices which are likely 

to become accepted internationally within the next three 

years. Once this happens 9 any grapefruit products exported 

from New Zealand will have to meet the Codex standardso 

Therefore it is important to the citrus processor to know 

how New Zealand grapefruit compare with overseas species and 

varieties. 

The botanical or horticultural names of the major 

citrus fruits 9 together with the taxonomic relationships 

between them, are summarised in Table I, after Swingle and 

Reece (1967) and Hodgson (1967). 



Gen e r a l Name 

Sweet orange 

Bitter or 
sour orange 

Mandarin 

Grapefruit 

Pummelo or 
Sha ddock 

Lemon 

Lime 

Table I 

Classification of Citrus Fruits 

Botanical Name Vari e tal Group s 

Citrus s inen s is Norma l oranges 
Naval oranges 
Blood oranges 
Low- ac i d oranges 
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Citrus auranti um Bitter (Seville) oranges 
Bittersweet orange s 

Citrus r et icula t a Common mandarins 
Tangerines 
Satsuma mandarins 
Mediterranean mandarins 
Small-fruited mandarins 

Citrus paradisi Pale-fle shed grapefruits 
Red-fleshed grapefruits 

Citrus grandis Common pummelos 
Pigmented pummelos 
Low-a cid pummelos 

Citrus limon Acid l emons 
Low- a cid lemons 

Citrus aurantifolia Small-fruited acid limes 
Large-fruited acid limes 
Low- a cid limes 

The ori gin and significa nc e of the n ame "grapefruit" 

a r e ob s cure . According to Webber (1 943) , who made a compre

hensive search of the lite r a ture, the earli es t recognisable 

mention of grapefruit occurred in Barbados (Wes t Indies) in 

1750 under the name "forbidden fruit", from which the species 

designation £aradisi was assigned in 1830. The first known 

use of the t erm grapefruit occurred in 1814 in Jamaica, in 

which it was refe rre d to as a special and smaller kind of 
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shaddock whose flavour somewhat r e sembled that of the grape. 

It seems more likely 9 however 9 that the name was derived 

from the fact that the fruits commonl y occur in sma ll clust

e rs rather than singly 9 as with most shaddocks (pummelos). 

Early in the present c e ntury 9 the name pomelo was proposed 

and for a time was us ed by American horticulturists. It 

was not accepted b y the industry 9 how e v e r 9 and has now 

vir tually disappea r ed. 

According to Hodg son (1967) 9 the grapefruit almost 

cer tainly originated in the West Indi e s 9 for it is not 

described in the old lite r atur e and wa s not known in Europe 

or in the Ori ent until aft e r its discovery in the We ste rn 

Hemisphere . That it was derived from the p~ mmelo is c e rtain 9 

but whether by somatic muta tion or natura l hybr i disat ion is 

not known. However 9 it i s the opinion of Hodgson (ibid.) 9 

based on observations of nume rous natural hybrids of the 

purnmelo in northeastern India 9 Sikkim9 and eastern Nepal 9 

that the grapefruit originated as a natural h ybrido 

Although the grapefruit was s a id to be common in 

Jamaica and p robably throughout the We st Indi es 9 it r e mained 

for Florida to introduc e the grapefruit to the America n 

consumer a nd to develop a commercial industry . This f a ct 

explains why 9 wi th the sole exc eption of Redblush (Ruby) 9 

all the grapefruit varieti e s of commercial importance have 

originated in Florida and apparently tra ce back to the 

original introduction. 

The so- called New Zealand grapefruit is not a true 



grapefruit but is a natural hybrid of obscure origin with 

tangelo characteristics. That it originated in the Orient 

is sugge st ed by Bowman's statement (1956) that it was 

brought to Austra lia ( presumably the fruit) from Shangha i 
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by a Capta in Simpson ea rly in the 19th Century. The 

earli es t description of the Poorman orange (as the variety 

was then ca lled by the Australi ans), given in a New South 

Wales nursery catalogue of 1820, indicates that the original 

introduction might have been a shaddock (pumme lo). 

According to Bowman (ibid.) the Poorman was taken 

to New Zealand by Sir George Grey 9 who established his home 

on Kawau Island in the Hauraki Gulf about 1855. About 1861 9 

Grey provided propagation materials to John Morrison of 

Warkworth 9 and for many years the most commonly grown strain 

of this fruit was known as Morrison 9 s seedless. The name 

'New Zealand Grapefruit' (hereafter referred to as NZGF) was 

late r given to this and other thin-skinned high quality 

strains of Poorman orange s. A popular strain being planted 

at present is known as 'Golden Spe cial' and is probably a 

variation of Morrison's strain. 'Lippiatts' is another 

strain which has b een grown and which aros e as a seedling 

of the Poorman orange. 

The earl i er plantings of NZGF were of trees 

propagated on either sweet orange or rough lemon rootstocks 

which grew to a very large size 9 and although these trees 

were heavy bearers 9 harvesting costs were high. The trend 

with recent plantings has been to propagate trees on tri

foliata rootstocks 9 and this is r esulting in smaller trees 



which are easier to handle and which can also be planted 

close r together to maintain yields per a cre. In fact, 
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double planting at about 230 trees per acre is now not un

common, but the average density of tree s over all plantings 

is at present only about 145 trees per acre (Fletcher, 1971). 

The NZGF is mediTu~-la rge 9 oblate to broadly obovate 

to nea rly globose. Despite having numerous seeds, it i s 

monoembryonic. It has a pale orange - yellow colour at 

ma turity, with a medium-thick rind. The flesh colour is 

yellowish orange , coarse -textured and juicy, the flavour 

being pleasantly suba cid with a trace o:f bitterness . 

Compared with true grape:fruits 9 it matures very early, but 

holds on the tree exceptionally well without loss in colour. 

The tree i s vigorous, large and prolific, with dark green 

l eaves ~ and the petioles are suggestive of mandarin or 

bitter orange rather than grapefruit (Hodgson, ibid.). 

The only other kind of grape:frui t v1hich is gr·own 

in New Zealand is the Wheeny gr apefruit. This is a late 

variety, ripening :from November to March . It originated as 

a chance seedling at Wheeny Creek near Kurrajong, New South 

Wales, Australia, and was :first introduced into New Zealand 

about 1935. The :fruit is pale yellow, large, thin skinned, 

and very juicy, somewhat similar in appearance to American 

and Jamaican grapefruit varieties. It is not a true grape

fruit, however, but a natural hybrid, probably with a Seville 

orange parent. Interest in Wheeny grapefruit has waned in 

recent years, and production o:f this variety is not important 

in New Zealand at present. 
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As mentione d e8.rli e r in this s e ction 7 New Zea-land 

is a signa tory to the Codex Alimenta rius Commission Stand

a rds on fruit juices . The draft Codex Sta nda rds on citrus 

juices (Codex Alimenta ri us Commission 9 1971 ) r equire tha t 

gr apefruit juice b e e xtra ct e d from the species Citrus 

p a radisi Ma cfadyen , the true We st India n grapefruit. The 

New Zealand Food and Drug Re gulations (1973) regulation 197 9 

state that grapefruit juice shall b e the expressed juice 

of ma ture grapefruit of the speci e s Citr_£§, par adi si , or of 

hybrids of that spe ci e s , or of hybrids of the species 

Citrus grandis. 

However, the above discussion h a s indicated that 

New Zealand grapefruit is unique, belonging to neithe r of 

the abov e - mentioned spe cies. Therefore, at this p oint in 

time 9 a ll NZGF juice sold in New Zea l a nd f a ils to meet the 

Food a nd Drug Regula tions. Furthe r mor e , NZGF juice could 

n e v e r meet the Codex Alimentarius Commission Sta nda rds 

from a species point of vi ew . The proper course would s eem 

to b e to ha v e a special designation in both the Codex 

Standards and the New Zea l and Food and Drug Regulations for 

NZGF juice . Be cause of the recent increases in NZGF juice 

processing , there would appear to be some urgency in this 

matter. 
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SECTION II 

PRODUCTION OF CITRUS FRUITS 

The wor ld production of citrus fruit s exceeds 40 

million tonnes 9 an increase of over 30% in the l as t 6 years , 

as shown in Table II. 

Tabl e II 

World Production of Ci trus Fruits 

Year Million Tonnes 

1966 30. 81 

1967 33. 66 

1968 33.11 

1969 36 . 74 

1970 37.53 

1971 38 . 88 

1972 40 . 21 

~ou~; The State of Food and Agriculture 1 F .A.0 . 9 Rome 

(1973). 

The proport ion of the crop consume d in the form 

of proce ssed citrus products continue s to increa s e and there 

has been an at t endant expansion in inte rna tional trade in 

citrus juices and concentr a t es . 

The main producers of citrus fruits in 1972 are 

shown in Table III. 



Table III 

Ma in Producers of Citrus Fruits in 1272 

Countr y 

North America 

La tin Americ2 

Western Europe 

Near Ea st 

Africa 

Million Tonnes 

11 • 28 

9. 03 

6 .30 

2.44 

2.33 

World production of grapefruit in 1972 was l ess 

than three mill ion tonnes 9 the ma in a r ea s of production 

being shown in Table IV o 

Tabl e DI 
·~~-~ 

Ma in Areas of Grapefruit Production i n 12]2 

Country Million Tonnes 

Florida 1 . l~O 

Texas 0.324 

Israe l 0 . 316 

Ca lifornia 0.170 

Argentina 0.144 

TOTAL 2.353 

9 

New Zealand production of citrus fruits in 1972 was 

619,000 bushels or approximately 5630 tonnes (Ministry of 

Agriculture and Fisheries 9 1973), an extremely small quantity 



when compa r e d with world production. 

or 2080 tonnes was NZGF " 
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Of this quantity, 37% 

As New Zealand i s s itua t ed climatically a t the v e ry 

southern limit for citrus culture, it is only in the r e lative

ly fros t - free, sheltered p ocke t s on the eas t e rn littora l of 

the No~th Island from Gisborne north, tha t conditions a r e 

sufficiently congeni a l for commercia l production of citrus 

fruits. 

The citrus industry is concerned primarily with 

producing fruit for the home market. With strong compet

ition from othe r countries more favourably suite d for 

citrus and closer to world markets, there has been little 

prospect for de v e lop ing export outlets . 

Nev e rthe l ess, the citrus industry has expanded 

steadily since World War II, a nd this expansion has increased 

in t empo in r e cent years . The total a r ea in citrus doubled 

in 5 years from the time of the Department of Agriculture 's 

(now the Ministry of Agriculture and Fisheries) orchard survey 

in 1963 until the l a st survey in 1968 . Unfortunately , the 

results of the 1973 orcha rd survey will not be available 

until later this yea r (Fletcher, 1973), but in the four 

years from 1968 to 1972 , the total citrus a creage had 

doubled again, as Table V shows. 



11 

Table V 

Growth in New Zealand Citrus Production 

Year Total Acres 

in Citrus 

Total Acre s 

in NZGF 

NZGF as~ Total Acres 

1968 

1970 

1972 

1781 

2769 

3528 

309 

572 

939 

Tota l Citrus in Wheeny 

19 

21 

27 

34 

32 

32 

Table VI shows the relative importance of the four 

main citrus growing r e gions in New Zealand in 1972. 

Tabl e VI 

Re l ative Importan~f Four ~.: ain Citrus Growing Regions 

in New Zealand in 1,272 

Region Total Area in Citrus Production of NZGF 

Acres % N. Z. Total ~ Total % T9tal , 
Bushels NZGP Citrus Crop 

Kerikeri 838 23 . 7% 25,000 10 . 9% 4 . 6% 

Auckland 281 8 . 0% 56,000 24 . 4% 9 . 1% 
Bay of 1841 52 . 3% 1 L~O, 000 61 . 0% 22.6% Plenty 

Gisborne 568 16.0% 9,000 ~-7% 1 . 5% 

TOTALS 3528 100 . 0% 230,000 100.0% 37 . 8% 

The first interesting point which emerges from 

Table VI is the undisputed claim of Bay of Plenty as the 
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main region for growing NZGF. Producing over t wice as much 

a s its n ea r es t riva l Auckla nd 9 it is the obvious a r ea for the 

establishment of a l a r ge scale citrus pr oc e ssing industry. 

This fact i s substantiated wh en it i s considered that a . 
sizable portion of the crop grown in the Auckla nd r egion 

finds its way onto the fresh market to satisfy the d emand 

of the Auckla nd me tropolis . 

The s e cond point iG the greater yield of NZGP per 

acre compare d with othe r citrus fruits, namely 38% of the 

tota l production from 27% of the total area under citrus. 

In fact 9 these figur es a r e not as spe ctacular as the 1970 

ones when 21% of the to tal a rea under citrus was NZGF 9 

producing 37% of the total crop. The app a r ent drop in 

production per a cre c an be expla ined by the large acreage 

of very young NZGF tree s which have been planted between 

1970 and 1972. When the s e tre e s r each the ir full p roductive 

capa city within the next 10 to 12 yea rs 9 NZGF will a ccount 

for the major p ortion of the tota l citrus crop on a bushels 

p e r a cr e bnsis. 
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SECTION III 

FUTURE TRENDS I N NZGF PRODUCTION AND UT ILISATION 

Ca rtwri ght (1973 ) estimated supply and demand 

pro j e ctions for New Zea l a nd citrus from 1973 to 1977 . As 

h e pointed out a t some l e n g th 9 the proj e cti ons we r e logi c a l 

de ve lopments of existing historica l da t a a nd specific 

a ssump tions 9 not for e cas ts or predictions . Ina de qua cies 

in bas ic data limite d the scope of his s tudy. Table VII 

shows the proj e cted supply of NZGF . 

Year 

1973 

1974 

1975 

1976 

1977 

Tabl e VII 

Proj e ctions _of Suppl y of NZGF 

Proj e cted Supply Proj e cted Supply Exc e ss 

( bushels) as % of 1972 Supply ove r 

2719000 11 7 . 8 

31 99 000 139 . O 

395,600 171. 9 

4 81,000 209 . 3 

590,000 256. 8 

Source: Ca rtwright (1973) 

of Proj e ction 

1972 Supply 

409900 

89,800 

16 5 9500 

251, 600 

360, 800 

Eve n a lthough the yi eld estimate s used a bove 

resulted in the projections b e ing conse rva tive , rapid growth 

rate s in supply a re projected. An increase of more than 70% 

over the 1972 supply l ev e l is projected for 19759 while the 
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1977 supply is projected to be in excess of two and one half 

times the 1972 supply l e v e l. 

Cartwright (ibid.) projected that the excess of 

supply ove r demand for NZGF in 1977 would be 139% 9 and in 

the absenc e of any a ction to stimula t e demand 9 a v e rage 

r e t a il price s in 1975 were cons e rva tive ly projected to fall 

by 30% of the 1972 pric e for NZGF. 

The proj e cti ons impli e d early a nd dras tic 

depr e ssions in price s unles s urgent steps were t aken to 

stimula t e consume r d 2mand. In the absence of such a ction 9 

grow e rs of NZGF were proj e cted to be p l a ced under R severe 

cost-p ric e squee z e 9 and this would be a ttende d by pressure 

on proc e ssors and distributors to r e duc e the ir margins. 

Curr ent pe r capita consumption of all citrus 

fruits in New Zealand has been calculate d a t a bout 9 kg 

per person and most of this was e a ten as fresh fruit 

(Fletche r , 1969). Home garden production would appear to 

add about a further 2.3 kg per head (Frampton, 1971). 

Estimated consumption figures for fresh citrus fruit in 

othe r countries with developed e conomies are shown in 

Table VIII. 
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Table VIII 

Estima t e d Annual Consumption of Fresh Citrus Fruits 

1963 1965 1968 

kilograms per head 

United Kingdom 8 . 2 8 . 6 9 . 1 

Canada 9 . 5 11o3 1 o. 9 

Unit e d Sta t es 10.0 13. 2 11 • 8 

·vvest Germany 14 . 5 18 . 2 16 . 3 

France 15. 9 17. 7 16. 8 

Source: Fruit - A Revi ew (Commonwealth Se cre t a riat, 1970). 

It is appa r ent that consumpt i on of fr e sh fruit in 

New Zealand is not particula rly high when compar e d with 

other countries with high living standards. A centrally 

planned and directed programme of promotion could produc e 

specta cula r increases in consumpt ion. Although citrus 

growers are giving this matte r consideration through the ir 

nat iona l body, the Citrus Council, little has yet emerge d. 

In the case of NZGF, the obvious processed product 

to produce in an effort to increase consumer consumption is 

a high quality juice which could be available to consumers 

all the year round, compare d to the fr e sh fruit which a r e 

only a va ilab l e for six months of the year. According to 

Tressler and Joslyn (1971), about 60% of the total per capita 

citrus consumption in the Unit ed States of America wa s in the 

form of juice, e ither a s single strength or frozen concen

trate. Figures such a s those in Table IX show that 
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consumption of citrus fruits a s juice is increa singo 

Table IX 

Estimated Consumption of Citrus Juice in Kilograms per Head 

(Singl e Strength Equival ent) 

1959-60 1966-67 

\Ve st Germany 1 • 0 2.0 

Netherl ands 1 • 1 3.4 

United Kingdom 1 • 8 2.2 

United Statss 11 • 2 12 o 1 

Source: Processed Fruit and Vege t ables (F.A.O., 1970) 0 

No official data is available as to the New Zea 

l and consumption of proc e ssed citrus fruit produc tso Demand 

for processed grapefruit has grown largely since the mid-

1960s . It r eceived considerable stimulus by the emergence 

in 1965 of single strength grapefruit juice marketed by 

town mi lk vendorso Until that time little interest had 

been shown by proce ssors in processing fresh grapefruito 

In 1970, milk treatment compani es distributed nea rly 1.8 

million litres of grapefruit drink in New Zealando This is 

equiva lent to 0.6 million litres of single strength juice. 

Taking an a ve r age juice yield of 35% (se e Chapter 2, Section 

III), this consumption represente d 91,500 bushels of NZGF, 

or 46% of the total 1970 NZGF production. 

The distributors consider there is a great 

potential for increased sales of the juice. At present 



only 15 of the 40 or more milk trea tment stations in New 

Zea l a nd distribut e the grapefruit drinks 9 and the South 

Island is virtua lly untapped. 

As well as the milk treatment sta tions 9 s evera l 

New Zealand processors are producing a canned grapefruit 

drink 9 but the quality is low . The raa in criticism. o:f'"the 

gr apefruit drink is its v a riable water content (Dove r, 

1973). Under the New Zealand Food and Drug Regulations 

(1973), r egula tion 222, a fruit drink need only contain 
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5 per c ent by volume of fruit juice, although the actual 

level is generally much higher than this. Money (1971) 

indica ted tha t milk treatment stations worked on a 1 : 3 

dilution with water. i . e . 25% of juice . The drink h a s a lso 

been criticised for its exc ess ive bitternoss and unstable 

cloud. 

The present study was unde rtaken to inve stigat e 

a spe cts of the processing of NZGF juice and provide basic 

t e chnological da t a that would enabl e citrus processors to 

produce a consistently high quality single strength juice. 

By so doing they would hopefully increase the per capita 

consumption of NZGF juice in New Zealand to cope with the 

predicted large production increases over the coming years. 
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CHAPTER TWO 

SEASONAL CHANGES I N THE COMPOSITIONAL Cru . ..R.ACTERISTICS 

OF NEW ZEALAND GRAPEFRUI T JUICE OF IMPORTANCE TO CITRUS 

PROCESSORS 
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SECTION I 

COMPOSITIONAL CH.iill .. ACTERISTICS OF NEW ZEil.l.Jl-ND 

GRAPEFRUIT JUICE OF I MPORTANCE TO CITRUS PROCESSORS 

Much of the informat ion that has been r eported on 

the general composition of citrus fruits has mainly local 

relevance in the growing region concerned. Kefford and 

Chandl er (1970) list sources of routine information of this 

k ind, the commonly reported constituents being soluble 

solids, a cidity, ascorbic n cid and juice yield. In a 

number of case s mor e comple te analyses include sugars , ash 

constituent s, nitrogen, and formol a nd chloramine v a lues. 

Differont parti es in the chain from the primary 

producer to the consume r are interes t e d in the composition 

of citrus fruits from different points of view. The grower 

is inte reste d in the yield and size of the fruit, and the 

yield of soluble solids in kilograms per tree or kilograms 

per hectare. The processor is interested in the yield of 

juice, the yield of soluble solids in kilograms per tonne 

of fruit, and in the characteristics of the fruit as they 

relate to consumer preferences. The consumer is interested 

in the palatability of the juice, in terms of flavour, colour, 

appearance and nutritive va lue. 

According to Kefford a nd Chandler (ibid.), . the 

major factors affecting the general composition of citrus 



20 

fruits are the horticultural and climatic conditions under 

which they are grown. A whimsical comment by Monselise and 
1 1 

Turrell (1959) suggests that there a r e at least 3.67 x 10 

permutations and combinations of variables in citrus culture. 

It is not s urprising therefore that it is difficult to draw 

general conclusions about the influence of particular factors 

on the composition of citrus fruits. 

As mentioned previously 9 the compositional charac

teristics of citrus fruits of inte rest to processors are: 

( i ) yield of juice 

(ii) flavour 

(iii) colour 

(iv) a ppea r ance 

(v) nutritive v a lue 

(i) Yield of Juice 

From the production control point of vi ew 9 this is 

the most i mportant factor to the citrus processor. If the 

processor is producing only a single strength juice (as is 

the case in New Zea l and a t the moment) then the yield can 

be simply calculated as the weight of juice per unit weight 

of fruit 9 expressed as a percentage. Any change in the 

yield is directly reflected in the profitability of the 

processing operation 9 and it is for this reason that proces

sors attempt to maximise their yields 9 even if it is at times 

detrimental to the organol eptic quality of the juice. 

When the processor is extracting juice for 
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sub s equent concentration, it is customa ry to expre ss the 

yield in terms of kilograms of soluble solids p e r tonne of 

fruit. This is b e c a us e the juice is concentra ted to a 

c e rta in l eve l of soluble solids, and the higher their 

initiRl l e v el, the sma lle r the quantity of wa ter which 

n eeds to be r emove d t o r each the r equir e d concentra tion. 

The t wo ma in ope r a ti ons in the process which a ff e ct 

yi e ld a r e extrac tion a nd finishing . Me chanica l extr a ctors 

a r 0 now a l most universa lly used for the comme rci a l extra ction 

of citrus juice s a nd a r e c apabl e of a djustment to v a ry the 

pressure on the fruit. Increasing the extraction pressure 

t ends to incr ea s e the yield of juice but decre ase the 

soluble solids and a cidity be c a us e some of the juice is 

de rived fro m the peel r a ther than from the juice vesicles . 

The e ffec t of extra ction pr e ssure on juice c ompositi on is 

l ess the more s pherical the fruit and thinner the peel. 

Therefore, because of the ovoid shape of the NZGF 1 extraction 

pressure is an important vari a ble a ffecting both yield a nd 

juice composition. 

In the finishing stage , the me sh size of the 

screen a nd the pressure h ead influence s the d e gree of 

r e tention of the l a rge particle s in the juice 1 thus a ffect

ing yi e ld. For concentrated citrus juices, excessive free 

and suspe nded pulp is terme d a physical defect under United 

States Department of Agri culture (USDA) spe cifica tions, 

and a maximum level of pulp is s pecified . No minimum level 

is set 1 but the lower the pulp level 1 the lower the yield. 



The effect of p ulp qua ntity on the chemica l a nd physica l 

p roperti es of citrus juice s is presente d by Rous e e t a l . 

( 19 54) . 
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Other f a ctors outside the control of the processor 

which can influence yield include the nutri ent status of 

the tre e and the rootst ock . In New Zeal and 9 Fletche r a nd 

Hollies (1965) f ound tha t trifoliate ora nge was consist

ent l y superior to rough l emon a nd sweet orange a s a root

stock f or several va ri e ti es of orange 9 giving highe r juice 

content and solub l e solids content . 

Dawes (1 970) found n simila r trend for soluble 

solids fr om NZGF 9 the l ev els de creas ing i n the orde r 

trifoliata , sweet or ange and citrone lle . The e ff ect of 

rootstock on j u ice composition i s shown in Tabl e X a ft e r 

Dawe s ( 1 9 71 ) • 

Tabl e X 

Effect of rootstock on composition of NZGF ju~ 

Rootstock 

Trifoli a t a Swee t Ora nge Citronelle 

Soluble Solids 16.35 15.15 12 . 70 

Acidity 1. 65 1.85 1 .45 

Total Suga rs 12 . 8 11 0 6 9.8 

Brix ~ a cid ratio 9. 9 : 1 8 . 2 : 1 8 . 8 : 1 

Ascorbi c Acid 37 . 0 37 . 0 32 . 4 
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Strachan (1971) reported tha t sweet orange root

stock produced fruit with more juice than trifoliata and 

citronella stock but that the total soluble solids a r e 

low er. Of the three rootstocks 9 the trifoliata produced 

the highest solub l e solids. 

In the pr esent s tudy 9 the yield of NZGF juice from 

fruit grown on trifolia ta stock was dete rmine d throughout 

the 1973 season. 

(ii) Flavour 

The citrus fl a vour system consists of stra ight

forw8 rd pr i ma ry t a st e s: s wee t 9 sour 9 a nd b itt e r, plus a 

supe rstructure of mor e tha n 100 vola t il e fl a vours 9 tho 

r espective r ol es of which a r e h a rdly known (K eff ord a nd 

Cha ndl c r 9 1970) . 

All grapefruit h a v e r e l at ive ly high concentrations 

of two extremely bitte r substanc e s 9 the triterpenoid limonin 

and the fl a vonoid n a ringen . These compounds give NZGF juice 

its cha racteristic fl avour 9 but in excess are unacceptable. 

The a mount of limonin r equire d in a juice before 

bitte rness becomes det e cta ble vari es with the sweetness and 

the acidity of the juice as we ll as the sensitivity of the 

taster (Chandler and Kefford 9 1966). As a general rule a 

juice containing less than 6 ppm of limonin is unlikely to 

taste bitter 9 but a juice with more than 9 ppm will seem 

bitte r to most tasters. Limonin contents higher than 30 ppm 

are comparatively r a r e . The natural fre e juice of NZGF has 



a limonin c oncentrat i on of 15 ppm making it naturally 

bitter 9 and the concentr at i on increase s to 25-30 ppm a s 

the limonin goes into solution from the rag (Strachan 9 

1971). Solution of limonin t akes place very slowly at 
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room temperature but increa ses rapidly at pasteurising 

temperatures. Dawes (1971) indicated tha t limonin contents 

of NZGF juice may va ry from 6 08 ppm to 25 .4 ppm? with 

bitterness appa r ent above 9 ppm. 

Buffa and Bellenot (1962) suggested that a l e v e l 

of 0 . 03 - 0.07% naringen is r e quired to give grapefruit juice 

its cha r ac t eristic bitterness 9 juice s with naringen contents 

below 0 . 03% being of poor quality. Stra chan (1971) stated 

that naringen is tolerable to most individuals a t the 0.07% 

l evel 9 with its concent r at i on in NZGF juice a v e raging 0 . 05-

0 .12%. 

With high concentrations of these bitter substances 9 

NZGF juice is norma lly too bitter a ft e r processing unless 

action is t aken to prevent the ir uptake in the juice. 

Fortuna tely the insolubility of both bitter sub

stances aids in their removal. If the rag is removed 

rapidly from the juice phase there is insufficient time for 

the bitter principles to go into comple te solution. Low 

temperatures further retard solubility. Cold extraction 

and rapid rag removal can reduce limonin to 7 - 11 ppm and 

naringen to 0.04 - 0.06% 9 or less than half the normal level 

(Strachan 9 1971). 
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Because of the importance of bitterness in con

sumer acceptance of many processed citrus products 9 consid

erabl e interest has b e en shown in the use of enzymes of 

fungal origin which comple tely hydrolyse n a ringen to non

bitter productso Thomas et a l. (1958) showed tha t only 

pa rtia l hydrolysis of naringen to prunin was n e cessary for 

succe ssful debittc ringo ~lthough in most ca s e s the cost 

does not warra nt enzymic debittering 9 Kefford and Chandle r 

(1970) mention a Russian paper which r eports the use of 

enzyme preparations from AsEer_gillus nig__e r for debittering 

grapefruit juice s. 

Excess peel oil a dverse ly affects grapefruit 

fl a vour giving it an unplea s ant terpene-like off-fla vour 9 

and is the mGin ca use of p oor fl a vour in the gr apefruit 

drink currently on the New Zealand market (Strachan 9 1971). 

Off-fla vour is due to oxidised oil constituents 9 a nd the 

only me thod of e liminating the problem is to r e duc e the 

oil content to a low leve l by using correctly-a djusted 

mechanica l extractors 9 followed by compl ete deaer ation of 

the juice . The amount of peel oil present in the juice 

depe nds ma inly on the me thod of juice extraction and little 

on the raw ma terial. 

In adcit ion to a distinctive aromatic cha racter 

provided by volati l e fl a vouring ma teri a ls 9 citrus juice s 

must h a v e an a cceptabl e suga r : acid balance. This b a l ance 

is expressed in t e rms of the Brix: a cid r at io 9 a low r a tio 

indicating a rela tive ly soup juice, and a high r a tio a 
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relatively sweet juice. 

Kilburn (1958) and Kilburn and Davis (1959) 

demonstrated a linear relationship between the pH of 

grapefruit juice and the log of the free acid concentration 

expressed as milliequivalents per gram of soluble solids. 

Expressed in another way 9 this means that at a uniform 

soluble solids content (Brix) 9 the pH of the juice is 

proportional to the log of the titratable acidity. 

(iii) Colour 

Immature citrus fruits are characteristically 

green because of the presence of chlorophyll in the flavedo. 

At a certain stage in the development of the fruit (known 

as the colour break) 9 the flavedo begins to change in 

colour from green to yellow or orange 9 because chlorophyll 

is lost and carotenoid pigments appear. 

The colour of citrus juices is due to carotenoid 

pigments carried in the chromoplasts 9 which form part of 

the suspended cloud. Because the pigments are not in 

solution 9 colour measurement is difficult 9 and the use of 

plastic colour standards has been written into the United 

States specifications for canned citrus juice 9 thus avoiding 

tedious analytical methods and expensive instrumentation. 

NZGF is well endowed with colour and there is no 

difficulty in producing juice of good colour. In fact, high 

colour is an attractive attribute of NZGF juice (Dawes, 1971). 
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While colour is unquestionably important to the 

overall appearance of citrus juice 9 the most important 

factor contributing to the desirable appearance of citrus 

juice is the presence of a stable cloud. Lime juice is the 

exception here as traditiona lly it has a l ways been consumed 

in the cla rified form. 

Citrus juices are ~nerally opaque because of the 

presence of a nheterogeneous mixture of cellular materials 

and perhaps emulsoids held in suspension by pectin11
, to 

~uote Scott et a l. (1965). These workers investigated the 

composition of this cloud in orange juices freshly extracted 

(on commercial juice extractors) from a range of varieties 

grown in Florida during several seasons. After a primary 

screening through a 16- mesh screen 9 the juices were centri

fuged for 10 minutes at 600g to give fraction A. The 

effluents were then recentrifuged immediately for 3 minutes 

at 60 , 000g to give fraction B, and again after storage 

ove r night to throw down the fine cloud which formed fraction 

c. 

Fraction A, the afree and suspended pulp", 

resembled the albedo, rag, and pulp components in being high 

in cellulosic constituents and relatively low in pectin, 

lipids, and phosphorous. This fraction was evidently made 

up of fragments from mechanical disintegration of structural 

tissues. 
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Fractions Band C, the true cloud 9 were high in 

pectin 9 lipids 9 nitrogen and phosphorous 9 indicating that 

they were derived from the contents of the juice vesicles. 

The mechanism of cloud stability is discussed in 

detail in Chapter Three. The presenc e of pectic enzymes in 

citrus juice leads to destabilisation of the cloud. Conse 

quently, the present studies were undertaken to determine 

which pecti c enzymes were present in NZGF juice so that 

processing conditions necessary to produce a stable cloud 

could be established. 

fv) Nutritive Value 

Because citrus fruits contain 85-92% water, they 

cannot be important sources of major nutrients. Instead, 

their place in the diet depends on the presence of minor 

nutrients, especially vitamin C, or on considerations 

other than nutritive value in the atrict sense. They were 

used empirically for the prevention and treatment of scurvy 

around 1750, long before vitamin C was first isolated as a 

pure crysta lline compound in 1932 9 l emon juice being us ed as 

t.hc source. The role of citrus fruits and processed citrus 

products in human nutrition has been reviewed in detail by 

Kefford (1966). 

According to Kefford (1959), the concentration of 

ascorbic acid in citrus juices varies from 10 to 80 mg/100ml 

according to variety. Although other vitamins are present, 

their concentrations are so small that citrus fruits 



consumed in normal amounts cannot be expected to make 

significant contributions to human daily requirements for 

any of thes e vitaminso 
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In general 9 citrus fruits tend to lo se a scorbic 

a cid slowly during storage but the loss is very small a t 

optimum cool storage telllperatures and is unlikely to exceed 

10% under any r ea s onabl e conditions of distribution and 

marketing (Kefford 9 1966)0 

Rohrer and Trea dwell (1944) 9 quoted by Kefford 

(1966) 9 showed tha t ascorbic acid retention in orange juice 

on standing was not influenced by the method of extra ction 9 

whether by stationary reame r 9 r otat ing reamer 9 or juice 

press 9 nor by storage in open or closed containers 9 nor by 

dilution with t ap watero They expressed the view that the 

l ength of time orange or grapefruit juices may be stored is 

limited by loss of palatability9 and onset of fermentation 9 

r a ther than by loss of ascorbic a cido 

Lamden et a l. (1 960 ) c arried out a critica l study 

of the quality and particula rly the ascorbic a cid content of 

chilled orange juices purchase d in reta il markets and 

deliver ed to home s 9 and found tha t the ascorbic a cid content 

was only 57% of that found in fresh oranges purchased at the 

same time. They attributed the loss to inadequate control 

of refrigerated storage temperatures during distribution. 

To summarise 9 the constituents of citrus f'rui ts 

other than ascorbic acid have doubtful dietary significance. 



Pa radoxically 9 howev e r 9 l a ck of nutri ents h a s b e come a 

positive virtue in citrus food s in the well - f e d countri e s 

wh e r e consume r s a r e increasingly we i ght conscious for 

r ea sons of hea l th or f eminine b eauty . 
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SECTION II 

ANALYSIS OF NZGF JUICE FOR ENZYMES 

Before sea sonal changes in NZGF juice could be 

determined 9 it was necessary to carry out ana lyses to see 

if enzymes which were pr e sent in c ertain overseas citrus 

var i e ti es were present in NZGF juice . The enzymes of 

interest were: 

(a) Eectic enzymes 9 which if present could lead to 

cloud destabilisa tion 9 and 

(b) ascorbic acid oxidase 9 which if present could 

reduce the ascorbic acid content of the juice. 

A. PECTIC ENZYMES 

1. I NTRODUCTION 
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The most extensive investigations on enzyme 

activity in citrus fruits have been concerned with the 

occurrence and activity of pectic enzymes 9 particularly as 

these effect the undesirable changes in the appearance of 

citrus juices. Pectic enzymes may be divided conveniently 

into two main groups 9 the saponifying enzymes or pectin

esterases9 and the depolymerising pectic enzymes (Rombouts 

and Pilnik, 1972). 

(i) saponifying enzyme s - these are specific pectin

methylesterases which split the methylester group 

of polygalacturonic acid. They are now commonly 

called pectinesterase (pectin pectyl-hydrolase, 
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EC 3.1.1.11) and abbreviated PE, or pectinmethyl 

esterase (PME). Formerly they were often referred 

to as pectinmethoxylase, pectindemethoxylase, 

pectolipase, and pectase. 

(ii) dfil2olyme rising enzymes - these include glycosidases 

and lyases (this t e rm is now preferred to "trans

e liminase1' by the Inte rna tional Union of Biochem

istry) with specific activities pertaining to the 

degree of esterification of the substrate. 

Polygalacturonase (poly-0(-1,4-galacturonide 

glycanohydrolase, EC 3.2.1.15), abbreviated PG, is 

the name given to the enzyme which splits the 

glycosidic links between a djac ent ga lacturonic 

acid molecules. Former n ame s for this e nzyme 

include pectinase, pectolase, and polygalacturon

idase. 

Polymethylgalacturonase (PMG ) also splits the 

glycosidi c links, but in contrast to PG, it is capable of 

acting on the comp l e tely e ste rified substrate polymer . 

Both PG and PMG exist in the endo- form (caus ing 

random hydrolysis of <X-1,4 glyco s idic links) and the exo

form, where the hydrolysis is in a sequential fashion, 

starting from the non-reducing end of the chain. For ea ch 

of the glycosidases, there exist corresponding lyases which 

cause cleavage of o<.-1,4 glycosidic links by transelimination 

as opposed to hydrolysis. 



33 

(a) Ee ctine~e~~§e - MacDonnell e t a l. (1 945 ) first reported 

on the isola tion and charac t e ri sa tion of orange PE. 

The r e sults of Rou se (1953) on the distribution of PE 

in various part s of Florida oranges showed a ll the PE 

to be completely adsor bed on wate r-insolub l e cell tissue . 

These results are of fundamental i mportanc e to the 

citrus p rocessor because they mean that the methods of 

juice extract ion and juice finishing 9 which de t e rmine 

the amount of pulp suspende d in the juice 9 also de ter

mine the enzyme a ctivi ty of the juice. 

In 1954 Rouse e t a l. r eporte d a straight line 

r e l at ionship between PE a ctivity and the pulp content 

of orange juice. Because all the NZGF j u ic e used for 

the experi~ental work in thi s study was passed through 

a doubl e layer of chee s e cloth 9 t he pulp cont ent r ema ine d 

constant at around 10% 9 per mitting direct comparisons 

of the PE leve l in NZGF juices of different b a ckgrounds. 

PE activity i s usually measured by l e tting the 

enzyme -containing extra ct a ct on a synthe tic pectin 

substrate while keeping its pH constant near n eutra lity 

by the a ddition of alkali. The c a rboxyl groups freed 

by enzyme action p e r unit of time can then be measure d 

by the amount of alkali used. 

Alternative methods include a manometric 

procedure which measures the carboxylic acid groups 9 

liberated by the enzyme from pectin 9 by evolution of 

carbon dioxide from sodilim bicarbonate solution (Primo 



et al. 9 1967). A qualitative method (Kerte sz 9 1937) 

based on the colour change of me thyl r ed was popular 

with many of the early workers but is not used today. 

The method us e d in this s tudy was ba sed on 

one developed at the University of Florida Citrus 

Experiment Sta tion (Rouse and Atkins 9 1955) and now 

used a lmost universally by the citrus processing indus

try. 

As the juice extra ction me thod us ed throughout 

thi s s tudy gav e a r e l a tively constant l eve l of pulp or 

ins olubl e solids i n the juice sampl e s , a nd because the 

units us ed to ex pr ess PE ac tivity t ak e i n to account 

va ri a tions in the l eve l of s oluble soli ds 9 direct 

comparisons of en zyTie a ctivity in juices of va rious 

backgrounds can be made . 

Although it has never been supposed that PE 

is absent in NZGF 9 its presenc e ha s never been reported. 

Therefore 9 NZGF juice was ana lyse d for the presence of 

PE activity. 

(b) Polygalacturonase - in 1953 Pratt and Powers reported 

the thermal destruction times for pectin and pectic 

acid depolymerising enzymes 9 but admitted that due to 

problems with their analytical methods, they were unable 

to differentiate between PG and PMG . Of the 14 samples 

of grapefruit juice which they t ested, only 4 showed any 

depolymerising enzyme activity. 
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However, the presence of PG in oranges was 

considered to be unlikely by Sinclair and Jolliffe 

(1958) when they were unable to find free galacturonic 

acid in oranges ripened in storage 9 and in juice a llowed 

to stanc until the cloud precipitated . Nevertheless 9 

Primo et al . (~963) r eported th3 presence of galactur

onic a cid in Spanish Valencia juice . 

Further evide nce for the a bsenc e of PG in 

citrus fruits was provided by Hobson (1962) who failed 

to de t e ct any a ctivity in the fl e sh of the tangerine 

a lthough he used a highly efficient method of extraction . 

Mannheim and Siv (1969) also found no PG activity in 

oranges 9 manda rins 9 and lemons 9 but detecte d slight 

activity in some s amples of Marsh Seedless grapefruit. 

On the basis of the l a tter paper 9 it was 

de cide d to analyse NZGF juice for the presence of PG 

activity. If its presence was confirmed 9 then a method 

for its destruction would have to be devise d as its 

presence in the juice would assist in the destabilisation 

of the cloud. 

Thre e me thods are available for the determin

ation of PG activity in citrus juices. The method of 

Stier et a l. (1956) involves viscometry 9 while the 

method of Hobson (1962) involves colorimetry . The 

method in common use is a modification of the Willstalter

Schudel hypoiodite method 9 involving the iodometric 

determination of the increase in the concentration of 
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r educing groups due to PG activity ( Methods in Enzym

ology, 1955). Because Mannheim and Siv (ibid . ) used a 

variation of the l atte r method when they d e tected 

slight PG a ctivity in Marsh Seedless grapefr uit 9 it was 

decided to use the same basic method in these studies. 

2 . EXPERIMENT.AL 
..-,,, . -=,a- - .::-L=e- -,,.· , ~ ...... .. ..,,.,.....,. 

( a) Pectln.este_~ 

To 20 ml of a 1% solution of pectin (Sigma 

Chemical Company Grade 1 Ci trus Pectin) in 0 . 1 M sodium 

chloride 9 sufficient 0 . 1 N sodium hydroxide was adde d to 

bring the pH to 7.5. The solution was then placed in a 

consta nt t e mpe rature wa ter bath at 30 C. After the 

addi tion of 10 ml of the juice 9 the pH was readjusted 

to 7.5 9 aga in wi th 0 .1 N sodium hydroxide. The pH was 

then maintained at 7 .5 for 30 minutes by the a ddition of 

0 . 02 N sodium hydroxide th~ough a n a utomat ic titrime ter. 

Pe ctines t e r ase a ctivity was expressed as 

pectine ster a se unit s per millilitre of tota l soluble 

solids (Brix) as tetermi~~d by a refractome t er 9 as this 

is a term commonly use d and understood by the citrus 

industry . The formula used to compute PE activity was: 

(PEu) ml TSS = ml sodium hydroxide X normality of NaOH 

volume of juice sample X 30 min. X Brix/100 

For easy inte rpreta tion 9 the activity of the enzyme was 
4 

multiplied by 10. 

Sa mples of juice from both early a nd late 
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season NZGF were analysed for the presence of PE activity. 

(b) Polyga l a cturonase 

To 99 .5 ml of freshly-extract e d NZGF juice 

was added polygalacturonic a cid (0.5 g) (sodium pol y 

pectate Grade II 9 Sigma Chemical Compan y ) and the 

mixture stirred until the a cid had dissolve d. At the 

s a me time 9 an e qual quantity of polygala cturonic acid 

was a dded to 99 . 5 ml of juice which had b e en h ea t e d to 

100 C, held a t tha t t e mpera ture for 5 minutes, a nd then 

cooled . Thi s served a s the bla nk. 

The samples we r e incuba t ed at 40 C for up to 

96 hour s and che cked pe riodica lly for enzyme a ctivity. 

The a ctivi ty was dete r mined by a dding to 10 ml of the 

sample i n a 250 ml c onica l fl a sk, 1. 8 ml of 1 M sodium 

ca rbona t e solution and 10 ml of standardise d 0.1 N 

iodine solution . The mixture was set a side in the dark 

for 30 minutes and then acidified by the addition of 

4 ml of 2 M sulphuric acid. The solution was immediately 

titrated with Oo05 N sodiwn thiosulphate solution using 

starch a s the indicator . The difference in thiosulphate 

consumption between sample and blank, prepared as out

lined, yielded the increase in the concentrat ion of 

reducing groups due to enzyme activity, after taking 

into account the differences in normality of the iodine 

and thiosulphate solutions. 1 ml of 0.1 N iodine is 

equivalent to 0.05 meq. of galacturonic a cid. 

Samples of juice from both e a rly and late 
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season NZGF were analysed for the presence of PG 

activityo The a bove proce dure wa s performe d in dupli

cate for e ach s ample o 

3. RESULTS 

( a ) Pec t ino stc r a s o - tho r e sults a r c pr e s ente d below in 

Tabl e XI o 

Table XI 

E.gctine ste r a s c Activity in NZGF Juice 

Sample 

Ea rly Sea son 
(July) 

La t e Season 
( De c embe r ) 

pH 

2. 95 

3 . 40 

Sodium Hydroxide Cons umption 

(ml s 0 . 02 N s olution) 

6. 55 

16.7 

PE Activity 

(PEu)ml TSS 

41.2 

(b) Polyga l a cturona s e - the r e sults a r e pre s e nte d below in 

Table s XII and XIII. 

Table XII 

Polyga l a cturonase Activity in Ea rl~ Se ason (July) NZGF Juice 

Sample 

Juice 

Blank 

Juice 

Blank 

Juice 

Blank 

Juice 

Blank 

Incubation 
Time 

(hours) 

24 
24 
48 
48 
72 
72 
96 
96 

Thiosulphate Consumption 

(mls 0 . 05 N solution) 
-X 

8.9 
9 . 0 + 0 . 1 
9 . 1 
9 . 1 o.o 
9 . 6 
9 . 0 - o.6 
9 . 1 
9. 0 - 0 . 1 

PG Activity 

(me q. GA per 

ml of juice) 

0. 000025 
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Table XIII 

Polygalacturonase Activity i n La t e Season (December) 

NZGF Juice 

Sample 

Juice 
Blank 

Juice 
Blank 
Juice 

Blank 

Juice 
Blank 

Incubat ion 

Time 

(hours) 

24 

24 
48 

48 
72 

72 

96 
96 

4. DISCUSSION 

Thiosulphate Consumption 

(mls 0 . 05 N solution) 
-
X 6X 

1 o. 9 
11 • 1 + 0 . 2 

11 • 3 

10.4 - 0 . 9 
11 • 9 
11 • 0 - 0 . 9 

8 .9 
9 . 0 + 0 . 1 

PG Activity 

(meqo GA per 

ml of juice) 

0.00005 

0 . 000025 

(a) Pe ctineste rase - the results presented in Table XI 

indicate that PE is present in NZGF juice. The signif

icance of the levels is discussed in Section IV of this 

chapter 9 together with a comparison of published PE 

levels in other citrus juiceso 

( b) Polygalacturonase - in the early season juice 9 extremely 

low PG activity was detected after 24 hours 9 but this 

was not confirmed after 48 hours incubation. The 

analyses performed after 72 and 96 hours showed that 

the blanks had more reducing groups than the samples of 

juice . Thus the experimental errors are greater than 

the supposed l evels of PG in the juic eo 
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The late season juice showed a similar pattern, 

with extr emely low PG activity being d e tected a fter 24 

and 96 hours incubationo The blanks had more reducing 

groups than the samples of juice afte r 48 and 72 hours 

incubat i on o 

Mannheim and Siv (1 969) 9 using the same 

method 9 found l ow l evels of PG nctivity (0 . 0008 meq . GA 

pe r ml of enzyme extra ct) in some but not a ll of the ir 

extracts of Marsh Seedless gr apefruit. They found no 

PG activity i n extracts of Shamouti and Va lencia 

oranges 9 mandar ins and lemonso However 9 using the same 

method 9 they did find r elatively h igh l evels of PG 

activity in a ll tomato extr acts 9 a fruit r enowne d for 

its PG content. 

Pratt and Powers (1953) reported the p r esence 

of PG ac tivity in 4 out of 14 samples of grapefruit 

juice tested 9 but they used diffe rent assay techniques 

from thos e used in this study and the one by Mannheim 

a nd Siv. Only one of their a ssay methods ( a viscome tric 

technique) indica t ed the pr e sence of PG a ctivity 9 the 

other method (deter mining the amount of non- degraded 

pectin af t er incuba tion ) giving negative r e sults for 

a ll 14 sampleso They wer e unable t o a ccount for the 

difference in sensitivity of the two assay methodso 



5. CONCLUSION 

( a ) Pe ctinesterase - the ~esence of PE a ctivity in both 

early and l a t e season NZGF juice ha s been confirme d. 

(b) Polygal a cturonaso - the presence of PG activity in 

both early and l a t e sea son NZGF juic e ha s not been 

confirmed . The only two published reports of PG 

a ctivity in citrus fruits ar e tenuous and r efer to a 

variety of grapefruit which is quite unrelated to the 

N~GF . 

It is therefore conclude d that NZGF juice 

does not contain PG. 

B. ASCORBIC ACID OXIDASE 

1 . I NTRODUCTION 
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Ascorbic a cid oxidase was first de t ecte d in 1928 

and i s a copper-containing pro t e in that catalyses the 

ae robic oxida tion of ascorbic acid to dehydroa scorbic a cid. 

The presence of the enzyme in citrus peel was 

reported by Huelin and Stephen (1948) who found negligible 

amounts in orange juice. However, the above report was 

based on the ability of the enzyme preparation to oxidase 

ascorbic acid, and many compounds are capable of this in 

the absence of ascorbic acid oxidase. 

It was left to Vines and Oberbacher (1963) to 

confirm the enzyme's presence in oranges. They found it 
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concentrated in the flavedo l ayer of the peel. It commenced 

its action as s oon as the peel was subdivided. 

The same workers (Vines and Oberbacher, 1962) 

surveyed ascor b ic ac id oxida se act ivity in several citrus 

fruits and found the order of de cr eas ing activity to be 

Marsh grapefruit, Pineappl e and Valencia oranges, Thompson 

grapefruit, Persian limes, and Villafranca lemons. On a 

fresh weight basis, the ascorbic acid oxidase content was 

highest in immature citrus fruit and decreased as the fruit 

matured. 

As no work had been published on the pres ence or 

absence of ascorbic ac id oxidase in New Zealand citrus, it 

was thought appropriate to test HZGF juice for the presence 

of this enzyme, for if it was pr esent in the fresh juice, 

it would reduce the ascorbic acid content. If its presence 

was confirmed, then the processing conditions necessary for 

its inactivation would be established. 

2. EXPERIMENTAL 

The method us e d was based on the manometric method 

described by Vines and Oberbacher (1963) . Standard Warburg 

manometers were us e d to measure oxygen uptake at 25 C . 

The reaction mixture contained 30 micromoles of 

ascorbic acid , 33 millimoles of potassium phosphate at a pH 

of 5. 6, and varying quantities of fre shly extracted NZGF 

juice (1, 2 and 5 mls). A control manometer containing 

juice which had been heated for 5 minutes, and a thermo-



barometer 9 were employed in all experimental runs. A 60 

minute reaction period was used. 

Samples of juice from both immature and mature 

NZGF were tested. 

3 . RESULTS 
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In no run was there any significant or repeatable 

uptake of oxygen. 

4. DISCUSSION 

These results are not altogether unexpected in 

view of the previous work on this enzyme mentioned in the 

introduction. Not all overseas varieties of citrus contain 

ascorbic acid oxidase , and in view of the doubtful parentage 

of the NZGF ther e is no reason why it should contain it. 

However 9 these results do not preclude the presence 

of the enzyme in whole NZGF, but do suggest that even if it 

is present in the fruit, only extremely low concentrations 

(if any) are found in the juice. (Vines and Oberbacher 

(1963) found ascorbic acid oxidase to be concentrated in the 

flavedo layer of the peel). 

5. CONCLUSION 

It is concluded that there is no problem presented 

to the citrus processor by ascorbic acid oxidase in NZGF 

juice . 
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SECTION III 

SEASONAL cHArGES. I N THE COMPO_SITIONAL CHA;RACTERISTICS OF 

NZGF JUICE OF IMPORTANCE TO CITRUS PROCESSORS 

1. INTRODUCTION 

Seasonal changes in the compositional character

istics of NZGF juice were followed throughout the 1973 

season. The main juice processing season in New Zealand 

extends from August to November, although there have been 

occasions when it has begun as early as June. In this 

study 9 analysis of NZGF began in July and continued until 

December. 

The characteristics tested for were yield, soluble 

solids, insoluble solids, titratable acidity, pH, PE activity, 

and ~scorbic acid content. The importance of these factors 

to the citrus proc e ssor ha s be en outlined in Section I of 

this chapter. 

The seasonal changes in these factors were followed 

for two reasons. Firstly, the small amount of published data 

on the composition of NZGF juice gives no indication of the 

maturity of the fruit sampled, or of seasonal variations in 

the composition. Secondly, no data exists in New Zealand 

quantifying the interrelationships between the various 

compositional characteristics of NZGF juice. There is a 

very real need by citrus processors for this data, for if 
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it existe d, the y would b e abl e to carry out t wo or thre e 

s imp l e t e sts on s ampl e s of fruit d eliver e d to the factory, 

a nd from this be a ble to pre dict the quality of the r e sult

ant juice . The payment t o the grower could then be r e lated 

to both the quantity and t he qu a lity of the fruit 9 rathe r 

tha n jus t t o the quantity a s a t pr e s en t" 

Con s e quently 9 the inte rre l a tionship s of t he 

compositiona l cha racte ristic s of the juice were examine d 

in some de tail 9 and r e commendati ons ma d e as to the most 

r e liabl e and indica tive t e sts which could be ma de b y 

proc e ssors on in-comi ng frui t" 

2 . EXPER I MENTAL 

( a ) Raw Ma t e ria l - the gr apefrui t s a mpl e s used in this 

study we r e of t h e Morri son ' s Se e dl e ss va ri ety gr own on 

t rifoliata s t o ck . Th e tre e s f orme d part of a c ommercia l 

orchard at Te Puke , Bay of Plent y , and wer e four y ears 

old. 

Twelve repr esent a tive trees wer e sel e ct e d 

from the orcha rd 9 a nd a t approxi ma tely fortnightl y 

intervals one fruit from each of the t we lve trees was 

picke d , packed in a wooden b ox, and s ent by rail and 

bus to Palmerston North , a distance of approximately 

255 miles. 

The transportation stage generally occupied 

three days, and the analyses were in most cases performed 

on the fourth day after picking. Occasionally, analyses 
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were not performe d until the seventh day after picking 

due to transportat ion delays. The fruit rema ine d at 

ambient temperatures fro m the time of p icking to the 

time of a nalys is. 

( b ) Juic e Yield - a ft e r we i ghing, the fruit was halved and 

the juice removed using the r eame r attachment on a 

domestic Kenwood mixer ope r at ing at speed one . The 

juice wa s then pa ssed through a double l aye r of cheese

cloth to remove gros s suspended matter, and weighe d . 

The yield was c a lculated as the wei ght of 

juice obta ined from a given weight of fruit, expr essed 

as a perc entage . 

(c) Insolub l e Solids - as with essent i a l oil cont ent 9 the 

insoluble solids c ont ent of citrus juice depends on 

the method of extra ction rather than the r a w ma t erial. 

Consequently, r andom samples of the juice us e d through

out this study wer e t ested for pulp content according to 

the s t a nda rd method published by the Food Machinery 

Corporation (1964 ). In this method 9 pulp is de fined 

as the portion of the suspended particles precipitated 

by centrifugation a t 360g for 10 minutes . Pulp volume 

is the volume of the pr ecipitate a s r ea d on the grad

uation of the centrifuga tion tube and expressed as a 

percenta ge of the total juice volume. 

(d) Total Soluble Solids - a lthough this includes the sugar, 

acid, soluble pectins and other compounds dissolved in 
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the juice 9 the term ntotal soluble solids" (TSS) has 

become virtually synonymous with 11 suga r content" since 

in practice about 9ofo of the TSS is suga r. Corrections 

can be made to take into a ccount the other constituents 

pr esent (St evens and Ba i e r 9 1940). Although such 

corre ctions must b e made with conc entra t e s (Ba ske r 9 19661 

the y a r e seldom appli ed to single strength juic e s. 

An Abbe r efr a ctometer wa s us e d to det e rmine 

the TSS cont ent of the juice . It was r ea d dire ctly 

from the ins trument as degrees Brix . 

( e ) .Eli - the pH of the juice wa s measured using a sta nda rd 

Radiometer pH me ter. Prior to a r eading being taken 9 

the me ter was calibrated to pH 3. 2 using a suitable 

buffer . 

( f) Ti tratabl e Acidity - the total acidity of citrus 

juices is ordina rily de ter mined by titrating the juice 

with sodi um hydroxide using phenolphthalein as indicator 

and expressing the r e sult as citric acid. This so-ca lled 

titratable acidity adequately represents the organic acid 

content of the juice . The fr ee acidity (as citric) can 

a lso b e determined potentiornetrically. According to 

the experiments of Bollinger (1942) 9 the tota l a cidities 

of juice a nd water extracts of fruits, c a lculat e d from 

potentiometric end points of pH 8 .10, agreed closely 

with those determined by the phenolphthalein titration. 

If it is assumed tha t the inflexion point in a potentio

metric titration juice is 8.10, then titratable a cidity 
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will equal fr ee acidity. 

In this s tudy 9 titrata ble a cidity was deter

mined by titra ting 20 ml of the juice with 0 .1 N sodium 

hydroxide 9 using phenol phtha l ein as a n i ndicator. 

Distilled wa t e r ( 50 ml) was added to the juice prior 

to titrat i on to r educ e the or ange colour and make 

the p i nl~ end po int sharper. 

The titration value s we r e expr e sse d as grams 

of citric ac id per 100 ml of juice. As 1 milli e quiv

alent of citric a cid is 64 mg, then 1 ml of 0.1 N 

sodium hydroxide is equiva l ent to 0.0064 g of citric 

ac id. 

( g) Brix : Acid Ratio - this was calculated by d ividing the 

t otal soluble solids r eading by the titratable acidity. 

(h) ~~inesterase Activi!,,x - this was de termine d by the 

me thod described in Se cti on II of this chap t e r (see 

p. 36) 0 

(i) Ascorbic Acid - this was determined using the visua l 

titration me thod: 

(i) a freshly-made solution of dye was prepared 

by dissolving 2,6-dichlorophenolindophenol 

(0.1 g) in water, diluting to 200 ml, a nd 

filtering. This solution was standardised 

with a freshly-prepared solution containing 

a known weight of ascorbic acid dissolved in 

1% oxalic acid, thus permitting the calculation 
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of the mg of ascorbic a cid which we r e equiva

l ent to 1 ml of dye. 

(ii) 10 ml of NZGF juice was added to a 250 ml 

flask containing 50 ml of wa t er and a f ew 

drops of 10% v/v a cet ic ac id. 

(iii) the solution was titrated with the dye until 

a faint p ink colour persisted for 15 seconds . 

(iv) the a scorbic a cid content of the juice was 

c a lcula t e d and expressed as mg/ 100 ml of' 

juice. 

3 . RESULTS 

A summary of' a ll the r esults in thi s section is 

conta ined in Tabl es XIV and xv. 



I,able XIV 

SEASONAL CHANGE §___ I N NZGF JUICE I N 197__3 

Sumr.iary of' Results 

Days Date Yield TSS T/A Brix : Acid pH PE Vi t .. C 

1 30 7.73 26.9% 10. 6 2.11 5.02 2. 95 41. 2 26 . 8 

15 17.7.73 33.5 11 • 5 2 . 05 5. 61 2. 95 51 . O 32 .7 

29 31o7o73 24.5 12o 2 2 o03 6 .01 2.90 45.4 31.9 

42 13. 80 73 22o9 12. 2 1. 98 6 01 6 3.05 77 o5 31.0 

56 27.8.73 32.3 12. 6 1.78 7.08 3.20 55 . 0 32.2 

70 10.9.73 38 .3 12. 0 1 0 81 6 . 63 3.05 88 . 5 31. 2 

77 17.9.73 37.3 12 .4 1. 71 7 .25 3.15 81.2 32 . 4 

93 3.10.73 41 . 6 12.3 1.44 8.55 3. 20 78 . 5 27 .7 

105 15.10.73 38. 2 12 0 6 1.47 8 .11 3.1 O 75.0 28.5 

119 29.10 .73 34.7 12 . 1 1.28 9 . 45 3. 25 76.0 28 .1 

140 19.11.73 39.7 13 .1 1. 38 9 .49 3.40 91.0 27.6 

154 3.12.73 38. 8 13. 2 1.30 10.03 3.40 75.0 23o0 

168 17.12.73 37.4 12.5 1. 29 9 . 69 3o40 89 . 2 24 .5 
Vl 
0 
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Tabk_,E 

RELATIONSHIPS BETWEEN VARIOUS COMPOSITIONAJ;, CJiABACT~RIS0 ICS QF NZGF JUICE 

THROUGHOUT .J..27 3 SEASON 

Variables Regression Standard Error Correlation Signif'icance 

(y and x respectively) Equation of Estimate Coef'f'icient of' r 

Titratable Acidity y = - 0.0057x + 20132 0.083 - 0 . 9618 0 .1 % 
and Time 

Titratable Acidity y = -o.328x + 5 . 69 0 .21 5 - 0 . 7065 1% 
and TSS 

Brix : Acid Ratio y = o . 031x + 5 . 0 o. 361 +0. 9754 0 .1 % 
and Time 

Brix : Acid Ratio (log) y = 0 .525x ·· O. 7867 0.037 +0.9228 1% 
and pH 

Brix : Acid Ratio y = 1 o 9 3x - 1 6 • O 3 1 .136 +0.721 1% 
and TSS 

Brix : Acid Ra tio and y = - 5 .30x + 16.4 0.288 - 0.9845 0 .1% 
Titratable Acidity 

pH and y = - 0.492x + 3.97 
Titratable Acidity 

0 .075 - 0 . 8974 0 .1 % 

\Jl 
-'-
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(a) Juice Yield - the change in juice yield throughout the 

1973 season is shown in Figure 1 (p. 55). The yield is 

shown on the l e ft-hand axis as kilograms of juice per 

kilogram of fruit, and on the ri ght - hand axis a s kilo 

grams of soluble solids per tonne of fruit. The points 

ha ve been joined to show more clearly the seasonal 

trends . 

( b) Insoluble Solids - a ll the samples tested for insoluble 

solids or pul p content f ell within the range 10 + 0 . 5% ., 

(c) To~al_~~olu)?l e. Solids - Figure 2 (p. 56) shows on the 

l e ft-hand axis the change in TSS throughout the season 

while t he right-hand axis shows the same da t a expressed 

as kilograms of t ota l soluble solids per tonne of fruit. 

(d) 12.t! - Fi gur e 3 (p. 57) shows t he change in pH throughout 

the season. 

(e) 1'.i-~_r ,~~a,bJ~ __ j\~cJgJ_tx - the seasonal variation in titratable 

a ci di ty is shown in Figure 4 (p. 58 ). The regre ssion 

equation fo r the line of best fit through the points 

was ca lcul ated as: 

y = - 0 . 0057x + 2.132 

where y = titratable acidity 

and x = time in days. 

The correlation coefficient for the line was -0.9618, 

indicating a negative correlation between the titratable 

acidity and time. The Student's t test showed that the 

observed value of the correlation coefficient was 



significant at the 0 .1 % level. The 95~ confidence 

limits have been plotte d on Figure 4. 
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In Figure 5 ( p . 59) 9 the titratabl e a cidity 

of the juic e i s plott ed aga inst the corresponding TSS 9 

the regr e ssion equation being : 

y = - o .328x + 5 . 69 

where y = titratable acidity 

and x = TSS. 

The correlation coefficient was -0.7065 9 which is 

significant at the 1% l e vel according t o the Student's 

t test . The 95% confide nce limits are drawn in. 

(f) Brix: Acid Ratio - F igure 6 (p. 60) shows the change 

in the Brix: acid ratio throughout the season. The 

equation of the regression line was calcula ted as 

y = 0 . 031x + 5.0 

where y = Brix : a cid r a tio 

and x = time in days. 

The correlation coefficient was +0 . 9754 a nd the 

Student's t test indica t ed that this value was signif

icant at the 0 . 1% level. 

In Figure 7 (p. 61) 9 the regression line 

showing the relationship between the Brix: acid ratio 

and pH is plotted. The log of the Brix : a cid ratio for 

each sampl e was plotted against its corresponding pH 

to show the spread of values. The equation of the 

regression line was calculated as 

y = 0.525x - 0.7867 
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where y = log o:f Brix : acid ratio 

and x = pHo 

The correlation coe:f:ficient :for the line was +0.6979, 

and the Student 1 s t test indicated that this value was 

signi:ficant at the 1% level. 

In Figure 8 (p . 62 ), the Brix: a cid ratio was 

plotted against the TSS o:f the sampl e . The regr e ssion 

lineve.s calculate d and has been plotted, together with 

the 95% con:fidence limits. The regr e ssion equation was: 

y = 1.93x - 16.03 

where y = Brix : acid ratio 

and x = TSS. 

The correlat ion coe:f:ficient o:f +0.721 was signi:ficant 

at the 1% l evel a ccording to the Student' s t testo 

Figure 9 (p . 63) shows the Brix: a cid r a tio 

plott ed aga ins t the titratabl e a cidity. The equa tion 

:for the regression line was calculated as 

y = - 5 .3ox + 16.4 

where y = Brix : acid r a tio 

and x = titratable acidity. 

The correlation coe:f:ficient was - 0.9845 which is signi:f

icant at the 0.1% levelo 

(g) Pectinesterase Activity - the variation in PE activity 

in NZGF juice throughout the 1973 season is shown in 

Figure 10 (p. 64). The points have been joined to clarify 

the variation. 

(h) Ascorbic Acid - Figure 11 (p. 65) shows the seasonal :fluc

tuations in the ascorbic acid content o:f NZGF juice. 



FIGURE 1. Seasonal variation in yield of NZGF juice. 
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FIGURE 2. Seasonal variation in TSS and yield of NZGF juice. 
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FIGURE 6. Seasonal variation in Brix acid ratio of NZGF juice. 
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FIGURE 7. Relationship between Brix acid ratio and pH of NZGF juice. 
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FIGURE 10. Seasonal variation in pectinesterase activity of NZG F juice. 
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4. DISCUSSION 

(a) Juice Yield - Figure 1 shows that the yield of juice from 

NZGF increased quite considerabl y as the fruit matured 9 

reaching a peak around the middle of the processing 

season 9 and declining slightly towards the endo Ove r 

the period coinciding with the major processing season 

the average yield was 35. 6% 0 

It is significant that the maximum yield 

obtained is considerably less than that reported for 

gr apefruit overseas 9 e ven a llowing for the considera ble 

varia tion from sea son to season 9 between areas 9 v a rieties 9 

rootstocks 9 cultural pr a ctices 9 and the like . Veldhuis 

(1971) states tha t the yield of juice from gr apefruit 

in Florida h a s ranged from 39o2% to 50.6% over the l as t 

25 years 9 while the a verage yield in Texas for grapefruit 

juice is 4705%. 

However 9 direct comparisons with overseas 

results are tenuous for three reasons" Firstly 9 NZGF 

are diffarent from overseas citrus fruits and therefore 

one would not expect them to have identical yieldso 

Secondly 9 the New Zealand climate is marginal for citrus 

and so growth of fruit is not optimal or as good as that 

obtainable overseas. Thirdly 9 the juice in this study 

was extracted using a rotary reamer attachment on a 

household mixer 9 whereas the yields reported from over

seas are for juice extracted commercially. 
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Chandler (1969) reported a trial carried out 

in Australia involving nine sampl es of Valencia fruit 9 

three operators 9 and three hand reamers . There was no 

significant difference in the juice yields obtained for 

any one of the fruit samples as determined by the three 

operators on each of the three reamers . However 9 a 

comparis on of the results of the hand-reaming method 

with a commercial juice extractor (FMC In-Line Extractor) 

showed that the yield obtained from a hand reamer could 

differ by a s much as 8% either way from the yield 

obtained on a commercia l extra ctor. If a similar discrep

ancy exists between n rotary r eamer on a household mixer 

and a commercial extractor, then the maximum yi eld 

obtn ined in this study would still be l ess than those 

obtaine d overs eas . Even assuming comparable yields/acre 1 

this has the eff ec t of making the New Zealand citrus 

processing operation l ess economic compare d with over

seas ones and does not augur well for export of NZGF 

juice. 

(b) Insoluble Solids - the main variable affecting the 

insoluble solids content of citrus juice is the method 

of extraction. As the same extraction procedure was 

rigorously followed for all samples 9 it is not surprising 

that the insoluble solids content remained virtually 

constant throughout the season. 

Rouse (1953) showed all the PE to be completely 

adsorbed on water-insoluble cell tissue and reported 
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(1954) a s traight-line r e l a tion of PE activity with 

pulp in orange juice . Consequent ly 9 compar i sons of 

juices for PE a ctivities are va lid only if the activity 

is d efined per quantity of insoluble solids. · Because 

the insoluble solids cont ent of' the NZGF juic e samples 

r ema ined virtually constant throughout the s ea son 9 

valid comparisons of PE activity in the juices can be 

made. 

(c) Total Soluble Solids - there was a large increase in TSS 

during July (10.6% to 12.2%) but from August until the 

end of October 9 the TSS remaine d fairly constant in the 

r ange 12. 0% to 12.6%. The r e was a further rise towards 

the end of November 9 with a maximum (13.2~) be i ng rea ched 

in De cember 9 followed by a drop i n the l as t sampl e . 

The trend shown in Figure 2 follows that 

r eported by Harding e t al. (1940) a nd quot ed by Sincla ir 

(1961) 1 for Va l enci a oranges. Of the 3 y ears of da t a 

pr esente d 9 one par alle l e d very clos el y the trend shown 

in Figure 2, with a TSS peak l a t e in the season 9 followed 

by a slight decline. 

The change in TSS expressed as kilograms per 

tonne of fruit follows very closely the change in yield 

while following l e ss closely the change in TSS. Figure 

2 illustrate s very clearly the points discussed in 

Section I (i) of this chapter (seep. 20) in respect of 

the juice requirements for a processor of citrus concen

trates. Thus, for a constant juice yield (days 70 and 
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105) 9 juice with a lowe r TSS will yi eld l e ss concentra t e 

with higher eva pora ting costs 9 while juice a t a constant 

TSS (days 56 and 105 ) with a lowe r yield will provide 

l es s conc entrate 9 but l e ss wa t e r has to be r emoved to 

pr oduc e ito These fact s a r e summarised in Table XVI. 

Day 

56 

70 

105 

Table XVI 

J uice Yield and TSS in_Concentration of 

Juice to 42 deg . Brix 

Yield 

(% w/w) (Brix) 

Concentra t e per Wa t er Removed per 
Tonne of Fruit Tonne of Fruit 

(kg) 

229.9 

(kg) 

450.4 

54702 

534. 8 

From Table XVI it is obvious why conc entra te proce ssors 

pl a ce so much importanc e on the TSS per tonne of fruit 

which they r ece ive for juice manuf a ctur e. When citrus 

processors in New Zeal a nd switch from singl e strength 

to concentra t e production 9 it would be prudent ror them 

to cha nge their ba sis of payment to growers from kilo

grams of fruit to kilograms of TSS delivere d to the 

factory. 

According to the New Zealand Food and Drug 

Regulations (1973) 9 regulation 197 (5a) 9 grapefruit 

juice shall contain not less than 9 . 5g of soluble solids 

per 100 ml of juice. Figure 2 indicates that this 



req_uirement would be met a t a ny time throughout the 

s ea s on. 

( d) .121i - as r e f erenc e to Figure 3 shmvs , the pH increa sed 

throughout the season from 2.95 to 3.40 , and in doing 
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s o followed the general trend reporte d for citrus fruits 

by other workers (e .g. Sincla ir, 1961). 

In Fi gure 12 , the pH h a s been plotted aga inst 

the corresponding titra table acidity. While the re is a 

de finit e relationship between the titra t able acidity 

and pH if compa r e d ove r a wide r ange of a cid concen

tra tions (the corre l a tion coefficient of -0. 8974 is 

significant Rt the 0 .1 % l e v e l), the r e l at ionship is not 

definit e over shorter r a nges, a s indicate d by the 

stRndard e rror es tima t e of pH, bein g + 0 .1 5 a t the 95% 

c onfidenc e limits. Under the se conditi ons, the pH va lue 

does not indica t e a t a ll a ccurately the a mount of fr ee 

ac i d p r esent, or vice-versa . 

Reasons for the va ria tions in this r e l a tionship 

become clearer if the v a riable s that may affect it are 

considered. The dilution effe ct of water in the juice 

is an importa nt variable. Sinclair (1961) showed that 

the p e rc entage of free a cid in the juice decreased as 

the fruit ma tured because the water content of the 

fruit increased while the free acid per ~uit remained 

relatively constant. 

The pH tends to increase as the fruit matures, 
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but a ccording to Sincla ir (ibid.) 9 the cha n ge in pH is 

l a rge ly independent of increases i n the wat e r content 

of the fruit. The v a ri ables that may affect the pH 

value a re indicated by the following equat ion (Gla d

stone and Lewis 9 1963), which is approximate for 

calculating the pH of weak a cids . Since the citric 

acid sys t em in gr apefruit juice can be classe d as weak 

acid 9 this equat ion may be appli e d. 

pH = pKa + log(C /c ) s a 

where ~a = - log Ka 

Ka = dissociat ion cons tant of the a cid 

C = concentration of salt s 

c a = concentration of a cid 

Pure soluti ons of weak a ci ds can under go 

considerabl e d ilution without a ny grea t change in pH , 

provi ded the d i ssociati on consta nt (Ka ) is small a nd 

the undissocia t e d r es idue is suffici ently h i gh t o keep 

Ka constant. It has been shown (Sinclair (ibid.)) that 

in citrus juice systems the va ri a tion of pKa with 

concentration is v e ry slight and may be a ssumed to be 

a consta nt. There for e the factor log (salt/acid) is 

the only one tha t may va ry the pH. The dilution of the 

juice with water will not change the value of this factor 

because the salt a nd acid will be diluted in the same 

proportions. 

Sinclair (ibid.) has shown that within a given 
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variety of citrus fruit grown under uniform conditions 9 

increases in pH (due to increases in the salt: free acid 

ratio) and decre ases in the concentration of fr ee acid 

(due to increased wa t e r content of the fruit) take 

place fairly synchronously but nevertheless independ

ently of each othe r o This explains why 9 in Figure 12, 

samples of juice with the same pH (3.20) differed 

conside rably in titratabl e a cidity (1 . 44 and 1.78)0 

i.eo because of differences in the water c ontent of the 

fruits. Simila rly 9 samp les with a ppreciably identical 

levels of titratable a cidity (1 . 80) gave pH readings 

of 3.05 a nd 3.20 9 b e c a us e of va ria tion in the va lue of 

the. f a ctor log (sa lt/a cid). · i. e . the juice with the 

highe r pH h a d a gr ea t e r s a lt conc entra ti on. 

( e ) Titra t a bi e Aci~~ - Figure 4 indica t e s a stea dy decline 

in titratable acidity throughout the s e ason 9 a trend 

which has be en observe d by many other workers (e.g. 

Ha rding et al. 9 1940). As stated above in (d) 9 the 

decrease in titratable acidity is due primarily to an 

lncrease in the water content of the fruit. 

The New Zealand Food and Drug Regulations 

(1973) 9 regulation 197 (5b) 9 state that 100 ml of grape

fruit juice should conta in not less than 1 . 0 g and not 

more than 2.0 g of a cid 9 calculated a s anhydrous citric 

a cid. Reference to Figure 4 indicates that this 

r equi r ement would be met within ± 2.5% throughout the 

processing season 9 although there is the possibility 
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that the upper limit could be exceeded at the beginning 

of the processing season in cGrtain years or with 

c e rta in crops. 

(f) Brix: Acid Ratio - of considerable int e res t to the 

processor is the r at io of the TSS to the titratable 

aci di ty 9 i. e . the Brix: a cid r at io. This is be c aus e 

the TSS content can mask the acid taste of a juice to 

a remarkable ex t ent 9 so thnt at the same a cid content a 

juice with a low TSS content will t as t e much t a rte r than 

a juice with a high TSS content 9 and thus will be l ess 

suitable for p rocess ing. 

The Brix: acid r at io is particularly import 

ant in consume r ac ceptance of citrus juices 9 and it is 

common p r actic e for processors to add suga r to the 

juice to obta~n a standard r a ti o. This pr act ice is 

permissible under the New Zea land Food and Drug Regu

l at ions (1973) 9 provided the package of fruit juice 

shows the percentage of added sugar. Although a prop

erly constituted tast e - panel would be required to 

de termine what New Zealand consumers regard as an 

acceptable r at io for NZGF juice 9 comments from tasters 

who r egula rly sampled the juice s used in this study 

indica ted tha t onc e the Brix: a cid ratio reached 9.5 

the juice was a ccept a ble to the palate . From Figure 6 

it is seen tha t the processor would need to add variable 

a mounts of sugar for approximately three-quarters of the 

processing season in order to reach this ratio. This 
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presents problems with the labelling of the juice 9 for 

the per c entage of added sugar would be changing contin

ually9 thus preventing the prepr inting of the percentage 

of added sugar on the juic e l a b e lo The commercial 

solution to this problem has been to add a constant 

amount of sugar (5% w/v) throughout the season 9 but this 

results in juice of va riable Quality. 

The New Zealand Food and Drug Regulations 

(1973) do not specify a Brix : ac id r a tio as such 9 but 

one can be calculated from the r eQuir ements for soluble 

solids and acidityo Not less than 9-5% TSS and not 

more than 2.0 g citric a cid is eQuivalent to ·a Brix: 

acid ratio of 4.75. The author suggests that such a 

low ratio would be Quite unacceptable to the majority 

of consumers. The palatability of such a juice is 

improve d by processors who add 5% w/v of sugar 9 thus 

r a ising the Brix: a cid ratio to 7.25 9 but this is still 

lower than that considere d desirable by many consumerso 

However 9 the Brix: ac id r at io by itself is 

not a sufficient criterion of a ccept a bility. As mention

e d previously 9 the TSS content can mask the acid. i.e. 

two juices with widely diffe r ent acid l evels and TSS 

contents c a n have the same Brix : acid ratio. This fact 

has been recognised by the State of Florida citrus law 

which operates on a sliding scale, so that fruit with 

higher solids is permitted to have disproportionately 

higher acid. i.e. to have a lower ratio than juice with 



low e r solids. Typical values fro m the specification 

illustrate thi s Rnd a r e shown in Table XVII. 

Solids 

Table XVII 

Required Ra tios of TSS to Acid 

not l ess 

% 

800 

9 .0 

10.0 

11 • 0 

12. 0 
or above 

than Require d Ratio 

10. 00 : 1 

9 . 50 : 1 

9. 00 : 1 

8 . 50 : 1 

8 . 00 : 1 

77 

Source : State of Florida Citrus Law9 Section 601.17 9 

1957. 

Figure 8 is a plot of the Brix: a cid r a tio 

aga inst TSS content . The Florida citrus l aw r e quir e 

ment i s shown as a solid line - to be a cceptabl e 9 

juices must be above this line . Under t he Florida~ 1aw9 

only NZGF juice processed from Octob er onwa rds would be 

a cceptable 9 unless sugar was a dded to increa se the 

ratio. While it is not recommended that the Florida 

citrus law be inserted unchanged into the New Zealand 

Food and Drug Regulations 9 it is suggested that a 

similar type of regulation be introduced here 9 taking 

into account the unique nature of NZGF juice and the 

preferences of the New Zealand palate. 



Beca use the correlat ion coefficient for the 

r e l a tionship between the Brix: a cid r a tio and TSS is 
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not extremely significant in s t a tistica l t e rms 9 a nd 

b e c a use of the r e l a tive ly high standa rd error of es tim

ate(± 2 . 27 with 95% confide nce) 9 it is not p ossible to 

predict to a ny useful degree of c erta i nty the Brix : a cid 

r a tio from the TSS. This is unfortuna te 9 if not unex

p e cte d9 for if it were possible 9 then a processor could 

pre dict the quality of the extracted juice by doing a 

r e fracto metric r eading on samples of the in-coming fruit. 

The data plo t t e d in Figure 9 shows tha t the 

sta ndard error in pr e dicting the Brix : a cid r a tio from 

the titratabl e aci dity with 95% confidenc e is± Oo58. 

If the number of samples tested to obta i n this r e l ati on

ship was greatly increas e d 9 it could be possibl e to 

de crea s e the standard error to a l eve l which would make 

this t es t useful f or routine examina tion of r aw materia l. 

However 9 suc h a p roce dure by itse lf i s of little v a lue, 

f or onc e a titra tion h as been performed 9 it i s a simple 

mat t er to do a r e fr a ctometric r eading a nd ca lculate the 

Brix : a cid r a tio directly. 

Figure 7 9 showing the logarithm of the Brix : 

acid r a tio plotte d against pH 9 h a s too large a standard 

error to b e of use in predicting the r a tio from the pH 

of the juice. However, this graph does conform to the 

pattern presented by Kilburn (1958). From several 

thousand d e terminations made over three seasons 9 he 
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obtained a plot in which 75% of the points f e ll within 

± 0.15 pH unit s of the r egr es sion line. A significa nt 

f ea ture of the rela ti onshi p which he demonstra ted was 

the v a lidity of the system ove r the entire range for 

each spe ci e s of citrus. i. e . data from limes and lemons 

fell a round the lower portion of the r egr e ssion line, 

with grapefruit 9 tangerine and oranges occupying succes

sively highe r positions on the line . 

Although Kilburn (ibid .) does not give the 

equation for his r egr e ssion line , points taken from his 

graph :fa ll within the 95% confidence limits of Figure 7. 

Conside ring the varietal diffe r enc e s and the much sma ller 

s ampl e size used in this study, this is an e ncouraging 

c oincidence. One is tempt ed to surmise that if data wer e 

obtained fr om a ll the citrus va rieties a round the world, 

they may a ll be united on the one r egr ess ion line between 

the ir Brix : a cid r a tio a nd pH~ 

The r e l at ionship demonstrated in Figure 7 ca n 

be e xpre ssed in a nother way - n amely 9 tha t at a uniform 

soluble solids conte nt (Brix) the pH of citrus juices is 

proportional to the log of the titratable a cidity. 

Although such a r elationship is of little assistance to 

the processor of single strength juice, it is valuable 

to the processor of concentr ate which has a very uniform 

soluble solids content. In fact 9 in vi ew of the 

difficulties in getting an accurate refractometric 

reading of citrus juice concentrate, the use of pH to 
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obta in the Brix: a cid r a tio h as much to commend it. 

(g) Pe ctine sterase Activit~ - Figure 10 indica t es an irregu

l ar increase in PE act ivity throughout the s eason 9 

rea ching a peak of 88 .5 units after 70 days 9 followed by 

va lues in the 70s until rea ching a n ew peak of 91.0 

units after 140 days. Then follows a decrea se to 75.0 

and an increase to 89 .2 for the final sample . The ove r

all error 9 including s ampling technique 9 in PE de termin

ation h a s been r eporte d by Rouse (1952) to b e about 

± 10%. This expla ins in part the variation shown in 

Figure 10. 

Informa tion in the lite r a ture conce rning 

s ea sona l change s in PE a ctivi ty is limite d. However 9 

Rous e and his c o - wor kers h a v e p u blishe d da t a on the 

occurrence of PE a ctivity in the compon ent parts of a ll 

common USA citrus fruits 9 Qnd a summa ry of the r e sults 

is p r esente d in Tab l e XVIII. 



Table XVIII 

PE Activitl in Various Citrus J~ices 

Fruit ( PE u) g T SS x 1 0 4 Pulp Conten t Reference 
~ - -

Florida lemons 54 - 288 0.5% Rouse and Knorr (1 969 ) 

Pineapple oranges 193 - 198 10-12% Rouse and Atkins (1953) 

Pineapple oranges 1263 - 1944 45% Rouse and Atkins (1953) 

Valencia oranges 9 - 36 o. 5% Rouse e t alo ( 1962) 

Silver Cluster grapefruit 4 - 36 Oo5% Rouse et al. ( 1965b) 

Marsh Seedless grapefruit 20 0.5% Rouse (1953) 

Duncan grapefruit 30 0.5% Rouse (1953) 

(X) _,. 
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The very low pulp content of some of the juices 

in Table XVIII is due to the f ac t that the fruit was 

separated by hand into peel 9 membrane 9 juice sacs 9 

seeds and juice. Thus 9 what is r e f e rred to as juice in 

these cases is not the same as that obtained commercially 

or in this study by r eaming grapefruit halves. Ho~ever, 

when allowance is made for the pulp cont ent of NZGF juice 

being 10% 9 it is seen that the level of PE activity is 

compa rable to that of the overseas varieties. For 

direct comparisons 9 a llowance would have to be made for 

the fact that the PE activity in Table XVIII is expressed 

on a weight basis 9 as compared to a volume basis in this 

study. For single strength juic e of pul p contents up 

to 12% this does not involve a very large correction 

(approximQtely 6%) but with concentrates the difference 

would be significant. 

Rouse et al. (1965a and 1967) found that in 

oranges from trees only 3 and 5 years old 9 the PE 

ectivity in all component parts except the segment walls 

was less than in fruit from mature trees. As the NZGF 

used in this study were from 4 year old trees 9 one 

would expect to find higher levels of PE activity than 

reported here in fruit from more mature trees. 

Rouse et al. (1965b) and Rouse and Knorr 

(1969) found the changes with maturity were somewhat 

irregular but PE activity was generally greatest when 

the Brix : acid ratio was highest. This finding was not 
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confirmed in this study; in fact, the reverse was the 

case near the end of the season, with the decrease in 

PE activity coinciding with an increase in the Brix: 

a cid r atio . 

(h) Ascorbic Acid - referenc e to Figure 11 indicates that 

over the season the a scorbic a cid level in the juice 

declined. This agr ees with the only published data on 

sea sonal changes in a scorbic a cid cont ent - that of 

Harding et al . (1940) , quoted by Sincla ir (1961). They 

followed the ascorbic a cid cha n ge in Valencia oranges 

over two seasons, the change in one season being from 

50 to 30 mg/100 ml juice 9 while in the other from 40 

to 33 mg/100 ml juice 9 thus indicating the variable 

nature of the change in different sea sons. 

Harding et a l. (ibid.) found that when the 

values were expressed as amounts of ascorbic acid per 

fruit rather than amounts per ml of juice, the ascorbic 

acid content increased with an increase in juice volume 

and fruit size. Late in the season when the fruit began 

to dry out, a dimunition of juice occurred along with a 

decrease in the concentra tion of ascorbic acid (mg/100 

ml juice), thus causing a reduction in the total ascorbic 

acid per fruit. Figure 13 is a similar type of plot, 

showing the seasonal variation in ascorbic acid c alcu

lated as mg per kilogram of fruit . When this graph is 

compared to the graph showing the seasonal variation 

in yield (Figure 1), it is seen that they both follow 



the same pattern very closely, thus confirming the 

observations of Harding. 
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In comparing the data obtained in this study 

wi th that of Dawes (1 970), it is seen that the spread 

of va lues in the l at t e r paper for as cor bic a cid in NZGF 

juice i s grea t er (19.2 to 37.0) than t hat reported h ere 

( 23 . 2 to 32.4). However, thi s difference is not signif

icant as some of Dawes ' samples wer e of unknown r oot

stock. Stra chan (1 967) r eported values of 22 to 35 

mg/100 ml for a scorbic a cid from a l a rge number of 

commercial good quality fruit, presumably all fully 

ma ture . In contra st, the figures of Hyatt (1 936) give 

a r ange of 24 to 49. Keff ord (19 59) gives a range of 

25 t o 50 mg/100 ml for so-called "true" gr apefruit juice . 

Before too much is rea d into these differences 

in ascorbic a cid levels, it is worth considering the 

r esults of Pri mo et al. (1963). With the object of 

specifying sta tistica lly valid sampling procedures, 

they examined the distribution of a scorbic acid content 

in the juice between oranges on individua l trees of 

s ev eral Spanish vari e ties, in particular zones of the 

tree s, and between tr ees in an orchard. They found that 

to determine a scorbic a cid content with 99% confidence 

limits of± 1 mg/100 ml, a sa mple of 326 oranges should 

be analysed, while 8 oranges would give a result with 

95% confidence limits of+ 5 mg/100 ml. It would seem 

reasonable to assume that the error in the determination 
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of ascorbic acid in this study (where each sample 

contained 12 fruit) would be similar. i.e.± 5 mg/100 ml. 

5. SUMMARY 

The results from this section can be summarised 

as follows: 

( a ) Juice Yield - even a llowing for the consider able 

vari at ion between seasons and the fact that the juice 

was not extracted on commerci a l eQuipment, the yield 

obtained from NZGF in this study wa s considerably less 

than that reported for other varieties of grapefruit 

overseas. 

The average yield obtained over the period 

coinciding with the major processing season was 35.6%, 

compared with an average yield in Texas of 47.5%. 

(b) Insoluble Solids - the insoluble solids content of the 

juice used in this study remained constant throughout 

the season at 10 + 0.5%. 

(c) Total Soluble Solids - throughout the major processing 

season the TSS remained fairly constant in the range 

12.0 to 12.6%. At all times throughout the season, the 

New Zealand Food and Drug Regulations (1973) were met 

with respect to TSS content of the juice. 

(d) 12£! - the pH increased throughout the season from 2.95 

to 3.40. The relationship between pH and titratable 



acidity was not accurate enough to permit useful 

predictions of one value from another. 
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(e) Titratable Acidity - the titratable a cidity declined 

throughout the season . The r equi r ements of the New 

Zealand Food and Drug Regulations (1973) for titratable 

ac idity were met at a ll times throughout the season 

within± 2.5%. 

(f) Brix: Acid Ratio - this varied from 5 . 02 to 10.03 

throughout the season and at all times exceeded the 

minimum requirements of the New Zealand Food and Drug 

Regulations (1 973), viz. 4.75. It is suggested that the 

minimum l evel required in the r egulations is unaccept

able to the majority of consumers. A sliding sca le 

permitting fruit with higher TSS to hav e disproportion

ately higher acid is r e c ommended for introduction into 

the New Zealand regulations. 

The Brix: acid ratio cannot be accura t e ly 

predicted from the TSS content of the juice. 

The semilogari thrnic r elationship between Brix : 

acid ratio and pH coincides to a rema rkabl e extent with 

tha t reported for overseas citrus fruits. 

(g) Pectinesterase Activity - allowing for the fact that 

the NZGF were from immature (4 year old) trees 9 the 

level of PE activity in the juice was comparable with 

that found in overseas citrus varieties. PE activity 

was not greatest when the Brix: acid ratio was highest, 
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as was expected from oversea s r eports. 

(h) Ascorbic Aciq the a scorbic a cid level in the juice 

de cline d over the s ea son in a gre ement with published 

data from overseas. When the ascorbic acid content was 

expressed as mg/kg fruit inst ea d of mg/100 ml juice s the 

change in a scorbic a cid throughout the season followed 

closely t he variation in yield. 

6. CONCLUSIONS 

The following conclusions can be drawn from the 

study of sea sonal variations in the compositional character

istics of NZGF juice: 

(i ) the yield of juice is s ignificantly lower than 

tha t r eporte d for ove rseas gr apefruit v a ri e ti e s. 

(ii) the r e~uir ements of the New Zealand Food and Drug 

Regulat ions (1 973) with respe ct to TSS a nd titra t

able a cidity c an be met a t a ll time s throughout 

the major processing season. 

(iii) with respect to the factors considere d in this 

study~ and with the exception of yield~ NZGF juice 

does not appear to differ markedly from overseas 

grapefruit juices. 
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CHAPTER THREE 

CLOUD STABILISATION I N N'"~vv Z~ALAND GRAPEFRUIT JuICE 
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SECTION I 

1o THE NATURE OF THE CLOUD I N CITRUS JUICES 

The fine particles of suspended material in citrus 

juices are responsible for the c olou~ 9 appearance and much 

of the fl a vour. Without these particles 9 commonly referred 

to as the 'cloud' 9 citrus juic es would be little more than 

clea r 9 almost colourless 9 so~-sweet liquids of no particular 

value or appeal. 

The retention of cloud in citrus juices during 

storage and distribution is of prime importance to the 

c itrus processing industry 9 and failure to k eep the cloud 

particles in suspension i s often the cause of quality loss 

in citrus jui bas. 

The c omposit i on of cloud in orange juices freshly 

extracted on commercial juice ectractors from a range of 

varieties grown in Florida during several s ea sons was invest

igated by Scott et al. (1965). They first strained all 

samples through a 16-mesh stainless steel screen to remove 

particles too large to be properly considered as suspended 

matter. The juices were then centrifuged under conditions 

(10 min. at 600g' equivalent to those commonly used in the 

quality control determination of "free and suspended pulp" 

to give fraction A. The effluents were then recentrifuged 

(3 min. at 60 9 000g) immediately to give fraction B 9 and 

again after storage overnight to throw down the fine cloud 



(fraction C). In addition 9 oranges were divided into the 

components albedo 9 rag 9 pulp 9 and pulp-free juice 9 in an 

attempt to identify the source of the fragments making up 

the cloudo Analysis of the fractions and components gave 

the results summarised in Table XIX (p. 91). 

Fraction A 9 the "free and suspended pulp" 9 

resembled the albedo, rag 9 and pulp components in being 
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high in cellulosic constituents and r elatively low in pectin 9 

lipids 9 and phosphorous . This fraction was evidently made 

up of fragments from mechanical disintegration of structural 

tissues. Fr actions Band C 9 the true cloud 9 were high in 

pectin 9 lipids 9 nitrogen 9 and phosphorous 9 indicating that 

they were derived from the contents of the juice vesicl e s. 

The composition of the cloud wa s s i mila r in different 

va ri et i es of orange . 

Bake r and Bruemmer (1969) obtained a sample of 

the cloud components classified as 11 insolublesir by Scott et 

al. (ibid.) from the l a tt e r and subjected it to extra ction 

for pectins and proteins. They found that the cloud 

insolubles were 45% protein 9 indicating a minimum protein 

value for the whole cloud of 34%. However 9 the value of 

45% protein in the cloud insolubles could not be reconciled 

with a pectin content of 80% a s reported by Scott et al. 

(ibid.). Therefore 9 Baker and Bruemmer (ibid.) examined the 

so-called pectin fraction of the cloud insolubles and found 

it to be 47% protein. 



Table XIX 

Coml2.Q_§._:J:_:!!_ion q__f_ Orq.:r:ige Juice Cl oug._.~_l]._q~11~ponent Parts mr2-f._J?J'~S£..~ 

Fraction Amount Light--scattering components Percentage composition of AIS 
~-~.._.~_ ...,._"""-~---.._.,_. ___ .,. . ....,-.,,. ..,,.....:::- , .....,,... = --

in Juice L'i:.pids AIS Pectin Hemicellulose Cellulose N Ash ~2°5 
( % dry wt.) (1) ( % ) ( 1/i) (~) ( ~) (%) ( ~-~ ) ( %) ~,._~~-~-~-- ---- ___ .,.._ 

A 0.19 10 90 63 19 11 /.~. 2 3 .5 0.4 
(free and 
suspended 
pulp) 

;} ( cloud) 
0.34 25 75 83 3 2 7.6 2 .6 1.3 

0.14 27 73 77 1 1 7 .1 3.0 1.6 

Albedo - 7 93 44 13 32 0.7 3.1 trace 

Rag - 3 97 52 16 32 Oa7 3°5 0 .1 

Pulp - 1 1 89 57 19 19 208 4o 1 0.3 

Juice - 35 65 80 1 2 6.0 9 .4 2.0 
( pulp-free.) 

Source: Scott et al. (1 965). 
I..O 
-" 
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The physico-chemical cha r a cteristics of orange 

juice cloud wer e invest igated by Mizrahi and Berk (1 970). 

They found that the size of the par tic l e s maki ng up the 

cloud were in the r ange 0 . 05 microns to a f ew hundred 

mi crons . The particles wi th a size bel ow 2 a icrons cons ti

tuted the stable cloud and cons i sted of chromoplastids 9 

amorphous rag partic l es and oil globul e s a ttached to some 

of these partic l es . The a dsorpt i on of oil globules on the 

r ag particl es enhanced their stability in suspens ion by 

de cr eas i ng the aver age density of the particle s and bring

ing it closer to that of the s e rum. All the cloud particles 

exhibited a negat i ve charg e 9 which decrea sed with decrea sing 

pH . The c a rboxyl group s on the pect i n were suggested as the 

s it e of the n eg2 tive charges . Howevcr 9 it seemed tha t the 

stage of hydration of the partic l es r a the r than their 

electrical cha rge was more important with r espect to cloud 

stabilis ing mechanisms . Heat ~eatment of the juice c a use d 

an increase in the number of fine particles at the expense 

of coarser ones. In the p roc ess 9 some extr a ction of pectin 

into t he serum took p l ace 9 but this had little sign ificance 

on the cloudine ss a nd cloud stability of the juice . 
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2. STABILISATION OF THE CLOUD IN CITRUS JUICES 

It was generally accepted that citrus juice cloud 

could be stabilis ed by inGctivating pect ine sterase (PE) 9 an 

enzyme tha t initia ted a s eries of reactions leading to 

cla rification. PE demethylate d juice soluble pectin 9 

conve~ting it to low-methoxyl pectin which reacted with 

polyvalent cations to form insoluble pectates. The precip

itation of these pectates occluded the cloud particles and 

removed them from suspension (Dietz and Rouse 9 1953). 

Until recently 9 juice-soluble pectin was presumed to form a 

colloidal matrix that supported the particulates and there

for e was necessary for citrus cloud stability. 

The traditional and still the only commercial 

method for inactivating PE is to heat the juic e in a heat 

exchange r wi th steam or hot water. This topic is reviewed 

in some deta il by Joslyn and Pilnik (1961). Much of the 

work on PE inactivati on was carried out by Rouse and co

worke rs at the Florida Citrus Resea rch Station during the 

195O's. They investigated the effect of various temperatures 

and .holding times on PE inactivation and cloud stability 9 

and also took into consideration the effect of variables 

such as the_ pH, pulp content 9 degree of concentration of the 

jui.ce during heat treatment 9 and seasonal and varietal 

differences. They left the literature full of the times 

required at different temp.era tures to inactivate PE for 

nearly all the combinations and permutations of the variables 

mentioned above. Presumably the citrus processor was 
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expected to find the appropriate relationship holding for 

his juice at a particular point in time and adjust the time 

a nd tempera tur e conditions of his process a ccordingly. As 

soon a s one of the aforementione d v a ri a bl e s changed 9 it 

would be necessary to search the lit er a ture to find the n ew 

processing conditi ons a nd a djust the proc e s s to suit. Such 

a situa tion provides a class ic e x ampl e of the qua litative 9 

empirical approach to food p rocessing. 

Other methods of inactivating PE have been invest

igated. Copson (1954) studied the inactivation of PE in 

orange juice concentra te using microwave irra diation to heat 

the juice . Although PE inactivation was achieved 9 this 

method does not appear t o have found c ommercia l application. 

Lopez and Baganis (1 971) studied the e ffect of r a dio

frequency (R-F) e nergy a t 60 MHz on PE in raw apple juice 

a nd a water solution at 20 C and 70 C. No significant loss 

of PE activity occurred a t 20 C 9 while a partial loss of 

activity a t 70 C was at tribute d to the e ffect of heat. 

Although the ina ctiva tion of PE wa s not a ctua lly 

studied 9 the control of some food-related enzymes by the 

bri e f a pplication of va rious inert gases at high pressures 

was reported by Behnke et al. (1969). This p rocess appeared 

attractive to the food industry because of the a vailability 

and relative cheapness of the inert gas nitrous oxide. 

However 1 they concluded that there was little hope that the 

enzymes in food systems could be effectively inhibited by 

brief exposure to inert gases at pressures of 5000 psig or 
I 
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less. Neverthe l e ss 9 in their conclusion they note that 

"before abandoning the hope tha t high pressures can be used 

to control enzyme a ctivity 9 it would be advisable to deter

mine the extent to which the eff ectiveness of a pr e ssure 

tr ea tment i s influenc ed by such variables as t emper a tur e 9 

pH 9 a n d conc entr a ti on of v a rious cons titut ent s ." They 

sugges t ed the us e of higher pressures up to 75 9 000 psig, but 

a t such p r es sure s the commercia l via bility of the process 

diminshes because of the tremendous cost of pressure v e ssels 9 

and the cost of a suitable inert gas , for nitrous oxide 

liquefies above 600 psig . No furth er work on the use of 

inert gases for e nzyme inactiva tion in the food industry 

has been r eported. 

The most r evolutionary process for the stabili

sation of citrus cloud without the us e of heat was reporte d 

by Baker and Bruemmer (1972). In 1969 they had shown tha t 

soluble ~ectin was not n e cessa r y for cloud support as a 

stable suspension of citrus juice particulates in water 

could be made . Because pectin is the source of the destabil

ising low-me thoxyl pectin 9 they proposed controlled p e ctin 

degradation (using ppm leve ls of commercial pectolytic 

enzyme prepara tions) as an alternative to heat denaturation 

of PE for stabilising citrus cloud. The possible pathways 

for enzymic breakdown of pectin by the enzymes PE 9 PG 9 and 

PMG are shown in Figure 14. The proposal was supported by 

the stability of citrus juice particulates in centrifugally 

prepared citrus juice serum treated with a commercial pectin

ase (Baker and Bruemmer, 1969). 



E_igure 14 

Possible Pathways for Enzymic Breakdown of Pectin 

by PE 9 PG . and PMG 

PROTOPZCTIN 

PG or JPMG 
SOLUBLE PECTIN 

~~ 
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SHORT CHAIN LOW- METHOXYL M++ I NSOLUBLE 
---) PECTATES SOLUBLE.PECTI N PECTI N 

SHORT CHAI N 11++ INSOLUBLE 
LOW-METHOXYL --• PECTATES 

PECTIN 

w 
OLIGOGALACTURONIC 

ACIDS 

Source: Bnl<:er and Br uemmer (1972) 
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Successful application of this method in the 

production of n cold pack juic8 would require a satisfactory 

cold sterilant such as diethylpyrocarbonate (DEPC) or 

sulphur dioxide. Modification of this method employing the 

minimal heat necessary to effect pasteurisation has success 

fully produced juices with~ dcnse 9 stable juice cloud 

(Baker and Bruemmer 9 1971). Unfortunately 9 no costings 

have been prepared to indicate how this process compa res 

with conventional heat stabilisa tion of citrus juices 9 but 

it appears that it would certainly not be any cheaper. 

Because of the present universal use of heat to 

stabilise the cloud of citrus juices 9 it was d e cided to 

quant itative ly study the ina ctivation of PE in NZGF by heat . 
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SECTION II 

1. THE HEAT I NACTIVATION (DEN.nTUR..;tTION) OF ENZYMES 

,m enzyme is a protein that is synthesised in a 

living cell and cata lyses or speeds up a the rmodynamically 

possible r eactiono Whitaker (1 97 2) d efined an enzyme as a 

protein with c a talytic properties due to its power of 

specific activationo When proteins, e ither in the dry 

state or in solution 9 are heated or treated in v a rious 

other ways, they undergo c ertn in characteristic change so 

Prot e ins that hElve undergone such changes a r e known a s 

denatured prot e ins, in c ontrast to fr esh or 'native' pro 

teins, nnd the process is known ::i.s denaturation o 'vVhen the 

denaturation process is applied to enzymes , leading ton 

loss of their cata lytic a ctivity, it is then specifically 

referred to as inactivation or deactivat ion (La idl e r a nd 

Bunting, 1973) . 

The term denaturation has been applied rather 

loose ly to v a rious types of changes occurring in proteins. 

According to Laidle r and Bunting (ibid.) it is difficult to 

define denaturation in a precise manner, since it is found 

that different types of treatment (eog. heat and a ddition 

of urea) may bring about different changes even in the same 

protein. Denaturation is frequently accompanied by a loss 

of biological activity of the proteins; enzymes lose their 

catalyt ic a ctivity, hormones their physiological a ction, and 

antibodies their ability to combine with anti gens o It appears 
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that with some proteins the overall process of denaturation 

oc cur s in several s tages but the ina ctivation occurs only 

in one (somet i mes the firs t) of these . 

Jo1y (1965) quot e s five d efinitions of d en a tur 

at i on which have been proposed over the years and then gives 

his own definition in the following genera l t erms: denatur 

n ti on is any modificat i on of the sec onda r y 9 t ertiary or 

quarternar y structur e of the p rotein mol e cul e 9 excluding any 

breaking of c ova l ent bonds . 

The s e c onda ry structur e of proteins consists of 

helices and pl uo. t ed she e ts involving the bc.ckbone of the 

p olypeptide cha i n 9 and i t is sta bilis e d by hydrogen bonds 

as opposed to the pept i de bonds of the pri mary structure. 

The tertiary structure of the pr o t ein is folde d in a 

compl ex a nd irregula r mann e r to for m a compact structure 

ma inta ine d by a number of diff e r ent types of bonds including 

e l e ctrosta tic bonds 9 hy dr ogen bonds 9 hydrophobic bonds 9 

dipolar bonds 9 and disulphide bonds. Not every protein 

has all of thes e typ e s of bonds involved in ma inta ining its 

t erti a ry structure. The qua rt e rna ry structure r e f ers to 

those proteins which are composed of more than one poly

peptide chain. Hydrophobic a nd electrostatic bonds p lay 

predominant role s in ma inta ining the inte grity of the se 

mol e cule s. 

Tannford (1968) by inference supports Joly's 

definition when h e r emarks that the definition of denatur

ation9 whi ch many earlie r writers found a troubl e some 

MASSEY u. 1:vrns:ry 
L.uPA[ { 
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subject because they did not know the exact native structures 

of any proteins, c an now be stated r ather easily: it is 

simply a major change from the original native structure, 

without a lt erat i on of the amino acid sequence, i. e . without 

sev0r ance of a ny of the primnry chemical bonds whi ch join 

one amino acid to another . This definit i on is not an 

absolute one, how e v er, because what one chooses to c a ll a 

11 major" change in c onforma tion r emains a matter of personal 

taste. 

In the case of enzyme inactivation , however 9 

Tannford (ibid.) prefers to make a sharp distinction between 

denaturation and inact ivation of an enzyme. Although the 

definition of denaturation is in terms of physical properties 

relat ing to molecular conformation, enzymes may be ina ctivated 

as a result of minor conformat ional changes as well a s major 

ones, or as a r esult of strong interaction between the 

inactivating agent and the catalytic or binding site of the 

enzyme. 

It was originally thought tha t h ea t c a used a 

dehydration of the protein molecule or the establishment of 

peptide linkages between some of the free amino and c a rboxyl 

groups. In nddition 9 the reverse r eaction, the cleavage of 

peptide bonds by heat, was also considered possible. 

However 9 dilatometric measurements showed that denaturation 

by heat was not accompanied by any noti c eable change in 

volume . The hydration of denatured proteins in humi d air 

wa s onl y s l ightly lower than that of nat i ve proteins 9 their 
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water binding being of the same order. 

According to Laidler and Bunting (ibid.) what 

basically happens y1hen a protein is denatured is that there 

are changes in the secondary and tertiary bonding existing 

in the protein molecules. This results in a change in the 

general shape of the molecule. 1is the catalytic effective ~ 

ness of an enzyme depends very critically on the relative 

positions of groups that may be on different portions of 

the polypeptide chains 9 a change in the overall structures 

of the protein can lead to a complete loss in e nzymic activit~ 

The r e are two main types of proteins, the fibrous 

and the globular 9 most e nzyme s being of the l o tter type . 

The cha r a ct e r of the d ena tura tion process is different for 

the two cla sses of proteins 9 being mor e complicated for the 

globular proteins since there are both secondary and tertiary 

bonds . It has been suggested t~at reversible thermal 

denaturation processes involve changes in the tertiary 

structure alone . When changes in the sec ondary structure 

occur 9 the denaturation is irreversible. 
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2. FACTORS AFFECTING THE HEAT INACTIVATION OF ENZYMES 

The four most important factors that a ffect the 

heat inactivation of enzymes are as follows: 

(a) Temperature 

It has long been realised that enzyme r eations 

increase in rate with temper ature and r ea ch a maximum 

at the so-called "t emperature optimum" of the enzyme . 

Abov e the optimum the rate decreases with further rise 

in temperature. The temperature opt imum is not a constant 

for a given enzyme but varies with pH, ionic strength 

a nd nature of the buffer 1 the presence or absence of 

substra te 1 the enzyme concentra tion and purity 9 the 

presence or absence of activators and inhibitors 9 and 

the method used in measuring the rate of the catalysed 

reactiono 

The apparent temperature optimum for the rate 

of enzyme reaction is explained by two independent 

processes being simultaneously accelerated by temper

ature - the catalysed reaction 9 and the thermal 

inactivation of the enzymeo At sub-optimum temperatures 

it is the catalysed reac tion which is mainly affected 

while a t temperatures above the optimum the inactivation 

of the enzyme by heat predominates. 

The r a te of inactiva tion of enzymes in 

solution increases rapidly with temperature and in 

nearly all cases ina ctivation is virtua lly instant-
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aneous above 100 C 9 and in the majority of cases above 

70 c. 

In general, an enzyme is more stable to 

temperature i n an intact tissue or in an homogenate 

where its structure is protected by the presence of 

other colloidal material (proteins 9 carbohydrates, 

pectins 9 etc.) than it is in a purified form. 

The therma l ina ctivat ion of enzymes is usually 

unimolecula r and increases exponentia lly with tempera

ture in accordanc e with the Arrhenius equation over a 

f a irly wide r ange , indica ting that the ac tiva tion energy 

is independent of temperature. 

Vas et a l. (1967) invest igated the effect of 

temperature on the rate of enzyme deesterification of 

pectin 9 using PE's from a wide range of fruit and 

vegetables. They found that increasing the temperature 

from 30 C to 80 C resulted in ever increasing reaction 

rates. However 9 since spontaneous demethylation of 

p ectin occurs with enhanced speed at higher temperatures 9 

this has to be taken into account, especially when 

temperatures above 40 C were applied . It was found that 

the optimum temperature for enzymatic deesterification 

of pectin was around 65 C for PE from orange albedo. 

(b) J2.I1 

The rate of inactivation of an enzyme at a 

particular temperature is highly dependent on pH. 
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As with temperature, there is an optimum pH at which 

the enzyme has greatest r es istance to thermal inactiva

tiono Either side of this optimum pH the enzyme's 

resi stance to inactivation decreases . Neurath et a l. 

(1 944) observed that the pH of maximum thermal stability 

for enzymes was between their is oelectric point and 

neutralityo Vas et al o (ibid.) varied the pH of the 

reaction mixture containing orange peel PE and found 

that the optimum pH for deesterificati on of pectin by PE 

(as measured by the quantity of NaOH consumed in 30 

minute s) was 7.5 , thus confirming earlier r eports (e.g. 

Rous e and Atkins, 1955) . 

(c) Time 

The longer an enzyme is hel d a t a t emperature 

above it s t emper ature optimum, the gr eater is the extent 

of inactivation of the enzyme . At constant temperature, 

the inactivati on of an enzyme proceeds exponent ially 

with t ime o 

(d) Concentration 

The rate of inactiva tion is also dependent on 

the concentration of the enzyme . The higher the concen

tration of enzyme the greater the time required at a 

given temperature to inactivate the enzyme. This 

follows from the fact that the reaction is first order. 
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3. METHODS FOR DETERMINING THE THERMAL INACTIVATION 

CONDITIONS F'OR ENZYMES 

The two variables manipulated during thermal 

inactivation studies of' enz;ymes are time and temperature. 

The fact that the therma~ inactivation of enzymes is like 

the ther~al destruction of microorganisms 9 in that they 

both follow first-order kinetics 9 means that many of the 

methods used by microbiologists to determine the thermal 

destruction conditions for microorganisms can be used when 

Rtud~r:i_ng the thermal inactivation of enzymes . These methods 

will now be briefl y reviewed. 

The first method used was the thermal death time 

(TDT) tube method 9 devel oped by Bigelo~ and Esty (1920). 

Sma2.J.. diameter (7 to 10 mm) test tubes containing the 

appropriate solution were sealed and placed in a thermo

statically controlled bath for vary ing lengths of time. 

vn removal from the bath the tubes were rapidly cooled. 

Although no expensive equipment is required for this method, 

filling, sealing and heating of the tubes is time co~suming. 

A more serious objection is the appreciable heating and 

cooling lags in the tube contents. Procedures for evaluating 

these lags have been proposed by Sognefest and Benjamin (1944) 

but Stumbo (1953) established that these cannot give true 

corrections because the relative resistance of the micro

organism or enzyme to the different temperatures encountered 

during heating and cooling is required to' ·calculate the 
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correction. However 9 the a im of the whole TDT tube method 

is to calculate the relative r es istance of the microorganism. 

The TDT can method (American Can Company 9 1943) 

is basically the same as the TDT tube method except that 

small cans ( 63mm by 9mm) are used instead of glass tubes. 

They are heated in small 9 ac curately controlled steam 

retorts. This method i s subject to the same objections as 

the tube method because it also has appre ciab l e heating 

and c ooling l ags. 

In the flask me thod of Levine et al . (1927), 

substrate is p l aced in a flask in an oil bath and the 

inoculum is added once the substrate has r eached the 

desir e d tempera ture . Sampl es are then withdrawn at appr op

riat e times . Apart from the problem of assessing the cool

ing lags (which c an be mini mised by withdrawing small samples 

in a syringe), this method is not suitabl e for in vivo 

ina ctivation studies where the enzyme is not separated from 

the substrate. 

Use of the the rmoresistometer designe d by Stumbo 

(1948) is undoubtedly the most sophisticated method available 

for studies of thermal inactivation of enzymes and micro

organisms. The sample is carried on a small boat through 

thre e chambers, of which the middle one can be rapidly 

filled and evacuated with steam. Virtually instantaneous 

heating and cooling of the sample is achieved, the maximum 

correction for thermal lags being 0.3 seconds. Timing can 

be extremely precise - to within 0.0005 minutes. However, 
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the cost of the instrument is very high (approximately 

$10 ,000) and only temperatures above 102 C can be studied. 

For the thermal inactivation of PE 9 temperatures below 

100 Care used. 

Rouse and co-workers in the 1950's built a 

continuous-flow apparatus in which to carry out enzyme 

inactivation studies. It consisted of a heating coil 

5 min l ength 9 compos e d of 1.6 mm I.D. stainless steel 

tubing . Hot water was circulated around the heating coil. 

Th e flow rate was adjusted to 560 ml per minute to give 

turbulent flow. The juic e was in contact with heat in the 

pasteuriser for 0 . 8 seconds 9 the time r equired to raise 

the juice from r oom temper a ture t o the desir e d temperature. 

To hold the juice for any gi v en time at a definite t emp 

e rature 9 the juic e was run directly from the pas t euris er 

into test tubes subme rged in a holding bath regulated to 

the des ired temperature. All samples were cooled instantly 

by flashing under vacuum into small receptacles. This 

latter step changed the concentration of the juice 9 but 

this was allowed for by relating the enzyme concentration 

to degrees Brix . Even although the juice was heated 

rapidly 9 the heating lag was quite considerable as evidenced 

by the fact that when Valencia orange juice was raised to 

85 C and immediately cool ed (i.e. holding time was zero) 

90% inactivation of PE occurred (Rouse and Atkins 9 1952). 

Various types of continuous-flow apparatus 

continue to be used for thermal inactivation studies on 
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enzymes, and despite some modifications to the basic appara

tus outlined above 9 heating lags still occur. For example, 

Svensson and Eriksson (1972) used a continuous-flow apparatus 

with narrow thin-wall e d gla ss tubing (1.3 mm I.D.) that 

despit e having a pr eh ea t er, r equir e d 2.3 s e c onds to r a ise 

the enzyme from 3 C to the sele ct e d trea tment t e mpera ture . 

Be ca us e the preheat er ga ve a constant tempe r a tur e -rising 

time irre spe ctive of the s e l ecte d h ea t reatment t empera ture, 

they us ed this a s a r ea son for making no correction for 

h ea ting l a g. They introduce d a further error into the ir 

studies by using liquid flows in the laminar rather than 

the turbulent range , which gave a parabolic velocity 

distribution of the solution in the tubing. This caused 

some superheating of the ma terial near the periphery of the 

of the preheater glass tubing, resulting in an overall 

inactivation greater than that expected from the average 

temperature of the whole liquid stream. 

Even if extremely high liquid flow rates were 

used with very narrow, thin-walled tubes, it seems unlikely 

that a continuous-flow apparatus could be constructed that 

would reduc e the heating and cooling lags to insignificant 

levels. 

Glass tube s (9 mm O.D.) containing grapefruit 

juice and thermocouples were used by Pratt and Powers 

(1953) to study the thermal destruction of pectic enzymes . 

After sealing, the tubes were submerged in a constant

temperature water bath for varying lengths of time and 
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immediately cooled in an ice-water bath at the end of the 

hea ting periods. The heating lag was c a lcula ted using the 

formula method of Ball (1928) and deducted from the 3ctual 

heating period to yield the equivalent time at ea ch temper

ature used. However 9 reference to Ball's paper r eveals 

tha t the the rmal resistance of the enzyme must be known 

b e for e the heating lag can be calcula t e d. In fact 9 the 

whole aim of the exercise is to calculate the thermal 

resistance. Pratt and Powers (ibid.) appear to have 

conveniently overlooked this problem and they give no 

indication in their paper that they we r e even aware of it. 

To summarise, a revi e w of the methods available 

for studying the the rmal inactivation conditions for 

enzymes has not been able to find a wholly acceptable 

method presently available. With adequate time and money, 

it might be possible to design and build a continuous-flow 

apparatus in which the heating and cooling lags were negli

gible. However 9 such r e sources were not available in this 

present study and conse quently it was d ecide d to de velop a 

new method for studying the thermal inactivation of enzymes . 

This method is describ ~~ in the next section. 



SECTION III 

1o DEVELOPMENT OF A METHOD FOR STUDYING THE THERMAL 

INACTIVATION OF ENZYMES 

(i) Introduction 

A study of Sect ion II (3) which describes the 

methods that have been used for determining the thermal 

inactivation of enzymes reveals that the major objection 
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to most of the methods is the way in which the heating and 

cooling lags have been evaluated. Therefore 9 in developing 

a new 9 ac c eptabl e method for thermal inactivation studies 9 

two possibilities arose. Either a system could have been 

devised in which the thermal l ag was negligible 9 or a 

method could have been developed which accounted i n a 

satisfactory way for the thermal lag. In this study the 

latter option was selected. 

Before detailing the method whi ch was developed 

in this study 9 it is necessary to define the terms and 

expla in the concepts on which it was based. These are 

analogous to and are largely drawn from canning technology. 

(ii) Methods for determining the lethality of a thermal 

process. 

Two common methods a re available for expressing 

analytically the l e thality or lethal effect of a thermal 

process in which the temperature varies with time. The 
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first 9 extensively used by Ball and Olsen (1957) and Stumbo 

(1965 and 1973), is based on the clas sical experimental 

r esults of Esty and Meyer (1922). In thi s method the 

l e tha lity of a process, F (defined below) 9 is r e l a t ed to 

the proc essing temperature, T, by the empirical equation: 

F = tR 10(T-180)/z ( 1 ) 

where Fis the equivalent time of the thermal process in 

minutes at some reference temperature (in this cas e 180 F), 

and tR is the total processing time in minutes. The temp

erature difference z (defined below) appears in the usual 

form of equation (1) as degrees Fahrenheit. 

For a process in which the temperature varies with 

time, the lethality can be ca lculate d by using a modified 

form of equation (1): 

· ' t 
F = \ R 10(T-180)/z. dt 

0 0 
( 2) 

The pDoblem then is to specify the processing temperature 

(T) as a function of the time (t) and to determine the value 

of Fin terms of the total processing time (tR). This can 

only be done if the va lue of z is known . 

A convenient measure of the heat resistance of 

enzymes is the decimal reduction time, D, or the time (in 

minutes) of heating at constant temperature required to 

reduce the concentration of undenatured enzyme to one-tenth 

of its initial concentration. 

If the logarithm of the D values for the thermal 
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destruction of an enzyme are plotted against the corres

ponding t emper ature s 9 a stra ight line is generally obtained, 

as shown in Figure .1 5 . This is known a s the the rmal 

destruction (TD) curve a nd i s spe cific for a par ticula r 

enzyme system. The t e rm z 9 which appears in equa ti on (1), 

is employed in process calculation methods to a ccount for 

the r e lative resistance of an enzyme to different t emper

atures. It is nume rically e qua l to the numbe r of degrees 

of temperature (usually but not necessarily quoted in 

Fahrenheit) requir e d for the TD curve to traverse one log 

cycle . Considering any one such p ortion of the curve 

plotted in Figure ~5, the slope of the curve may be expre ssed 

as follows: 

log D1 - log D2 

T.1 - T
2 

= 
log 10 - log 1 

- z 

= 
1 ( 3) 

z 

Stated another way , z is numerically equal to the n e gative 

r e ciprocal of t he slope of the TD curve, or the fall in 

tempera ture necessary to increa se D to t en time s its former 

value. 

All point s on the TD curve r epr esent treatments 

tha t r e sult in e quiva l ent enzyme de s truction levels. 

Likewise, any line of slope -1/z is a line connecting 

points of equivalent d e struction. For reference purposes 

it is convenient to consider a line of slope -1/z, passing 

through the point 1 minute at 180 F. Any point on this line 

represents a treatment equivalent to 180 F for 1 minute. 

For example, from Figure 15, 2 minutes at 172 Fis equiv-
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FIGURE 15. 

Hypothetical Thermal Destruction Curve passing through 1 minute at 180 F. 

10 

8 

"' I 
C: 

E I - 5 
w I :::> 
..J I <( 

> 
Q 

3 I 
C) I 0 
_J 2 

I 
I 

1 ~-- --
T, z 

150 160 170 180 

TEMPERATURE (°F) 



114 

alent to 1 minute at 180 F. For the purposes of comparing 

the r a t es of de struction of the e nzyme 1 it is use ful to 

conside r the r ec i proca l of the equivalent times . Thes e 

a r e t e rme d l eth a l r a t e va lues (or L values) a nd a r e numeri

cally equa l to the r e ciproca l of the time equivalent to 

1 minut e a t 180 F. By d e finition the l e thal rate v a lue a t 

180 Fis 1 9 while (aga in from Figure 15) the L value at 

165 Fis 1/4 or 0.25. 

Thus it can be seen that the D value is proportion

al to the r e ciprocal of the L value. Using this relationship 

it is possible to r ewrite equation (3) a s follows: 

log = 
z 

and L2 -(T -T )/z 
= 10 1 2 

L1 

so 
-(T - T )/z 

L2 = L1 10 1 2 (4) 

Rewriting equa tion (4) in the general form a nd l e tting 

T1 b e the reference t empe r a ture (180 F), and L1 the l e tha l 

value at T1 (by de finition equal to 1) 9 gives: 

or 

= 

(T-180)/z 
L = 10 ( 5) 

Equation (5) now permits the calculation of the lethal 

rate at any temperature 1 provided that the z value is known. 

When equation (5) is substituted_ into equation (2) 9 the 

following expression is obtained: 
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F ~ s: L , dt (6) 

Thus, once the lethal value of all the temperatures reac4ed 

by a particul ar system during a thermal process are known 9 

it is rela tively simple to evaluate the integral in equat ion 

(6) and hence find the equivalent time of the process in 

minutes at 180 F. 

The second method of calculation 9 used by Dein

doerfer and Humphrey (1959) and recently by Richards (1965) 9 

expresses the rate of destructi on by pseudo first order 

reaction kinetics 9 since for the majority of enzymic 

systems 9 the rate of destruction is proportional to the 

concentra tion of the enzyme in the systemo The rate 

depe nde nc e on temperature is expr e ssed in this method by 

the Arrhenius equa tiono 

If c is the conc entration of the undenatured 

enzyme a t any time t 9 the r a t e of destruction is proporti onal 

to the decrease in concentration with time: 

de 
-- = kc 

dt 

de 
or - -- = k • dt (7) 

C 

The constant kin equation (7) is known as the r ate constant 

or the specific reaction rate. On integration 9 equation (7) 

yields: 
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I:o 
de \tR 

= Jo k . dt 
C 

and ln 
CQ s:R k. dt (8) = 

C 

From the Arrhenius equation: 

k = A exp ( -E/RT) ( 9 ) 

On substituting for k in equa tion (8): 

C 
= 

r-...tR 
\ . A exp ( -E/RT ) • d t Jo ( 10) 

fro m which ln (co/c), the logarithmic r eduction in the 

conc entration of the enzyme , is ca lculated by integration 

using temperature as a function of time. However, this can 

only be done if the factors A a nd E in equa tion (10) a r e 

known. They must be exper i mentally de t e r mined , and use of 

equa tion (1 0) a ssumes tha t E remains constant over the 

t emper a ture r ange s t udi ed . Deindoerf er and Humphr ey (ibid.) 

give the analytica l integr a tion for equation (10) for 

varying t emper a tur e -time pr ofil e s , thus enabling the lethal

ity of the process to be evaluated . 

As Jones (1968) has pointed out, the two methods 

are clearly similar. It is important for the purposes of 

this study to examine the two methods to see whether they 

are identical, and if not, to decide which method is 

preferable. 

Comparison of equations (2) and (10) shows that 
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evaluation of the integral of temperature varying with time 

is expressed in two ways. In equation (2), the term Fis 

us ed. This was define d above a s the e quivalent time of the 

thermal process in minutes at 180 F. In equation (10), the 

term ln (c
0
/c) or the logarithmic r e duction in the concen

tration of the enzyme 9 is e qual to the value of the integral. 

Although it may not seem obvious at first 9 these two t e rms 

are virtually equivalent provided tha t the time required at 

the refer ence temperatur e (180 F) to give a certain degree 

of inactivation is known. i. e . provided the D value is 

known. However, D does not appear a s such in equa tion (10) 

but the following analysis shows tha t it is directly related 

to k. 

It is obvious that D, L and k a r e related , since 

they are all conne cted with the rate of therma l destruction. 

If equation (8) is written in its general form, then: 

ln 
co 

kt = ( 11 ) 
C 

or C = co e -kt (12) 

If the concentration after time tis one-tenth 

of the initial concentration, then a decimal reduction in 

concentration has occurred and tis clearly equal to the 

decimal reduction time or D value. Thus by substituting 

into equation (11): 

1 - 10 n-1 = kD 



and k = 

= 

ln 10 
D 

2 . 303 
D 

If k is substituted for i n equat ion (12 ) 9 then: 

C = 

11 8 

( 13) 

( 14) 

Now the re i s quite a lot of publ ished da t a on the 

the r ma l destruction of mi croorgani sms a nd enzymes ( e . g . Rahn 9 

1945 ; Stumbo e t a l. 9 1950) which t end to show tha t k is 

exponentia lly r e l a t e d to T 9 the t emper a ture of h eating 9 

a ccording t o the gener a l equati on: 

k = 
bT ae ( 1 5) 

where a and bar e constants. It was shown above that: 

k = ln 10 
D 

Therefore 9 by substitut ing fork i n equation (15): 

ln 10 = aebT 
D 

and D ln 10 - bT = 0 e 
a 

ln D = ln ~ 2. ~03~ - bT 

log D = log (2 . 30 3~ - bT/ 2 . 303 
( a 

and log D = q - T/z 

where q a nd z are constants. 

( 16) 



If D1 is the decimal r eduction time at temper atur e T1, 

D2 is the decimal r e ducti on time at temperature T 2' 

from equation ( 16) : 

D = 10q -T/z 

therfore D2 
q - T2/z 

= 1 0 

D1 1 0 
q - T1/z 

and D2 D1 
(T 1-T 2 )/z 

(17) = 10 

It follows tha t when: 

= z 

then = 

Consequently 9 if it is a ssume d that the r eaction r ate 

constant k varies exponent i a lly with temperature as 

indica t ed in equation (15), then z is constant over the 

t empera ture r ange T1 to T2 • 
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and 

then 

However 9 ther e is also published data on the 

ther ma l ina ctiva tion of enzymes ( e .g. Svensson and Eriksson, 

1972; Joffe a nd Ball 9 1962) 9 which suggest tha t k i s r eally 

r e l a t ed to t emper a tur e a ccording to the Arrhenius equat ion: 

k = A exp ( -E/RT') (9) 

or ln k = A - E/RT' ( 18) 

where A = frequency factor 

E = activation energy 

R = Universal gas constant 
I 

and T = absolute temperature 



It wa s shown above that: 

k = ln 10 
D 

Therefore, by substitut i ng fork in e qua tion ( 18): 

ln 10 = ·=~-
D 

1 = 
D 

log 1 
D 

log D 

= 

= 

= 

A - E/RT' 

:6,_-:._J;LET ' 
2 . 303 

l og E/RT 1 

2.3 

~J' .. : 
2.303 

- l og E/RT ' 
2.3 

log A 
2.3 

= log M - b' 
T' 
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where hl and b ' a r e constants. The va l ue of the c onstant M 

i s given by: 

M = ( 1 9 ) 

i. e . M va ri es directly with the a ctiva tion ene rgy (E) since 

Ris a constant. 

Ther e for e : = (20) 

On comparing equa tions (17) and (20) 9 the signif

icanc e of the differences r esulting from the two a ssumptions 

is s een. This differenc e is more vividly illustrated in 

Figure 16 ( a ft er Cowe ll 9 1968)(p. 121) which shows a diagram

matic plot of the logarithm of the decimal reduction time 

as a function of absolut e temp e rature. Curves of type (1) 

result from assuming that k is a linear function of absolute 
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temperatur e and curves of type (2) from assuming tha t k 

vari e s with the r e ciproca l of the absolute t emper a ture. 

Over a limit ed tempera ture range wher e curve (1) is a 

tangent t o curve (2), both curves a dequately describe the 

same da t a . Outs ide this r a nge the curvature of the hyper

bola (curve 2) r e sults i n the Arrhenius equa tion pr edicting 

r e l a tively longer de cimal r eduction times. 

The relationship be tween z and Mis as follows: 

= 
(T' - T' )/z 

10 1 2 ( 17) 

r .. 

and = (20) 

therefore 

T ' - TI 
1 2 = 

z 

Thus the va lue of z a t t emper a ture T' is given by: 

z = ( 21 ) 

and the mean va lue over a r ange T' to T' i s given by: 1 2 

z = T'T'/M 1 2 (22) 

Gillespy (1951) has shown tha t over small ranges 

of temperature, equation (17) gives good approximations to 

equation (20) , but if equation (20) represents the true 

relationship, then M (i.e. E, as shown above) is constant 

and z varies with temperature. i . e. the thermal resistance 

varies with temperature. The value of z or Mis a character-
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istic of a particula r enzyme and va ri e s with the me dium 9 the 

most i mportant factor b e ing pH. 

J ones (1 968) c ompar e d spec imen therma l processes 

evalua t e d on the above a lt ernat ive as sumpti ons of a constant 

z v a lue and a constant a c t iva tion ener gy (E). However 9 his 

comparisons were shown to be invalid by Cow ell (1968) 

because the z values used were c a lcula t e d from one set of 

experiments and the activation energi e s from another. The 

e xperimental conditi ons from which the data were obtained 

differed so much that calculations using the same mathematical 

model and b ase d on that data would not have yielded comparable 

r e sults. 

As no further work compa ring the tw o models has 

been r eporte d 9 both meth ods were us e d in this pr e s ent study 

for evalua ting the therma l ina ctiva tion of the enzyme PE. 

(iii) A method for st1J8ying the thermal ina ctiva tion of PE 

From the abov e discussion, the t wo common me thods 

a vailable for determining the l e tha lity of a the rma l process 

can b e summaris e d in the following general form: 

F = (23) 

F = (24) 

where Fis the equivalent time of the thermal process in 

minutes at some reference temperature T
2 

(taken as 180 Fin 
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this study) and tR is the total processing time in minutes. 

Equat ion (23) is based on the asswnption that z rema ins 

constant over the t eraper a ture r ange conc erned , while 

equat i on (24) asswnes a constant act ivat ion ener gy. 

The aim of the method describe d below was to 

de t ermine values for z and M ~or the thermal inactivation of 

PE. Once these values were kno'Nn , the· above integrals of' 

temperature varying with time c ould be solve d and the equj_va

lent time for a particular process at the reference tempera

ture of' 180 F could then be evaluated . The equivalent times 

or F value s could then be correlate d with the degree of' 

inactivation achieve d in the various processes and the 

conditions necessary to completely inactivate a ll the PE in 

NZGF juice could then be specifi ed. 

The method develope d was a s follows. Samples of 

NZGF juic e we r e hea t ed for var;ying l engths of time in a 

water ba th ma inta ined be tw een 180 F and 200 F, the time

t emper atu~e profile of the juice being continuously r ecorde d. 

The l evel of PE in the juice was de termined both befor e and 

after the h eat tr ea tment. 

For each run, the tempera ture of' the juice was 

r ead off the chart recorder at regular intervals and f e~ into 

a digital computer , together with the initial and f'inal 

concentration of PE. Using a range of values for z, the 

computer was progTamme d to calculate the F va lue for each 

run according to equat ion (23). The F values so obtained 

~ere then correlated with the number of decimal reductions 
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in PE concentra tion. The reason fo~ this was that by 

expr es sing the letha ltiy of a process in terms of the F 

va lue 9 the process is converted to constant temperature 

(180 F) and F indicates the equivalent time of the process 

at that tempera ture. As mentioned above, the inactivation 

of enzymes follows pseudo first order r eact~on kine tics. 

i.e. over constant time intervals (and at constant temper 

ature) the conc entr at ion of inactivated enzyij1e doubles. 

This can be illustrate d by plotting the logarithm of 

(initia l enzyme concentration/final enzyme concentration) 

against the F value , whee a stra ight line is obtained. 

Similarly 9 if the logarithm of the perc entage of active 

enzyme r ema ining i s plott ed against the F va lue , a straight 

line i s a lso ob t a ined 9 anal ogous to the survivor curves for 

microorganisms u sed in canning technology. Because it is 

usual with enzyme s to refer to the amount of enzyme which 

has been inactivat ed r ath er tha n the perc entage of ~ctive 

enzyme r ema ining, the former r ather than the l at ter method 

of expression was used in this study. 

The more pre0ise or accurate the value a ssigned 

to z, the higher and more significant the correlation 

coefficient for the relationship between the decima~ reduc 

tions in PE activity and the F180 values . The z va::ue which 

resulted in the most significant correlation coefficient 

was taken to be the t::-ue z value for the inactivation of PE . 

The above procedure was repeated using equation (24) 

to calculate F, thus giving rise to an optimum M value that 
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would be cha r a cteristic of the ther ma l ina ctiva tion of PE. 

This me thod is free of the obj e ctions raised in 

Se ction II (3) t o o the r meth od s for de t e r mining the thermal 

i nactivation of enzyme s. The r e i s n o require ment i n this 

me thod t o minimise the h eat ing a nd cooling l ag 9 a s thi s is 

accounte d for in a perfe ctly a cce ptable manner using the 

same c a lcula tions a s those in c a nning t e chnology. Further

mor e 9 sinc e b oth equa tions (23) a nd (24) ar e used9 no 

a ssumptions n e ed to b e ma de a t this stage a s to how the 

r a t e of ina ctiva ti on of PE v a ri e s with t e mp er~ture . 

The oper a ting d e t a il s of the me thod a r e d e scribe d 

in de t a il i n the nex t s ub - secti on. 

Onc e the optimum z or M va lue h as been de t e r mine d, 

it i s then p os s i b l e t o ca lcula t e the l e thal e ff ect of 

differ ent t emper a tur e s on the ina ctiva tion of PE . How ev e r 1 

a probl em arise s whe n an a tt emp t is ma d e to ca lcula te the 

tota l h eating proc e ss r e quir e d to compl e tely ina ctiva t e all 

the PE in the juice . This problem is b e st discusse d in 

t e rms of D values 9 which wer e defined earlier as the times 

(at constant t emperature) required to reduce the concen

tration of active enzyme to one -t enth of its previous level 9 

i . e. by 90%. Thus assuming an initial enzyme concentration 

of 100 (PEu)ml TSS 9 a 1D process will reduce the active 

enzyme level to 10 (PEu)ml TSS. Such a reduction can be 

expressed in terms of D values by taking the logarithm of 

the initial PE concentration over the final PE concentration: 

log 100 = log 10 = 1D 
7o 
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For the s ame initial enzyme concentration 9 a 2D process 

(which will require double the time of a 1D process at the 

same temper a tur e ) will r e duce the fina l concentration of 

enzyme to 1 (PEu)ml TSS. Simila rly a 3D process will 

result i n an enzyme concentrat ion of 0 .1 (PEu)ml TSS a nd a 

4D process in 0 . 0 1 (PEu)ml TSS. 

The problem is in deciding what is a tolerable 

lower limit of enzyme concentra tion in the juice . Accepting 

a final enzyme l eve l which just f a ils to be d e tected by an 

analytical method is not r eally satisfactory, since such a 

crit erion would change when a more precise analytica l 

method became availab l e. 

Sinc e the inactivation of PE is logarithmic 9 it 

is impossible to completely destroy a ll the enzyme present. 

The same problem occurs in canning technology 9 since microbial 

death is a lso loga rithmic 9 and the solution is to work in 

t e rm s of the probability of survival of e nzymes or micro

organisms . In c a nning it is usual t o g ive containe rs a 

12D heat process; thi s means tha t the r e is one chance in 

1012 tha t any particular conta iner of 1012 containers 

rece iving an identica l thermal proces s should not b e 

sterilis e d. This is the s ame as saying that one of every 

1012 containers should not be sterilised by the process. 

By applying similar reasoning to the inactivation 

of PE in citrus juices 9 if 10
12 

mls of juice, each containing 

1 PEu/ml, were given a 12D thermal process 9 then 1 out of 

10
12 

mls of juice would contain 1 PEu at the end of the process. 
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While the r e a r e good r e asons for giving canned 

foods a 12D p r ocess, such severe heat trea tments for citrus 

juices a r e n ot necessa r yo 

From Chapter 2 it i s r easonable to a ssume tha t 

the highes t l eve l of PE likel y to be found i n NZGF a t a ny 

po int in the season i s 1 00 (PEu) ml TSS. The method of 

analysis use d could de t e ct 0 .1 (PEu) ml TSS. It i s poss ible 

that by using a l a rge juice s ampl e and a c a r e ful t e chnique, 

0.01 (PEu) ml TSS could be d e t e cted. Therefore it is not 

unreasonable to a ccept a fina l l evel of PE i n the juice of 

0 . 001 (PEu) ml TSS . If the origina l l e v e l of enzyme was 

100 (PEu)ml TSS, a 5D the rmal process would be r equired to 

give a final l e v e l of 0G001 (PEu)ml TSS . Such a l e ve l of 

PE would saponify 1 x 10- 7 milliequivalents of ester per 

ml per minute (R ouse and Atkins, 19 55) which can r ea s onably 

be consider ed insignificant. Therefore in this study a 5D 

reduction in PE concentra tion wa s take n a s an a cc ept a ble 

l e v e l of ina ctiva ti on . 
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2. EXPERIMENTAL 

(i) Inactiva tion of PE 

Cases of NZGF grown in the Ba y of Pl enty were 

bought through normal who l esa l e cha nnels in August and 

De c ember of 19739 the s e t wo dates being approximately the 

beginning and end of the NZGF processing s ea son. The fruit 

was kept in a chill room a t 4 C until r e quired for testing 1 

the total time in chill storage not exceeding 10 days. 

At the commencement of each day of t es ts 9 juice 

was extracted from the fruit using the same proc e dure as 

that detail e d in Chapter 2 9 Section III (2) 9 to give an 

insoluble solids cont ent in the juice of approximately 10%. 

The level of PE in the juice as well as the pH were 

determined as detaile d previously. Juice not required 

immediately was kept in a n a rrow cylinde r in a chill room 

at 4 C. The juice in the cylinder wa s shaken vigourously 

prior to withdrawing further samples to redisperse a ny of 

the insoluble solids tha t might h a v e settled on sta nding. 

In no case was the extracted juice h e ld in the chill room 

for more than seven hours before being us ed . The leve l of 

PE in the fr e sh juice did not change significantly after 

chill storage for seven hours. 

Four glass test tubes 125 mm long and 15 mm O.D. 

were filled with juice and sealed with rubber corks held 

in place by a perforated brass frame . Through the centre of 

each cork (and held in place by an adhesive) passed a copper-
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constantan thermocouple wire of sufficient length to reach 

the middle of the test tube. The thermocouples were wired 

in ser i es and conne cted to a millivolt recorder, and an 

ice - water mixture in G thermos fl ask a cted a s the 

r eference point . Using this system 9 the millivolt output 

was the sum of the temperatures in each of the four tubes 

and ther efore had to be divided by four to obtain the 

average temperature in the tubes. 

Immediately after sealing 9 the test tubes were 

placed in an ice-water bath . At zero time the four tubes 

were submerged for varying l engths of time in a constant 

t emperature water bath held at various temperatures in the 

range 170 F to 200 F 9 after which they were simultaneously 

removed and immediately cooled in the ice-water bath. The 

temperature.=:; inside the tubes were continuously recorded. 

When the juice in the tubes had cooled to less than 15 C 9 

they were opened and the four samples of juice mixed in a 

beaker. An a liquot of juice was taken from the beaker and 

tested for PE a ctivity. 

Forty-one runs were made on juice extracted from 

the August fruit 9 and forty-five runs on juic e from the 

De cember fruit. The pH of the juice from the two harvesting 

periods was measured using a Radiometer pH meter ca librated 

with pH 3.20 buffer. 
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(ii) Calculation of Results 

For each run 9 the temperature (as millivolts) of 

the juice a t 5 second intervals was r ead off the chart paper 

from the millvolt r ecorder. The se r eadings were punched 

onto computer cards together with the initia l and final 

conc entrations of PE in the juic e . The results from the 

August fruit wer e k ep t quit e separ a t e from the r esults of 

the De cemb er fruit. 

Two computer programmes were written in Fortran 

IV for a Burroughs 6700 computer - they are reproduced in 

Appendix I. The programmes wer e written to perform the 

following steps: 

Programme 'A' 

(a) Read the initial and final concentration levels of PE for 

each part icular run and calculate the number of decimal 

reductions in ~E concentration as follows: 

number of decimal reductions 9 D = _J,.og initial ?E concn. 
final PE concn. 

(b) Read in the mi llivolt readings (taken at 5 second 

intervals) for each run 9 divide them by four to get the 

average reading across the four tubes 9 and convert them 

from millivolts to degr ee s Fahrenheit. 

(c) Calcula t e the L va lue at each temperature in every run 

using the formula: 

L = 1 O ( T - 1 80) / z 

t aking value s of z from 20 to 170 in increments of 0.5. 

(d) Calculate the F180 value of every run for each value of 

z by summing the L value s calculated above for the 
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temperatures at 5 second intervals . Convert the F180 

value s from units of 5 seconds to seconds by multiply

ing by 5. 

( e ) Print out ( for each run) the F1

180 va lue s obtained using 

the different va lues of z 9 and the number of decima l 

r eductions in PE concentra tion (i. e . D values). 

(f) For each value of z 9 ca lcula t e the corre l a tion coeffi

cient between the F180 value and the D value for each 

run using the following formula: 

( a) 

(b) 

= 

Also calculate the significance of the correlation 

coefficient using the Student's t test ca lculated as 

follows: 

= r 2 (N - 2) 

( 1 - r 2 ) 

Print out both these va lues. 

Pr o_gra~~ ' 

As for programme 'A' . 

As for programme 'A I • 

(c) Convert the temper a tures from Fahrenheit to Rankine. 

(degrees Rankine= degrees Fahrenheit+ 460) 

(d) Calculate the L value at ea ch t emperature in every run 

using the formula: 

L = 10M( 1/640 - 1/T) 

taking values of M from 1000 to 25000 in increments of 

1000. 

(e), (f) and (g) - as for steps (d) to (f) in programme 'A'. 
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Once the approxima t e optimum va lues for Mand z 

had been found 9 the programmes were re-run using values of 

Mand z close to the approxima te optimum values found in the 

initia l runs. The optimum va lues were taken a s those for 

which the relationship between the F180 and D values had 

the highest correlation coeffici ent and t va lue 

Once the optimum z and M values had been determined 

programmes 'A' and ' B' were modified to calculate the regres

sion equation relating the F180 value at the optimum z or M 

value to the D value. From the regression equation it was 

then possible to calculate the time required at 180 F to 

give a 1D or 5D process. The modifi ed forms of programmes 

'A' and 'B' (her eaft er r e f erre d to as programmes 'C' and 'D') 

a r e r eproduced in Appendix II. The basic steps in the 

programmes a r e summarised below: 

Programme 'C' 

(a) As for progr amme 'A'. 

(b) As for programme 'A '. 

(c) Calcula t e the L value a t ea ch temperature in every run 

using the formula: 

L = 10(T-180)/z 

taking z = 160 . 0 for low pH juice samples 

and z = 77 . 5 for high pH juice samples. 

(d) Calculate the F180 value of each run by summing the L 

values calculated above for the temperatures at 5 second 

intervals . Convert the F180 values from units of 5 

seconds to seconds by multiplying by 5. 

( e) Calculate and print out the regression e_q ua tion for 



predicting the F180 value from the D value using the 

following formula: 

y-y = r.z(x - x) 
X 

134 

(f) Calculate a nd print out the sta ndard error of estimate 

for the F 180 va lue ca lcula ted from the regre ssion 

equation using the following formul a : 

s 2 = a 2 ( 1 - r2) 
y y 

Programme 'D' 

(a) As for programme ' A ' . 

(b) As for programme 'A' . 

(c) Ca lcula t e the L va lue a t each t e mpe r a ture in every run 

using the f ormula: 

L = 10M(1/640 -1/T) 

t aking M 

a nd M 

= 

= 

22 00 for low pH juice s a mp l e s 

4100 for high pH juice sampl e s . 

(d), (e) and (f) - as for ste~s (d) to (f) in programme ' C '. 
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3. RESULTS 

(a) August fruit - the pH of the juice extr acte d from the 

August fruit was 3.05. 

( b ) De c ember fruj_t - the pH of the j u ice ex t r a cted from the 

De cember f:-ui :. was 3. Li-Oo 

(ii) ~eating of ~aj_ce 

A typical time - t e mperature (in millivolts) 

profil e of the therma l proc e ss which the juice samples wer e 

subjected to i s shown in Figure 17 (p. 136). Individua l 

time -millivolt r eadings for a ll the e i ghty-six runs have 

not been included but sample data f r om one run is repro d

uc ed in Appendix :t:rr. . 

(iii) Ca lcula ti on of ~18()-e-_va~~9.£ 

A sampl e printout fr-om prog':'.'ammes 'A' and ' B' 

showing the di ff er ent F180 values calculated by the 

computer for va r ying va l ues cf z and M is shown in Appendix 

I V for one heat - treate d sample of juice . 

The corre lation coefficients betwwen the calcu

lated F180 values and the decimal reductions in PE concen

tration for different value s of z and M, together with the 

significance of the correlation coefficients as expressed 

by Student's t ~st 9 are r eproduced from computer pr intouts 

in Tables XX: 9 XXI 9 XXII and XXIII ( p. 137 - 140). 
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Table XX 
--~~~~ 

Correlation coefficients between calculated F180 va l ues a nd 

decimal r e ductions of PE inactivation i n low pH (3.05) 

juice for varying values of z. 

z Co~re l a tion Coef~i cie~~ Student's t 
~ -~~=- "-""'=>~~-----=--..J-0.0 ~ 

50 . 0 0.787520 709801 
60o0 0 . 81972 3 8 . 9377 
70 . 0 0.,841803 9 . 7392 
80.0 0 . 857066 10.3888 
90 . 0 0 . 867689 ~0 . 9005 

100 ~0 0 . 875095 ·11 "292L~ 

11 o., 0 0 . 880228 11 • 5836 
120.0 0 . 883864 1~.8008 

130. O O. 88602 1 11 . 9341 
140.0 0.887430 12 . 0232 
1 50 . 0 0 . 888194 12 . 0721 
153 . O 0 . 888397 12 . 0852 
159 0 0 0,888409 12.0858 
160~0 Oc888/J.12 12.0862 
161 0 0 0,888411 'i2 . 0861 
162 . 0 o . 888409 12.0860 
170?0 0,888268 12~0769 

--~- .,..~~------

optj_rnum z ~ta:.. ue 160.0 F 
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Table XXI 

Correlation coefficients between calcul ated F180 values and 

decimal reductions of PE inactivation of high pH (3 . 40) 

juice for varyi ng values of z. 

z Correlation Coefficient S tudent's t 

50 . 0 0 ~804432 8 . 8798 
60.0 0 . 810926 9 . 0876 
70 . 0 0 . 813583 9 .1 754 
75 . 0 0 . 814008 9. 1896 
76 . o 0 . 814039 9 .1 906 
77 . 0 0 . 814054 9 . 191 1 
77. 5 0 . 814056 9 .1 912 
78.0 0 . 814054 9 . 1911 
79 . 0 0 . 814040 9 . 1907 
80 . 0 0 . 814012 9 . 1897 
90 . 0 0 . 813132 9 .1 604 

1 oo . o 0 . 81 1489 9 . 1061 
11 o . 0 0 . 809414 9 . 0384 
120.0 0 . 807114 8 . 9645 
130 . 0 0 . 804716 8 . 8887 

optimum z value = 77.5 F 
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Tabl e XXI I 

Correl at i on coeffici e nts between c a lcul ated F180 val ues and 

de cima l reductions of PE inactivat i on i n l ow pH ( 3. 05 ) 

juice for v arying v a lues of M. 

,! Correlat i on Coefficient Student ' s t -~ 
1000 0 . 874711 11.2713 
2000 0 . 893405 12 . 4191 
2100 0 0 893632 12 . 4348 
2200 0 . 893653 12 . 4362 
2300 0 . 893485 12 . 4246 
2400 0 . 893143 12 . 4011 
2500 0 . 892639 12 . 3666 
3000 0 . 888081 12 . 0649 
4000 0 . 871 837 11 . 1161 

5000 Oc850081 ~0 . 0802 
10000 0 . 728375 6 . 6387 

i 5000 0 . 636848 501584 
20000 0 . 577969 4 . 4230 

25000 00541135 4 . 0186 

--~----
optimum M value = 2200 R 
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Table XXIII 

Correlation coefficients between calculated F180 values and 

decimal r educti ons of PE inactivation in high pH ( 3.40) 

juice for va rying va lues of M. 

M Correlnt ion Coefficient Student's t 

1000 0 . 733982 7 . 0867 
2000 0 .799272 8.7212 
3000 0.811431 9 .1 042 
3900 o . 814964 9 . 2217 
4000 0.815045 9 .2244 
4100 0 . 815075 9 .2254 
4200 0 . 815055 9 . 2248 
4300 0.814989 9 .2225 
5000 0 . 812977 9 .1552 

10000 0 . 774830 8 . 0372 
15000 0 .729302 6 . 9898 
20000 0 . 686895 6 .1 978 
25000 o . 647463 5.5711 

optimum M v a lue = 4100 R 
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A summary of the data in the above tables, showing 

the optimum values of z and M for the two juices, is pre 

sented in Table XXIV. 

Table XXIV 

pptimum z and M va lues for PE inactivation 

Low pH Juice High pH Juice 

Optimum z va lue 160 . 0 F 77 . 5 F 

Corre l ation coeffici ent 0 . 888412 0 . 814056 

Student's t 12.0862 9.1912 

Optimum M va lue 2200 R 4100 R 

Correlation coeff icient 0 . 893653 0.815075 

Student's t 12 .4362 9 . 2254 
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(iv) Regression Equations for Predicting F.18O Values from D 

The r e gre ssion e qua tions ca lcula t ed by programme s 

'C' o.nd 'D' a r e shown b elow in Table XX.Vo 

Table XXV 

Re gr ession Equa tions for Predicting F180 from D 

(a) For low pH juice 

When z = = 58 . 9 D - 1.70 

Standard error of estima te of F180 is 6.5% 0 

When M = 2200 9 = 61 • 6 D - 3. ~-0 

Standard error of estima te of F180 is 6. 6%. 

(b) For high pH juice 

When z = 77. 59 F180 = 14.7 D - 2 .47 

St a ndard error of estima te of F180 is 2.4%. 

When M = 41009 F180 = 19.0 D - 3.27 

Sta ndnrd error of e stimnt e of F180 is 3.1 %. 

Using the r egre ssion equa tions from Table XXV, the 

F180 va lue s ( or the equivalent times a t 180 F r equired to 

give 1D and 5D reductions in PE concentration) have been 

calculated. The 95% and 99% confidence limits for the 

F180 values have been ca lculated by multiplying the standard 

errors of estimate by 2 and 3 r espectively. The results 

are summarised in Table XX.VI. 
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Table XXVI 

r180 Values for 1D and SD Reductions in PE Concentra tion 

(a) For low pH juice 

F180 for 1D F180 for 5D 

When z = 160.0 57.2 secs 292.8 secs 

(0.95 mins) (4 . 88 mins) 

95% confidence limits (±13%) ±7-44 secs ±38.06 secs 

99% confidence limits (±19.5%) ±11.15 secs ±57 .1 0 secs 

When M = 2200 58.2 secs 304.6 secs 

(0.97 rnins) ( 5. 07 mins) 

95% confidence limits (±13.2%) ±7 . 68 secs ±40 . 21 secs 

99% confidenc e limits (±19.8%) ±11 .52 secs ±_60. 31 secs 

(b) For high :J2H juice 

F180 for 1D F180 for 5D 

When z = 77-~ 12. 2 s ecs 71 . o secs 

(0.203 rnins) ( 1 .1 8 mins) 

95% confidence limits (+4.8%) ±0.58 secs ±3041 secs 

99% confidence limits (±7-2%) +0.88 s ecs ±5-11 secs 

When M = hl100 16.8 secs 95.0 secs 

(0.28 rnins) ( 1. 58 rnins) 

95% confidence limits (±6.2%) ±1.04 secs ±5-89 secs 

99% confidence limits (±9-3%) ±1-56 secs ±8.83 secs 
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(v) Calculation of Activation Energy 

It WQS shown in the introduction t o this section 

tha t 

M = E ( 19) 
2 .3 R 

where E = 2ctiv3. tion ener gy 

and R = Universal gas constant 

The activation energies for destruction of PE in juices of 

two differ ent pH's were calculated using optimum values of 

M. M was first converted from degrees Rankine to degrees 

Kelvin by dividing by 1. 8 9 since Mis in units of Rankine . 

Thus 9 for low pH juice 9 

M = 2200 R = 1222 K 

and for high pH juice, 

Then 

and 

M 

E 

E 

= 4100 R = 2278 K 

= 2 . 3 X 1 . 98 X 1222 

= 5565 ca l/mole for low pH juice . 

= 2 .3 X 1.98 X 2278 

= 10 9 374 cal/mol e for high pH juice. 

(vi) Ca lcula tion of z from M 

The rela tionship be t ween z and M was shown 

previously to be: 

z = 

where T' = 

(T' )2 (21) 
M 

the absolute temperature. 

By substituting for Min equation (21) using the values 

calculated by the computer 9 and taking T ' from 620 to 660 R 



(160 - 200 F) the r esults presented in Table XXVII were 

obta ined. 

Table XXVII 

Values of z ca lcula ted from M 

(a) Low pH juice 

Temperature z Value 

133 F 593 R 160.0 

160 F 620 R 174.7 

170 F 630 R 180. 4 

180 F 640 R 186 .2 

190 F 650 R 192.0 

200 F 660 R 198.0 

(b) High pH juic~ 

Tempe:vature z Value 

104 F 564 R 77.5 

160 F 620 R 93.8 

170 F 630 R 96.8 

180 F 640 R 99.9 

190 F 650 R 103.0 

200 F 660 R 106.2 

145 
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4. DISCUSSION 

(i) M values 

Since M values are terms unique to canning tech

nology, this discussion will be in t e rms of E values, which 

it has been shown previously a r e directly relate d to M 

va lueso 

The E values obtained in this study are much 

lower than those r eported in the literature t'or protein 

d enaturation, as Table XXVIII indicates. 

Table XXVIII 

Published Energies of Inacti va tion (E's) 

for Prote in Denaturations 

Enzyme pH 

Purified Pea Lip oxygenase 1 4 . 0 

Purified Peroxidase 2 7.0 

Green Bean Peroxida se3 6.0 

Pepsin4 4.83 

1 Svensson and Eriksson (1972) 

2 Joffe and Ball (1962) 

3 Zouell and Esselen (1959) 

4 Laidler and Bunting (1973) 

E (ca l/mole) 

93, 000 

25,100 

19,600 below 220 F 

34,400 above 220 F 

56,000 - 147,000 

Continued over page 



Table XXVIII continued 

Energi e s of Activation (Evs) Calcula t ed for PE 

Ina ctivat ion of NZGF Juice 

pH 

3.05 

3.40 

E (cal/mole) 

59565 

109347 
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Generally 9 activation energies for protein 

dena turation are considerably higher than those obtained 

for ordina ry chemical rea ctions occurring in the same 

temperature r ange . The f act that a r eaction will occur a t 

a measur able speed a t 80 to 100 F r equires the activa tion 

energy to be no higher than 18 , 000 ca l/mole 9 whi l e a value 

of 40,000 ca l/mol e or more usua lly means that the r a t e will 

not become appr eciable until much hi gher t emper a ture s h a ve 

been rea ched (La idler and Bunting, 1973). In this study, 

the t emper a tures us ed for ina ctiva ting the PE were r elatively 

low 9 the t empe r a ture of the juice never exceeding 160 F 

during any runo However, even a t the s e temper a tures, 

considerable inactivation occurred in r e l at ively short 

times. For example 9 for the run reproduced in Appendix IV, 

the total h ea ting process (using z = 77.5) was equivalent 

to 9.1 seconds at 180 F and r esulted in 0.738 decimal 

reductions in PE concentration 9 yet the maximum t emperature 

reached by the juice was only 120.3 F. The low activation 

energies for PE inactivation determined in this study a re 

confirmed by the above results. Furthermore, the low E 
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values indica te that the rate of inactivation of PE does 

not increase v ery much with increasing temperature over the 

range of t emper a tures used in this study. 

(ii) z values 

The z values obtained in this study are much 

highe r than the only other ones report e d in the literature 

for PE 9 namely by Pratt and Powers (1953). They found 

that z vari e d from 25.3 to 28.5 for the thermal inactivation 

of PE in true grapefruit juice . However 9 it is difficult 

to give much credence to the ir r esults since (as discussed 

earli er in Section I (3) of this chap t er) the method tha t 

they used to account for unsteady- state heating during 

the ir inact ivation studi es was unsound. Also 9 they give 

no indica ti on of the sensitivity of the method which they 

used to det ermine PE a ctivity or the l evel of soluble solids 

and pulp in the juice s ampl e s 9 and whe the r the se r emained 

constant throughout their experimental work. Although the 

pH of the gr apefruit used varied from 3.20 to 3.48 9 all 

the ir r e sults were pooled for analysis. 

They determined thermal destruction times at four 

different temperatures (167 9 176 9 185 and 194 F) and 

calculated F180 values for PE inactivation which ranged 

from 2.21 to 3.35 minutes. These compare with the F180 

values ca lculated in this study (1.1 8 minutes for high pH 

juice and 4.88 minutes for low pH juice based on z va lues 9 

and 1.58 and 5.07 minutes based on M va lues) necessary to 



149 

achieve complete inactivation of PE (i.e. a 5D reduction in 

PE conc entration). The r e sults of the two studies agree 

within the same order of magnitude, and the large variation 

in times reporte d by Pratt and Powers (ibid.) can be account

ed for (at least in part ) by their pooling of the results 

from sample s having different pH's. This present study has 

shown how strongly the pH of the juice influences the F180 

values. 

Rouse and Atkins (1952) reported on the thermal 

ina ctivation of PE in Va l encia orange juice with 5% and 10% 

pulp. Their r esults wer e expressed as the percentage 

ina ctiva tion of PE for different holding times at different 

t emperatures (185, 190 9 195 9 200 and 205 F). No al lowance 

was made for heating and cooling l ags but some idea of the 

magnitude of their affect can be gauged from the fact that 

when the temperature of a 10% pulp juice sample was raised 

to 185 F and cooled irnmediately 9 91.8% inactivation occurred. 

Their r e sults were not expressed in t erms of D, z or F 

values and they did not discuss what "end-point" concen

tration of PE they were aiming for in the heat-treated 

juice 9 other than to note that when their method of analysis 

failed to detect any PE activity it was assumed that all 

the PE in the juice had been destroyed. 

It is possible to convert their results from 

percentage inactivation of PE into decimal reductions in 

PE concentration for various holding times at the different 

temperatures. When these decimal reduction values are 
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plotted against their corresponding holding times at the 

va rious t emper atures 9 the points fall around but not on a 

stra ight line . From this graph the times required to 

achieve a 1.5D r e duction in PE conc entration can be read 

off for the differ ent t emperatures and by multiplying by 

3.33 the times for a SD r e duction in PE concentration can 

be de t ermined . These time s are shown in Tabl e XXIX. 

Table XXIX 

Ti mes for 5D r e duction in concentra ti on and 100% ina ctivation 

of PE in Va l encia Orange Juice at pH 4 .1 

Time for 

Temperature SD Reduction 100% Inactivation 
{se conds2 (seconds2 

185 F 263 not given 

190 F 133 120 

195 F 30 60 

200 F 6.6 30 

205 F 1. 5 10 

From Rouse and Atkins (1952) 

A semilogarithmic plot of the times for a 5D 

r eduction at various t emperatures should yield a stra ight 

line. Figure 18 (p. 151) shows tha t at temperatures of 190F 

and above, the points a ll fall on a straight line, but tha t 

the time for a SD reduction a t 185 Fis less than half that 

expected by extending the stra ight line (263 seconds instead 

of 600 seconds). Rouse and Atkins (ibid.) gave times for 
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FIGURE 18. 

Time for a 5D reduction in PE concentration in 

Valencia orange juice at various temperatures. 

(derived from Rouse and Atkins, 1952) . 
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10(% ina ctivc tionofthe PE and Table XXIX compnr es the s e 

times with those f or 5D r eductions derived a s di s cussed 

a bove . 
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The r esults in Table XXIX indica t e tha t the 

experiment a l me thod use d by Rouse and Atkins (ibid.) doe s 

not permit ( particularly a t higher t emper atures) accurate 

mea surement of times for (in their terms) 10(% inactivation 

of PE. Expressed another way 9 they a chieve d l ess than a 

5D reduction a t 190 F, but far in exc e ss of 5D a t higher 

tempera tures 9 specifica lly 6D at 195 F, 23D a t 200 F and 

33D a t 205 Fo The particularly large decimal reductions at 

high t emper atures r esulted from the imprecise na ture of 

their experiments. 

If the r esults of Rous e and Atkins (ibid . ) 

pr e s ented in Figure 18 a r e extrapola t ed ba ck t o 180 F 1 

a lterna tive times for n 5D r e duction in PE concentra tion 

a r e obta ined. Extrapol a tion of the ma in line gives a time 

of 3000 s e conds (50 minutes) whil e extrapola tion of the 

line joining 185 F and 190 F give s a time of 520 s econds 

(8.66 minutes). Both va lue s are much higher than either 

those reporte d by Pratt and Powers (ibid.) or those found 

in this present study. The objections to the methodology 

of Rouse and Atkins discussed above 9 coupled with the fact 

that their work was carried out using Valencia orange juice 

at pH 4.1 possibly accounts for the large differences. 

In this study it was found that at the higher pH 9 

shorter times were required for inactivation of PE. In 
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contrast, Rouse and Atkins (ibido) found that when Valencia 

orange juice at different pH's was heat:ed to 180 F and 

immediately cooled, there was l ess inac tivat ion of PE in 

juice at the higher pH compar ed to juice at the lower pH. 

A detailed a ccount of the theory of pH affects 

on protein denaturation has been presented by Laidler a nd 

Bunting (1973). They state that in general the rate of 

denaturat ion pas ses through a minimum as the pH is varied, 

and that the behaviour is frequently complex . They quote, 

for example, a very a ccurate study of pepsin inactivation 

where it was found that the rate was proportional to the 

r eciprocal of the fifth power of the hydrogen ion concen

tration . From the r esults in this present study no detailed 

conclusi ons regarding the aff ect of pH on the r a te of PE 

inactivation can be drawn 9 other than that the r a t e is 

greater a t pH 3.40 than at pH 3.05. 

(iii) Calcula tion of z from M 

The z va lues, ca lcula t ed from the optimum M values 

at each pH and presented in Table XXVII (p. 145) 9 are higher 

than the optimum z values at 180 F ca lculated by the 

computer. As discussed in the introduction to Section III 

of this chapter, z is usually assumed to be constant over 

the range of temperatures studied, i.e. z is independent of 

temperature. The results in Table XXVII indicate that such 

an assumption is not valid because z, as predicted from M, 

varies with temperature. 
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Gillespy (1951) showed that over the small ranges 

of temperature encountered in canning (220 to 250 F) 9 

values of z pr edicted from M agreed with va lues of z 

calcula ted in the usua l way from D va lues. Howeve r 9 he 

also showed tha t over a wi der r ange 9 z vari e d with temper

a ture while M (i. e . E 9 a s shown a bove) was i ndependent of 

tempera ture. This is the situation which exists in this 

pr esent study; namely 9 that z cnnnot be consider ed as 

constant over the whol e t emper atur e r a nge 9 and to be c orr ect, 

should be ca lcula ted from Ma t each particular t emper a ture . 

Consequently, to predict the equiva l ent times at 

180 F to a chi eve a given number of decimal reductions 9 the 

regression equations based on M r ather than z should be used. 

Referring to Table XXVI (p. 143) 9 it is seen that the F180 

values for 5D r eductions calculated using the r egression 

equations based on M values give slightly longer times than 

thos e based on z va lues - 11 . 8 s econds longer at pH 3.05 9 

and 24 seconds longer at pH 3.40. This a gre es with the 

observa tion of Gillespy (ibid.) that M value s give more 

conservative estimates of inactivation times than those 

base d on z. 

(iv) Equiva lent times at other temperatures 

One of the prime advantages of z and M values is 

tha t they enable the times required for inactiva tion at 

temperatures either above or below 180 F to b e ca lculated. 

The above discussion has indicated that M rather 
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than z values correctly predict the change in thermal 

resistance with temperature. When the F180 values calculated 

from the r egression equations based on optimum M values are 

plotted as straight line s with slope s equal to the negative 

r eciprocals of z va lues calcula ted from optimum M values 9 

Figure 19 ( p . 156) is obta ined. The calcula tions on which 

the se lines wer e ba sed a r e outline d below: 

(a) For low pH juice, the regression equation based on M 

is: 

= 61.6 D - 3.40 

For a 5D reduction in PE concentration, 

= 5.07 minutes 

with 99% confidence limits of ±19.8% (±1.00 minutes). 

Using the optimum M value of 2200, the z value at 180 F 

(calculated using equation (21) - see Table XXVII) 

is 186. 2. 

(b) For high pH juice, the regression equation based on 

Mis: 

= 19.0 D - 3.27 

For a 5D reduction in PE concentration, 

= 1.58 minutes 

with 99% confidence limits of +9 .3% (+0.15 minutes). - -
Using the optimum M value of 4100, the z value at 180F 

(calculated using equation (21) - see Table XXVII) 

is 99.9. 
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FIGURE 19. 

Logarithm of the time for a 50 reduction in PE concentration as a 
function of temperature for low and high pH NZGF juice. 
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From Figure 19 it is possible to read off the 

equivalent times a t various temperatures to get a 5D r educ

tion in the c onc entr at ion o:f PE. These results are summar

ised below in Table XXX. 

Tabl e XXX 

Equivalent times at di:f:fe rent t emper atures to achieve a 

5D reduction in PE concentrati on 

Temperatur e Time 

Low pH Juice High pH Juice 

160 F 6.5 mins . 2.4 mins. 

170 5.8 1 088 

180 5.07 1.58 

190 4-5 L17 

200 3.95 0.93 

210 3.55 o.84 

Table XXX confirms results publishe d by other 

workers such as Prat t and Powers (1953) and Rouse and 

Atkins (1952), that the higher the temperatur·e a t which 

citrus juice s are held 9 the shorter the time required to 

inactivate the PE present in the juice. 

Reference to Tables XXIX and XXX indicates that 

the time s required to ina ctiva t e NZGF juice a t 190 Fare 

longer :for the low pH juice and shorter :for the high pH 

juice than the times r eported by Rouse and Atkins (ibid.) 

for Valencia orange juice a t pH 4.1. At 200 F the times 
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required to inactivate PE in NZGF juice are longer than in 

Va l enc i a orange juice . As discussed earli e r close a greement 

was not expe cted with the p ublished r esults b e cause of all 

the v ari abl es involved 9 such as different v a rieti es of 

citrus fruit 9 dissimilar pH 1 s 9 a nd different appr oaches 

to the handling of the heating a nd cooling lags. 

(v) ~guivalent times at different pH's 

In the previous chapt er the seasonal variati on in 

the pH of NZGF juice was presented (see Figure 3 (p. 57)). 

Knowing the equivalent times for a 5D reduction in PE at the 

upper and lower limits of pH (3.40 and 3.05 respectively) 

it is p ossible to pr e dict the equivalent times a t pH 's 

within that range. Rous e and Atkins (1 953) found a linear 

r e l at ionship between pH a nd the equivalent time s r e quired 

to ina ctiva t e PE 9 a nd if the same linear r e l a tionship is 

a ssumed for these r esults 9 it is possible t o draw graphs 

such as tha t of Figure 20 ( p . 159) r e l a ting the equivalent 

time and pH a t constant t emper a ture . Thus as the pH of 

the juice increa s e s throughout the s ea son 9 the e quiva l ent 

time requir e d to reduce the PE by SD can be decrea sed. 
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5. CONCLUSION 

The following conclusions can be drawn from this 

study on the therma l ina ctivation of PE in NZGF juice: 

(i) the a ctiva tion ener gi es for the ther mal ina ctivati on 

of PE in low and high pH NZGF juice a re 59 565 nnd 

10 9 374 cal/mol e r e spectively. The s e compar a tively 

l ow va lues indicate tha t the r ~t c of ina ctiva ti on 

pr oc eeds a t a consider abl e speed a t r e l a tively low 

t empe r a tures 9 and that increasing the temperature 

over the r ange 100 F to 160 F doe s not greatly increa se 

the r ate of inactivat ion. Considerabl e i nactivati on 

of PE occurs at r e l at ively l ow (120 F) t emper ature s. 

(ii) the z va lues r epr esenting t he r e l at ive thermal 

r e sistance of PE in NZGF juice a r e 160 . 0 for low pH 

juice and 77.5 for high pH juice when ca lculated on 

the assumption that z is independent of temperature. 

If this as sumption is not a ccepted 9 the corresponding 

z value s ar e 186 .6 F a nd 99u9 F. The s e compar a tively 

high values indica t e tha t l a r ge increases in t emper

a ture (1 80 F for low pH juice and 100 F for high pH 

juice ) a r e r equired to obtain a t en-fold cha nge in the 

r a t e of ina ctiva tion of PE. 

(iii) the thermal r e sistanc e of PE ( as r epres ente d by the 

z va lues) vari es with tempera ture 9 while the M value 

(i.e. the activation energy 9 E) is independent of 

temperature. 
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(iv) the .equivalent time required at 180 F to inactivate 

the PE in low pH juice is 5 . 07 ± 1 . 00 minutes 9 while 

in high pH juice the time is 1 . 58 + 0 . 15 minute s. 

(v) the equiva l ent times r equired a t various t emperatures 

to inQctivate the PE in NZGF juice a r e of the same 

order of magnitude as thos e r eported f or other citrus 

juices 9 the differences be ing due to the diffe rent 

vari e ti es of citrus studied 9 the dissimilar pH's of 

the juices 9 the different approache s to the heating 

and cooling lags 9 and the treatment of the problem 

of deciding when all the PE in the j uice had been 

destroyed . 
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SECTION IV 

CLOUD STABILITY I N :HEAT TREATED NEW ZEALAND 

GRAPEFRUIT JUICE 

1. I NTRODUCTION 

It was stated in Section I (2) of this chapt er 

tha t citrus juice cloud could be stabilised by ina ctivating 

tho PE present in the juiceo In the preceding section of 

this chap ter the times and temperatures necessary to 

inactivate PE in NZGF juice was determine d o In this present 

section 9 samples of NZGF juice containing various levels 

of PE were subjected to a storage trial during which the 

cloud stability was monitored 9 thus providing an opportunity 

to verify the earlier statement tha t the inactivation of 

PE in citrus juices leads t o cloud stability. 

Early investigations into cloud changes in citrus 

juices wer e confined to visua l observations of change in 

appearance. However 9 Loeffl er in 1941 introduce d a quant

ita tive objective me thod. He determined light transmit

tanc e in the supernatant after centrifugation of the juice . 

Loeffler's suggestion was almost universally followed, and 

while . type of c entrifuge and time and speed of centrifugation 

were usually indicated, proposals for standardising 9 or at 

least indicating centrifugal force 9 were not made until the 

mid-1950's when Senn et al. (1955) proposed the method 
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which is now in universal use . They a lso sugge ste d 

calibr ating the vnrious colorimete r s in use with bentonite 

suspensi ons, although Moor e and Wenzel (1951) had already 

suggested barium sulphate solutions . The method used i n 

this study was based on that of Senn et al . (ibid.). 

2 . GXPER I MENTAL 
--~ · . ....-----=-.... - - ... . r.,e,a - •. ~ • 

( i) CJ.2uLSt0'~_il i "t._v )Lcaymrement 

Using the me thod of Senn e t a l. (1955) 9 sa mples 

of juice were centrifuged for ten minutes a t 470g. 

Turbidity of the supernatant was mea sured as perc ent 

transmittance using a Unicam SP 1300 Seri e s 2 Col ori me t e r 

with filter 6 (620 mu upwards)" The colorimeter was 

standardised using bentonite suspensions 9 and Rll r esults 

were expressed as grams of bcntonite per litre . 

Juic e was extracted from l ate s ea s on NZGF a ccording 

to the standard method described. i n c hap t er t-_r,o , .t o .c-i ve juice 

with a pul p con t ent of 10%. The pH of t h e j ui ce was 

mea sured using a rtadiometer pH meter standardised with 

buffe r at 3.2 . Sodi um benzoa t e (0.1 ~ w/v) wa s a dded to the 

juice to pr event any micr obia l growth or fermentation 

during the s t or age tria l. 

The PE concentra tion in the extra cte d juice was 

measur ed using the meth od described in Secti on II (A2) of 

chapter two. The juice wa s then divided into three equal 
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aliquots. The turbidity of sample A (which received no 

further treatment) was measured using the method described 

above. Samples Band C were subjected to heat treatments 

using the raethod outlined in Section III (2) of this chapter. 

The temperatures of the juice samples were continuously 

recorded so that the F100 values could be calculated using 

computer programme 'B' and the optimum M value for high pH 

juice dete r mined in the previous chapter. The PE concen

tration in samples Band C was measured after heat treatmenty 

as was the turbidity. The three samples of juice were then 

pl a ced in chill storage at O C and their turbidity was 

measured at various times over a period of fourte en days. 

3. RESULTS 

The calibration curve for the colorime t er us ed for 

turbidity measurements is shown in Figure 21 (p. 165). 

(a) .EJL_of ~uice - the pH of the juice was 3.40. 

(b) r~ Concentration ~-

Sample A (fresh juice) 66 .7 (PEu)ml TSS 

Sample B (heat treated) 12 . 2 (PEu)ml 'I?S 

Sample C (heat treated) o. o (PEu)ml T38 
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(c) F180 Values -
E1so value D value 

Sampl e A 0 0 

Sample B 0 .28 mins . 0.737D 

Sample C 1.37 mins. 5D 

(d) Turbidity -

the change in turbidity of the thr ee samples over 

fourteen days is shown in Figure 22 (p. 167) 

4e DISCUSSION 

Several i mportant points emerge from Figure 22. 

First 9 ther e is the increase in turbidity of sampl e s Band 

C aft e r the hea t tr ea tment. This is in agr eement with the 

observations m~de by Loeffler (1 941) who r eported tha t the 

cloud i ndex increa sed on pas t euri sa tion, and tha t this 

increase was appar ently due to an increa se in the dissolve d 

pe ctins obtained from the pulp particles. 

Secondly, the tw o sampl e s in which PE wa s absent 

or pr e sent i n rela tively low concentrations maintained 

approximately the same level of turbidity throughout the 

fourteen days. There is no obvious explanation as to why 

sample B increased in turbidity after nine days. It is 

tempting to extrapolate the trend shown by the graph over 

the last three days and predict that sample B containing a 

low level of PE was beginning to show a decrease in turbid

ity while sample C which contained no PE was going to retain 

its original level of turbidness. However, such a conclusion 
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cannot be rigorously substantiated on the data available. 

The third point is that sample A which contained 

the high natural l evel of PE in fr esh juice progressively 

lost turbidness until after fourteen days there was virtually 

no cloud l eft in suspension. 

5. CONCLUSION 

From this experiment it can be concluded tha t 

failure to inactivate PE in NZGF juice leads to a progress 

ive loss in turbidity over fourt een days storage at O C. 
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CHAPTER FOUR 

APPLICATION OF THESE STUDIES TO THE I NDUSTRIAL 

PROCESSING OF NEW ZEALAND GRAPEFRUIT JUICE 
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In chapt e r one it wa s s t a t ed tha t this pr e s ent 

s tudy wa s undertaken t o i nv esti ga t e aspects of the pr oc e ssing 

of NZGF juice and p r ovide b a sic t e chnolog ica l da t a tha t would 

enabl e citrus proc e s sor s t o p r oduc e a consistently hi gh 

qua lity singl e s trengt h juice . Chapt e r two conside r e d 

seasona l changes in the compositional characte ristics of 

NZGF juice of i mporta nce to citrus processors 1 a n d chap ter 

thre e e stablishe d the c onditions n e c e ssa ry for the stabil

isation of cloud in NZGF juice . 

This final chap t e r shows how the information 

pre s ented i n the p r e vious chapt e rs can be a pplied by the 

citrus proce ssor i n the produc t ion of hi gh quality single 

s t r ength NZGF j u ice. 

Th e ma jor qu a lity defec t of NZGF juice currently 

marke t ed in New Zeal a n d i s the unstable n a tur e of the 

cloud . Chapt e r three showe d tha t the cloud c a n b e 

s t abili sed by h eating f or c erta in times a t specifi ed 

t emper a tures . The citrus proce ssor would want to ca rry 

out this h ea t trea t ment on a continuous basi s a nd it is 

ther efor e r e comme nde d tha t a p l a t e h ea t e xcha n g er be used 

for this purpose. 

A plate heat exchanger consists of a pack of 

pressed9 corrugated 1 stainless steel plates h e ld between 

a frame and a pressure p l a t e . The frame is stationary 

but the pressure p l a te can be moved across supporting bars 

in order to give easy access to individual plates for 

inspection 1 cleaning and repair. Corrugation of the plates 
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ensures turbulence of the thin l a yer of fluid flowing 

between them a s well as rigidity 9 thus permitting a minimum 

plate thickness . This r e sults in maximum heat tra nsfer 

r a t es 9 minimum p l ate we i ght 9 and minimum cost. Sealing 

between the p l ates is by gaskets which are usually made of 

natural or synthetic rubber. 

The advantages which a plate heat exchanger has 

over other h ea t exchange~s a re ~ 

(i) all heat transfer surfaces are easily and quickly 

accessible for cleaning 9 inspection and repair. 

This is particularly important where liquid foods are 

being processed9 as areas of equipment which are 

difficult to clean soon become breeding grounds for 

microorganisms 9 resulting in contamina tion of any 

food material which subsequently passes through the 

equi pment. 

(ii) the pack of p l ates c an be easily added to or r e duced 

in number to mee t v a rying changes in duty. Consequent

ly9 if a p rocessor wishe s to increase throughput, or 

increase the h ea t treatment which the juice r e ceives, 

it is simply a matter of adding additional plates to 

the pack. 

(iii) space requirements for plate heat exchangers are small 

due to the compact nature of their design. 

(iv) the heating9 holding 9 cooling and regenerative sections 

of the heat exchanger can be assembled into one unit. 

(v) large volumes of juice can be treated in one relatively 

small piece of equipment. 
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(vi) heat transfer coeffici ents are high compared to other 

heat exchangers such as the shell and tube, thus 

maximising the overall thermal effici ency of the heat 

transfer process. 

The three stages involved in the heat treatment of 

NZGF juice to stabilise the cloud a r e: 

(i) heating the juice to the required temperature. 

(ii) holding the juice at the desired temperature for the 

r equired time. 

(iii) cooling the juice to chill temperatures prior to 

filling into containers of some sort. 

The actual temperature at which the processor 

operates the holding section of the heat exchanger is largely 

a matter of individual choice and depends on several factors, 

the most important being the temperature of the hot water 

available to the heat exchanger, and the size of the holding 

section of the hea t exchanger in rela tion to the throughput. 

Provided ther e is adequate control over the tempera ture of 

the hot water supplied to the heat exchanger , it is advisable 

to use as high a temperature as possibl e as this minimis es 

the number of plates required in the holding section. 

Once the temperature of operation of the holding 

section has been selected, the holding time required by 

juice of a certain pH can then be found from graphs similar 

to that presented in Figure 20 (p. 159) in the previous 

chapter. The number of plates required to give the desired 

holding time is dependent on the size of the plates and the 
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through put of the juice . Manufacturers of p l a t e h ea t 

exchange r s c a n provi de thi s informa ti on for citrus proce ssors. 

Be cause of the va ri a ti on in PE l evel in the juice 

throughout the s eason ( as shown i n Fi gure 10 (p. 64)) it 

may be thought t hat the r e could be some justifica ti on for 

a lte ring the time of h ea ting as the l e ve l of PE va ri e d. 

How e v e r 9 this is not so f or several r easons. First 9 the 

magnitude of the change in PE l e vel in the juice is quite 

small compared with the total cha nge in PE l evel occurring 

during the h ea t inactivation. Figure indicate s that the 

l e v e l of PE varie s fr om 42 to 9 1 (PEu)ml TSS throughout the 

season . The final l ev e l of PE aimed f or in the juice is 

0e001. Thus 9 v a ri a tion of PE i n the fr e sh juice would 

a ffe ct the number of de cimal r eductions r equi r e d a s follows: 

Initial l ev e l of PE 100 

Fina l l eve l of PE 0.001 

Number of d e cima l r e ductions 5 

91 

0 .001 

4. 96 

42 

0.001 

4 .61 

Assuming tha t a ll othe r f a ctors ar e c onsta nt 9 early 

s eason juice (42 (PEu) ml TSS) would r equire 0.39D l e ss 

reductions tha n l a t e season juice. i.e. 7.8% less time at 

constant tempe rature . This is l e ss tha n h a lf the sta ndard 

error of estima t e of the time required at constant tempe rature 

to inactivate the juice at low pH and therefore cannot be 

regarded as significant. 

The second reason for not altering the time of 

heating as the level of PE in the juice varies is because of 
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the irregula r manner of the PE vari a tion. If the concen

tration of PE is incr ea s ed a t an even r a t e throughout the 

s eason, then i t could be possible t o consider some a lter a tion 

in h ol di ng t i me s 9 but be cause t ho changes in PE l evel a r e 

gen er a lly unpr edi c tabl e on a day to day basi s , such a 

pr a ctice c ould no t b e jus t ifi ed fr om a t e chnol ogica l vi ew 

point. 

The third r ea son for not varying the time of 

heat ing with change s in the PE l evel is tha t the pH of the 

juice is increasing a s the s eason progre sses and this affects 

the require d time of heating to a much greater extent (as 

Fi gur e 20 sh owed) than doe s the increasing PE level. To 

summarise, the hol ding time require d a t a particula r 

t emper a tur e t o a chi eve a 5D r e duction in PE l evel in the 

juice is de t ermine d by the pH of the juice and not the 

initial l evel of PE. As the r equired holding time at a 

pa rticular t emper a ture of the juice decreases throughout the 

s eason, it is a simpl e ma tte r for the processor to progress

ively r e duc e the number of pl a t e s in the h olding s ection. 

I t will be note d tha t in sugge sting the r e sidence 

time of the juice in the hol ding section of the h ea t exchange½ 

no allowance wa s ma de for the l e tha l e ffect on the PE con

ferred during h ea ting and cooling. This was intentional, 

the idea be ing to provide a s afety factor in the hea ting 

process. The lethal effect of the heating and cooling 

phases would ensure that the total lethal process which the 

juice received would exceed the desired time plus the 



175 

calculated err or in this time a t the 99% confidence level. 

An additiona l safeguard for the citrus processor 

is a t emper ature -controlle d by- pass va lve on the outlet side 

of the heat exchanger 9 such as is cOJilpulsory on milk pasteur 

isat ion h ea t ex chan gers. In such a system the t e mperature 

of the water which heats the holding s ection of the h eat 

exchanger is compared with the desired temperature 9 and if 

the actual temperature is lower 9 the by- pass valve is 

actuated a nd all juic e leaving the heat exchanger is r e turned 

to the inlet feed until the desired temperature is aga i n 

reache d in the holding section. Although such a system 

r esults in some over-heating of the juice which is in the 

heat exchanger when the temperature falls 9 it has the 

a dvant age of ensuring tha t no juice r e ceives l ess than 

a de qua t e h eat treatment . 

If the above procedures a r e follow ed 9 the citrus 

proc essor can be assured of producing NZGF juic e which will 

maintain a stable cl oud for a conside r able time aft e r 

proc e ssing a nd thus e limina t e the ma jor consumer criticism 

of the juice surrently a v a ilable on the market. 



C APPENDIX I 
C 
C PROGR~liME 'A' TO CALCULATE OPTIMUM Z VALUE 
C 

R':J\L INACT(51), INITI 
DIMENSION ZT(51},F(61,50),HMV(51) 

C 
C STATEMENT FUNCTION 
C 

XL(T,Z) = 10.**((T - 180.)/Z) 
C 

MVAR = 50 
L :s 1 

C 
1 O O RE AO ( 2 , l) N, I NI Tl , F I NA L 

1 FORMAT(6X,l2,2X,FS.l,FS.1) 
C 
C CHECK TO SEE IF LAST CARD (N • 0) 
C 

IF (N) 11,21,22 
C 
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C IF HEADER IS VALIU READ DATA CARDS FOR ONE RUN 
C 

22 READ(2,3)(HMV(I), I • l,N) 
3 FORMAT(l8F4.2) 

C 
C CALCULATE INACTIVATION OF PECTINESTERASE 
C 

INACT(L} = (ALOG(INITI/FINAL))/2.303 
C 
C ilEAO lr~ T£11PEnATuRES - CO.NVERT _THEM FROM 
C MILLIVOLTS TO FAHRENHEIT 
C 

DO 2 I = 1,N 
G =HMV(l}/4.u 
E • G•G 
D = E•G 
C = 0.01074 + 25.988•G - 0.6670•E + 0.02332•0 
OF= l.8•C + 32.00000 

2 ZT( I ) = DF 
C 
C CALCuLATE F VALUE 



C 

C 
C 
C 

C 
C 

C 

C 

C 

Z =- /-.1VAR 

DO 20 K = l,til 
F ( K, L) = o. 

INNER LOOP TEMP VALUES (N OF THEM) 

DO lu J = l,N 
10 F ( K, L) = F(K,L) + XL(ZT(J),Z) 

INCREMENT Z BY 0.5 AND REPEAT F CALCULATIONS 
20 z = z + o.s 

~RITE(3,4SU} N, INACT(L) 
45u FU~MAT(lHl,//T30,'NuMBER OF REAUINGS IS', 

•12,SX,'NUMBER OF DECIMAL REDUCTIONS 1S',F8.4) 

~~RI TEC3, 18) 
18 FORMATC///,6( 1 l F(Z) ' 1 x·, > / l'> 

Zl = MVAR 
Z2 = ll • s 
l3 = Zl • lu 
L4 a Zl + l !> 
ZS .. ll + 20 
Z6 = Ll + 25 

DO 19 K=l,lu 
WRITE(3,23) ll,F(K,L),Z2,F(K+l0,L),Z3,F(K+20,L), 

•Z4,F(K+30,L),Z5,F(K+40,L),Z6,F(K+SO,L) 
23 FORMAT('0',6(F4.l,F8.4,6X)) 

Zl"' ll + .5 
Z2 = 22 + • 5 
Z3 = l3 + • S 
l4 = Z4 + • 5 
ZS• l5 + .S 

19 L6 = Z6 + .5 
C REPEAT ABOVE CALCuLATIONS FOR NEXT RUN 
C 

L = L + 1 
GO TO 100 

C 
C ALL DATA HAS BEEN READ AND 'F' VALUES STORED IN CORE 
C 
C •J 11,-~ 1- I NIJ 1.l PT I MUM l VA Lu E 



C 

C 

C 

IF (L-2) 11,11,24 
24 MC = L - 1 

Q = MVAR 

DO 95 K = 1,61 
XF '"' 0. 
XY = U. 
XFSQ "' O. 
YINSQ = 0. 
YINAC = O. 

C INNER LOOP L FROM OHE TO MC 
C 

C 

DO 40 L = l,MC 
XF .., F ( K, L) + )ff 

YINAC = YINAC + INACT{L) 
XY = XY + (F(K,L)•INACT(L)) 
xr-sQ = XFSQ + (f-{K,L) * F(K,L)) 

40 YINSQ = YINSQ + (INACT(L) * INACT(L)) 

OlV = ~QRT((XFSQ - (XF•XF)/MC)•(YINSQ -
•CYINAC~YINAC)/MC)) 

RCOEF = (XY - ((XF * YINAC)/MC))/OIV 
C APPLY T TEST TO CORRELATION COEFFICIENT 

R = MC-2 
C CALCULATE T VALU E FOR CORRELATION COEFFICIENT (TZ) 

TZ = RCOEF * SQRT(R)/SQRT(l.-RCOEF•RCOEF) 
C 

WRITE(3,7) Q, ~COEF, TL 
7 FORMAT(2bX,'WHEN Z IS 1 ,F7.0,'CORRELATION' 

•
1 COEFFICI ENT IS' ,F9.b, 'AND 1 'T' 1 IS' ,F7.4,//) 

C 
Q = Q ❖ u.s 

95 CONTINUE 
IF(MC-41) ll,3U,31 

C 
30 WRI TE (3, b) MC.: 

6 FO gMA,(ZU.t.,'THi:. ~ANPLt. SILi:. I!> 1 ,12,' 
*AND THE PH OF THE JUICE IS 3.05 1 ) 

GO TO 32 
C 

31 WRITE(3,~) MC 
a FORMAT(20X,'THE SAMPLE SIZE IS ',12, 

•AND THE PH OF THE JUICE IS 3.40 1 ) 

GO TO 11 
C 

32 L"" 1 
C 
C REPEAT CALCULATIONS FOR HIGH PH DATA 
C 

GO TO 100 
r 

11 CAlL EXIT 
- • •I 



C APPENDIX I 
C 
C PROGHAMME 'B' TO CALCULATE OPTIMUM M VALUE 
C 

C 

R EAL I t ~ACT ( 5 1 ) , I IH T I , M 1 , M 2 , M 3 , M 4 , M 5 , M 
DIMElJSION ZT(5l),F(61,5u),HMV(51) 

C STATEMENT FUNCTION 
C 

C 

C 

C 

XL(T,M) = 10.**(M•((l./640.) - (1./T))) 

MVAR = 1000 
L = l 

100 READ(2,l) N, INITI, FINAL 
l FORMAT(6X,12,2X,FS.l,F5.l) 

C CHECK TO StE IF LAST CARD (N = 0) 
C 

It-' (Id u., L 1, L2 
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C IF HlADt~ IS VALIU ~tAU DAfA CARDS FOR ONE RUN 
C 

22 READ(2,3>CHMV(I ), I = l,ID 
3 FORMAT(l8F4.2} 

C 
C CALCULATE INACTIVATION OF PECTINESTERASE 
C 

INACTCL) = (ALUG(INITI/FINAL))/2.303 
C 
C READ IN TEMPERATURES - CONVERT THEM FROM 
C MILLIVOLTS TO RANKINE 
C 

00 2 I = l,N 
G =HMV(I )/4.0 
E = G*G 
l) = E* G 
C = 0.01074 + 25.~88•G - 0.6670•E + 0.02332•D 
OF= l.~*C + 32.0000U 

2 ZT(I) = DF + 460.0UOuO 
C 
C CALCULATf F VALUE 



C 

C 
C 
C 

C 
10 

M = MVAt~ 

00 'I.UK= 1,26 
F(K,L) = O. 

INNER LUOP TEMP VALUES (N OF THEM) 

DO lu J = 1, N 
F(K,L) = F(K,L) + XL(ZT(J),M) 

C INCREMENT M BY lOOu AND REPEAT CALCULATIONS 

C 

C 

C 

20 M = M + lOOu 

~JRITE(3,450) N, INACT(L) 
45U FORMAT(1Hl,//T30,'NUMBER OF f{EAOINGS IS 1 , 

*12,SX,'NUMBER OF DECIMAL REDUCTIONS 1S 1 ,F8.4) 

18 
iJRITE(3,18) 

F O RMA T (/ / / , S ( 1 M F(M) '6X)//) 
Ml = MVAR 
M2 = Ml + s u \.) 
M3 = Ml + 1ouu 
M4 = Ml + 15uu 
MS = Ml + 2UOO 

00 19 K=l,!> 
WRITE(3,23)Ml,F{K,L),M2,F(K+ 5,L}, 

•M3,F(K+lO,L},M4,F(K+lS,L),MS,F(K+20,L) 
23 FORMAT('0',5(F6.U,3X,FlU.5,5X)) 

Ml a Ml + luOO 
M3 = M 3 + lJ Ou 
M2 = M2 -i- 1000 
M4 = M4 + 1000 

19 MS= MS+ lOJO 

C REPEAT ABOVE CALCULATIONS FOR NEXT RUN 
C 

L c L + 1 
GO TO luu 



C 

C 

C 

IF (L-2) 11,11,1~ 
2 4 MC "' L - 1 

Q = MVAR 

DO 95 K = 1,2b 
XF = 0. 
XY = 0. 
XFSQ = 0. 
YI NSQ = 0. 
Y! NAC = 0. 

C INNER LOOP L FROM ONE TO MC 
C 

C 

DO 40 L "' 1,MC 
XF = FCl(,L} + XF 
Yl~AC = YINAC + INACT(L) 
XY = XY + (F(K,L)*INACT(L)) 
XFSQ = XFSQ + CF(K,L) * F(K,L)) 

40 YINSQ = YINSQ + (INACTCL) * INACT(L)) 

DIV= SQRT((XFSQ - (XF*XF)/MC)•(YINSQ -
*(YINAC~Yl~AC)/MC)) 

RCOEF = (XY - ({XF * YINAC)/MC))/DIV 
C APPLY T TEST TO CORRELATION COEFFICIENT 

R = MC-2 
C CALCULATE T VALUE FOR CORRELATION COEFFICIENT (TZ) 

Tl= RCOEF * $QRT(R)/SQRT(l.-RC0EF•RC0EF) 
C 

WRITE(3,7) Q, RCOEF, Tl 
7 FORMAT(2GX, 1 WHEN M IS ',F7.0,'CORRELATION' 

*'COEFFICIENT l$ 1 ,F!J.6, 1 ANU "T" 1S 1 ,F7.4,//) 
C 

Q = Q + 1000 
95 CONTINUE 

IF(MC-41) 11,31.l,31 
C 

30 HRITEO,6) MC 
6 FORMAT(20X, 1 THE SAMPLE SIZE IS 1 ,12, 1 

*AND THE PH OF THE JUICE IS 3.05 1
) 

GO TO 32 
C 

3 1 ~·IR l TE (3 , 8 ) MC 
8 FORMAT(2UX, 1 THE SAMPLE SIZE IS 1 ,12, 

*AND THE PH OF THE JUICE IS 3.40') 
GO TO 11 

C 
32 L :: 1 

C 
C RcPtAT C~LCULATIONS Fua HIGH PH DATA 
C 

GO TO lUO 
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C APPENDIX I I 
C PROGR~~ME 'C' TO CALCULATE REGRESSION EQUATIONS 
C AND STANDARD ER~ORS OF ESTIMATE 0SING 
C OPTIMUM VAL0ES FOR L 
C 

REAL I l~ACT( 51), I NI Tl 
DIMENSION lT(~l),F(til,5u),HMV(51) 

C 
C S TAT EM EI H F lJ t'4 CT I O N 
C 

XL(T,L) = 10.**((T - lJU.)/Z) 
C 

K = 1 
L = 1 

M\/AR = 77.5 
C 

100 READ(2,1) N, INITI, FINAL 
1 FURMAT(6X,12,2X,F5.l,FS.l) 

C 
C CHECK TO SEE IF LAST CARD {N = O) 
C 

IF (N) 11,21,22 
C 
C IF HEADER 15 VALID READ DATA CARDS FOR ONE RUN 
C 

22 READC2,3)(HMV(I), I = l,N) 
3 FORMAT(l8F4.l) 

C 
C CALCULATE INACTIVATION OF PECTINESTERASE 
C 

INACT(L) = (ALOG(INITI/FINAL))/2.303 
C 
C READ IN TEMPERATURES - CONVERT THEM FROM 
C MILLIVOLTS TO FAHRENHEIT 
C 

C 

C 

DO 'l. I = 1, N 
G =HMV(l)/4.0 
E = G•G 
D = E•G 
C = 0.01074 + 25.98d*G - O.667O•E + 0.02332•0 
OF= l.o•C + 32.00000 

2 ZT( I) = OF 

Z = MVAR 

C CALCULATE F VALUE 
C 

F(K, L) = O. 



00 lll J = l,N 
10 . F(K,U = F(K,U + XLCLT{J),Z) 

C 
C CONV~RT F VALUE TO SECONDS 
C TEMPERATJRE INCREMENTS WERE FIVE SECONDS 
C 

F{K,U = F(K,U•S.0 
C 
C REPEAT AGOVE CALCULATIONS FOR NEXT RUN 
C 

L::,L~· l 
Gu -;-o lO(J 

C 
C ALL UATA HAS BEEN READ AND 'F' VALUES STORED I~ CORE 
C NO~ OU ~TATl~Tl~Al CAL~ULATIJH~ 
C 

C 

MC = L - 1 
~ = MVAR 

C CALCJLATE REGRESSION EQUATION 
C 

C 

XY = 0. 
XF SQ = u. 
YI NSQ = ll. 
XF = t). 

YINAC = 0. 

C INNER LOOP L F~OH ONE TO MC 
C 

C 

C 

DO 40 L = l,MC 
XF = F C K, L} + X F 
YI •~AL. = Y j ·~~\,, + I 14Mi.. I ( L J 

XY = XY + (F(K,L)•INACT{L)) 
XFSQ = XFSQ + (F(K,l) * F(K,L)) 

40 rlNSQ = YINSQ + (INACT(L) * INACT(L)) 

DIV= SQRT((tFSQ - (XF•XF)/MC)•(YINSQ -
•CYINAC•YINAC)/MC)) 

RCOEF = (XY - ({XF ~ YINAC)/MC))/DIV 
XF MEA,~ = XF /MC 
YI M~~Et~ = YI NAC/t-lC 
STDEVX = SQRT(XFSQ/NC - CXFMEAN*XFMEAN)) 
STOEVY ,., SQHT(YINSQ/MC - (YINMEN*YINMEN)) 
EM= RCOEF•(STDEVX/STDEVY) 
EC= XFMEAN - (EM*YINMEN) 

•~RITE(3, 106) EM,EC 
106 FORMATC20X,'REGRESSION EQUATION IS AS FOLLOWS', 

*fl,20X,'F = ',Fl?..4, 1 O 1 ,Fl2.4,////) 



C 

C 

C 

C 

C 

C 

STERRF ~ STOEVX*SQRT(l. - (RCOEF•RCOEF)) 
HR I TE (3., lUcl) S TE;rnF 

10& FORMAT(lUX,'STA~OARU ER~OR OFF IS ', 
•F 12. ,., 'PERCEiH', //} 

WH TE (3 , 1 U 7) Q 
lll7 FORl,\ATUO.X, 'THE l VALuE FOR THE ABOVE 

•CALCULATIO~S ~AS',FG.1,////////) 

IF(MC-41) l~,3U.,31 

3u \'IRITE(3.,5) MC 
6 FORMAT(20X,'THE SAMPLE SIZE IS ',12.,' 

•ANO THE PH OF TH~ JUICE IS 3.05 1
) 

GO TO 3.2 

31 ~-JIU TE (3., cS) MC 
~ h)KMt-\T {LUA,' r dt. ~AMi'Lt:. S l lE IS ', I 2, 

*AND THE PH OF THE JUICE IS 3.40 1
) 

GO TO 11 

32 L = 1 
MVAR = lbO.O 

C REPEAT CALCULATIONS FOR HIGH PH DATA 
C 

GO TO luO 
C 

11 CALL EXIT 
END 
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C APPE~DIX II 
C PROGRAMME 1 0 1 TU CALCULATE REGRESSION EQUATIONS 
C AtJD STANDARD ERRORS OF ESTIMATE USING 
C OPTIMUM VALUES FORM 
C 

REAL l NACT( 51 ), I NI TI 
DIME NSION ZT{51),F(6l,50),HMV(51) 

C 
C STATEMENT FUNCT I ON 
C 

XL(T,M) ~ lO.e*(M•((l./b40.) - (1./T))) 
C 

K :'.a l 
L = l 

MVAR = 220U 
C 

100 l{EAO(l,l) N, INITI, FINAL 
1 FORMAT ( 6X, 12, 2X,F5. l,FS. l) 

C 
C CHECK TO SEE IF LAST CARD (N = 0) 
C 

IF (N) J.1,21,22 
C 
C IF HEADER IS VALID READ DATA CARDS FOR ONE RUN 
C 

22 READ(2,3) ( HMV(I), I = l,N) 
3 FORMAT(ldF4.2) 

C 
C CALCULATE INACTIVATION OF PECTINESTERASE 
C 

INACT{L) = (ALOG(INITI/FINAL))/2.303 
C 
C READ IN TEMPERATURES - CONVERT THEM FROM 
C M:LLIVOLTS TO RANKINE 
C 

C 

DO 2 ! :-. J. , N 
G = Ht;1 V ( I ) .' 4 • 0 
E '"' G:-·G 
D ~ E~G 
C = 0 . 010 7 b ~ 2~.9 8R•G - O.G670•f • 0.02312*0 
b F ~ ! .u~ ~ ~ 32.00000 

.1t· "' 460.000O\l 

M = MVAH 
C 
C CALCULATE F VALUE 
C 

F ( 1:, L) "" U. 



C 
DO liJ J = l , N 

lu F(K,L) = F(K,L) + XL(ZT(J),M) 
C 
C CONVERT F VALUE TO SECONUS 
C TEMPERATURE INCREMENTS WERE FIVE SECONDS 
C 

F(K,L) = F(K,U•S.u 
C 
C REPEAT ABOVE CALCULATIONS FOR NEXT RUN 
C 

L = L + 1 
GO TO 100 

C 
C ALL DATA HAS BEEN READ AND 'F' VALUES STORED IN CORE 
C NOW DO STATISTICAL CALCULATIONS 
C 

C 

MC= L - l 
ll = MVAR 

C CALCULATE REGRESSION EQUATION 
C 

C 

XY = O. 
XFSQ II o. 
YI NSQ = 0. 
XF = O. 
YINAC = O. 

C I W~ER LOOP L FROM or~E TO MC 
C 

C 

C 

DO 40 L = l,MC 
XF = F(K,L) + ,<F 
YINAC = YINAC + INACT(L) 
XY = XY + (F(K,L)•INACT(l)) 
XFSQ ~ XFSQ + (F(K,L) * F(K,L)) 

40 YINSQ = YINSQ + (INACT(L) • INACT(L)) 

DIV~ SQRT((XFSQ - (XF•XF)/MC)•(YINSQ -
•(YINAC•YINAC)/MC)) 

RCOEF = CXY - ((XF * YINAC)/MC))/DIV 
XFMEAN = XF/MC 
YINMEN = YINAC/MC 
STDEVX = SQRT(XFSQ/MC - (XFMEAN•XFMEAN)) 
STDEVY = SQRT(YINSQ/MC - (YINMEN•YINMEN)) 
EM= RCOEF•(STOEVX/STDEVY) 
EC= XFMEAN - (EM•YINMEN) 

WRITE(3,106) EM,EC 
10& FORMAT(20X,'REGRESSION EQUATION IS AS FOLLOWS', 

•//,20X, 1 F c 
1 ,F12.4, 1 0 ',Fl2.4,////) 



C 

C 

C 

C 

C 

C 

STER~F = STDEVX•SQRT(l. - (RCOEF•RCOEF)) 
.H~ I TE ( :S , l u 8 ) STER ;i F 

108 FORMAT(LOX,'STANDARO ERROR OFF IS ', 
•Fl2.S,'PERCENT 1

,//) 

WRIT£(3,1U7) Q 
107 FORMAT(2UX,'THE M VALUE FOR THE ABOVE 

•CALCULATIONS WAS 1 ,F6.1,////////) 

IF(MC-41) 11,:su,:n 

30 ~vRITEO,b) MC 
ti FORMAT(20X,'THE SAMPLE SIZE IS ',12,' 

•AND THE PH OF THE JUICE JS 3.05 1
} 

GO TO 32 

31 WRITE(3,8) MC 
8 FORMAT(2uX,'THE SAMPLE SILE IS 1 ,12, 

•ANO THE PH OF THE JUICE IS 3.40 1
) 

GO TO 11 

32 L = 1 
MVAR = 410U 

C REPEAT CALCULATIONS FOR HIGH PH DATA 
C 

C 
GO TO 100 

11 CALL EXIT 
END 



APPENDIX III 

SAMPLE DAT.A FROM ONE RUN SHOWING 

TIME-TEMPERATURE (IN MILLIVOLTS) READINGS 

TU1E (SECS) TEMPERATURE (MILLIVOLTS) 

0 0 . 49 

5 0 . 62 

10 0 . 81 

15 1.04 

20 1.24 

25 1.44 

30 1.61 

35 1 . 76 

40 1.90 

45 1.98 

50 1.83 

55 1.64 

60 1.44 

65 1.31 

70 1 . 20 

75 1. 11 

80 1 . 04 

8J 0 . 97 

90 0 . 91 

95 0 . 85 

100 0 . 80 

1'05 0 . 76 

HO 0 . 71' 

1' 115 o . 67 

12D 0 . 64 

125 0 . 61 
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APPENDIX IV 

SAMPLE PRINTOUT FROM PROGRAMME I A' SHOWING F180 

VALUES FOR DIFFERENT l VALUES 

z Fl80 z Fl80 

70.l) 6.9371 77. 5 9.1225 
70.5 7.0767 78.0 9.2745 
71.0 7.2173 78.5 9.4271 
71.5 7.3588 79.0 9.5804 
72.IJ 7.5012 79.5 9.7344 
72.5 7.6445 80.U 9.8890 
73.U 7.7886 80.5 10.0442 
73.5 7.93}7 81.0 10.2001 
74.0 8."U7~5 81.5 10.3565 
74.5 8.2262 82.0 10.5135 
75.0 8.37}7 82.5 10.6711 
75.5 8.5219 ~3.0 10.8293 
76.0 8.ti710 83.5 10.9880 
76.5 8.8208 84.0 11.1472 
77 ~.~713 ~4.~ !1.3~6:) 



190 

APPENUIX IV 
SAMPLE PRINTOUT FROM PROGRAMME 'B' SHOWING Fl80 
VALUES FOR DIFFERENT M VALUES 

M f 180 CS ECS) M Fl80(SECS) 

JOOll• 41Jts6U3 '+UOU, 2,4~780 

J100t 4elj460 4100• 2•3l262 

.s20U• 3,!S~~)7 4200, 2•l'i)40 

.l3G)a 3,6T693 ~31;0, 2,01563 

J40v• 3,46675 'l400, t,9f2ti6 

J~JiJ• 3,lfllf 4'.>00, l,d5666 

36;Jue leO!S~J9 ,.,,Jo• 1,7)C>60 

lloJU• 2,91664 ,.,uo. 1,66132 

3:LHh 2175422 4600, 1a)7346 

jli/~ u. i.,t.C14e 4~UU• 1,46~68 
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